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FOREWQORD

I days of March 21-25, 1949, during which the Inlema!.loual
TCon{erence on the Development, Growth, and Regeneration of
the Nervous System was held at the Uni\'erfity !Ef Chxggu under the
sponsorship of the International Union of Biological Sclcnces: may at
some future {ime be remembered as the birth date of a new biologieal
discipline—*genetic neurology ™~birth date in the sense that an or-
ganism, which had for some time been in the making, came to light,
gave evidence of its vitality, acquired a name, and set out for a career
of its own. N tomy, physiology, and neuropsychology
deal essentially +ith the nervous system in its final mature state,
Genetic log all those p that Jead up to
that state (“neurogenesis™), maintain it in its integrity, and restore it
after disruption, The attribute “genetic,” accordingly, refers to “gen-
esis,” i e., development, in the widest sense, and not to “geneties” in
the narrawer modern sense of “inheritance,” although it naturally in-
cludes the latter. Genetic neurology is a stream with many tribu-
taries. Embryology, histology, physiology, pathelogy, neurology,
psychelogy, blochemistry, and others have produced much valuable
source material. Yet thei onfl is 2 new develop Not
until the formerly isolated fines were bronght to meet on common
ground was there any realization of'how many interests they truly
Sllfafed 'ami how much mote profitably they could nracesd hee an

- =evwalie auempt 10 bring together, compare, and
order from 2 common perspective the many scattered fragments of
information on the development and restitution of the nervous sys-
tem. The task of the conference was one of synthesis,

e As the meeti;

Proved, it was a most timely one, creetins
Tha Tadeum -r* .- N -
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- » e plovived additional tr:
p:’rltilzmsants‘fmm §hroafl. Sincere thanks are duelt:) ;‘:)etimi:\?ei fo[:
% kim:;;n:; iZ[: ﬂ‘:“:i assistance, The contribution of the Unirersity of
o conier acted as host and placed its facilities at the disposal of
ence, is also gratefully acknowledged. Most efficient secre-
v
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tarial and technical assistance were rendered by Miss Catharine
Overton and Mrs. Margaret W. Cavanaugh.

Since this conference may sct a pattern for future similar ones, it is
perhaps of value to add a few remarks about its organization and
conduct. The speakers were chosen with a view to having the widest
possible variety of pertinent fields represented by the most outstand-
ing experts available. To emphasize the international scope, geo-
graphical representation was made as broad as was feasible within
the limited means. The list of participants following this Foreword
will indicate the extent to which these goals have been accomplished.
It was most gratifying to have onc of the classical masters of nerve
histology, Jan Bocke, come to the conference, unmindful of the
strains of a hurried trans-Atlantic air trip. It was a privilege to count
among the members one of the earliest lenders in experimental em-
bryology and the tissue culture of neurons, Warren Lewis. But it was
a grave disappointment that three of the foremost pioneers in genctic
neurology, R. G. Harrison, C.J. Herrick, and S. R. Detwiler, could not
attend because of conflicting engagements.

On the whole, the old and the new, the deseriptive and the analyti-
cal, the physicochemical and the organismic, the structural and the
physiological, the theoretieal and the practical, blended into a har-
monious fabric. The procedure of the conference was dictated by its
purpose, which was not at all to arrive at formal conclusions but
primarily to compare espericnees, clarify ideas, serutinize current
notions, remove inconsistencices, sort knowledge from conjecture, and,
above all, point up the vast arcas of ignorance in need of clucidation,
The prevailing spirit was one of informal exploration rather than
dogmatic presentation, Accordingly, a somewhat novel technic was
adopted. No formal papers were required or read. All members were
assumed to have some degree of familiarity with the basic facts and
the central issucs. More intimate acquaintance grew by a mutual
give-and-take, as the discussion went along. Yet, in order to avoid the
danger of dissolution inherent in free and rambling conversation,
each session was assigned a circumscribed topic on which the discus-
sion had to focus. For cach session n pancl of four members was ap-
pointed whose specialties came closest to the issues to be discussed.
At the beginning of cach session, the chairman would keynote the
chosen topic and outline the range of subjects to be dealt with. The
panel of specialists would then elaborate the points miﬂcd: and g;rndu-

ally the rest of the group would enter the discussion. Motion pictures
and iNlustrative slides were shown in the proper context. The results
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of each session were summarized ;xéesimed 5n a final concluding
3 s thifc was & ed. . .

m(s)‘x‘:;1 t:t‘:ﬁ;%ntib:(p&e conference were all partidpants. invited to
produie written accounts of these aspects of the proceedings Eb;seSt
Yo their individval interests. Belng written after, m\he.r thon bel ore(i
the couterence, these accounts could thus arax? upon its Jessons an
sttest to the benefits derived from the joint diseussions.

Thus originated the eollection of essays presented in this little vo'l-
e, They vary considerably as to form, scope, and content, but this

vardety is & true reflection of the character of the conference. To
obliterate sneh divercite and $a faene t1o aLoat -

eutnate occasional overlap and repetition among jndividual are
ticles: to pass editorially on the pertinence of facts, expressions, con-
clusians, priorities, quotations, and bibliographie citations; or even
1o affix cross-references pointing to positive or negative carrelations
among related statements of different authors. The order in which the
articles are arranged is likewise arhitrary, except for s vague attempt
to link them in some logical sequence.

This volume 78 33 much a review of the native endowment which
“genetic logy” has d from the splendid past contribu-
1i6ps of its parent sciences as it is & preview of the large task ahead
hich it faces on its own. 1t will be evident that this task can never
be accomplished in emancipated isolation but only in harmonious
collaboration with all the members of the family of neurological—
indeed, with the whole tribe of biological—sciences. The birth of
“genctic neurology” marks the establishment not of one more divi-
sion in sn already overfragmented science but, on the contrary, of
bew organic bonds among the isolated fragments. Not fragmentation,
but integration, is its ajm,
et:‘izsg:h?:sni}:ﬁc::ize:i; was held on an interna}iuna‘ scale
‘transgresses bovndaries noi n)‘s 1£:egrahonvng},t.hmy ignores and
5ations and countiies as et lS) y fWeen disciplines’ but between

ell. Some sciences can perhaps make 3 more

!ﬂausf‘ble claim for the need of internatianal collaboration by stress-
ing the world-wide extent of their subject matters, such as 'oceanogra-
ph.y. \lneleoro\ugy, &n_d astsonomy. We could rationalize our case by
2::{:3 :.'o the %f'en}dmg mportance of the nervous system, whose
S 1: ive ol nnhou» bexze!ibs, but whose misappropriation may

oo, humanity. But infinitely more important is the fact that no
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such rationalization on purely utilitarian grounds was needed. Quite
aside from all practical benefits, the greatest value of such inter-
national gatherings lies in the profession and reaffirmation of the
unity, universality, and indivisibility of scientific truth and, sbove
all, in the demonstration that scientists are willing to practice what
they profess,

Pavn Wriss
UstvEnsiry oF Cricaco
May 1530
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AN INTRODUCTION TO GENETIC NEUROLOGY'

PATL WEISS
Department of Zodlogy, Unicersity of Chitage

PREAMBLE
HFE function of the chairman of a conference ia to serve in the
catalytic role of moderator, As organizer and chairman of the

Conf on the Devel t, Growth, and R ation of the
Nervous System my primary task was, therefore, to put the prob-
Toms in focus and steer the discussion, The unique pattern of publica-
tion of the p dings, however, ding to which each participant
had to write a contribution in retrospect, implies an obligation to
secord my own version of the coutent aad achievements of the con-
ference, This can best be done by following the topical org:

aF o anntamanas Hhoaasaio ot

randam sample of genetic neurology, with a running commentary. Fa-
mikar facts will be referred to without further documentation. Items
d din fetaslin otherch of the book will besoidenti-
fied, Many a minor problem, neglected and 31} explored in the past,
will be accorded more attention and space than some of the major
problems on which more adequate inf jon is available. Such
?xbitrariness of selection, together with the pardonable temptation to
dlush:ate points at issue by examples from one’s own experimental
expertence, s bound o distort the proportions of the total picture.
Yet, since the other atticles are similarly stanted, and quite deliber-

ately and desirably so, from other angles, their totali
seot a fairly sound g otality ought topre-

perspective,
e e
cent  * c
osi ; ’
x:v esn - w..‘.tw:um .y cotnplex pature of the processes involved. As
now view it, i i E i
is an bly-lice process in which
1 Drigtaal reseasch relerred

N o in this artacle has been ajded
Abbott Memorial Fund 7 2ided by the Wallace C.and Clara A,
Tiealth Sermee 2adby o tesearch grant from the Natunnal Institnte of Health, Publie

1



2 GENETIC NEUROLOGY

countless component events are brought together in orderly patterns
in regular succession and are interwoven with one another by in-
numerable specific interactions (89). Thus the closely knit fabrie of
any organ, structure, or function, which in its mature stage impresses
us by its purposeful unity, when traced back in its developmental his-
tory resolves itself into numerous separate threads of different ori-
gins, different characters, and different dependencies. In this sense,
each component process contributes a share to the final assembled
product, but the unity of the assemblage is an emergent unity. Al
though all developmental processes are under some common control
from the very first, the composition and the grouping of the operative
units change progressively as cell groups give up old and enter new
associations, and the various organs acquire their final identity and
functional adequacy only by degrees through the co-ordinated com-
mingling and interplay of originally unrelated contributions.

This conclusion of developmental theory finds a natural corollary
in the demonstration by genetic theory that any single terminal char-
acter may depend on any number of genes and, conversely, any one
gene may affect any number of terminal characters. However, while
current genetic theory favors the view that all primary gene action
is of a single kind, namely, control of enzymatic reactions, develop-
menial theory proves that, at least by the time the various mar-
phogenetic assembly lines are in operation, both the source materials
and the tools are of a wide diversity, much as the materials and man-
ufacturing procedures in the making of, let us say, an automobile
vary from step to step. The complex engineering performances of
technology are a much more pertinent model of the nature of morpho-
genesis than are the more elementary phenomena dealt with in basic
physics and chemistry.

Viewed in this light, the mature nervous system is the terminal
product of many convergent chains of processes with cellular con-
tributions from many sources, with incessant interactions among the
units and between the units and their environment. In studying the
nature of these interactions, we encounter the widest variety of bio-
physical and hiochemical phenomena, with electrieal, chemical, ther-
mal, and mechanical factors participating in varjous combinations.
1f in some not too remate past the question as to whether a given

t of nerve develoy t was exclusively an electric or 8
hemi 1 or a mechanical ph swas pardonable on grounds of
5 general lack of familiarity with the principles of development, the
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tion repeated today would be a sign of Ic.mk of comprehen-
;?;foi‘}lﬁt of disrpegard, of knowa facts. The oversimplified past the-
oties of nerve development (“electric” or “cheml.csl, efc.) were use-
ful historfeally as stopgap However, if perpetuated, t‘hey
will become an intolerable drag on the progress of know_ledge, stnee
in their failure to formulate the real problems and in glossing over the
complexities of the latter, they hide, rather than reveal, pta.t_:tv.cn.ble
lines of approach It is not so much that they obstruct experimental
analysis as thal they divert it to rather Sctitious tasks.
Consequently, in order to be realistic in our research, we must ac-
cept and face the assembly-live character of the nervous system, the
multiplicity snd heterogeneity of agents that enter into its manufac-
ture, and give up the hope of embracing the whole process in a single,
simple formula. We must take the complex fabric as we find it; try to
resolve it into its constituent threads, that is, individual chains of
causal Jinkages, aud determine their mode of action without the nar-
Tow preconception that they must all belong to a single category.
Pethaps it has been the most impartant result of this conference that
it engendered and reinforced such an attitude of sober analytical
realism. It is remarkable how grandiose concepts often melt away
when brought face to face with hard-and-fast facts which they were
purported to explain and how the removal of a verba] smoke screen
opens exciting new vistas for research. In this spirit of analytical dis-
Sef.tm, we shall now proceed Yo single out a few of the main con-
lrlbu.t?ry pracesses to the development of the nervous system in the
order in which they were taken up by the conference.
 The six main sess‘itms of the conference were devoted to six rela-
L e i, s o ) the dilecnision o e e
o 15 umils; e outgrowth of nerve
:t;r: r:ngiz};elestt.abhsl;ment of nerve conuections; (1) the growth
cludingpils i;ah‘;.'?i:n n:urm;‘s; (i.V)‘ the regeneration of nerves, in-
(V) the pmblel:ns e ;E;gdtt eav;\;mc?\ ]:.rul’oler;ns of nerve repair;
and operation of the nervous Zyste seoclivey In the development

: w; and (V) 2
behxﬂoranditsneuralfuundaﬁons. 2 (VD) the development of

o 1 NEURON DIFFERENTIATION
¢ tomposition and size of anv arean A-e-. 1

[N
' - ;

- lutiuge tuigrations, spatial re-
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grouping, recruitment of cells from the surroundings, growth,-pro-
liferation, loss of cells by destruction or emigration, and differentia-
tion.
A. ALLOCATION

In the nervous system the initial allocation is under the control of
influences generally referred to as “inductions” and extensively stud-
ied in experimental embryology (69). The allocations seem to bear,
from the very first, certain general regional charncteristics, which,
since they can express themselves in atypical locations, are evidently
manifestations of early qualitative differences among different pri-
mordial groups of nerve cells (see below, Sec. IF). The early neural
system consists of a number of interacting fields (17, 54) which oper-
ate in the manner of morphogenetic fields in general (89), that is,
by outlining their respective domains through competitive interac-
tion and by initiating further diversifying processes, or subfields,
within their respective territories. Local processes thus become pro-
gressively more restricted, more firmly fixed, and more autenomous.
Depending on how far this course has advanced, injuries to the
embryonic nervous system are either wholly or partially or not at all
reparable. Many abnormalities of accidental, experimental, or genetic
origin, such as cyclopia (2), anophthalmia (14), anencephaly (184),
ete., are explicable in reference to the time scale of development, with
its progressive loss of regulatory faculties.

B. TRANSFORMATIONS

The carly transformations of the neural system are brought about
mainly by shifts of cells and cell complexes and changes of mechanieal
configuration, while growth plays only a subordinate role (27). The
mechanics of neurulation are still not yet fully understood, but the
formative forces seem to be intrinsic to the neural plate (9), perhaps
aided by the differential composition of the media along its inner and
outer surfaces. Changes in cell adhesivity (8), as well as the contrac-
tility of a surface coat (47), seem involved. Fluid secretion into the
central canal and the ventricles (80) serves to keep the brain walls
from collapsing, and postero-anterior propulsion of this cerebrospinal
fluid by the cilia of the canal may add to the necessary turgor. The
mechanics of the formation of fissures, folds, and evaginations in the
early brain are not yet well understood but may be due in large
measure to mechanieal yielding of weaker or more pliable portions of
the wall, which expands faster than the capacity of the skuli (15).
Evidently, the pattern of lines of least resistance along which these
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cavelns oecur Js the systematic res“\& of previous d't:vdovmentn‘
events, and ite cansation, in turn, remains to be explained.

The stit-ehepe of the central canal depends'o? the presence of the
notochord (37) and is due to the fact that a rigid (.ibef system span-
ning the ventral thickness of the neural plate remains inserted on the
notochord &s & binge about which the lateral ha\\les: fold upward
(110), The tangential stresses to which This median strip of .the plate
is subjected in the folding process ate presurmably 'L‘es.pm:ls\h\v: for &
coresponding uitra-structbural patiern running erosswise it the floor
of the tube a5 2 later guide for the ventral commissures (see Sec. 1.

Fihers faid down along the surfaces of the original medullary cells,
hence radially oriented, are evidently preferential guide lines for the
displacement of the cells of the tube. Copsequently, all intrinsic
growth will lead to expansion in the radial direction. The embryonic
tube seemns ta have little intrinsic tendency to grow inlength. Elonga~
tion must, therefore, be produced by outside forees, the active agent
belog w bhy the notochord (89, 49). Ts e} confers pas-
sive stretch upon the adhering neursl tube. Very likely these longi-
tudinal stresses in the margin of the tube furnish, at the same time,
the struetural foundation for the later longitudinal fber-tracts,

The spina! ganglia arise as an unsegmented mass, moving down
from the neural crest on either side of the cord. The cell eolumns tend
to bresk up into clusters, but the segmental regularity of this sub-
division in normal development is imposed upon them by the seg~

fan of the ding tesoderm (34, 18,

These are merely a few examples of steps in the morphogenesis of
the central system. If some of them seern erudely mechanical, it must
2ot be forgotten that they only lay the foundation for many much
subller events to follow and, , that the mechanical events
in themselves are conditioned by the differential behavior of cell

groups governed by subtle biochemical and eolloid.physical differ-
enices.

. € PROLIFERATION
From 1‘ts e:}xly transformations the nervous system emerges en-
dowed with differentia) properties which seon express themselves in
dlﬁ'ercn\}a! probferation, migration, growth, and differentiation
elaborating further the initial differences established in the precedin, .
st:i\ges 9{ aﬂw{;ﬁon and transformation The nature and eanses cg
mfimd:(‘e(iirmm“s are still almost wholly obscure. Transplsntation
O experiments have revealed at least the time when certain
erences arise and the extent to which they are based on properties



6 GENETIC NEUROLOGY

intrinsic to the cell groups concerned and on properties of the cellular
environments.

The total size of any given central district is the resultant of the
following facters: the proportion of cells in proliferative activity, the
rate of their multiplication, the duration for which they continue to
proliferate, the enlargement of cells without further division, the im-
migration of eells from the vicinity, the loss of cells, and the differen-
tintion of nerve fibers, The classical experiments of Detwiler (20)
have shown that the quantitative development of a nerve center is
determined both by its own growth potential and by extraneous in-
fluences emanating partly from other central regions and partly from
the periphery. But it has remained for the painstaking research of
Hamburger and his collaborators to reveal the full complexity of
these interrelations and to begin to unravel them. For details we refer
to the comprehensive article by Hamburger and Levi-Montalcini in
this volume.

The factors maintaining mitotic activity in characteristic distribu-
tions are practically unknown. The concept of mitogenetic radiations
(28) is gencrally regarded as unsubstantiated. We have recently dis-
covered that nervous substance contains a diffusible, strongly mito-
genetic prineiple not found in most other organs (55). It will be inter-
esting to explore the relations of this agent to the proliferative activ-
ity of the nervous system itself. The only clue regarding the mito-
genctic stimuli in the nervous system is the preferential confinement
of mitoses to the lining of the central canal and ventricles. The fact
that, after injury to cord or brain, cells of the mantle promptly enter
into mitosis (21, 33) proves that mantle cells are not incapable of
dividing but normally fail to divide merely because of their insulation
from the mitotic stimulus, which after injury becomes available to
them.

D. MIGRATION

The fact that cells of the central nervous system migrate exten-
sively has long been recognized. Ontogenetic movements rccnpitulnl-
ing phy! logenchc shifts have been described and Inbeled as “neuro-
Dbiotaxis”; but the factors at work have not yet been elucidated. We
are faced with essentially the same problems as those pre:cnted by
the outgrowth of cell processes (sec further below). The radial migra-

hon of the cells of the neural tube is clearly correlated with the pres-
. . T &hane panctitniad hy the pri-

St ".H“ [ ‘thana
PRI PR '.. [H ﬂ‘ per-

DR RS |

. e . : o
mlts movements in opposlte du‘ectmus, and, since boti hnve been ob-
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served (see article by Hamburger and Levi-Montalcifli)y_th question
remains as to which cells move in one sense and wlnc_h in tlfe other,
Cell first scattered st random gradually accummulate in specific loca-
tions, as, for instance, in the formation of he columns of the ventral
Tiorns o the various aeatly spaced strata of the beain, which adds to
the problem of orietation that of the termination of the various
movements. Why do cells aggregate at certain sites and not at others?
Moreover, since the cells of a given uueleus or a given stratum even-
tually exhibit common functional properties, the question arises as to
whether those properties wese imposed upon them by local factors of
the zone they oceupy o whether they had already been differentiated
when they left their sources and merely become selectively attracted
or selectively retained in the appropriate envirenments, (This prob-
fem of the origin of specificity of neurons will be taken up later.)

To judge from observations in tissue culture, cell migration is
sometimes merely simulated by the fach that the nucleus shilts its
position along the drawn-out cell processes without the latiler’s
changing their locations (43). Such a change of nuclear position with.
in 2 neuron is obviously not the same thing as the displacement of a
whole neuron. '

For the study‘o{ these problems, the derivatives of the neural crest
may be more suitable than the intra-centra) neurablasts, It has been
shown, for instance, for the pig producing comp of the
gleluinll crﬁsl t.hat their migr.znory urge, ditection of migration, and
an:I ocalization are determined by separate sets of factors (74); by
men;&');-} \:;f may ﬂ-isump that the factofs causing the ganglionic ele-
thate thet : :::ﬂtho m‘?ate are dlso different and less specific than
sympathetic ga: T, snd. settle at specified sites as spinal ganglis,
1 A © 12, auc wyenterie plexus. Noting further the regu-

ar associstion of sheath cells with nerve fibers (see articl
Speidel), it is difficult to escape th cusi ariete by
denvatives of the crest are t‘h) oy ot that these various
echungoal nonedies 1 s gathered into their final laratinne ~-o 1
environy '
§°cmu0“ fa e aully ue.\‘elopmem,a\ chani
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intr.insic to the cell groups concerned and on properties of the cellular
environments.

The total size of any given central district is the resultant of the
following factors: the proportion of cells in proliferative activity, the
rate of their multiplication, the duration for which they continue to
proliferate, the enlargement of cells without further division, the im-
migration of cells from the vicinity, the loss of cells, and the differen-
tintion of nerve fibers. The classical experiments of Detwiler (20)
have shown that the quantitative development of a nerve center is
determined both by its own growth potential and by extrancous in-
fluences emanating partly from other central regions and partly from
the periphery. But it has remained for the painstaking research of
Hamburger and his collaborators to reveal the full complexity of
these interrelations and to begin to unravel them. For details we refer
to the comprehensive article by Hamburger and Levi-Montaleini in
this volume.

The factors maintaining mitotic activity in characteristic distribu-
tions are practically unknown. The concept of mitogenetic radiations
(28) is generally regarded as unsubstantiated. We have recently dis-
covered that nervous substance contains a diffusible, strongly mito-
genetic principle not found in most other organs (55). It will be inter-
esting to explore the relntions of this agent to the proliferative activ-
ity of the nervous system itself. The only clue regarding the mito-
genetic stimuli in the nervous system is the preferential confinement
of mitoses to the lining of the central canal and ventricles. The fact
that, after injury to cord or brain, cells of the mantle promptly enter
into mitosis (21, 33) proves that mantle cells are not incapable of
dividing but normally fail to divide merely because of their insulation
from the mitotic stimulus, which after injury becomes available to
them.

D, MIGRATION

The fact that cells of the central nervous system migrate exten-
sively has long been recognized. Ontogenetic movements recapitulat-
ing phylogenetic shifts have been described and labeled as “neuro-
biotaxis”’; but the factors at work have not yet been elucidated. We
are faced with essentially the same problems as those presented by
the outgrowth of cell processes (see further below). The radial migra-
tion of the cells of the neural tube is clearly correlated with the pres-
ence of a radial gliding system of guide fibers constituted by the pri-
mardial cells of the tube; but this establishes a limiting, rather than a
determining, condition for the final cell distribution. A pathway per-
mits movements in opposite directions, and, since both have been ob-
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cells. Yet nerve cells, because they all have certain morphological
characters in common, ase readily sssumed to consis} of the same
giratoplasm without specific distinctions relevant to e\l?er develop-
rment or functioning. It is in rectifying this ersoneous view that the
conference has perhaps made one of its most siguificant contribu-
tons.

The evidence that neuron classes differ in kind and that these dif-
ferences are instrumental in maintaining both developmental and
functional arder is based on crucial observations on development,
specific reaction to drugs, differential susceptibility to infections
agents, staining reactions, metabolic studies, and funetional proper-
ties Itisespecially mentioned in the articles by Schmitt, Bodian, and
Sperry. We shall return o it in Section V.

The ontagenetic history of nerve-cell differentiation js complex and
still rather obscure. As will be explained in the article of Hamburger
and Levi-Montalcini, the neural epithelium is presumably a mosaic
of areas the developmental qualities of which have become specifi-
cally restricted at very early stages. A good example is the early
lloca!iza!iqn of Mauthner’s neuron in amphibians, more fully treated
in the article of Stefaneili, While Mauthner's cell presents a uniquely
fn\'om.blf{ case because of its distinctive size and configuration, the
story is likely to be the same for other cell types for which we bave
@ yet found ne distingwishing eriteria. There certainly exist many

more d.fﬁ'erem species of neurons than those st present identifiable
as cholinerge, adrenergic, and sq forth.

¢ ELARORATION

Cells emergAe from their progressive differentiation not only with
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ones, In the nervous system, regression has been known to attend the
disappearance of body parts during metamorphosis; but, as o com-
ponent of normal development, resorption of nerve cells has only re-
cently been given prominence, as deseribed in the subsequent article
of Hamburger and Levi-Montaleini. Such resorption may be simply
the terminal stage of progressive atrophy, which it undoubtedly is
after nerve section in later life (see article by Bodian), or it may be
due to an active lytic effect of the environment. Whatever the
mechanism, it is instructive to realize that, as in so many other phe-
nomena of life, equilibrium is maintained by the proper dosing not
merely of a single process but of two opposing principles, one meking
for production, the other for destruction, operating through different
mechanisms,
F. PIFFERENTIATION

Differentiation is frequently understood in too narrow a sense, as
the production of tisible differences among cells. This residue of a
pictorially oriented era of microscopic anatomy has given way to a
more pertinent concept, according to which differentiation connotes
the appearance of constitutional differences among cells, presumably
always based on biochemical differences but frequently demonstrable
only indirectly by the fact that such cells behave differently under
otherwise identical conditions (107). Such different behavior may or
may not lead to visible distinctions. In this sense, early neuroblasts,
spongioblasts, etc., are differentiated relative to one another as well
as relative to their own common precursar stages, although the micro-
scope shows no sign of these differences. Differentiation is not a single
event but a course of events. Many cells never run the full course of
which they are capable but are arrested part way, without “express-
ing their full potencies,” in the usnal phrase. On the other hand,
many cells are capable, at any one stage of their differentiation, of
assuming & varlety of appearances, depending on local conditions.
Such adaptive modifications of & given cell type have been called
“modulations” (89, 107), in contradistinction to the progressive chain
of transformations for which the term “differentiation” ought to re-
main reserved.

Far these reasons, the number of truly differentinted cell types in
the mature nervous system and the times when they arise cannot be
told from morphological observations but must be ascertained for
each case by appropriate empirical tests. Just as sheath cells, both
embryonic and adult, can modulate into a wide variety of morpholog-
jcal forms, depending on their physicochemical envir t (100,
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2] functional connections? And so

number of central and peripk
far;!;- many of these questious the conference ha's given deﬁf\ite, if
sometimes provisional, answers or at Jeast plausible suggestions of
snswers. When brought together from all sides, t!'xe scau?red h\ts_ of
information composed a body of knowledge of impressive consist-
ency. In the end a rather sharp picture emerged. It is amusing fo Te-
flect on how, only a short time ago, it was deemed perfectly satisfac.
tory 1o answer all those specific questions by reference to one all-
inclusive term—‘neurotaxls.”

A, ULTRA-STRUCTURE

Marked advances in the study of the ultra-structure and physiol-
ogy of protoplasm, some on Derve, have constrained our speculations
on neuron growth. The article by Schmitt presents an up-to-date
aceount of the ultra-structure of the mature nesron. The article of
Flexner establishes the bridge to the embryonic phuse. Tt seems hard-
Iy questionable that the capacity to form = verve process is predi-
cated on the production in the nerve cell of long flamentous protein
chains which form the ultra-structural basis of what in the fixed
preparation and occasionally in the living (129, 46) appears as a neu-
rofibril. Presumably, the elementary fibrillar units are at first rather
mobile and becowe linked and consolidated inta stabler formations
onl.y as the axon matures. It would be incorrect to visualize these
units as a rigid axis skeleton which, by its erystallization, would
protrude the ason. On the contrary, it is rather the streaming forth

ot the axoplasm from the cell body which orfents and aligns the fila-
mentous units contained in it.

. MECTIANISM OF AXON GROWTH
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ally elaborated in an ever increasing complexity of interactions, As
a corollary of such differentiation, cells acquire the above-mentioned
affinities and disaffinitics with regard to other units (105), properties
that regulate not only the association between neural and peripheral
units (see See. II) but perhaps also the relations among neural units.

Genetically, the developmental processes in the nervous system
are so timed and dosed that under normal conditions they fit into the
developmental pattern of the surrounding body. Whenever this har-
mony is disrupted, incongruous combinations result. For instance, a
normally growing nervous system in a retarded spine and skull will
herniate or cave in, with severe functional consequences (133). Evi-
dently there must be all gradations from such crude disharmonies,
which are easily spotted, down to the most subtle deviations, de-
tectable only by the closest functional examination. It will be an
important task to study the extent to which minor genetic aberra-
tions or nutritional deficiencies during early development leave their
marks on the nervous system and hence affect the behavior of the
individual (64).

I1. THE DEVELOPMENT OF NERVE PROCESSES
AND NERVE CONNECTIONS

Ever since the experimental confirmation by Harrison of the out-
growth theory of His, the mechanism of the formation of nerve fibers
and the factors controlling their course have been in the foreground
of interest. What had at first seemed to be a relatively simple process
has presented us with an ever increasing number of facets, each pos-
ing a separate problem. For instance: What determines the points at
which the axon and later the dendrites will sprout from the ceil
body? By what forces do they become elongate, and what deter-
mines the direction in which the elongation will occur? How do they
manage to perforate the limiting membranes of cord and brain, and
why do only certain types of fibers emerge? What determines
whether they remain simple or become branched and how profuse the
branching is to be? Why do they associate with sheath cells and with
other nerve fibers to form nerve bundles, and what controls the order,
it any, in such associations? Why do they commingle and separate
ngain, as in the formation of plexus, and what determines the final
groupings in which they become sheathed by connective tissue?
YWhat sets their course in the periphery and what determines where
they will end? What controls their density in a given territory and the
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2,7 nerve fibers advance on a substratum whose fibrous pathways
run neatly parallel, all nerve tips are bound to follow the common
direction as the only passible one (81, 104, 1-09, 123). .

4, T o perve fiber advances upon 2n unonented.netwuﬂ;. of mt.er-
secting fibrils, its tip will become divided at each intersection, \v'\th
the vatious branches competing for the inflow of axoplasm, Aside
from s factor of inestia favoring maintenance of direction, chance
will decide which branch the fber will follow at each fork. However,
the bending of fiber courses observed in the presence of transversal
electric fiedds (50) indicates that elecirical asymmetry at the inpu-
merable intersections weights each decision slightly in favor of the
cathodal side (109). This does not produce oriented, but merely de-
flected, nerve growth and operates 3n combination with, rather than
to the exclusion of, contact guidance.

4. If fibrous substrata of different chemical constitutions intersect,
a nerve tip exposed to both may choose one kind of pathway to the
exclusion of the other. Evidence of such preferential choice between

pathways has been obtained in tifre, but only on a very elementary
seale (104} Maliomnun w0 v 1 e ;
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ba, the rear of the cell, being anchored at the central end, cannot, of
course, foliow the advancing process. As a result, the distance be-
tween tip and base increases as more and more substance is drained
into the periphery from the nerve cell. The motive foree of the elonga-
tion is not quite understood. While Lewis ascribes it generally to the
contractility of the superficial gel layer, it may become necessary to
assume a thythmic alternation between contractility and relaxation
residing in the axon surface and moving the axoplasm forward in the
manner of a peristaltic wave. The neuron seems to possess a peculiar
pumping mechanism by which material from the cell body can be
forced distad all the way to the tip; evidently, this is the same mecha-
nism which, after the fiber has ceased to elongate, continues to pump
in axoplasm, which then accrues to the width of the fiber (see Sec.
IIT). At any rate, the clongation of the nerve process is essentially o
phenomenon of protoplasmic motion rather than of true growth.

C. ORIENTATION

In nerve clongation the driving mechanism does not of itself deter-
mine the direction of the advance. What determines the latter has
variously been ascribed to a number of none-too-well-defined tro-
pisms, such as stereotropism, chemotropism, galvanotropism, and
hodogenesis. All existing evidence makes it clear, however, that the
fiber is guided not by a single factor but by a combination of factors
not represented by any one of these simple theoretical categories. The
acting principle can best be characterized as “contact guidance”
(95), operating through & combination of physical and chemical prop-
erties. The following facts seem to be firmly established:

1. Nerve tips cannot extend into a structureless, homogeneous me-
dium but can move only along interfaces (82, 81). Linear interfaces
are furnished by the surfaces of all fibrous structures of the surround-
ings. Even in a planar interface (glass slide, membrane, ete.), there
are usually enough inhomogeneities to mark out linear pathways
within the plane. Frequently, fibrous exudates coating surfaces ap-
pear in the role of pathways (104). The nerve tip is drawn out along
such linear threads as if by capillarity. The actual cause of this ad-
hesivity is not known, but it does not seem to reside in simple surface
tension and wetting properties, or at least not exclusively so. It exerts
a certain pull at the tip of the fiber, thus giving direction to tl{e push
of the pumping mechanism discussed before. pecause of tluls dual
action, T have termed this a “pull-push mechanism” (10?). Guidance
by fibrous interfaces is an active principle and not a passive one, such
as “least resistance” (95).
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Plevus formation will occur when fibers, arriving from different
sources over separate Toutes, are deflected into a single-track path-
way structure (81, such as is furnished, for example, in the dorsal
funiculi for the incoming dorsal oot fibers, in the varions horizontal
strata of brain and retina for their radial fiber tracts, in the girdle
region for the peripheral nerve fibers, and the like.

T, PERIPHERAL CONNECTIONS

As a tule, nerve fibers of & given kind are found connected with
corresponding end-organs As indicated above, end-organs can exert
oo specific “stiraction” on their correspondiog neurons but receive
their proper neuron consignments already in the right order because
of Yhe selective character of the pathway systems leading to the end-
organs. However, when fibers arrive in mixed assortments or are
forced into the wrong type of periphery by experimental means, the
end-organs fail to accept functionally incongruous meurons. Thus
cutanecus sensory fibers can be made to grow into museles, but they
will effeet no t iss yal junctions (115, 20), Whether
the peripheral hi i
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nerve conduction. Nerve fibers are definitely guided to their destina-
tions rather than “attracted” by them (124, 109).

The principle of contact guidance, as here presented, can account
for most of the known facts of nerve-fiber orientation. It comes clos-
est to the concept of hodogenesis of Dustin (24), or, more correctly, it
translates this principle into concrete and analytical terms. Yet fiber
orjentation is only part of the problem of nerve patterns. There are
other contributory features, one of which is “towing” (95). As longas
it roams freely, the tip of the nerve fiber determines the course of the
fiber. But, once the fiber has attached itsclf to another unit (muscle
fiber, sensory clement, or another neuron), its further course becomes
subject to passive shifts resulting from the movements and the
growth of its terminal organs. Nerves are often dragged over very
great distances in the body.

Whether contact guidance, towing, and selective fasciculation (to
be described presently) are all that is needed to explain the formation
of nerve patterns cannot be decided until certain as yet ill-under-
stoad phenomens have been resolved. One such phenomenon is the
tendency of nerves innervating limbs with aberrant developmental
histories to assume, nevertheless, fairly typical distribution patterns.
This was first shown for the nerve patterns in regenerated limbs
(128, 57) and then was confirmed for the delayed innervation of
originally nerveless limbs (60). Despite minor deviations, the major
nerve courses were typical in all these cases, which indicates that the
normal chronological succession of events in the ontogeny of the limb
cannot be too relevant for the final configuration of the nerve pattern.

D. NEAVE FORMATION

Attention has been focused in the past mainly on the orientation
of the early pioneering fibers, which grow out singly. In peripheral
nerves and central nerve tracts, however, nerve fibers do not remain
single but are joined by other fibers that use the pioneers as path-
ways and thus gradually build up nerve bundles (“fasciculation”).
In studying this process experimentally, it was found that fasciculn-
tion of significant magnitude occurs only if the nerve finds adequate
peripheral terminations (109). Presumably, pioneering fibers which
have attained a successful peripheral connection thereby become
selectively adhesive for newly outgrowing nerve fibers. Thus nerve
cables are established in response to peripheral conditions. This adds
another phenomenon to our list of examples of controlling influences
exerted by the periphery upon the development of the nerve centers.
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The roles of sheath celts and conuective-tissue celtls in fasciculation
and the elaboration of the final architecture of perxph::ral nervesare
practicalty unexplored. In view of the fact that there is orderl'y ﬂl'lld
traffic in the spaces between nerve fibers (98, 131), the o{gafmzahon
of the nerve as a whole deserves greater attention than if it were &
mere package of nerve fibers; hence the development of t.}mt organi-
sation should receive intensive investigation in its own right and in
relation to nerve pathology.

. BRANCHING AXD PLEXUS FORMATION

Terminal branching of nerve fibers can be understood as a sta-
tistieal consequence of the repeated splitting of fiber tips on a highly
intersected pathway system with no specific directional guides (95,
103). Collateral branches, on the other hand, result when the consoli-
dated stem portion of a fiber becomes locally remobilized by some
focal stimulus (95).

Plexus {ormation will ocenr when fibers, arriving from different
souvces over separate Toutes, are deflected into 2 single-track path-
way structute (81), such as is furnished, for example, in the dovsal
funicali for the incoming dorsal root fibers, in the various horizoutal
strata of brain and retina for their radial fiber tracts, in the girdle
region for the peripheral nerve fibers, and the like.

¥. PERIPHEBAL CONNECTIONS
Asa rule, nerve fibers of & given kind are fonnd connected with
corresponding end-organs. As indicated above, end-organs can exert
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sponding centers; (b) the number of processes that have been drained
into the periphery by fasciculation; (c) the rate of peripheral branch-
ing, which is high in musele but low in sensory fibers; and perhaps
(d) the eventual resorption of unconnceted fibers. Iowever, from the
incoming pool of nerve fibers, only a definite quota is admitted into
cach peripheral district, the amount being under the direet contral of
the peripheral tissues. Thus each muscle fiber, as a rule, accepts only
asingle nerve ending (25), and sensory areas likewise have character-
istic saturation densities. Nerve fibers seem to invade a given terri-
tory only in proportion to its mass. This has been quantitatively
demonstrated for the penetration of regenerating fibers into mature
or regencrating limbs of varying sizes (86, 49). In nerve regeneration
the peripheral stump itself limits the number of fibers it will carry
(48, 118, 114). In sensory territories the sclf-regulation of innervation
density has been directly observed (68). There is no reason to believe
that the principle of saturation is in all eases served by the same
mechanism. The regional differences of saturation quotas are highly
important in their functional implications, since they determinc, for
instance, the different sensory acuity in different parts of the skin.

III. NEURON GROWTII
Thus far we have dealt only with the numerical development of the
nerve centers and the establishment of their topical relations with one
another and with peripheral organs. However, in the nervous system
the final nuinber of units is established long before the organism has
attained its final size, and all further adjustment to the increasing
demands is achieved by the continued enlargement of the individual
units. Fiber diameter and size of the cell body increase in a certain
general proportionality. The final size differential among neurons is
based partly on constitutional differences among the nerve cells and
partly on influences imposed upon them from their own peripheral
organs or from other neurons or, more indirectly, by the degree of
functional activity. Studies of neuron metabolism promise deeper
insight into the factors regulating neuron growth.

A. METABOLIC REQUIREMENTS
The realization that morphological features are merely the outward
expression of the behavior of a cell of given biochemical organization
in response to its environment is increasingly turning attention from
the microscopic signs of differentiation toward the more fundnm.cntnl
biochemical and metabolic criteria. It is only ll.ntuml tlfnt o tissue,
even though developed in abnormal surroundings, which has the
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morphological aspects of nenral tissue has also jts biochemical proper-
ties, such as the production of cholinesterase ((j). .

Significant progress has been made in tracing some of th‘e bio-
chemica) events attending nerve differentiation, as {eported in .the
articles of Flexner, Bodian, and Hydén. These studies are Parlwu«
larly interesting, in that they demonstrale definite correlations be-
treen the development of certain biophysical and bioch \l prop-
erties and the inception of functional eperation in the respective
nerve centers.

B. THE GROWTH OF THE NEVROX

The growth of the individual neuron has in recent years become a
favorite object of investigation. Nenrons are wniquely suited for such
studies because of their large size and the ease with which the nu-
cleated and leated portions of the cytoplasm can be separated
from each other, The results, obtained by morphological, experimen-
tal, and biockemical methods, are in good agreewent. They are re~
peatedly referved to in the erticles of Youny, Bodian, Hydén, snd
Flexner. The present state of the ficld may be summarized as follosws:

1. The mass of the neuron, as expressed in the size of the cell body
and the caliber of the axon, is not a fixed static character but repre-
sents a steady-state equilibrivm between continuous growth and
concutrent degradation,

2 The site at which the neuron grows is confined to the vicinity of
the ce}l nucleus (perikaryon). Active growth is revealed by increased
protein synthesis, enlarged pucleolus and nucleus, and high concen-
Arations of nucleic acids (see Yydén).

$. From the perikaryon the newly produced neuroplasm is con-
veyed Ao the axon, where it becomes available both for additional
length—during the phase of extension—and for increase in width of
the fiber (117), The mechanism throngh which the proximodistal
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sponding centers; (b) the number of processes that have been drained
into the periphery by fasciculation; (c) the rate of peripheral branch-
ing, which is high in muscle but low in sensory fibers; and perhaps
(d) the eventual resorption of unconnected fibers. However, from the
incoming pool of nerve fibers, only a definite quota is admitted into
each peripheral district, the amount being under the direct control of
the peripheral tissues. Thus each muscle fiber, as a rule, accepts only
a single nerve ending (25), and sensory areas likewise have character-
istic saturation densities. Nerve fibers seem to invade a given terri-
tory only in proportion to its mass. This has been quantitatively
demonstrated for the penetration of regenerating fibers into mature
or regenerating limbs of varying sizes (86, 49). In nerve regeneration
the peripheral stump itself limits the number of fibers it will carry
(48, 118, 114). In sensory territories the self-regulation of innervation
density has been directly observed (68). There is no reason to believe
that the principle of saturation is in all cases served by the same
mechanism. The regional differences of saturation quotas are highly
important in their functional implications, since they determine, for
instance, the different sensory acuity in different parts of the skin.

1II. NEURON GROWTH

Thus far we have dealt only with the numerical development of the
nerve centers and the establishment of their topical relations with one
another and with peripheral organs. However, in the nervous system
the final number of units is established long before the organism has
attained its final size, and all further adjustment to the increasing
demands is achieved by the continued enlargement of the individual
units. Fiber diameter and size of the cell body increase in a certain
general proportionality. The final size differential among neurons is
based partly on constitutional differences among the nerve cells and
partly on influences imposed upon them from their own peripheral
organs or from other neurons or, more indirectly, by the degree of
functional activity. Studies of neuron metabolism promise deeper
insight into the factors regulating neuron growth.

A. METABOLIC REQUIREMENTS
The realization that morphological features are merely the outward
expression of the behavior of a cell of given biochemical orgavnizn,tion
in response to its environment is increasingly turning attention from
the microscopic signs of differentiation toward the more fundmn.cnml
biochemical and metabolic eriteria. It is only natural tl.mt a tissue,
even though developed in abnormal surroundings, which has the
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out by its faculty for repeated regeneration (see below), ldt would 2
wholly inconsistent to assume that any axon _lm a pre eh}rmlflte
length. The fact that intra-central fibers tenm.llate ut.deﬁmte sites
must therefare be ascribed to the fact that their free tips have been
arrested by junction with loeal cells rather than by ehaustion of
growth potential,

C. TROPHIC EFFECTS

Not only is the metabolic state of neurons regulated by influences
trom other units, including the terminal organs, but the trophic rela-
Yion is mutual. Lacking proper innervation, peripheral tissues will
atrophy. The time for the deterioration to become apparent varies
greatly with the type of tissue and the species, but, as outlined in
Speidel’s anticle, it will oceur eventually, Whether the atrophy
is produced through incressed susceptibility of the denervated
organs (10} or through the loss of a positive complement nor-
mally provided by the verve fibers has not yet been definitively
settled. The trophic influence of funervation on tissue repair and
regeneration, while conclusively demonstrated, is also still unex-
plained.

The trophic control which the nucleated cell body holds over the
avanal process has long been deduced from the fact that severed dis-
tal l“.‘gmm'-’ of the axis cylinder succumb to degeneration (56). This
is easily understood, not only in terms of general physiology but par-
ticularly on the basis of what we have now learned about continued
molcp\mm\c‘ veplacement from the nuclear center. Pertinent com-
ments o this problem will be found in the article by Gerard.

) V. NERVE REGENERATION

The session on nerve regeneration dealt chiefly with the application
of the lessons nf'prlmary nerve growth te the processes of secondary
regrowth occurting after injury to the mature nervous system, S5
on\u‘gz-nchc and regenerative nerve ornmik. k.- 7! ) mee‘
et e

. e stundisions of régencration in later
© 88 welt as sts implications far problems of nerve surgery, justify
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tain correspondingly undersized proportions (125). At the same time,
excess axoplasm piles up proximally to the constriction because the
amount delivered from the cell exceeds the amount that can be car-
ried off through the narrowed passage (117).

5. The amount of myelin produced is a direct function of the caliber
of the producing segment of the fiber, so that the wider parts of o
fiber have a proportionately thicker sheath than the narrower por-
tions (125).

6. The rate of central synthesis of neuroplasm, which determines
the stationary size of the axon, appears to be a constitutional prop-
erty of the neuron acquired during its differentiation but subject to
upward and downward adjustments, depending on a variety of con-
ditions. Lack of adequate peripheral connections entails reduced syn-
thesis, bringing the whole neuron into a lower size class. This effect
was first discovered in the reduced calibers of the nerve fibers con-
cerned (124, 116, 62); but, as has later been demonstrated, the pri-
mary action is on the cell body (13), in which nucleus and nucleolus
are the first to lose size, with the cytoplasm following suit. The pro-
portion of neurons in which atrophy after peripheral disconnection
comes to rest at a lower size level seems to vary with the kind of
neuron and the species. A certain proportion shrinks to the point of
nonviability and is resorbed. Perhaps the difference between periph-
eral and central neurons in the ability to regenerate axons, discussed
in Section IVF, is an expression of the different degrees of regres-
sion suffered by different cell types upon the amputation of their
processes. These problems are ably dealt with in the work of
Bodian.

7. Conversely, when a neuron is overloaded peripherally by exces-
sive branching, it undergoes a certain degree of hypertrophy (see the
article of Young). A similar increase is also obtained as a result of
intensified physiological activity (see Hydén’s article).

The size fluctuations of the central cell body and its peripheral fiber
in response to varying demands for growth and physiological activity
are of far-reaching importance for the general understanding of
neural functions (sce Young’s article). Let it be remembered, for
instance, that with the size of & merve fiber are correlated such
physiological properties as threshold, sensitivity, and conduction
velocity, and that the size of the cell surface, in combination with
some saturation factor as discussed in Section IIG, will determine the
number of synaptic endings on that unit. Above all, the realization
that the neuron is a system in a constant state of flux must have 2
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2 treatment in its own right. In this treatment the conference dwelt
as much on the basic similarities to ontogeny as on the distinguishing
features, which in some respects, particularly that of numerical con-
trol and of specificity of pathways, are quite marked.

A. MECHANIS) OF PERIPHERAL NERVE REGENERATION

The cut end of a proximal nerve-fiber stump establishes a new
growing point which advances by the same type of amoeboid motion
that characterized the first outgrowth. There seem to be the same
mechanisms at work, and even the rate of advance is of the same
order gs in first development, namely, at best, several millimeters per
day in warm-blooded animals. As in first development, fibrous path-
ways of the surroundings act as guides to the advancing tips, and the
abundant branching and extensive straying of young sprouts near the
wound is definitely attributable to the irregular and confused ar-
rangement of the pathway system in the fibrous secar that forms over
the nerve end. As in first development, it has been possible, by the
application of longitudinal stresses, to orient the fibrous pathway sys-
tem =along the nerve axis, thus giving the outgrowing sprouts a
straight trellis that guides them over the gap to the distal stump (97,
101, 108, 123). The orientation of the fibrous substratum under the
influence of stress is reinforced by proteolytic resorption of all fibrous
cross-links that do not lie in the direction of major stress (128).

Since such fibrous pathways serve as guides for sheath cells as well
as for nerve fibers, the association between these two clements re-
mains close. In the distal stump the nerve fibers likewise find ample
sheath cell tracks to associate with; and there seems little doubt that
thesc two tissue elements are predisposed by their mutual affinitics
for a true symbiotic relationship (1). This matter is treated from
the classical histological point of view in the article by Bocke,
If the Schwann cell contributes any nutriment for the formation
of the axon, it is obvious from Section IIIDB that this could not be
incorporated at the place of intake but would have to be moved cen-
trad for assimilation. The main function of the Schwann cell seems to
be to cont fibrous interfaces with its substance, which is peculiarly
suited for the application of nerve fibers, and, moreover, to provide
the stimulus and perhaps some complements needed for the forma-
tion of the myclin sheath.

B. REGENERATION RATE

Nerve fibers can regenerate repeatedly with undiminished vigor

and unreduced rates (23). Since the advance of the tip is physical
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“ jon rate” is
om0
presumably Jetermined chie ly by the PhysK T & tateresting
tem, such as contractility, viscosity, e\:}shcﬁy, ete. Tt is intere: e
to note that the rate of advance (81} is of the same order as ths!
which bas been caleulated for the rate of protoplasmic replacement n;
{he continuously growing neurons (117), Emphasis on the physical
properties does not mean, however, that these processes cou!d goon
in the ahsence of the mecessary metabolie, j.e., biochemical, re-
sources.

Maximum rates of advance of ¢, 4 mm. or more per duy are ob-
tained when the free tip can proceed on a straightaway, either along
a column of Schwann cells (29) or in & well-oriented fibrous matri}
with large liquid interstices (123), Wherever these optimum condi-
tions are not realized, the regeneration rate is reduced, evidently in
proportion to the frequency of temporary arrests, which, in turn, isa
funetion of the intersectedness of the fibrous reticulum along which
the Sber tip must proceed (104). An apparent stimulation of the rate
of nerve-Eber regeneration after systemic administration of certain
nerve extracts, reported in Yhe YNiterature {59), is clearly to be ex-
plained s an effect of the agent on the consis!

tency of the scar, redue-
ing resistance to nerve-finn= ~---1-- LR - L.
fiber “growth.” Since w .. .
“growth,” it is rather o .

Tegeneration by applying so-catted “growth stimulants” miss the
mark, and actually every single one made in the past has failed.

€. SELECTIVITY

As in first devel the iple of contact guid: has been
{?und fully valid for nerve regeneration, essentially as defining the pos-
sibleroutes rather than the actual courses of a given fiber. Only if the
substratum s strictly ariented (seeabave, Sec, IVA) will this provision
alsa.d.eﬁne the actual cowrse of the nerve, Dtherwise, the problem of
adflmo.nal factors selecting one pathway to the exclusion of others
raises itself. In this, however, regeneration of mature nerves is sjo-
mﬁcfm!ly different from first development. Thus far, no evidence ii
specificity of pathways has been found in regeneration, Sensory nerve
fibers travel as readily and 45 rapidly along former motor nerve paths

e along thewr own (115, 30), and i
ot — , 30} mator fibers grow with equal ease

umps (114). Likewise, denervated bt

s ( 3 muscle is

rfeady 1o accept. innervation from 2 foreign nerve as from its )ov:Z
ormer nerve (118, 25), Since some degree of selectivity has been re-
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ported for the regencration of nerves in larvae (73; see also Speidel's
article below), we are evidently dealing here with a property that
is only gradually lost in the course of development and maturation.

Contrary to the lack of selectivity during regenerative outgrowth,
peripheral connections are established only between nerve fibers and
end-organs that match. Thus sensory fibers will pervade 2 muscle but
will fail to establish transmissive connections (115, 30). The fact that
the presence of such regencrated fibers cannot be demonstrated by
functional tests formerly led to the crroncous interpretation that
fibers fail' to regencrate into nerve stumps of a different kind (18).

D, NERVE GRAFTS

Nerve grafts are intended to reduce the gap between scparated
nerve stumps which regenerating fibers must span before entering the
protective and guiding chanrels of the distal Schwann tubes. In
animal experimentation such grafts often serve the intended function
admirably (61), even after devitalization (122, 99) that does not
transform them into foreign bodies. However, the usefulness of grafts
in peripheral nerve surgery in man is still seriously questioned (65).

E, CLINICAL ASFECTS

The emergency of the second World War brought a new upstirge in
interest and research to improve methods of surgical repair of injured
nerves. While the urgeney of the situation dictated for the most part
an empirical approach, attempts to broaden and strengthen the fac-
tual and theoretical foundation on which all nerve repair rests have
not been neglected. By applying the knowledge of the mechanisms of
nerve regeneration to practical problems, some distinet advances
have been made (66, 101, 103, 126, 51, 4, 71). IHHowever, the technics
thus developed on laboratory animals have not always proved ap-
plicable to clinical practice, and, even where application was feasible,
the results in man did not equal those obtained in the laboratory.
This is due to the fact that, despite the fundamental identity of the
processes of nerve regeneration in man and other mammals, differ-
ences of size and degree often prove of erucial importance, Some com-
ments on the problem of nerve regeneration from the viewpoint of 2
clinical investigator are reported in the article by Sunderland.

Even when morphologically adequate peripheral nerve regenera-
tion can be obtained in satisfactory volume, the functional result can
never measure up to the normal condition as it existed prior %o t‘he
injury. This is due to the fact that, because of the lack of specificity
in nerve regeneration, a majority of the fibers enter into more or less
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co-ordination; but the range within which such reorganization 1s pos-

sible is definitely limited and much more .modest than iox:r{\er s;vccp-

ing generalization concerning the plasticity and 'regulablhly of cen-
4ra) nervous functions would have made one believe (1\1_, 70).

On the other band, further improvements in the techmcs. of nerve
repair can be safely predicted if systematic research is contlnue.d. In
this pursuit it would seem profitable to go beyond the mere reitera~
tion of the fact that there are certain crucial differences in nerve re-
generation between man and experimental animals.and to find out
just what those differences consist of and how to make proper allow-
ances for them in extrapolating from laboratory mammals to man.

F. CEXTRAL REGENERATION

Peripheral nerve regeneration is essentially a phenomenon of cel-
fular physiology, i h as it the self-repair of a muti-
Tated cell, the neuron. In contrast to this highly developed faculty,
the nervous system has no regenerative capacity on the tissue level,
that is, it cannot replace whole neurons that have been lost. There
is some eapacity for ceniral regeneration during embryonic stages
and in later life, at feast in the lower vertebrates such as fishes and
amphibans (see the article on central regencration by Stefanelli),
but in mature higher forms any loss of neurens is permanent. Repara-

ti‘ve processes in the centers remain confined to proliferation of scar
tissue, fasgely composed of glia,

As !_qr the capacity of central neurons to regenerate lost cell proc-
esses, it seemns rather definite that such ability is less widespread and
re}lauve.ly minor in degree as compared 1o the peripheral system. A
discussian of {%ﬁs pownt will be found in the articles of Gerard and
Hooker summing up suecinetly the present status of the problem
More concerted research along these lines may bring more cun.-
clusive solutians, which would be eminently important in order to
assess the passibility, however Temote, of repairing central lesions in
man. If tl{e'ponr regenerative display in the centers is due to unfavor-
able conditions in the neuranal environment, there may be hope for a
suluh?n. Ff, on the other hand, as indieated in Section IIIBGPth i

capacity is based on constitutional Properties of the central ;Aeu:o:;
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th?mselves, then there would indeed be much less reason for opti-
mism.
V. SPECIFICITY AND SELECTIVITY

One of the serious defects of most modern neurological and neuro-
physiological theories is their patent neglect of the qualitative diver-
sity of the neural elements. Psychology is forced to postulate specific
differences in neural activities, and experimental biology can demon-
strate them ad oculos. Yet most physiological concepts of central
nervous activity proceed from the assumption that all neurons are
essentially alike in character, that is, are 2]l constituted of essentially
the same kind of protoplasm, and that the only parameters relevant
to central nervous activity are quantitative variations of the meta-
bolic state of this protoplasm, of the electric properties of its surface,
and of the geometric configuration of the network. This thesis of the
uniformity of the neural network has found its most explicit expres-
sion in the current comparisons of the brain to an electronic calculat-
ing machine (132).

In this situation it becomes doubly important to stress the evi-
dence that has accumulated in favor of the inner qualitative diver-
sity of the nervous system. It was interesting to note that the con-
ference repeatedly took occasion to emphasize this fact of specific dif-
ferentials among neurons, to which direct reference is made in the
articles by Schmitt, Bodian, Speidel, Young, and particularly Sperry.

The problem of specific differences among neurons has, of course,
several aspects, The first question is whether such intrinsic differences
exist; the second, whether they are demonstrable; the third, whether
they play a role only in the developmental process; the fourth,
whether they are instrumental in establishing functional order; and
the fifth, whether they can be described in terms of known physical
and chemical properties.

A. CONSTITUTIONAL SPECIFICITIES

The evidence for the existence of constitutional differences among
neurons beyond the crude subdivisions into cholinergic and adrener-
gic neurons has already been referred to above, in Section I. The
embryological evidence alone is quite conclusive. In addition, there
are the differential reactions to drugs, stains, viruses, and other
agents already mentioned. It is interesting to note t}}at many stu-
dents of the physiology of the nervous system are stl}l so strongly
dominated by the spirit of a strictly morphological era, in W}l.iC}-l only
visible images were rated as valid criteria, that they are willing to
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concede biochemical specifiity to a nerve cell in. the pre-lop!xc :{)1;
leus of  lower vertebrate, in which certain sceretion gmélu les 5:1

seen under the microscope, but would be reluc!.ant to a mit ‘c.g-
istence of similar specificitics in other neurons with no directly vist le
distinctions, even though behavioral tests of those neurons contain
conclusive proof of their distinetiveness in development and response.

B, SELECTIVITY IN NFRVE GROWTH
The case for selectivity with regard to pathways and end-organs
during the primary outgrowth of nerves has already been .p::esemed
in Section II There is no need to restate the case here, but it is neces-
sary tn point out the full meaning of its acceplance. I.t should be
horne in mind that acknowledging the selectivity of a given neuron
type ot a given pathway or a given end-organ implies nothing less
than the following: that different meuron types are fundamentally
and eritically different in their composition; that a similar eritieal di-
versity exists among pathways and terminal organs; and that the
neurop must possess means to identify or recognize, s it were, the
appropristely matching specificity of its predestined pathway or ter-
mmal These are logical inferences which are cogent, irrespective of
whether or not we find any explanation of the underlying differentials
in the realm of known physical and chemical phenomena. In an effort
1o show at least the feasibility of such an explanation, I have pro-
posed a stereochemical madel of the type of affinities involved (05,
105), wh‘ich. pending mmore precise information, gives us st least &
formal picture of selectavity. Its pertinence remains to be proved. Ay
iny,'mt‘:ilkt us re;nember .thsit the iailux:e of & sepsary newuron Lo con-
1 ::el“\:hi d@: E‘;S’: e Sber h.(\.s in mhqe dizeordanees on the molecwlar
1Croscopin picture i too erude to reveal, This being
oue should not expect that lookang through the mitroseope

ata synapticd ending in the central nervous system would veveal with
0y greater degree of eertainty whether or not th i
e ogreater Jeg t not the particular contacy

the case,
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review (108). I is dealt with rather congisely in the article by Sperry
in this book.

In a long series of experiments it could be shown that each muscle
hins a specific biochemieal differential, that it projects this differential
into the motor nerve fibers that come to innervate it and thus tunes
(“modulates”) the motor ganglion cells to a specificity appropriate
for the particular muscle. The central nervous system, in turn, em-
ploys in its co-ordination corresponding sets of specificities, so that
central activity destined for, let us say, a gastrocnemius muscle is
selectively picked up by the gastrocnemius-specific ganglion cells to
the exclusion of all others (“myotypic function” [94]). The significant
point to remember is that these ganglion cells have received their
specificity by a retrograde influence (“modulation) from the muscle
itself. This is proved by the fact that, upon reconnection with another
muscle at a sufficiently early period of life, their specificity and cen-
tral response relations will change in accordance with the new ter-
mination (75, 78, 85).

The same type of specific relationship, based not on stereotyped
connection patterns but on secondary modulation, has also been
demonstrated within the proprioceptive field. It was discovered that
the central nervous system identifics, as it were, an excitation coming
from & particular muscle according to the name of the musele rather
than according to its place in the system or according to the mechani-
cal, physiological, or biclogical effects of its contractions (127). A
further example of specific modulation was found in the establish-
ment of the cornea reflex (96). The most remarkable demonstration
of subtle specificities in the sensory field has certainly been furnished
Ly the experiments of Sperry on the visual sense. These and other
related experiments are reported in greater detail in his article.

It would seem idle to speculate on how far the continuation of this
line of research will lead us. That these resonance relations are at
present wholly outside the sphere of physiological thinking is evi-
denced by the simple fact that, obviously, no one could have pre-
dicted the results from existing theories. It is perhaps equally idle to
speculate about the reason why these phenomena, which were first
doscribed nearly thirty years ago, have remained essentially unns-
similated by the body of neurologieal concepts. It would seem that
additional rescarch, employing a bination of the classical tech-
nics of nerve physiology with the experimental technies of trans-
plantation used in experimc{ltul. cmbryolog}f and morphology, could
go far in removing the existing inconsistencies.




INTRODUCTION TO GENETIC NEUROLOGY EXd

V1. DEVELOPMENT OF BENAVIOR dvocated b
N 3 harp separation once advocated be-

Itiea hea}!hy;!gn ma\lﬂ‘F Sl s:l‘:dy gi behavior, on the one hand,
tween a purely phenomenologica : el foundations
and the physiological study of its possible neurological foundations,
on the other, has not been generally adopted. The pursuit of any one
scientific field under an injunction against trespassing into another is
neither rational nor productive, especially if both have common ob-
jects It simply is not true that nothing can_be learned about th'c
“organism as a whole” by studying its constituent parts and their
interrelations. On the other band, it would, of course, be equally er-
roneous to assume that mere preoccupation with the elements will
tell the full story of their collective hehavior (76). In the light of de-
velopments, it would seem unwarranted to subscribe to either &
purely holistic or & purely elementarian theory of neural functions
and behavior to the exclusion of the other, or to pursue studies on
behavior alone or on its neurological foundations alone without the
benefits that each field can derive from the advances of the other.
Regardless of the pertinence of his detailed propositions, it certainly
Tas been the historical merit of Coghill (16, 34) to have made a strong
case for the conjoint attack on the problems of behavior and against
the separatist trends of technical disciplines.

The realization that much can be learned about behavior by the
study of its development is of relatively recent date. But, as fre-
quently happens in the history of science, the formation of theory
outraced the acquisition of factual knowledge, and soon students of
the d?"elopme.xﬁ of behavior were found to be rallied around two
:gpoilte doctr'mes, one sh:essmg the primacy'o( {he holistic, the other
nbei :c ::nzl;la:rjm,. viewpoint. Each centered its arguments on certain
o ev;d se1 vations, and techx.ucsﬁlﬁe\:ent !ro;n ﬂ.lose of the other,

ently each party felt justified in considering its particular
nuche ssa fair sample of the behavioral universe. Thus what in sober
:i\'ﬁa;n:flﬁ]n t;‘ould have become a fmitfu! stimulus to further clarifica-
the confint o as often happens in the course.of scientific history,
undue goneals :i\:g ou:. hto b; amatter of one-sxd.ed viewpoints and
Hooker give a bm;‘z ::0“:"-\ an of facts. The articles of Windle and
A i of some of the recent history, and th
article of Barron illusteates well the healihy tend, R ©
the dilemma and reconcile contradiction: )i> A esc?pe from
tation but crons ased partly on interpre-
N partly also on a real dis ty inh h H
objects. It was highl, et roy nherent in the various
Ehly encouraging to the conference to see how the
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review (108). It is dealt with rather concisely in the article by Sperry
in this book.

In a long series of experiments it could be shown that each muscle
has a specific biochemical differential, that it projects this differential
into the motor nerve fibers that come to innervate it and thus tunes
(“modulates”) the motor ganglion cells to o specificity appropriate
for the particular muscle. The central nervous system, in turn, em-
ploys in its co-ordination corresponding sets of specificities, so that
central activity destined for, let us say, a gastrocnemius muscle is
selectively picked up by the gastrocnemius-specific ganglion cells to
the exclusion of all others (“myotypic function” [94]). The significant
point to remember is that these ganglion cells have received their
specificity by a retrograde influence (“modulation”) from the muscle
itself. This is proved by the fact that, upon reconnection with another
muscle at & sufficiently early period of life, their specificity and cen-
tral response relations will change in accordance with the new ter-
mination (75, 78, 85).

The same type of specific relationship, based not on stereotyped
connection patterns but on secondary modulation, has also been
demonstrated within the proprioceptive field. It was discovered that
the central nervous system identifies, as it were, an excitation coming
from & particular muscle according to the name of the muscle rather
than according to its place in the system or according to the mechani-
cal, physiological, or biological effects of its contractions (127). A
further example of specific modulation was found in the establish-
ment of the cornea reflex (96). The most remarkable demonstration
of subtle specificities in the sensory field has certainly been furnished
Ly the experiments of Sperry on the visual sense. These and other
related experiments are reported in greater detail in his article.

Tt would seem idle to speculate on how far the continuation of this
line of research will lead us. That these resonance relations are at
present wholly outside the sphere of physiological thinking is evi-
denced by the simple fact that, obviously, no one could have pre-
dicted the results from existing theories. It is perhaps equally idle to
speculate about the reason why these phenomena, which were first
described nearly thirty years ago, have remained essentinlly unas-
similated by the body of neurological concepts. It would scem that
additional research, employing a combination of the classical tech-
nics of nerve physiology with the experimental technics of trans-
plantation used in experimcntnl' embr).'olog): and morphology, could
go far in removing the existing inconsistencies.
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hehavioral development does not apply equally to the te:{'_;}i’:g
phases, in which the inlherent. de\'egpﬁlﬁ"s:i;“tu“m are pol
ed by actual practice and adju . R

au%}x:: r!fgcetuo\:ne&x'mlugicalpstudy of the development of bebavior has
revealed that, like all development, it foliows a }rend from the gen-
eral 1o the specific and from more widespread xfwolvemcz.;!. of e}e—
ments to more restricted and differential activation. Coglull. s prin-
ciple of “individustion” from a back { of mass reaction is based
on this realization. It still holds true as designating a trend of events,
even if the initial performance under consideration has never been a
total activity of the whole body. In some cases and for some functions
the primordial activity undoubtedly involves all the neural appara-
tuses capable of functioning at the same time (see subsequent articles
by Hooker and Barron), while in other cases and Ior some other
functions 3t seems egually clear that activity is territorally
localized from the beginning (see the article by Windle).

To give a clear-cut example of the latter type, we nced only refer
to the appearance of the lid-closure reflex in amphibians studied ex-
tensively in our laboratory (41, 43). This reflex appears only at meta-
morphoss after having been completely absent i the otherwise fully
functional Jarva, Both the sensory and the motar innervations ve~
quired for the reflex are present in the Jarva and are individually
capuble of functioning, but the necessary central relations are not
established until a certain state of maturation is reached. As soon as
the‘se reln.tior'xs are established, the reflex makes its appearance as a
sts:ct\y lucai\zed’and circumscribed act, which has never been part of
a “total pattern of central functions. Evidently, individuation fr om

mass a.cﬁ?n does niot apply 1o this type of response, but this, in turn,
does, not A hd: ite the principle for other pert 5. Tha enhe

L v & - svmpubent of behavioral devel in i
o ight elopment in its

© THE NETRAL BASIS OF INDIVIDOATION

The development of behaviar sh
« 0ws clearly two phases—:
e?a!lsﬂzand 8 later restrictive one [$9N Duriyﬁ, n.j “a—n_fafly
phase wid-wo. v+

This

thy

we £ 16 . wa seulldl Berve conm
aYs (16). In a sense this carrelation is obvious,

he fnct that where there is noneural pathway,

ections and path-

as {t merely expresses
there can be 1o neural
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spirit of exploration overcomes doctrinary ties and how rescarch on
the development of behavior and of its neural basis is proceeding
with renewed vigor.
A. BEHAVIOR AND CHEVISTRY
Valuable facts have come to light in the study of chemical systems
known to be indispensable for functional activity in the mature
nervous system. The appearance of the cholinesterase system, as well
as its quantitative development, is closely correlated in time with the
appearance and maturation of the functions of the central nervous
system (118). Similar and even more subtle correlations between the
appearance of chemieal and functional properties have been sum-
marized in the subscquent article of Flexner. Perhaps many of these
facts prove no more than that the nervous system, in order to operate
properly, must be in possession of all the physical and chemical prop-
erties known to be requisite for such functioning. But some future
refinements of tests may lead to a more differential diagnosis by
which the simultaneous appearance of a particular compound and of
a particular functional complex would reveal specific causal links
that could not be isolated from the fully developed nervous system in
which all the chemicals and all the functions coexist. The study of
development may thus be used on a larger scale in the same analytical
sense as the study of deteriorating functions in mental patients has
been used to identify certain biochemical correlates of central activ-
ity (85).
B. PHENOMENOLOGY OF THE DEVELOPMENT OF BEHAVIOR
The phenomenology of behavioral development is actually an old
diseipline. It started with the recognition of the fact that behavior
does have a stepwise ontogenctic history, and it went on to deseribe
the steps involved. Only in the second instance did it proceed to test
the significance of the steps as instruments or causal links in the de-
velopment of the whole sequence. However, ever since the demon-
stration that embryos raised in narcosis would develop behavioral
patterns of normal organization (11, 52), even though the overt ex-
pression of the whole series of precursor steps liad been suppressed, it
has been clear that the behavioral steps are merely external manifes-
tations of underlying intrinsic developments rather than practice
steps. The complex performances of later stages cannot possibly be
founded upon the tested success of their simpler precursors, since
they seem none the worse for the omission of the intermediate fune-
tional tests due to narcosis. Again, undue generalizations must be
avoided, and what is said here for the early and fundamental steps of
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areas develop without major impaimgnt, and h'mbs lackn.xzﬁ se:)sz;):
innervation from the beginning function co-ordinately wit oul i iy
sory control having ever had a chance to play 2 coroxslrumve par!

the developmeut of the wotor patterns {99, 135, 92).

£ TRE ORIGIN OF CENTRAL CO-ORPINATION |

Since neither learning nor patterns of sensory stimuli have any
part in the development of orderly central funct)un.s, wemust look to
the autonomous processes of central development itself as the source
of dinstion, Experd | evidence indicates that the substra-
fum of co-ordivation is not spread diffusely aver the nervous system
Bt §s restricted to sectors related fo the corresponding organs; for
lirmh movements, for instance, it resides in the limb segments of the
cord. Detwiler was the first yo show that a limb jnnervated from
trunk segments cannot function properly (20). Limbs innervated
from cranial nerves are similarly ineapacitated {59). On the other
hand, trupk segments incorporated in the limb level of the cord at an
early embryonie stage will acquire the functional organization requi-
site for Bmb co-ordination {20).

We must reeognize, therefore, the exist of specific regional dif-
ferences in the establisk of co-ordinati £ but the na-
ture of those differences has not yet been disclosed. The culy fact
that has been shown conclusively by experimentation is that the
central nervous system develops a finite repertory of behavioral pes-
formances which are pre-functional in origin and ready to be exhib-

:J!e;l a5 soon as a proper effector apparatus becomes available (82,
$).

. ¥. $PONTANEITY
A cl.exr distinction must be made between the generation of a cen-
tral discharge and the pattern of its distribution. (co-ordin

ation).
fontrary to a widespread belief, » central disebarma dnn = ¢ 1 )‘
op e - - ' . .
cen v . ‘ .
hav

: ) 1oy e deleirea 10 underlying fluctuations
in the met'ahchc and electric siate of the neurons (26}, The discovery
that any isolated and deranged fragment of edalls or spinal cord

will permancatly exhibit trains of s entar ic di
b A, D eous Thythmic discharges

such activity is a hasic property of
neurons rather than a specialty of certain centers otSy (gl).mo‘s o
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funetion. Reactions during this early phase are remarkably stereo-
typed, indicating absence of diseriminative response mechanisms.
However, the more the nervous system approaches structural com-
pletion, the more prominent becomes its ability to activate restricted
portions and patterns of the existing network independently in se-
lected and co-ordinated combinations. It is this restrictive *‘individu-
ation” for which the proper neural correlate is still to be revealed.

Coghill and others believed to have discovered a general neural
model of “individuation” in the development of limb innervation,
Amphibian limbs were described as being moved at first only in as-
sociation with trunk movements, which was explained by the fact
that their early innervation consists of collaterals from the motor
neurons of trunk muscles. Later “dissociation” from the trunk ap-
peared linked to the development of a secondary separate fiber sys-
tem from the limb segments of the cord (187). Closer study (72),
however, suggests that the so-called “primary” associated limb
movements are, in reality, passive movements effected through the
trunk muscles of the shoulder, while the intrinsic true limb move-
ments do not appear until after the limb muscles have received the
independent set of segmental neurons which was called “secondary”
but which, as far as these muscles are concerned, is really primary.
Hence the intrinsic limb function arises as a separate and individ-
ualized activity from the very first rather than as an “individuated”
offshoot of an earlier mass response. There being no individuation,
the attending neural changes cannot possibly serve as a model to
explain individuation, and the search for the neural correlate of indi-
viduation must continue. The progressive refinement of the control
of movements within the limb, which constitutes “individuation” on
a smaller scale, can be accounted for, at least in part, by the progres-
sive muscle-specific modulation of the limb neurons, establishing
more discriminatory central relations (see Sec. VC and the article by
Barron.

D. CCNTRAL ORIGIN OF CO-ORDINATION

Many modern concepts of neurophysiology attempt to derive the
properties of the output of the nervous system directly from the pat-
tern of the sensory input. Such a concept is clearly contradicted by
the studies on development. The fact that the appearance of motor
performance antedates sensory control has often been stressed (16).
Even more striking is the evidence of animals in which the develop-
ment of the sensory pervous system had been experimentally sup-
pressed. The basic patterns of motor co-ordination in such anesthetic
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resulting in the determination to combine their efforts wherever pos-
sible in a conjoint attack on the vast unsolved problems of genetic
neurology. ‘REFERENCES
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havior that accompanies the transition from the larval to the adult
stage in amphibian metamorphosis. During this phase many new
structures and functions arise, while old ones disappear, and the
nervous system undergoes a thorough remodeling so as to fit the
reorganized system. It has been shown that the thyroid hormone,
which actuates the bodily transformations, has also a direct and local
effect on the nerve centers that are to be transformed (42). This may
be & pertinent model of the hormone dependency of neural and be-
havioral changes in other instances, such as the activation of sex be-
havior at the time of sexual maturation (5). It appears that hormone
action has no constructive or pattern-determining influence on the
functional performance but operates merely by releasing certain pat-
terned responses the distribution of which is determined by differen-
tial susceptibilities acquired during previous phases of differentia-
tion.
M, CONCLUSION

The points chosen here for special comment were to be merely illus-
trations of how the analytical technics of experimental embryology
and experimental morphology can be profitably applied to the study
of the development of behavior, resulting in clarification of our con-
cepts of behavior and its neural basis in general. Here the achieve-
ments of the conference acquire higher meaning. Just as the applica-
tion of nerve regeneration to the problems of surgical nerve repair in
the fourth session, so here, again, the demonstrated bearing of biologi-
cal research on problems with which human neurology, psychology,
and psychiatry are still grappling presents a strong case for the in-
separability of fundamental research and human welfare, While sci-
entific workers are more and more constrained into narrower and nar-
rower confines in which to pursue their specialtics, science as a whole
cannot develop as a healthy and proportionate organism unless spe-
cialists will leave their burrows on periodic occasions and meet on
common ground, take stock of their common inventory, sort out and
interrelate their discoveries, survey the perspective of the whole, and
develop the habit of keeping one another’s problems and concepts in
view while working toward a common goal, albeit through separate
channels. It would secmn that this conference has been eminently suc-
cessful in achicving just this informal integration of viewpoints. It
has brought clarification of old concepts as well as the fonnul.nt:ion of
promising future research, but, above all, it has given .nll pnrtlc‘xpn-nts
e 1 earanecs of the interdependence of their various specialties,
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would nndoubtedly be preaccupied with the mechanism of fmpulse
propagation slong the fiher or across synapses, the °tf‘°‘ processes
would be equally absorbing to vatious types of biolagists. One col-
league, a distinguished embryologist, considers impulse propagation
among the Jess interesting of perve phenomens, a secondary rather
thau a primary process.

To what extent can a definitive selationship between structure and
function in nerve be demonstrated? During the last ceptury many
attempts iave been made to desl with this problem at the Ristologi-
cat Yevelh, but the net results are wniwpressive. Particularly unre-
swarding have been the studies of the morph logical basis of impul
propagation. Since the physiological process occurs at the molecular
or a.tomio. level, experimental technics must be capable of dealing ef-
{ectively with changes oceurring at that level. The marphologist has
stll s long way to go before his tools are sufficiently sharp for this
purpose. Huv‘:ever,. some progress has been made at the colloidal
level by polarized-light and x-ray diffraction analysis of neuron ultra-
structure, and .elec(ron microscopy now promises to extend our
knowledge considerably further.

1t will be the purpose of this paper to present a brief critique of
some of the resuF\s obtained thus far and to mention certain very re-
cent work on this subject done in our own labaratory. Since most of
this work has been done on the ipheral nerv, N 3
i kh e peripheral nerve fiber, the discussion
will be limited to this portion of the neuron. The application of simi
lar wethods, particularly that of el i y
y that of electron microscopy, to the cell
body, the synapse, and the terminations of the fiber in the end-organ
Sh:‘l‘ld prove fruittul fields for further investigation ¢
nerve fibers have the common ; Sng i
pulses and of manifesting certain tmpg:?olgesziesp;?x‘nag?t;ng s
and repair. Alth 08 aintenance
sity of struet u“glL‘ various types ‘?f;“f“' ve ﬁ?e‘l"s lfhow great diver-
: PP ¥ on, metabolism, jo-
logiceat properties, it wili be useful to assume th: Ot sm, and physio
tural and chemical pattern is present i 2 mommon strue-
present in all types. The differences,

3t
;e x::h ;f:;:’d nppevar'to'he great from one ype of fiber to another, ma;
bere :m idi?;n \s arllztxtw.xlx; zn the main theme rather than as dist; ¥
- 1t will be our present purpos it
ud‘pon .tbe commeon factars of the nerve fber {n o
;:m\cal et wm Yhe structural and
i . I
may"{:rrot':ci ‘;::l {o‘:lh:-] exigz(s;alzgml problems suggests that this
o g . of approach. 3
uscle. Since the earliest work on miscle, it hf: \x:::x‘\e;s:&;:;s ; ?:
nat.

netly



THE COLLOIDAL ORGANIZATION OF
THE NERVE FIBER!

FRANCIS O. SCHMITT
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Cambridge, Massachusetts

THE neuron is an extremely complex system capable, under cer-
tain conditions, of manifesting a wide variety of physiological
processes. If we were able to view the neuron through atomic spec-
tacles, so that we could discern not only the colloidal structure but
also the details of molecular and atomic configurations and the
chemical reactions which occur, we should probably be able to rec-
ognize at once the process of impulse propagation because of its time
relations. However, it is probable that most of the observed struc-
tures would have little obvious relation to impulse propagation but
would be identified as associated with one or another of the manifold
functions of the neuron. One would expect to observe the molecular
apparatus by which processes such as the following are made pos-
sible: repair and regulation after injury; the maintenance of so im-
probable a structure as a cylindrical cell outgrowth which may be
hundreds or thousands of times longer than the diameter of the ccll
(possibly involving a continuous movement of axoplasm from the cell
body peripherally [1, 2]); the synthesis of proteins and of nucleopro-
tein particulates and their breakdown, as in chromatolysis; the lib-
eration of ions and of humoral agents, such as acetylcholine, at the
end-organs; also certain poorly understood processes, such as those
which oceur in the cell body very soon after scction or injury to the
fiber at a point far removed from the cell or after other types of sev-
erance of the neuron from its peripheral ficld. Quite possibly a por-
tion of the molecular apparatus might represent a residuum of the
initial process of growth and differentiation by which the fiber grew
from the cell body to the specific end-organ during embryogenesis—
a truly remarkable phenomenon when viewed in all its aspects. Al-
though most physiologists, looking through the atomic spectacles,
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TRE MYELIN SHEATR
From the polarized-light and x-ray diffraction studies of vet\ebm'!e
i signi § the structure of the myelin
perves, cestain significant features of the s el
sheath have become apparent (4, 5). The lipid }no\:ccules are .o’nente
with paraffin chains extended radially, constituting smectic meso-
morphic layers of mixed lipids. The orgamznho.n 1f:zthm the p‘a\:xes
of the lipid double Jayers is essentially thaf. of 8 llq.u)d. The repeating
petiod of the myelin sheath in the radial direction is remarlfably con-
ctant in the nerves of the vatious vertebrates thus far studied: about
171 A in smphibisns and reptiles and about 186 A in mammals.
Quite possibly the louger period in marmalizn nerves may be due
to the presence of longer paraffin chains in the lipid malecules or to
a dufferent proportion of the lipid types, The evidence seems clearly
to requirethat, besides lipids and water, proteins enter into the radial
repeating period. This is presumably the protein classically called
“geurokeratin,” Unfortunately, definite knowledge about this pro-
tein s very scanty. The sultur-containing pseudo-keratin isolated
from nerve has not been definitely localized in the myelin sheath,
and, indeed, Block (6), who made the analyses, considered that it
may more probably be an axonic constituent. Folch and his collabo-
rators (7, 8) have isolated and characterized several liponucleopro-
teiny and proteolipids from brain. Yhether any of these represents
the protein of the wyelin sheath cannot yet be stated.

In Figure 1 is shown a schema of the structure of the myelin sheath
as suggcsted by Schmitt, Bear, and Palmer (5). From a study of puti-
fied lipids in single components aad in mixtures, the probable thick-
ness of the doublelayers of mixed lipids in the myelin sheath bas been
estimated. From the decrease in the repeating period when nerves sre
ﬁ?f‘ xlt_;v'as estimated that the thickness of the water layers is about
> is leaves about 25-30 & for the thickness of the protein

Iayer The behavior ox drying suggests that certain of th
cules may be Srmly
lipidenratain o

cate . -
e v proten, o0 i L e wms slay Decome
- ein, or lipid-protein i

Ry pid-protein complex, of the myelin
The model of sheath structure in the radi

nu.‘re\y % a guide for further study;

mit 8 mare definitive deseription at

peating period is faily

¢ lipid mole-
honded 4o Ahe protein. nnecthie te a1 | *

; al direction is weant
the diffraction data do not per-

the present time. The radial re-
well established. In amyelin sheath having a
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despite great variations in morphological and physiological proper-
ties manifested by different types of muscles, a common system of
fibrous proteins is involved in all contractile tissues. With the ad-
vent in recent years of more detailed knowledge of muscle structure
and with better characterization of the protein components, it scems
probable that the actomyosin comples in its relation to adenosine
triphosphate, adenosine triphosphatase, and inorganic ions may be
common to all contractile tissues. What other substances form inte-
gral parts of the system is still a matter for debate and research. Horw-
ever, these partial systems, capable of manifesting certain forms of
mechanical alteration, have greatly advanced our understanding of
the contractile mechanism.

To what extent have such common factors been defined in the
peripheral nerve fiber? From the physiological viewpoint, one may
assume that all nerve fibers possess n metastable, paucimolecular
membrane or film of unknown composition, presumably lacated near
the surface of the fiber, and an axoplasm capable, through reactions
of intermediary metabolism, of furnishing the energy necessary for
maintenenace of specific strneture and for propagation of impulses.
The morphologist will probably insist that all nerve fibers possess
neurofibrils, which, after appropriate histologieal preparation, may
be demonstrated to course through the axon of the fiber, and an axon
sheath, which may vary in thickness and lipid content from the
well-developed myelin sheath of the large A fibers to the thin, “un-
myelinated” type.

From the chemical viewpoint, the least common denominators of
nerve are even less clearly defined. Certain lipids (phosphatids, cere-
brosides, and steroids) are present, but thesc are {airly common in
most tissues; with few exceptions (3) they are not unique to nerve.
The proteins, which are the most characteristic tissue components,
are at present poorly characterized in nerve, as will be discussed
below,

Perhaps the common factors of nerve-fiber organization arc the
surfnce membrane and the axon (axis eylinder). However, since the
axon sheath varies from a well-developed myelin sheath, through
ol trapsitions of decreasing lipid content, to o surface filn and since
more detailed information exists about the ultr:!-str_uclur'c of the
myelin sheath than for any other nerve structure, it will bc. ineluded
in the discussion, The individual items, then, sre the myelin sheath,
the surface film, and the axon.
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THE MYELIN SHEATH
From the polarized-light and x-ray diffraction studies of verteb'm?e
perves, certain significant, features of th;e structure of the my elin
cheath have become apparent (4, 5). The lipid fnol?cules are .qnenled
with paraffin chains extended radially, co?m.mmg. sx_nechc meso-
morphic Jayers of mixed Jipids. The organizahion '{mihm the pla?es
of the lipid double layers is essentially that of a ilq}lld. The repeating
period of the myelin sheath in the radial direction is remarl‘;ably con-
stanit in the nerves of the various vertebrates thus far studied: about
171 A in amphibians and reptiles and about 186 A in mammals.
Quite possibly the longer period in mammalian perves may be due
to the presence of longer paraffin chains in the lipid molecules or to
a different proportion of the lipid types. The evidence seems cleatly
1o require that, besides lipids and water, prateins enter into the radial
repeating period. This is presumably the protein clossically called
“nenrckeratin’’ Unfortunately, definite knowledge about this pro-
tein is very seomty. The sulfur-containing pseude-keratin isolated
{rom nerve has not been definitely localized in the myelin sheath,
and, indeed, Block (8), who made the analyses, considered that it
may more probably be an axonic constituent. Folch and his collabo-
rators (7, B) have isolated and characterized several lip leopro-
tews and proteolipids from bram. Whether any of these represents
the protein of the myelin sheath cannot yet be stated.

In Figure 1 is shown a schema of the structure of the myelin sheath
as suggested by Schmitt, Bear, and Palmer (5), From a study of puri-
fied hipids in single components and in mixtures, the probable thick-
ness of the double Yayers of mi.:red lipidsin the myelin sheath has been
:t:}“,‘:d Fm:‘;]he decrease in the repeating pieriod when verves are
oy 8 :r;::s‘es . ated that the thickness of the water layersis abont
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thickness of € i there would be over a hundred of the repeating pe-
riods if continuously packed in the sheath. However, cansiderations
of the water content of the myelin suggest that the sheath may eon-
tain slabs of such organized myelin separnted by aqueous channels.

No detailed electron-microscope studies of the myelin sheath have,
at this writing, been published. Layered fragments, possibly deriving
from the myelin sheath, have been observed in our laboratory by
Sjistrand (9), as well as by De Robertis and the author, in fragmented
preparations of fixed nerves. Similar structures have been ob-
served by Fernandez-Moran (10). From the x-ray data it might be
expected that the layered structure would be resolvable with the

Fra. 1.—Diagrammatic representation of the myehn shrM])': structure lL!{dThlt’;d l;ly

i y i 3 ellnr structure the aheath.

polarized hight and xd’“!) fh(!mch?r‘n '.l_m_hi’., :(’ a.h:\::‘tlhi T.:r:'”:}" wtn :"m”‘o he n“c;(m

g by form mixed lipid phases.

. shonn as globular particles,

nt there 18 no evidence concerting the naluie os Lniy protein C shows a plane

i ., tangentially 10 the sheath Small circles inchicate individual hy dro-
les indicate the domains of (ndividual hipid molecules

ince at prese
through a hpid layer, §
carbon chains, large circl
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i ince the repeating period is 170-90 A (or pos-
:gle)?'rzrl;x:.ci:’:fogf'l;s‘i;ure, i t§e ipdividual double layers are re-
solv)ed). Ternandez-Moran (11) bas 'u‘nserved a bzmde‘_d appear;x:nf‘et Emd
electron micrographs of thin sections of maromal \futx;l myelin: e
nerve fibers which he believes represents an aspect of the ctclmcen ¥
Jagered structure of the myelin sheath demonstrated ! y x-;n);
studics. On less convincing grounds Fem?mﬂez-Mman belle‘\es thal
a §lamentous network observed at the periphery of ‘ﬂJe axon in Yrans-
verse sections Tepresents the postul ’ in the histological
fiterature to oceur between the axon and the myelin sheath. Thus.far
no electron-microseope observations have been made of the. d%tsﬂed
structure of the nodes of Ranvier, SchmidbLameml.ann incisures,
Golgi funnels, and the other constituents of the myehin sheath,

As shoren first in the case of Yobster and Limulus nerves (12) and

vmeimeu. Lut Coticentration of hipids is so small as to require spe~
cial methods for demonstration. Thus far no x-ray long spacings cor-
responding to the lipid-protein repeating layers have been observed
in invertebrate merves, It is therefore impossible to say anything
shout the detailed structure of the thin axon sheaths of these nerves.
From the polarized-light analysis it is clear that such axon sheaths
stand between the thick myelin sheath and the surface membrane of
the thin upmyelnated fiber 1ypes in respect of lipid-protein ultra-
structuce Thus far the surface membrane of “naked” fibers, such as
€ fibess, has resisied analysis by polarized light.

THE SURFACE MEMBRANE

The classical membrane theory assuimes that the polarization po-
tential of the resting nerve Sber and its alteyations during activity
result from preferential permeability to diffusible ions of a thin
wetastable surface film or membrane, Certain of the electrical prop-
erties of the flm, such as the resistance, capacity, patential differ-
ence, and eurrent flow, have been measured in the resting and active
ﬁbef. l}{ese measurements have been greatly facilitated by the nse of
squid giant fibers, in which it is possible to insert one electrode gi-
rccl;ly‘lu\o the u.xxupl:um {14, 15). As a result of these Measurements
:; ‘:b‘:;i;c:‘ ‘ee\:;;e‘me {16-18), it has become clear that the classieal

which assumes that the membrane is d 1
v eory, epolarized
during activity Owing 10 loss of nommal selective permeability, must
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thickness of 2 s there would be over & hundred of the repeating pe-
riods if continuously packed in the sheath. However, considerations
of the water content of the myelin suggest that the sheath may con-
tain slabs of such organized myelin separated by aqueous channels,

No detailed electron-microscope studics of the myelin sheath have,
at this writing, been published. Layered fragments, possibly deriving
{rom the myclin sheath, have been observed in our aboratory by
Sjsstrand (9), as well as by De Robertis and the author, in fragmented
preparations of fixed nerves. Similar struetures have been ob-
served by Fernandez-Moran (10). From the x-ray data it might be
expeeted that the layered structure would be resolvable with the

)

Tio. 1.—Uiagrsmmatic cepresentation of the tyeln sheath structure as deduced by
polarized fight snd x-ray diffraction studies. A shaws the h‘mdb,r structure of t}m sheath
P shows one of the repenting periods & p‘nf?e thrected m{m!l:y in the s!u:nlh No attempt
hias bren made to show the vanous types of lipld molecules which form emixed Lprd p])‘l;(‘i
TFhe protein bounding the lipid double layers might have been v'hnln ar globalar particles,

i t present there is no evidenee concernting the nature of this Nf’m"‘. € shows & plane
e ah y fipid dayee, ven, tangentiatly in the sheath, Small circles fadicate indrvaduat hydro~
::l';:ﬁ c:zins; Targo circles indicate the domainy of individual Iipid molecules
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. i L by
i 1d be resolvable with the electron icroscope Bu't

?\?ael'r;:eﬁ‘:mjy any particular in!.erfaci‘a,‘ me.mb?mne be identified

2s that which determines the electrical properties ¢ from

Unless structural alterations can be d?monstrated to resul
O ot ae from notivily, it would seem that the ap~

. ’ 1y prove most fruitful.
. . ver have already been
wl L 1 lacking in the axo-
pl‘;:x;x butis concentrated in thg "shea\}x” of the squid giant fiber (21)
is an important link in the chain of e.vulence adduced by Nachman-
soha (22) in support of his acetylcholine theory. Tn the argument the
sheath is identified with, or is considered to contain, the metgstable
“irritable” membrage. In fact, the sheath referred to consi_sts of that
portion of the fiber which remains after mechanical extru'SISm of axo-~
plasm, It includes the “Scl " cells, the lipid g meta~
tropic sheath, connective tissue, and other material adherent to the
fiber as usually prepared. Although the chemical estimation of the
esterase is doubtless reasonably accurate, the experiment does not
closely focalize the enzyme. Using histochemical methods, Koelle and
FPriedenwald (23) and Hard and Peterson (24) find that the reaction
for cholinesterase is positive in the Schwann nuclei and the nuclei
of glial and conective tissue but negative in the nerve fiber itself.
1t has also been claimed that adenosine triphosphatase is located
in the “sheath” of the squid giant fiber (25); but this localization is
probably even less definitive than that of cholinesterase.

Although histochemical reactions are notoriqusly capricious and
d'mc“.“ of interpretation even at the Jevel of kight-microscope resolu-
tion, it woul)d seem to be c_iesirable to attempt o apply the technic
to lhl'n sections a8 viewed in the electron microscope. Investigations
of this sort are bcmg undertaken in our laboratory. The choice of
substances to be localized a.ud of the type of nerve fiber will be impor-
tant here. Tests for cholinesterase and adenosine triphosphatase

can, of course, be applied. Whether it will be possible to devise a test
to demonstrate the sodium comp!

or the " lex assumed by Hodgkin and Katz
Y d str
remaias to be seen. essed by Lorente de N6
The bt THE AXON
e hierature on ax: . ,
structures—the mon..sm‘d“rf heavily emphasizes the fbrous

Fify
which ean he d rated i
fibers alter appropriste histological ed in all nerve

ion l'.‘ ding upon the
relatively coarse, or they

method of preparation, the ﬁl:ri)s may be
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be abandoned. According to the “sodium hypothesis” of Hodgkin
and Katz (19), the permeability for sodium becomes much greater
than that for potassium or chloride ions during activity, Sodium is
assumed to combine with an organic (lipid-soluble) carrier and is
free to move as sodium ions only when the membrane is depolarized
during activity. Some such hypothesis was required by the fact that
the action potential of the squid fiber may greatly exceed the resting
potential (16, 17) and by the observations on the effect of alteration
of the sodium content of the ionic environment on the resting and
action potentials. Hodgkin and Xatz consider it improbable that
processes concerned with the action potential are oxidative in natuse,
although oxidative metabolism may be essential for the proper func-
tioning of the sodium-transporting mechanism. They further specu-
Iate that a specifie enzyme-like process may be involved,

Lorente de N6 (20) found that certain quaternary ammonium jons
may substitute for sodium. He further extracted a base, presumably
a quaternary ammonium compound, from ox brain which has similar
action. He suggested that these quaternary jons are synthesized by
metabolie reactions in which sodium takes part. Polarization of the
membrane involves chemical reactions which cause o change of tri-
valent to tetravalent nitrogen in the quaternary ammonium bases.

Investigations and hypotheses of this sort are concerned primarily
with the electrical effectors of nerve phenomena—the ions (diffusible
or bound). They do not reveal direct information about the ehemical
composition or microstructure of the mewmbrane itself. Nor do the
clectrical experiments greatly aid in the precise localization of the
critical paucimolecular film. For example, injury of “‘the inner surface
of the cell membrane” of the squid giant fiber by the tip of the micro-
electrode inserted into the axoplasm causes conduction to cease (14,
16). But is the surface referred to at the boundary between the axo-
plasm and the “Schwann® cells, between these cells and the lipid-
containing metatropic sheath, or peripheral thereto?

What is the prospect that morphological studies may shed light
on the location, chemical composition, and microstructure of the
critical membrane?

Subject to the indeterminacies intraduced by fixation and other
alterations caused by the procedure, thin-sectioning may be expected,
after further technical improvement, to make possible the direct
visualization with the electron microscope of the various interfaces
of the nerve fiber. If the critical membrane has a thickness similar to

that presuraed to be characteristic of the plasma membranc (order of
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stimulation. Tobias and Solomon (1950).cbserved g revers-
gﬁﬁfme in opacity, light scattering, a'nd shnnlfnge of the axon
Tocally at the anode during polarization, with opposite ?ﬂ'e'cts ocenr-
ving at the cathode. They suggest that the azon colloid is agglom-
erated at the anode owing to dehydration, while at the cathod'e sola-
{ion oceurs. The colloidal mechanism of these effects and Lhe.n' rela-
tion to pr of impulse propagation remain to be determined.
The application of the electron microscope to the study of axon
ultra-structure is 50 its earliest infancy. Richards, Steinbach, and
Anderson (42) observed rather poorly resolved, kinked, or contorted
fibrils in unfized axoplasm of squid giant fibers. De Robertis and
Schmitt (43) described a type of dense-edged fibril in electron micro-
graphs of various Kinds of nerves after fragmentation with the
blendor ot by sonic vibration. Though localization to a particular re-
gion of the Aber is difficult in such preparations, it was believed that
the fibrils, tentatively termed “neurotubules,” were axonjc constitu-

ents. 1 y experiments by the author (44) produced

pocnliafaancta a0

© e
Ty utwwulun, revealed a type of filament quite distinet from that
described as*- oo C .

tons of sever * o
(45). Densecuyen nurns, comparal

. " oo
ble to “neurotubules,” were only
rarely observed, and then only in the connective-tissue sheath, It
may be presumed that the dense edges tay have been due to the
manner of preparation.

Cons:lderable interest attaches to the axon flaments. In formalin-
or osmic acid-fixed fibers these flaments are sbout 100-200 A, in
width n:nd.presem A somewhat contorted, nodose appearance. The
diseontinuities, frequently having a beadlike appenranes s
farely romt-o1-0 v ; . ’

i the - " o . )

AN s
gi‘m;;pwm - . svesusu. e iaments have s roughly simi~
g e x}:' e in all types of nerves thus far examined, vertebrate

e chrate, and presumably form the basis of the neurofibrils
of elassical histology. They should probahl;
al present very small, of entities

prob y be included in the Yst,

e .
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may be so thin as to be near the resolving power of the microscape.
The physiological role of neurofibrils has been the subject of much
speculation since the time of their discovery. They have been con-
sidered to be the substratum over which the impulse is conducted,
the substratum over which trophic influcnces pass peripherally from
the cell body, and also the lattiee which provides mechanical support
for the fiber. However, not only is there practically nothing known
about the chemical composition of the fibrils, but their very existence
in the fresh, unfixed axon is still debatable. The axon in most intact,
fresh fibers is optically empty, even in polarized light and in the
dark-ficld microscope. Typical neurofibrils have been demonstrated in
unfixed nerve cells in tissue culture (26, 27), and they may make
their appearance after peripheral nerve fibers are allowed to stand for
some time in artificial media. Yon imbalances may also cause neuro-
fibrils to appear fairly promptly (28). However, in reviewing the liter-
ature up to 1929, Peterfi (29) came to the conclusion that the fresh
axon is essentially a rodlet sol, which may readily be converted into
o fibrous system by the action of reagents. The particles of this redlet
sol were considered to be involved in the propagation of the impulse,
although no physicochemical mechanism was proposed for the proe-
ess. Subsequently, suggestions invelving dipole and other types of
resanance plienomena along continvous polypeptide chains have
been made (80-32).

Polarization optical investigations have confirmed the view that
the fresh axon contains asymmetric submicroscopic particles oriented
parallel with the fiber axis (33). It was deduced that the partial vol-
ume of the fresh axon occupicd by these oriented particles is very
small (less than 1 per ecnt). No change in the oricntation of the par-
ticles, as ifested by a change in birelring during imy
propagation was deteeted (34). Changes in the state of axoplasm with
activity have long been sought, but only a few pesitive results have
been recorded. Changes in fiber contour have been claimed following
passage of o polarizing current; the region at the anode flattens, while
that at the cathode swells (35, 36). More recently, Flaig (37) found
that the axoplasm of the squid giant fiber becomes more turgid, fail-
ing to flow out frowm a cut end, when the nerve js stimulated. He be-
lioved that excitation shifts the equilibrium from sol to gel. Changes
in the absorption of light at speeific wave lengths have been obscrved
in stimulated nerves by Luthy (38) and by Arvnnitu‘ki (39). Hill and
Keynes (40) have recently detected clmng?s in opncity of the nerves
of the walking legs of the shore crab, Carcinus marnas, as o result of
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mine the relation of the isolated fractions o the resolvable structures
fasm. R .
o 3:({3 by such a multilateral chemical, physieal, and mcrp'hobg\ca}
nppto;ch ‘may we hope eventually to unflerstfmd the organization o
the merve fber and its role in the physiclogical processes of nerve,
The neurophysiologist s likely to regard the analyms} of’thf'stmcture
and chemical composition of neuron components as le but un-
likely to lead very dir-="=< - - ' ' .
is less interested in “
Haowever, at the mok . .
arbitrary. When an enzyme is deSnitively localized at a pam'cular Te-
gion, the question of what happens there is at least partially an-
swered. All methods of approach are necessary and provide essential
links in the chain of knowledge. Electrophysiologists have provided
a few facts and a number of intelligent guesses about the nature of
the conducting substratum. As will have become evident from the
foregoing, much needs to be done on the chemical and structural side
before we shalf be in a position to state what is “really there” rather
than what “might be there.” The necessary technies are fairly well
developed, and it rematns chiefly to set about getting the work done.
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of particles under the influence of the fixative? Experiments on un-
fixed axoplasm of Loligo and Myricala flbers dispersed in water pro-
vide some information on this point. In such preparations there are
observed filaments about 100-150 A in width and having smooth
edges. These may be assumed to correspond to the contorted and
nodose filaments seen in fixed axons. When fresh axoplasm dispersed
in water is treated with formalin, nodose filaments similar to those
found in formalinized axons are produced.

However, the jonic environment of normal axoplasm, particularly
in marine nerves, is very different from that used in isolating the fila-
ments, and this may be expected to influcnce the appearance and
properties of the filaments. When squid axoplasm is extruded into
distilled water, the gelled eylinder retains its consistency for 10-30
minutes, whereas, when extruded into sea water or solutions of rela-
tively high ionic strength, the axoplasmic cylinder disintegrates fairly
rapidly. It is thercfore necessary to investigate the effect of plI, ionic
strength, and specific fons upon the constituents of axoplasm, in
order to determine whether the filaments arc reactive to their envi-
ronment and whether they pre-exist in normal axoplasm. Experi-
ments along these lines are planned for the near future.

The chemical composition of the axon filaments is unknown. Since
the filaments have similar appearance in all the nerve {ypes thus far
examined, it is possible that a common protein or protein complex
characterizes the fibrous components of nerve axons generally. Al
though no detailed chemical characterization of axon proteins has
yet been made, there is some evidence that & commion axon protein or
protein complex exists. Bear, Schmitt, aud Young (46) described a
pratein complex obtained from the axoplasm of squid and lobster
nerves. Since this material has properties simifar in some respeets to
thase of proteins isolated from mammalian central nervous system
(47), the possibility was suggested that it may be characteristic of
nerve axons generally and was therefore called “neurenin.” However,
the relation between neuronin and the axon filaments observed in the
electron microscope is unknown. .

To gain further information about axon proteins, efforts are being
made in our laboratory to isolate and purify individual proteins from
lobster nerves by modern methods of fractionation. Dr. M. Maxfield
has already isofated several fractions. Electrophoresis and ultra-cen-
trifuge data indicate that one fraction is m.onodhpenfc nn({ rep.rcx‘cnls
a single protein component. Eleclron’mxcroscopc'mvcshgnhons of
these fractions are being made by Dr. AL Jakus, in erder to deter-
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MOTION PICTURE OF NEURONS AN
NEUROGLIA IN TISSUE CULTURE

WARREN H, LEWIS
Wistar tustitute, Philoddphia, Pesnsyleante

[Copies of the film are expected to be ready in the near
future for rental (in the United States only) and for s‘ale
(generally) by the Wistar Institute of Anatomy and Biol-
ogy, Philadelphia 4, Pennsylvania.)

INTRODUCTION

Tﬂ'E motion picture of neurons and nenroglia was mede by Dr.
Margaret Reed Lewis and myself at the Department of Em-

bryology, Carnegie Institution of Washington Itis the beginning of

what we hope some day to expand into o more comprehensive film of

fiviog neurons and newroglia in tissue cultures,

The movements Which neurons and neuroglia undergo in tissue
cultures and which are exaggerated in the motion pieture indicate
that neurons and neuroglia, like other types of cells, have a super-
ficial gel layer and less viscons endoplasm and that the gel Jayer is
continuous over eell body, axon or cell process, pseudopod, tenninal

flarannte and 1.

- s vty WU BOL be noticeable without speeding up,

are due to local variations of the contractile tension of the superficial
gel layees of the cells.

QEL LAYERS; GENERAL CONSIDERATIONS

The gel layer cannot usually be distinguished optically from the
underlying endoplasm in the somatic cells of multicellutar organisms.
1 can, however, .bc easily seen in many undivided eggs and large
bln,slomex:t:s und in such organisms as amoebae and slime molds be-
cause !’hcxr gellayers are thicker and more viscous than those of small
;or.nahe cells. Tt is from observations and experiments on the gel
\n) hcrs_ul eggi and smochoid organisms and the comparison of their
behavior with the bebavior of somatic cells that one arrives at the
conclusion that the datter must also have gel layers.

53
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by the endoplasm. There is no evidence that migrating eells expand
and contract over and over again as they move about.

Contractility, the most impurtan't pr?perty of g'el layers, P]:S“mi
ably varies in strength with the viscosity and thickness of ¢ e gt:f
layer and the chemical constitution of the cytoplasm..’l‘.he velocity o
contraction, which plays an important vele in ?he. rapidity of pseudo-
pod protrusion and retraction, of eell locomotion, and of many earl.y
devel tal is dependent to a great extent on the chemi-

s L4
eal cm;sﬁt\xﬁon of the cytoplasm, on local differences of the strength
of the gel layer, and on the viscosity of the endoplasm.

VISCOSITY OF ENDOPLASM

The viscosity of the endoplasm also plays sn important role in the
1ate of movernents produced by contraction of the gel layer. As a gen~
eral rule, cells with fluid endoplasm change form and move more rap-
wlly thar those with more viscous or semigelated endoplasm. When
endoplasi is in the gel or semigel state, it also exerts contractile ten-
sion. When in the gel state, there are indications that it is more
viscous peripherally than centrally. The variations of contractile ten-
sion a5 a result of this viscosity gradient are probably responsible for

forcing inclusion bodies toward the centrosome, which tends to oc-
cupy the center of the cell.

LOCAL TNCREASES AND DECREASES OF VISCOSITY
Local increases and decreases of the viscosity and/or thickness of

small areas of the gel layer result in local increases and decreases of

the contractile tension of the area. Without such local changes, there
would be no changes of form or cell s or flow of endopl

TIE MOTION PICTURE

The motion picture was made on 35-mm. negative film and the
lg-mng.prinl from it Themagnification given in the Tableis the mag-
mf.‘:cnl.mn in diameters on the 35-mm. negative. When the 16-mm.
pHint is projecied, tho it £ ot
screen times the wm ' .
ters of the image ¢ ... suiten. - i
o e "..E:'m-~'r L. s, of i;he projected !r;me x: 60
(9r the scenes « s o 'If;i:]z zr:;i
gverequalst L, wuen we tim 1 projected at 960 (ramef er
winute, the normal rate for silent flms, v

Voible movements i
clasufied ns $hows:

of axons imfl their branches may be roughly
axon elongation; waving of termina) membra.
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Gel layer and endoplasm are different physical states of the same
cytoplesm which more or less readily change from one to the otherin
the regions where they grade into each other. The superficial aspect
of the gel layer is more viscous than its deep aspect, which grades
more or less abruptly into the less viscous endoplasm. Cells probably
always have a gel Jayer, even when they are adherent and flattened
against one another or against a substratum. Gel layers are o living
part of the cytoplasm. They are not static structures; they are always
active.

The thickness and viscosity of gel layers and the viscosity of the
endoplasm presumably differ, depending on the chemical constitution
of the eytoplasm and on external and internal environmental factors.
There are many degrees of viscosity of the cytoplasm (gel Iayer and
endoplasm),

The factors responsible for gel-layer and endoplasmic viscosities
are obscure. There are indications that geldayer and endoplasmic
viscosity may be the resultant of two factors, an external environ-
mental one which preduees a gelating, and a central {centrosomal?)
one which exerts a solating, effect. The viscosity at any particular
moment at any particular place will depend on a temporary balance
between these two antagonistie factors. There are probably other
factors involved that have to do with local metabolic processcs of the
cytoplasm which affect viscosity.

PROPERTIES OF GEL LAYERS

Gel Inyers are alwnys exerting contractile tension, n fundamental
property of protoplasm when in the gel state. In addition to con-
tractility, gel lIayers are flexible, stretchable, and often adhesive. Con-
tractility is the motive foree responsible for changes of cell form, pro-
trusion and retraction of pseudopodia, elongation of axons, ccll loco-
motion, and the streaming flow of endoplasm. Tt is abvious that flexi-
bility and stretchability arc essential for the above changes and that
adhesion to n substratum is essentinl for Jocomotion. Cells arc so
small and light that frietion with a substratum does not suffice for
locomotion—hence their adhesiveness.

Elasticity has frequently been considered the motive force and
principal property of gel layers. Elasticity hns been much confused
with contractility. Elasticity and contractility arc entirely different
propertics. Gel layers are contractile and probably not elastic or onl:v
slightly so. The movements which cells exhibit are 'not. d.u.c to clnst'lc
recoil after previous stretching of the gel layer by inhibition of fluid
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AXON PLEXUSES
‘Most axon cutgrowths contain many fibers which cross and adhere
to one another by their main stems and by numerous branches, to
form irregular plexuses of various densities. &s axous elongate, they
frequently cross one another at vatious angles of a}dlme and.nm
closely parallel for varying distances before separating, Sometimes
they fail to separate and form compound axons. As axons elongate,
they usually send out new lateral branches, which join other axons or
their lateral branches. Part of the terminal pseudoped may also be-
come lateral snd have one or several branches, Gider lateral b h
frequently retract and become di ted from neighboring ones.
The plexus patiern also continually changes by movements of various
sorts, such as changing eurves of axons and of pulls which a contract-
ing or relaxing filament may have on another one te which it is at-
tached. The frequent production of sharp curves in a filament to the
apex of which anather filament is attached suggests that such a
hanging curve is produced by jon (longitudinal shortening)
of the branch or attached filament. There are several examples in
scepe 1.
1f one assumes that an axon and its branches have an onter gel
layer and an inner, fess viseous core, that the gel layer is always exert~
ing c‘onk{actﬂe'temian in various directions, and that the contractile
tension is subject to many local variations, then one would expect

continual changes in any plexus formed by them,
It crome neahaldoat o ot

‘
Lo glant eeus, kFibrobi
may have long branehing processes of various sorts which come inte
contact with neighboring fibroblasts and their and adhere
:\'..h;‘\)xt ('\xsmn. The withdrawa) of axon braaches from contacts with
eighboring axons and the usual separation j

n of tw
in close contaet for sq ot o mere

tae distance and the elongation of P "

irecti of each .
ferent ditection ~demtmst\'m: adhesion, not fusion. inadit
. here are indications that branches of the sam
:.Q}%M.’e 17 shows the fusion of part af » tamt-

e :’umn may actually

suveness, e fact that they from brse Wik varyng degrees of adhe-
adhesion is noy excm'xw.e 7 frequently bend and sway indicates that
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nous pseudopodia; increases and decreases of avon diameters; bend-
ings of axons and branches; protrusion, elongation, and retraction of
branches; local bulges, which look like granules, and their move
ments back and forth; and the scintillation effect.

TABLE OF SCENES IN MOTION PicTURE®

Scene Mag. | Spd. | ET I T } Commests
Intestine, 7-Day Chick Embryo, 45-Hour Culture, Fluid Madium, LBD
41 . . 85 204 563 165 | Sympathetic nerve plexus
2671a. . 200 24 15 40 | 2 perve cells, } mieroghs
3-671b.. .. | 200 23 15 40 | 4 azon ends
4-673a.. .| 200 24 22 58 | Mass of adherent axons, dense plexuy
56738 . 200 24 15 83 | Axons, tibroblast with dark, wavy edge
6-580 200 4D 20 32 | Single ason, terminal cove, azd pseudopod
Brain, 7-Day Chick Embego, £§-33-Hour Culture, Pluld Medium, LB
7-233 4% 85 242 169 | Oligodendrogha? Threadlike
8-234a 200 83 30 20 | Field shfts
£-234k 200 85 ey 19 | Field shifte
10-284e. . ..., 200 83 21 13 | Field shilts
112344 200 8s 26 17 | Field shifts
Spinal Cord and Medulla, 11-Day Chick Embryo, t4-Hour Culture, § LBD— Op
12-672a 200 4 15 87 | Axons, terminal cone, and preudo)
13-672 200 24 12 30 | Azons, local bulges move back and forth
Sproal Cord, 7-Day Chick Embryo, 48-Hoor Culture, LED
14677 200 ) 23 } 13 } 33 | Maxs of pdberent axons, dense plexus
Spinal Ganglion, 8-Day Cbick Embryo, 48-Hour Cultare, 1 Cp—) Ce
159154, 200 24 19 49 | Axon, terminal cone, and pseudopod
167158 . 200 8 3 37 | Pseudopod membrane, waves
17715 200 24 16 42 | Pscudopod membrane, waves
Bean, 17-Day Mouse Eabryo, €+-Llour Cultvre, L—-Cp—Ce—~FS
18-£818 206 40 24 87 | Astrocytes? Peculiar lobulations
19-6515 200 40 25 36 1 antrocyte, ¢ microglin
sogste, . | 200 | 40 | 1| 33 [ Mitosy
216814 g0 | 48 | 20 | 43 | Astrocstes, wavy preudopod

Rorersatioar £T = pord tums I minutes from the beewmong 1o end of soeoe, PT o the progection
A s L Larke bation D = chwkes bovaion, D = 2tsonr, Cp o ekichea
e W Mk ey extract; P ' tetal blood eruzs
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AXGN PLEXUSES

Most axon outgrowths contain many fbers which cross and adhere
1o one another by their main steras and by numerous branches, to
form ireegular plexuses of various densities. As axons elongate, they
frequently cross one another at various sngles or adhere and‘ Tun
closely parallet for varying distances before separating. Sometimes
they fail to separate and form compound axons. As axons elongate,
they usually send out new lateral branches, which join other axons or
their lateral branches. Part of the terminal pseudopod may also be-
came latesal atd liave one or several b hes. Older lateral | h
frequently retract and become disconnected {rom neighboring ones.
The plexus patiern also continually changes by movements of various
sorts, such as changing curves of axons and of pulls which a contract-
ing or relaxing filament may have on snother one to which it is at-
tached. The frequent production of sharp curves in a filament to the
apex of which another filament is attached suggests that such o
changing curve is produced by contraction (lougitudinal shortening)
of Uxelbm\ch or attached filamend. There are several examples in
scene 1.

If one assumes that an axon and its branches have an outer gel

!ayer snd an inner, less viscous core, that the gel layer isalwavs exert-
lng cox"""““" .t . . .

tensior

e dasoas, A4 u general rule, other types of cells senn

in cultures retain thets - @
ditians to form 1 .
may have long bri‘ ~g pewteaes of varous sorts which come into
:)irc;‘acl with ing fibtoblasts and their aud adhere
- (0\‘,1: !usmn. The withdrawal of axon branches from contacts with
y cgt ; nng\ nxn;ls wnid the usual separation of two axons which were
@ contact for some distance and the elongat i

conta ation of e it-
ferent dxrcch_cn .dcn.\ohstrale adhesion, ot lusgion‘ i dit
; here are indications that branches of the s
n\:h‘iﬁnc \'_l shows the lusion pf part af  +o

Ame axon May actuslly

. P .

pieoo . . )

Selness fhef oroea :
adhiesion sy .. ’
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AXON ELONGATION

The motion picture shows numerous examples of axon clongation
but no clear demonstration of its mechanics, Two thearies have been
suggested: (1) that the axon is pulled and stretched by the advance of
the amoeboid tip and (2) that the axon is elongated by material which
is squeezed from the cell body along the axon to its tip, where it ad-
vances the terminal psendopod and gels at its sides to clongate the
axon gel tube.

Harrison (1810) states that “the free end of each fiber is cnlarged
and provided with fine processes or pseudopodia. This part continues
its progression and the fiber is gradually drawn out.” The “ductitity
of the ectoplasm is such, that the movement results in the formation
of long fibers, the primitive axones.” The idea that the amoeboid end
moves along under its own steam or is pulled along by surface-tension
forces and that this stretches the axon is in agreement with the ides
which some authors have regarding the locomotion of free cells, but
it is not in agreement with what happens during the elongation of &
free pseudopod of an amoeba.

In 1945 I suggested that the gel layer of the axon is lengthened
(elongated) by the gelation at its distal end of endoplasm, which is
forced from the cell body nlong the axon by contraction of the gel
layer of the cell bady, and that the mechanism is similar to pscudopod
clongation of the amoeba. This idea scemed to be supported by the
observation that elongation occurs on the distal side of the cross-over
point of two axons. Such axons adhere at the cross-over point; yet
they are not bent distally, as one would expect if axons are length-
ened by pulls at the distal end. It was also found that clongation al-
ways occurred on the distal side of the lateral branclies and that the
latter remained fixed in position with reference to an outside point.
Lateral branches were not pulled along. I also suggested that this
theory offers an explanation for the damming effects obtained by
Weiss (1044) when nerves are constricted (cf. Weiss and IHiscoe,
1048). The continued or perpetual forcing of endoplasm distally
along the axon gel-layer tube by the contraction of the gel layer of the
cell body would result in the lation of endoplasm proximal to
the “battle neck™ and in distortion of the axon.

TILEORY OF AXON ELONGATION
Axon elongation accurs at the tip by the addition of cytoplasm.
Just how this is accomplished has not been observed because the tip
is too minute and the process teo slow for the eye to unravel, My
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of axon elongation is based on observable events that occur
g:fang the e\onga.tiugn of pseudopodia of Amoeba proteus and Chaos
th?;;.e gel layer of the neuron extends over ce.ll body_, axon, and
peudopodal tip. Tt is always exerting contractile tension. The gel
layer of the pseudopod is weaker thau that over the rest of the cell
and axon. Continued contraction of the gel layer oi.ihe.l:e“ body
eterts pressure on the less viscous endoplasm, which is pressed
against the entire cell wall, The weakest part—the wenk gel layet. of
the terminal d—is expanded and ad d.The contraction
of the gel layer over the body of the cell {orces endoplasm out of the
body and along the axon into the psendopod and expands it. Endo-
plasm is defiected to the sides at the base of the thin-walled pseudo-
pod and gels. This progressively elongates the gel wall of the axon.
The thin-walled pseudopod is wider than the axon. As endoplasm
gels at the base of the pseudopod, it thickens the gel Jayer, and the
fatter begins to exert increased contractile tension and constricts the
wall to axon size. Contractile tension of the gel wall of the axon also

plays a role in forcing or squeezing endoplasm against the weak gel
layer of the terminal pseudopod.

P

THE FLOW OF ENDOPLASM IN ARONS
The dsctol fnm ot d + *

very sle - ' < .
wpon th caeerans V3 pPADUIES 30 Titochondria, a5 Yhe endop)

itsell is almost invisible. Matsumoto sbserved back-and-forth move-
meats of small, nentral, red-stained

and mitochondria, but
e constant, distal movement. At that 1ime no one had any ideaof 2
distal flow, wnd hence he did not look for it,

The gwdmnicq of endoplasmic flow in such minute tubes would be
samething of & problem if the tubes were rigid, as the presstre neces-
sary would presumably far exceed the contractile tension of the gel
fayer of the cell body The avon wall or gel layer, however, is alw. :
in o state of contractile tension. It exerts pressure on the e,ndo ) -
nlnn.g 1ts eatire length and that of its branches and forces endof;lﬁ
:gn;;utl a .wc:d; sren. This, combined with the contractile tension

xerted by the gol buyer of the cel} body, gives & mechanj
which meets the difeulties of @ rigid tubular system =

COMPENSATORY GELATION OF PSEUDOPO!

“P‘:‘ﬁ ?‘;\_joylx_ux?t.me weak, thin eel matt ¢

cal setup

D GEL LAYER
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tory increase in its thickness, I suspect that endoplasm gels on the
inner aspect of its gel layer as rapidly as the latter is thinned by
stretching. Some gelating factor in the external environment may be
responsible.

Perplexing problems arise the moment one begins to consider what
factors may be responsible for the continued weakness of the gel
layer at the tip, as contrasted with the progressive gelation of the
endoplasm at the adjacent base of the weak area.

THE TERMINAL CONE

The presence of a terminal cone indicates a progressive increase of
contractile tension of its gel layer. The gel lnyer of the cone is pre-
sumably thicker where it merges into axon than where it merges into
pseudopod, with corresponding differences of strength of its con-
tractile tension. It takes time for the newly formed gel to develop
contractile tension of axon strength: the longer the cone, the longer
the time. Cones are sometimes very short or absent, and somctimes
they persist for a long time as local spindle-like enlargements of an
axon some distance from the tip.

TERMINAL PSEUDOTODIA

Terminal pseudopodia have usually been pictured as consisting of
several terminal filaments which extend directly from a terminal cone
or & thin terminal expansion or an unexpanded end (Harrison, 1910;
Lewis and Lewis, 1912).

The motion picture shows only a few axon ends. Most of them scem
to cousist of several dark terminal filaments which exhibit peculiar
wavy movements. I suspect that they are edgewise views of folds of a
terminal undulating membrane because they behave like similar ones
in a terminal membranous pseudopod of the axon shown in scenes 16
and 17. Similar dark, waving edges are frequently seen on other types
of cells, in which a wavy, membranous pseudopod curls and folds sons
to present edgewise views. Edgewise folds cut out part of the light
and appear dark. Sometimes the dark edgewise view of a fold appears
to be discontinuous. They move more rapidly and differ enough in
appearance to indicate that they are different from lateral filaments.
The terminal membranous pseudopod is difficult to see and to photo-
graph. .

One can, however, find numerous examples on fixed and stained
cultures. The membrane is thin and pale and ensily ovcrlm.)kcd il not
stained deeply enough. The stained cultures of sympathetic plexuses
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show more and louger fateral gl.amlen;s that; ::; ?::fc?':::emﬁ:; 121:‘15
- ow some exceedingly long, »
?ll\?ihﬂ:: iﬁ;& o the limits of visibility mt}\ a ‘L-lmm. lf:s and also
some ends which seem to have seyeral term.ma]‘ﬁ aments. for sxans
The general principle involved in elongation is the same for azons
ending in cne or several terminal filaments as for ones en bmgnd 2
\hin, wavy membrane, Even the smallest filament and “sdnl‘) ‘t
have s gel layer and aJess vicous core. Those that seem to end abrupt-
1y are morelike those of the amoeba than are those ending in a wavy
mS?:::; the avons exsmined were more or Jess adherent to the
cover glass, one wonders whether surface-tension forces may be con-
curned with the spreading of the tips into 4 thin mewbrane. ?uch
spreading is not essential for axon elongation and could not by itself
Xon.
C\D‘T\Eiﬂe 1“1‘: . psendopod probably has a gel Jayer on each side,
which is continuous over its edges, and a central, less viscous core.
The latter is probably gelated enough ta bind the outer gel layers to
it and thus to prevent them from bulging out into a globule as fluid
endoplasm is squeezed into the meshes of the core.

WAVING OF TERMINAL MEMBRANGUS PSEUDOPODIA

The wavy metions of terminal pseudopodia are similar to those
which oceur on other types of cells, except that the foldings tend to
radiate §rom the end of the axan. ARl the movements are probably
produced by focal changes in the viscosity of the el layer, Litle in-
ereases and decreases cause the membrane to bend or curd in various
ways,

The mile-like pseudopodia of maerophages,

fibroblasts, and sar-
weran el F { of the surrounding
. This same drinking
w08 Cal pe seen in seenes 16 and 1. This also indicates that mem-~
Liranous axon pseudopodia are similar to those of other somatic cells.
The factors tesponsible for the minute local changes of contractile
tension of the gel layer which result in the waving motion are ohseure,
They can searcely be attributed to changes going on in the cell body,
sinee it may be far removed from the axen 1ip, or to local differences
in the external envitonment, Perhaps metatialic changes in the gel
tayer and endoplasm which are prabobly nonk maygbe
responsitle for the minute local changes in thickness and/or viscosit,
nd hence the minute local varistions of contractile tension, v
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PROTRUSION, ELONGATION, AND RETRACTION OF AXON BRANCHES

Lateral filaments are frequently protruded from the main axon
stem, especially near the distal end. Such filaments may extend for
long distances. They, in turn, may send off branches. Lateral fils-
ments may also retract. It has already been suggested that all fila-
ments, no matter how minute, have an outer gel lnyer and a less
viscous endoplasmic core.

They presumably arise at & minute local weak area, which pro-
trudes as the contraction of the gel layer over the rest of the cell
forces endoplasm against the weak arca of the gel layer. They will
continue to elongate as long as the tip remains weak, in the same
manner as an axon or an amoeba pseudopod elongates, namely, by
gelation of the endoplasm at the base of the tip to prolong the gel-
layer tube. The thin, weak tip is pr bly kept from ing too
thin by a compensatory gelation of endoplasm on its inner aspeet.

Retraction will ensue if the gel layer of the tip increases sufficiently
in thickness and/or viscosity to exert enough contractile tension to
force the endoplasm backward. As the gel layer of the tip and lateral
wall exerts increased contraction, it shortens, and its inner aspect
solates and joins the endoplasm, just as with a retracting pseudopod
of Amocba proteus or Chaos chaos. The same principle is presumably
involved in each case.

BENDINGS OF AXONS AND THEIR BRANCHES

Some axons clongate in nearly straight lines; many elongate in
curves, sometimes in ares of 90°-180°, The fact that they often
clongate in curves would scem to eliminate the idea that they are
pulled out by an amocboid tip. Most axons and their branches show
local bendings of various dimensions that slowly change. Theswe
changes are more evident when motion is speeded up in the film. It
seems probable that these changing curves and bends are due to local
increnses and decreases in the longitudinal contraction of the gel
Iayer. It scems rather far-fetched to assume that the longitudinal
contraction of the gel on one side of an axon or on one side of one of
its small branches could be greater than that on the other side. We
are dealing with minute things so far as the eye is concerned, but
with enormous giants from a molecular standpoint.

Some of the bendings seen in the film seem to be due to shortening
or clongation of an attached branch. The apparent pull exerted by a
contracting branch or attached filament may produce quite a sharp
curve in the filament.,
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ISCREASES AND DECREASES OF AXON DIAMETERS

Asxons differ in diameter from about Jtolip. :I‘hei: l?ranches are
much smatler, some at about the limits of \'lsib)lily- mt.h a’,‘Z-mm.
objective. Single axons also show considerable variation i different
regions and slow regional increases and decreases. They frequently
have local enlargements where fateral branches arise. The enlarged
terminal cones have already been considered.

The special factor responsible for the small and fairly nnifo.rm
diameter of an axon is the fairly uniform cireular contractile tension
of its gel layer. The orientation of the contractile tension of the ge
Iayer is the peculiar feature. The gel layer exerls contractile tension
in other directions, and there are indications of longitudinal tension
also. The cireular orientation predominates. This is probably deter-
mined by the peculiar chemical constitution of neuron cytoplasm,
which somehow causes a special orientation of its molecules as it gels.

LOCAL BULGES OF AXOXNS AND BRANCHES AND THEIR MOVEMENTS

As szans degenerate, they usually develop local bulges and become
beaded, presumably because of local decreases in gellayer thickness
andfor viseosity. These small, Jocal bulges appear darker than the
:es‘t\ of the aton, presumably because of refraction and dimigution of
hight.

Svm.wh:\t similar bulges occur on axons that are still in fairly good
condution. They were nt first mistaken for large, dark granules which
weremoved back and forth along a fiber, causing it to bulge, There is
one placc‘ in scene 13 where the pseudo-granules uppear to be moving
n oppesite directions in the same axon, Further analysis revealed
t]h:;\ ﬂlgﬂedw;ml two axons close together, each one with its own

ulges. Each bulge retains i identi i
oy exsggern, {5} X L}::sﬁ ;tx: lown identity. The rate of movement is

Bulges occur at weak areas of the gel fayer because the somewhat

greater contraction over the rest of the axo
n f i
the weak areas and expands them, oreesendoplasm aginst

. l!ow do lzxi bulges move back and forth along the fibers? Several

o oo ave bce.n d t d: (1) that local weakened areas of

e S ; \) er df\'elop in a wavelike manper along the axon; @) that

h oon?:n g; nfmxc c;l‘;\en\s of the bulge are somewhat gela!ed’ and that
250 an s i it

Sons p cl;?::(-s o.I tbf co‘n.lmchle tension {orce the lump

v o d
contrctile tension of the gel loyer pull the bulg‘:;d ot
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PROTRUSION, ELONGATION, AND RETRACTION OF AXON BRANCHES

Lateral filaments are frequently protruded from the main axon
stem, especially near the distal end. Such filaments may extend for
long distances. They, in turn, may send off branches. Lateral fila-
ments may also retract. It has already been suggested that all fila-
ments, no matter how minute, have an outer gel layer and a less
viscous endoplasmic core,

They presumably arise at a minute local weak area, which pro-
trudes as the contraction of the gel layer over the rest of the cell
forces endoplasm against the weak area of the gel layer. They will
continue to clongate as long as the tip remains weak, in the same
manner as an axon or an amoeba pseudopod clongates, namely, by
gelation of the endoplasm at the base of the tip to prolong the gel-
layer tube. The thin, weak tip is presumably kept from becoming too
thin by a compensatory gelation of endoplasm on its inner aspect.

Retraction will ensue if the gel layer of the tip increases sufficiently
in thickness and/or viscosity to exert enough contractile tension to
force the endoplasm backward. As the gel Iayer of the tip and lateral
wall exerts increased contraction, it shortens, and its inner aspect
solates and joins the endoplasm, just as with a retracting pscudopod
of Amocba proteus or Chaos chaos. The same principle is presumably
involved in each case.

BENDINGS OF AXONS AND THEIR BRANCIES

Some axons elongate in nearly straight lines; many clongate in
curves, sometimes in ares of 90°-180°. The fact that they often
clongate in curves would seem to climinate the idea that they are
pulled out by an amoeboid tip. Most axons and their branches show
local bendings of various dimensions that slowly change. These
changes arc more evident when motion is speeded up in the film. It
scems probable that these changing curves and bends are due to local
increnses and decreases in the Jongitudinal contraction of the gel
Iayer. It scems rather far-fetched to assume that the longitudinal
contraction of the gel on one side of an axon or on one side of one of
its small branches coultt be greater than that on the other side, We
are dealing with minute things so far as the eye is concerned, but
with enormous giants from a molecular standpoint.

Some of the bendings seen in the film seem to be due to shortening
or elongation of an attached branch. The apparent pull excrted by a
contracting branch or attached filament may produce quite a sharp
curve in the filament,
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INCREASES AND DECREASES OF AXON nm:mns

Axons differ in diameter from n\)ou\:} o 1§. s tf.hen- b:;nr};cs ':::‘e
such smaller, some at about the linn.ts of v;sfbxlfty‘wx‘ Z'ﬁ-m n;
jbicctive, Single axons also show considerable variation in dil eretl
egions and slow teglonal increases and decreases.-They {requen fl
have Jocal enjargements where lateral branches arise. The enlarge
termina} cones have already been considered. . .

The special factor responsible for the small and (mrly.* “n\(o.rm
diameter of an axon is the fairly uniform circul:{r contr.av:hle tension
of its gel layer. The orlentation of the contractile teus:on'of the gcl
layer is the peculiar feature, The gel layer exerts contmc.tlle tensx.on
i other directions, and there are indications of longitudinal tension
also. The circufor orientation predominates, This is probably deter-
mined by the peculiar chemical constitution of neuron cytoplasm,
which somehow causes a special orientation of its melecules as it gels.

LOCAL BULGES OF AXONS AND BRANCHES AND THEIR MOVEMENTS

As axons degenerate, they usually develop lacal bulges and become
beaded, presumably because of loeal d in gel-layer thick
andfor wisconty, These small, local bulges appear darker than the

1est of the azon, presumably beczuse of refraction and diminution of
light.

Somewhat similar bulges occur on axons that are still in fairly good
condition. They were at first mistaken for large, dark granules which
were moved back and forth along a fiber, causing it to bulge. There is
ane place in scene 13 where the pseudo-granules sppear to be moving
in apposite directions in the same axon, Purther analysis revealed
that there were two axons close together, each one with its own
bulges. Each bulge retains its own identity. The rate of movement is
much exaggerated in the film.

Bulges occur at weak areas of the gel layer because the somewhat
Frvater contraction over the rest of the axon forces endoplasm against
the weak areas and expands the;

How cl_o the bulges move back and forth along the fihers? Several
explanations have been considered: (1) that local weakened areas of

g:e gel layer df:velup in a wavelike manner along the axon; (2) that

: D; ix}dcplmlc c(;n:!ents of the bulge are somewhat gelated and that
ang £ ths tractile it

ong B & e of 1& onf tension force the lump

; 3 and d
contractile tension of the gel Jayer pull the bulges. of he
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BCINTILLATION EFFECT, MINUTE MOVEMENTS

All axons show minute movements, presumably within the gel
layer, a3 though there were minute alternating changes of viscosity
everywhere in the gel Inyer at nll times. "They produce a scintillation
cffect, in that they scem to affect the Lransmission of Hght through
the axon. These minute changes of viscosity may be more fundamen-
tal than the larger Joeal changes responsible for bends nnd clongation.
They indicate that the gel layer is in o conslant state of activity.

NERVE CLLLS
Some of the seenes show a few nerve cells which are entangled in
the nerve-fibier plexuses, They are still capable of migrating s little
and cause considernble disturbance of the plexuses ns they move.
Some of them scem to degenerste.

FIBROBLAKTS
Most scenes also show relatively lurge, flat, migrating fibroblasts
with wavy, membranous peeudopodin whick present curving, dark,
edgewise views of this curling membrane. Such cdges are darker than
the rest of the membrane and support the idea that axens also have
terminal membranes which curl in various ways and present cdge-
wise views which look like terminal filaments,

OLIGODENDROGLIA(F)
‘Ihe motion picture hay acveral scenes showing the migration of
exceedingly long, threadlike cells froms the brain of o 7-day chick
embryo cultivated in « fluid medium, The exact identity of the eells is
uncertnin, hut they scem to be like oligodendroglia, They begin to
migrate within £-8 hours after a culture ix set up and move in rather
straight radial lines. In the coursc of 4 hours aftes the beginning of
migration, great numbers arc present, The relatively large nuclens
produces & marked bulge. The cytoplasn tapers abruptly at both
ends of the nucleus into the long, slender, threndlike processes. Most
of the cells are bipolar; an oceasional tripolar one enn be scen. Vital
stains made on other preparations shew mitochondris, neutral red
granules, and occasional fat globules. The snueleus often undergoes
various contortions.
ASTROCYTES(?)
Cultures of the brnin of a 17-day mouse embryo show, in nddition
to many axons, a few Inrge, peculiar, lu'hu'lulcd cells, which we have
pmviqiannlly designated as “astrocytes. * Some of them have a sinall,

o~
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wavy, membranous pseudopod on the slender tip of a !ong.cell proc-
ess. They resemble axon pseudopodia. Many of the lobulations seem
to contain a large, dark granule. They also show movements of gran-
ules in the endoplasm,
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SCINTILLATION EFFECT, MINUTE MOVEMENTS

All axons show minute movements, presumably within the gel
Jayer, as though there were minute alternating changes of viscosity
everywhere in the gel layer at all times, They produce a scintillation
effect, in that they seem to affeet the transmission of light through
the axon. These minute changes of viscosity may be more fundamen-
tal than the larger local changes responsible for bends and elongation.
They indicate that the gel layer is in & constant state of activity.

NERVE CELLS
Some of the scenes show a few nerve cells which are entangled in
the nerve-fiber plexuses, They are still eapable of migrating a little
and cause considerable disturbance of the plexuses as they move.
Some of them seem to degenerate.

FIBROBLASTS

Most scenes also show relatively large, flat, migrating fibroblasts

with wavy, membranous pseudopodia which present curving, dark,

edgewise views of this curling membrane. Such edges are darker than

the rest of the membrane and support the idea that axons also have

terminal membranes which curl in various ways and present edge-
wise views which look like terminal filaments,

OLIGODENDROGLIA (P}

The motion picture has several scenes showing the migration of
exceedingly long, threadlike cells from the brain of a 7-day chick
embryo cultivated in a fluid medium. The exact identity of the cellsis
uncertain, but they scem to be like oligadendroglia. They begin to
migrate within 2-3 hours after a culture is sct up and move in rather
straight radial lines. In the course of 4 hours after the beginning of
migration, great numbers are present. The relatively large nucleus
produces a marked bulge. The cytoplasm lapers abruptly at both
ends of the nucleus into the long, slender, threadlike processes. Most
of the cells are bipolar; an occasional tripolar one can be scen. Vital
stains made on other preparations show mitochondrin, neutral red
granules, and occasional fat globules. The nucleus often undergoes
various contortions.

ASTROCYTES(P)

Cultures of the brain of & 17-day mouse embryo shor, in addition
to many axons, a few large, peculiar, Jobulated cells, which we have
provisionally designated as “astrocytes.” Some of them haves sanull,
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ADJUSTMENTS OF PERIPHERAL NERVE FIBERS

eral processes of spinal g&ngﬁo: tcleili;;::a tne;nv::;ant;e :hleti,:t :1:113,‘:::
iti esent the
ndsdt‘ lxn"l'}lhee;i%::: x:‘;:ii;; up these nerves are branches _oi the vagus
:l};r;es.;l'bey are the peripheral processes of vagus g§ngl\on cells, and
they supply the special sense organs of the k'ateml l;me -
Satisfactory direct ohservations on nerves I the l\'l{]gﬁnnld e
possible a short time after hatching. At this time the tail nst evel o{;
sapidly and soon become thin. and ) tra?sparenz enough or g(,'loo
microscopic visibility, Observations n rito way then be carried on
up to the time of the onset of wetamorphasis. . o
Nerve-fiber changes may be conveniently considered in this ac-
cotnt under the following headings: (1) adjustments of the early
nerve sprouts, (2) adjustments of sheath cells, myelin segments, and

end-arhorizations, and (8) correlated adjustments of nerves and spe-
cial sense organs.

Tt ADJUSTMENTS OF THE EARLY NERVE SPROUTS

A PIONEER NERVE FIBERS
[T - . ) L
the ) o .
(8 e cumyy ol @ proneer merve nber advances slowly through the
loose mesenchymal tissue by » typical amoeboid motion. Its progress
is strikingly portrayed by ciné-ph i phs of the fast-motion
type. Delicate filamentaus processes are extended and tetracted, The
speed of advance is rather variable, A rapidly growing tip may ad-
vsuce at the rate of ghorrt 20 L A .
the tissues and grounc
Afavorsblepositionfe  .oocvuntioia growing nerve tip appears to
be & zone immediately below the b membrane of the cu~
taneous epitheliam. The t obstacles it are the
processes of young conpective-tissue ecells which may lie across its
path Blocking is followed by a damming-up of neuroplasm and en-
lz}rgement of the tip. Branching may then take place at ar near the
!:_p. Such brafxching may be either temporary or permanent. Some-
1mes @ certain amount of retracti i
retraction and growth in & netwa;;:?t;:: :\(w‘:;f::‘g :“;"Y"’fhﬁ}lmg, -
oceur. Rarely a length of the nerve ti f i1 o Mocking e
be pinched off (nerve awtot - paer Em onged‘b]ockmg may
Just what factors determ; ’nd sller o
nerve tipin ity ndvanc: ;Z:m the exact path t_aken by & pioneer
Moment to moment is not entirely cleat.




ADJUSTMENTS OF PERIPHERAL
NERVE FIBERS

CARL CASKEY SPEIDEL
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1. INTRODUCTION

IT IS possible to study individual nerve fibers in living frog tadpales

by dircet microscopic observation. Many in wiro studies of this
kind have been made by the writer during the last twenty years
(Speidel, 1032—49).% The changes during growth and regeneration, as
well as those during various degrees of injury and recovery, have been
observed from day to day for long periods of time, A great deal of
flexibility of adjustment on the part of the nerve fibers has been
noted. In this account I shall call attention to seme of the adjust-
ments exhibited by the peripheral nerves of tadpoles under both
normal and experimental eonditions.

For microscopic examination, an animal is slightly anesthetized
with weak chloretone and placed in a specinl glass observation cham-
ber. The tail tip of the tadpole is oriented and held in a favorable
position, and the chamber is then placed on the stage of the micro-
scope. The microscope tube is tifted nearly 1o a horizontal position.
Nerve fibers in the tail fins may be watched under high magnification,
The animal can be kept alive for further observations on the same
nerve fibers during the following days.

Changes in nerves are best recorded by ciné-photomicrography
(Speidel, 1985a, b, 1046). Motion pictures are taken nt cither the nor-
mal rate or at slow speeds, Pictures of the Intter type depict all move-
ments greatly accelerated. They reveal rather vividly the slow move-
ments of nerve fibers and adjacent tissues. Motion pictures constitute
excellent permanent records of the various adjustments of nerve fi-
bers during growth and regeneration.

“The great majority of nerve fibers in the tail fins arc those w{ﬁch
convey impulses of general cutancous sensation. They are the periph-

L. During the peciod from 1932 to 1949 this work xas arded by grants from the followings
rch Council {Commuttee an Grantsun-Axd), Ametican Medical Arvcemation
ific Research), Penruas Fund of the American Philosophicst Society,
mittee on Growth).
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i s Yhey i t the skin. In

eral processes of spipal ganglion cells; ﬂlf‘} tmmnai:. ?he el Jine

Adition, there are also present the special nerves of laterst ine
. s;er; :l‘he Shers making up these nerves aré brauche?o t e; ]; ag! .
?erves."ﬂ:ey are the peripheral pmcessfex lt:f ;':tgus(gﬁanﬂf ion cells, an

Iy the special sense oFgans o the latesal line. .
weﬁi:i:gig)ry direct observations on nerves In the h'n{)g amma.} ;xre
passible a short time after hatching. At this time the tail !:;ns devel :‘1;
yapidly and soon become thin and transparent enoug! fm'_ go
microscopie visibility, Qbservations 4 viro may then be carried on
i hasis.

up to the time of the onset of melamorp . o

PNerve-ﬁber changes may be conveniently considered in this ac-
count under the following headings: (1) ad;ustme‘n!s of the early
netve sprauts; (2) adjustments of sheath cells, myelin segments, and
end-arborizations; and (8) correlated adjustments of nerves and spe-~
cial sense orgass,

1. ADIUSTMENTS OF THE EARLY NERVE SPROUTS
A. PIONEER NERVE FIBEES

Shortly after hatching, the first nerve sprouts may be discerned i/
the tail fins as they grow out toward the skin. The growing tip
{growth cone) of a pioneer nerve fiber advances slowly through the
loose mesenchymal tissue by a typical amoehoid motion, Its progress
is strikingly portrayed by ciné-photomicromraphs of the fast-motion
type. Delicate filamentous processes are extended and retracted, The
speed of advance {s suther variable. A rapidly growing tip may 2d-
vanee af the rate of about 60 4 an hour. Its course i influenced by
the tissues and ground substance of the terrain in which it is growing.
A favorable position for the advance of a growing nerve tip appeats to
be a zome i diately below the b t k of the cu-
taneous epithelium. The htacl

it ters are the
processes of young eounective-tissue cells which may lie across jts

path. Blocking i followed by & damming-up of newroplasm and en-
largement of the tip, Branching may then take place at or near the
tip. Such branching may be either temporary or permanent, Some-
times 2 certain amount, of retraction may precede the branching, or
retraction and growth in a new direction without any branching may
occur Rasely a length of the nerve tip atter prolonged blocking may
be pinched off (nerve autotony) and suffer degeneration.

Just what fators determine the exact path taken by a pioneer
nerve tip in its advance from mowment to moment s not entirely clear.
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Mechanieal, electrical, and chemical factors have been proposed by
various investigators (cf. Iarrison, 1935).

Long ago Harrison (1914) gave a convincing demonstration of the
importance of mechanical or structural factors. Ie showed that a
spider-web frame placed in a tissue culture with nerve cells markedly
influenced the pattern of outgrowing nerve fibers. The fibers exhib-
ited a definitely positive stereotropism and grew out along the web
filaments.

More recent experiments by Weiss (1934, 1941) have furnished
much additional evidence along this line. e emphasizes that sub-
mitroscopic structures, as well as ordinary microscopie ones, are im-
portant in the determination of the path of nerve growth. He points
out that an oriented ultra-structure of a lissuc-culture medium, such
as a clot, may be experimentally induced by a varicty of means and
that nerve fibers growing in it merely follow the paths set up in the
ground substance by the oriented micellac. To describe this behavior,
he proposes the term “contact guidance.” The nerve-fiber growth
cone in its progression is in actual contact with the oriented lines of
submicroscopie structures and is guided by them. The directive fac-
tor is immediate, not remote.

Throughout my observations on growing nerves in the living frog
tadpole, I have seen nothing in conflict with these views of Harrison
and of Weiss. The configuration of the terrain, both microscopic and
submieroscopic, immediately adjacent to a growing nerve-fiber tip
certainly must be of prime importance in influencing the path of
nerve growth. One point may be mentioned in this connection. Fast-
totion ciné-photomicrographs of the mesenchymal regions being
traversed by growing nerve fibers in tadpoles show that there are
constant movements of both cells and ground substance. Cells are
not quiescent. On the contrary, they pulsate, divide occasionaliy, and
shift their positions. As a consequence, the ground substanee is sub-
jected to changing stresses and strains. Changes occur, therefore,
from time to time in whatever directive lines there may be in the ter-
rain in which nerve fibers nre growing.

Bvidence for and against the view that an clectric current may ply
a role in influencing the path of nerve growth has been brought for-
ward. Marsh and Beames (1946) have discussed this subject recently.
They hold that the dircction of nerve growth may be definitely affeet-
ed by clectricity. They present photographic evidence which clearly
shows how n direct clectric eurrent of suitable density may appreci-
ably affect the direction of growth of fibers in an explant of nerve
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the medulla of the chick. Growth of fibers was suppressed
::“;{::‘:xlod:hut not at the cathode, At other pluces the fibers grew
outward at first and then bent toward the cath?de. There was no
sodication, however, that the fiers followed the lines of force of the
current. Massh and Beams think that these result.s canno.t be. ex-
platned on the basis of “contact guidance” by submicroscopic n}lcel-
lae oriented by the current. They believe that their r?sults mfhcf\te
the possibility that electrical forces have an influence in establishing
nerve patterns in the living animal.? .
1t is probable also that general chemical factors influence nerve
growth and regeneration; it is uncertain, however, whether special
neurotropic substances play a partin attracting nerve sproutsio grow
in their direction, In the case of a living frog tadpole, o growing nerve
sprout may be transformed readily into & retracting one by chemieal
treatment. Exawples of this have beendeseribed for aleohol, metrazol,
and chloretone {Speidel, 1536, 1940, 19428). Furthermore, a nerve
ending which has retracted some distance may, on recovery, grow
out in & new direction, not following the old pathway. The mecha-
pism of action of the chemical solution is not entirely clear. The
action may be on the nerve ending directly, or it may be on the nerve

cell as a whole. In the Jatter case, retraction of the ending would be &
reflection of the stress N N o L

that many types of cell .
In any case, whatever we metnamsm may be, experiments of this
sort show that chemical treatment may effect & change in 2 nerve

pattern. There is nothing specific abaut such an effect. A similar re~
sult may be caused by

a treatment with electricity or with heat
(Speidel, 10498}, On waeemes RN y D- . 'M-
retraction, its pat
Yines of the immed

same s before the ...
i?all; (1;)128‘; asd many others have
watd the theory of “neurotropism.” Accordi i
' a r 8 ng Yo this theory, nerve
s]:r;{uti:r'e sensxtl\‘fa to special chemical substances; such sugtances
produced in the neighborhood of growing nerve tips, attract them;

been favorably disposed to-

£ Afew experuments by the wter on

ielded only negatave results Erowth cones in tadpoles placed in an electric field
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Neurotropie substances are thought in this way to influence the nerve
pattern that develops.

Weiss and Taylor (1844) have presented some experimental evi.
dence against this theory. They point out that some supposed neuro-
tropic agents, such as degenerating nerve, do not in their experiments
exhibit any particular attraction for regenerating nerve fibers or in-
fluence the path taken by growth cones. Weiss thinks that some sup-
posed cases of neurotropism may be better explained on the basis of
contact guidance.

My work on tadpoles has not yiclded any crucial evidence along
this line. Certain observations on the nerves and sense organs of the
Interal line suggest strongly that these special sense organs may exert
n specific tropic influence on the vagus nerve branches that are
destined to innervate them and, further, that they do not exert such
an influence on the spinal nerve branches in the vicinity that are
destined to innervate the skin. If such n tropic influence is actually at
work in this instance, it aperates over only a relatively short distance.
Further observations and experiments on suspected neurotropic
mechanisms are desirable.

B. LATER NERVE FIBERS

The primitive nerve lines which are faid down by the pioneer fibers
have a decided directive influence on later sprouts. This influence is
exerted in two ways. In the first place, the pioneer fibers offer sterco-
tropic aids to the growing tips of subsequently developing fibers, In
the living tadpole the second and third growth cones may often be
discerned as they slowly make their way aloug the pioncer fiber,
clinging snore or less closely toit as they advanee. In the second place,
the neuroplasm of the Iater growth cones appears to have n cerstain
nffinity for the neuroplasm of the pioncer fiber. To some degree there
is o selective adhesiveness between the two. This results in the lnying-
down of small nerves, cach at first convisting of & few naked fibers,
Al times an advaneing growth cone may diverge from the nerve line
it is following and grow acrew 1o join a neighboring nerve, In this
way a plesus may start.

It is of interest to note that the property of “selective adhesives
ness” extibited by the early nerve fibers is not unique for nerve tis-
sue. A blood vascular sprout exhibits a similar seleetive adhesiveness
for other bload vascular sprouts, a lymph vascular sprout for ather
Jymph vascular sprouts, and a fibroblast process for ather fibroblast
processes. An offinity of this sort hetween like tivsues or eells makes
for orderly development.
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1il, ADJUSTAENTS OF SHEATH CELLS, MYEULN SEGMENTS,
AND EXD-ARBORIZATIONS

Sheath cells migrate out from the central nervous system."I'hcy
fstten themselves along the young perves and move stowly peripher-
aslward, From the time of their first appearavce, they exl‘{\\)'\t a
matked affinity for nerve substance. They multiply by mitosis and
become spaced at appropriate intervals. They form the nucleated
sheath of Sehwann. They are also responsible for the differentiation
of & delicate, external, limiting membrane {membrane of Schwann).
This is a {ubular structure which appears to be syncytial; it continnes
trom one sheath cell to the next and incloses the nuclei and soft proto~
plasm of the sheath cells as well as the incased nerve tissue.

After 5 certain degree of maturity has been sttained, some perve
fibers become ensheathed with smyelin. This sheath is laid down in
segments, one segment for each sheath cell. Myclination storts cen~
teally and proceeds peripherally. Myelin s a product of the co-opera-
tive activity of both nerve tissue and sheath cell, Neither one alove is
able to etaborate it (Speidel, 1932, 1933, 1935a, &).

Myelination is panied by a profound change in the nerve
fiber. The fiber swells, changes somewhat in 1ts chemical reactions
(s.uch as to stains), and acquires alternating node and internade re-
gions. Physiologically, a myelinated fiker conveys nerve impul
faster thon an unmyelinated fker. The myelin sheath also insulates
and protects the inclosed nerve fiber.
casit;‘if?::;:d.ax?z;ﬁms develop at same nodes. These in some
mycﬁna}z{cn‘ inué‘.b:erc:asimtgi eaﬂl_er e branches of fibers before
been fmmed, They vnder, s o e alter the gl din sheath ks

. €0 changes from time to time to keep pace

with the growth of the neighbor . pa
ual endings of e <L -’ fabonng “ISS“ES {Speidel, 104841 Tndiedd

retraction, § '

lost. Aberra - :

wwsaniuus Berves, whieh : -
rected toward the deeper tissues insteart of ey uﬁ,ﬁ“a't firt &

- swosains wirected toward the surface,
e (:(‘1“:: 1}::)\1!01-. d.ee,ply located hranches degenerate. Endings
gt n::\: : ‘)’Lhe cshkm are ultimately eliminated. In general, the
. .rfm es of an end-arborization exhibit adjnstments

e much like those of early growth cones, They may also be
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modified in pattern by treatments with aleobiol, metrazol, ehloretone,
insulin, electricity, and heat in much the saine manner as are the
early, growing nerve tips (Speidel, 19425).

It is not clear what starts wyclination of a fiber. Cortainly, it is
not merely a question of age; the oldest fibers of & nerve are not
necessarily the ones that first become ensheathed with myclin. One
theory states that the assumption of function by a fiber is responsivle
for its becoming myelinated. This point of view caunot be rigidly
maintained, however, since it can be disproved in some instances by
dircet observations. In cestain regenerating fibers, most dlenrly those
of the vagus nerve which normally innervate speeial sense organs, it
can be seen that myelination of fibers may occur before the organs are
innervated, that is, before the establishment of auy specific function.
It may alse occur in the ease of aberrant fibers that never make sue
cess{ul end-connections, fibers that arc destined later to degenerate
{Speidet, 1948}, My evidence indieates very strangly, however, that
suceessful end-connections of a fiber are essential for the maintenance
of its myelin sheath,

Various adjustments of sheath cells and of myclin segments may
occur, During the carly stages of nerve growth, before the appearance
of myelin, the sheath cells move about freely and multiply, They are
active in bringing about alignment of fibers, and they aid in the or-
ganization of the young nerves. They are respensive to wounds and
also to slight irregularities that may affect the nerves on which they
are located. They may migrate nlong & nerve to a site at which some
abnormality exists and aid in bringing about suitable adjustments.
Specific eases of this have been described and lustrated (Speidel,
1932, 1933, 1935a, U). A sheath cell, after settling down as part of n
myelin unit, moves about much Jess freely; it is still responsive, how-
ever, to pny irregularitics that affect its nerve fiber, For example, it
will assist in the replacement of any portion of the myclin that may
be lost, provided that the nerve substunce remains alive.

During the process of myelination, sheath eclls display  pro-
nounced differential preferesce. They move from an ondinary unmye-
Yinated fiber to o fiber which has begun to acquite myelin sheath seg-
ments. In other words, the sheath cells are atiracted by a “myclin.
emergent’” fiber.

Nerve-scctioning experiments reveal another differential prdc\:-
enice on the part of the sheath ceths. As is well known, after a nerve ds
transected, the shieath cells on the distal stump cxhiln'L dcﬁm(c‘n‘-
sponses. In addition to the early activity of these cells in furthering
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Qigestion and disposal of the degenel'ating nerve su.bstancfe S:Id (xix})t’:i
Yin, they mwltiply and migrate. Direct observations of the dis!
stump in & tadpole show migration of sheath cells {rom the cut ?;Sie
end into the wound zone, and movements als'c along .the :c,tump. e
stump is re-innervated, the sheath cells sgain function in the for:m?
tion of new myelin sheaths on the regenerating fibers. If fhe sturzny‘) is
1ot re-innervated, many of the sheath cells transfer to ad):}ce_mt living
nerve fibers. Thus a sheath cell has a greater affinity for living nerve

k than fora d ting nerve stump, especially one of long
standing. Sheath cells that are Stranded pel‘m:menﬂ? vn TErve
stumps devoid of any living fibers display marked Tegressive changes.
1n my opinion, there is o reciprocal nutritive relationsh between
sheath cell and nerve fiber, Each one exerts a marked trophic influ-
ence on the other.

IV, CORRELATED ADJUSTMENTS OF NERVES AND
SPECIAL SENSE ORGANS

Recent experimental studies by the writer on the regeneration of
the nerves and special sense organs of the lateral line have yielded
some significant results, These are concerned chiefly with the recipro-
cal influence of one kind of tissue on another. A special sense organ
and its specific nerve ave organized into a closely knit functional unit.
This unit way be readily interfered with experimentally and the
resulting structura) changes watched (Speidel, 19475, 1948, 1949).

Answers were sought to several questions. The first of these deals
with the regenerative capacity of denervated organs. (1) Can nerve-
less lateral-dine organs regenerate, grow, and become mature? Dener-
valion experiments to test this have been performed on both frog

lﬂ:‘lpcles and salamander larvse. Combined anowesfom- -
-l e 2o - . . -

~wpve 4o 13 Uiese organs that function as the
m?ther-org:ms for the new gues that regenerate when the single oper-
ation of partial tail amputation is done. In the case of animals sub-
Jected to the combined operations, wdividual histoties from day to
duy were vecorded {Speidel, 18478}, From these it was certajn yﬂmt
the nbo\:e Guestion comld be answered in the affirmative. That js, 1
lateralline sense organs were able to regenerate, grow, .and b e
mature with the devclopment of sense hairg am,l sens; oTes ?008113
absence of the tateral dine nerve., It was concluded, therefZIE, thl:t th:
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modified in patiern by treatments with alechol, metrazol, chloretons,
insulin, electricity, and heat in much the same manner as are the
early, growing nerve tips (Speidel, 1942%).

It is not clear what starts myelination of & fiber. Certainly, # i
not merely a question of age; the oldest fibers of a nerve zre mot
necessarily the ones that first become ensheathed with myelin. One
theory states that the assumption of function by a fiber is responsible
for its becoming myelinated. This point of view cannot be rigidly
maintained, however, since it can be disproved in some instances by
direct observations. In certain regenerating fibers, most clearly those
of the vagus nerve which normally invervale special sense organs, it
can be seen that myelination of fibers may oceur before the organs are
innervated, that is, before the establishment of any specific function.
It may also occur in the case of aberrant fibers that never make sue-
cessful end-connections, fibers that are destined later to degenerate
{Speidel, 1948). My evidence indicates very strongly, however, that
successful end-connections of a fiber are essential {or the maintenance
of its myelin sheath.

Various adjusiments of sheath cells and of myelin segments msy
oeccur. During the early stages of nerve growth, before the appearance
of myelin, the sheath cefls move about freelr and multiply. Ther are
active in bringing about alignment of fibers, and ther 2id in the or-
ganization of the young nerves. They are responsive to wounds and
also to slight irregularities that may affect the nerves on which they
are located. They may migrate along a nerve to a site at which some
sbnormality exists and aid m bringing about snitable adjustments.
Specific cases of this have been described and ustrated (Speidel,
1982, 1953, 19554, b). A sheath cell, after settling down as part of 2
myelin unit, moves about much less freely: it is still responsive, how-
ever, to any irregularities that affect its nerve fiber. For example, i
will assist in the replacement of any portion of the myelin that may
be lost, provided that the nerve substance remains alive.

During the process of myelmnation. shesth cells display s pro-
nounced differential preference. Ther move from an ordinary unmye-
linated fiber to a fiber which has begun to acquire myelin sheath seg-
ments. In other wonds, the sheath cells are attracted by s “myelin-
emergent” fiber.

Nerve-sectioning experiments reveal another differential prefer-
ence on the part of the sheath cells. As is well known. after a nerve is
transected, the sheath cells on the distsl stump exhibit definite re-
sponses. In addition to the early activity of these cells in furthering
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digestion and disposal of the degene:.ating nerve su_bstancfe ;lnd (;x’:s};ei
lin, they muitiply and migrate. Direct observations of the dr i?

stump in a tadpole show migration of sheath cells from the cut neru\l ¢
end into the wound zone, and movements also along .thc f.!ump. If the
sturap is se-ipnervated, the sheath cells again function in the farmn't-
tion of new myelin sheaths on the regenerating fibers. If 4 he stump is
ot re-innervated, many of the sheath eells transfer to adj ncent living
nerve fibers. Thus o sheath cell has a greater affinity for living nerve
substance than for a degenerating nerve stump, especially one of long
standing Sheath cells that are stranded permanentl;z' on merve
stumps devoid of any living fibers display marked regressive changes.
In my opinion, there is a reciprocal nutritive relationship between
sheath cell and nerve fiber. Each one exerts a marked trophic influ-
ence on the other.

1V, CORRELATED ADJUSTMENTS OF NERVES AND
SPECIAL SENSE ORGANS

Recent experimental studses by the writer on the regeneration of
the nerves and special sense organs of the lateral fine have yielded
some significant results. These are concerned chiefly with the recipro-
cal influence of one king of tissue on anather. A special sense organ
and its specific nerve are organized into a closely knit functional unit.
This unit may be readily interfered with experimentally and the
resulling structural changes watched (Speidel, 10475, 1948, 1849).

Answers were sought to several questions. The first of these deals
with the regenerative capacity of denervated orgars, (1) Can nerve-
less lateral-line organs regenerate, grow, and become mature? Dener-
vation experiments tq test this have been performed on both frog
lad'polfs and salamander larvae. Combined operations were dome
which included amputation of the distal part of the tail and transce-
tions farther imally of the lateral-line nerves that supplied the
org?lllls near the cut edge. It is these organs that functiu; as the
:nt?unc:;orgm?s for .lhe new apes tllmt regenerate when the single oper-
A partial tail amputation is done. In the case of animals sub-
iected to the combined operations, individaal histories from day to

day were recorded (Speidel, .
peidel, 10475). Fr. .
the above question could be ). From these it was certain that

faternlline sense organs wes

answered in the affirmative, That is, the

te able to regenerate, grow, and b

¢ . ecome

:lb::::e W;Lh ﬂlae development of sense hairs aud semse pores in the
of the lateral \ine nerve. It was concluded, therefore, that the
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presence of the specific nerve supply of a special sense organ js unnee-
essary for its origin, growth, maturation, and regeneration.

A second question deals with the problem of the maintenance of
denervated organs: (2) Can nerveless organs of the Iateral line persist
indefinitely without structural deterioration? Long-continued case
histories were necessary to settle this question. Successful observa-
tions on the same tadpoles and individual organs were made over pe-
riods of from 3 to 21 months (Speidel, 1948). The organs of a region
were kept denervated by successive nerve transections, as necessary.
Significant changes in the structure of surviving nerveless organs or-
dinarily became conspicuous after about 3-6 months. Occasionally, a
nerveless organ persisted intact for more than a year. Characteristic
changes of atrophy (reduction in size), dedifferentiation (loss of some
features of specialized organization), and degeneration (death of the
component cells of the organs) ensued.

A good comparison of nerveless and normally innervated organs
was possible in the same animal in each of the experimental tadpoles.
In each case, during the same period that the nerveless organs were
exhibiting regressive changes, the normally innervated ones were
growing and multiplying. It was concluded, therefore, that the second
question could be answered in the negative. That is, nerveless organs
could not maintain their structural integrity indefinitely. In other
words, the specific sensory nerve supply is essential for the long-
range health and survival of the special sense organs.

A third question deals with the regeneration, growth, and maturing
of organless nerves: (3) Can the lateral-line nerves regenerate, grow,
and become mature (myelinated) without reaching and innervating
lateral-line organs? Information on this question was obtained from a
number of tadpoles in which stray lateral-line nerve branches were
observed (Speidel, 1948). Such aberrant branches were noted fre-
quently in animals in which sizable gaps had been cut in the dorsal
fin and also in animals following amputation of a large portion of the
tail.
These cases clearly revealed that lateral-line nerve fibers could
regenerate and grow long distances into new zones of tail regeneration
which were devoid of lateral-line organs. Furthermore, such organless
nerve fibers could mature and develop typical myelin sheath seg-
ments, The third question listed above, therefore, could be answered
in the affirmative. In other words, the specific lateral-line nerve fibers
could regenerate, grow, and become ensh?athed with. myeclin, even
though they were unsuccessful in innervating Iateral-line organs.
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The next question relates to the matter of nerve’mz'xin\ena'nce:
(4) Can mature, oxganless, {ateral-line nerve fibers persist )nd\?ﬁnfte:!y
without structural deterioration? Prolonged observations of individ-
ual aberrant fibers covering more than 3 months were necessary to
settle this pofnt (Speidel, 1248}, In two coses the cbservatians were
continued for more than a year. The aberrant fibers or, rather, aber-
rant distal partions of Bbers were induced in some tadpoles after
removal of sather laxge portions of the dursal fin ot of the tail tip.
Some of these fibers became myelinated.

Regressive changes were noticeable, h , inall Tess Sbers
or portions of fhers after & fow months. There accurred, first, o thin-
ning of the myelin sheath and a reduction in the caliber of the nerve
ber. Later there was complete loss of myelin. In some fibers the
regressive changes did not seem to continue heyord this stage. In
others the nerve substance itself finally degenerated. The sheath
cells, thus stranded oo an aneural length of what had been & nerve

fiber, soon sbandoned it either through migration and transference to
adineent Bya nanes flaes o0t P ; "

I+ sy ssunusane. Uitimately, this also underwent either
partial or total resorption. The fourth question above, therefore,
could he anerased a1 o . .
persist in

A final -
« spetaan atlie

30rY BETVes W iguee the differeatintion of semc.orgzuxs' {5) C:
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rapid migration and cell division. These observations point strengly
to a negative answer to the question above. In other words, lateral-
line organs are not induced to form from an indifferent cutancous
epithelium through the influence of lateral-line nerve fibers; rather,
they arise from pre-existing organ cells, though these may beina
dedifferentiated state.

This brief account of peripheral nerve adjustments, as observed
1n tiro, shows how cells and tissues may influcnce one another. The
pioneer nerve growth cones are infl d by the organization of the
terrain in which they advanee. The Inter growth cones are influenced
by the pioncer nerve lines. The sheath cells display an affinity for
nerve fibers, and they exert a marked trophic effect on them. Nerve
fibers also exert a marked trophic effect on sheath cells. Sheath cells
exhibit a differential preference for myelin-emergent fibers. The sen-
sory fibers of the vagus nerves exert a trophic influence on the special
sense organs of the lateral line which they supply. Conversely, the
sense organs exert & trophic influence on their innervating vagus
fibers.
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NERVE REGENERATION

JAN BOEKE .
Embryological-Histological Ladoratory, Unitervity of Utrecht, Holland

BEFORE bringing some of the focal problems of nerve regenera-
tion into the diseussion, I want to state that, as to the conference
itself, it seemed to me to be a great success. It was excellent and
estremely interesting, and I hope that it will be followed by other
conferenices on the seme scale. These diseussions are far more impor-
tant than the large, overcrowded congresses, where everyone has
only ten minutes to speak and nobody is really listening to what s
being said. Ifere you knew that only men were present who were
keenly interested in the problems discussed, who knew the literature
and the trend of the rescarch work on the subjects under discussion;
and the discussion itself was good and very stimulating, The flms
shown were extremely interesting,

The research work and the problems discussed, covering almost the
entire field of the development and the regeneration of the nervous
system, were interesting and of wide scope. What struck me most
was that the trend of the research work and of the themes that the
members of the conference were working on has altered in the course
of the years. What is more or less neglected is the finer histology of
the developmental problems studied, The scientists all took for
granted the neuron theory (as o doetring) and the free growing-out
of the nerve fibers. The harmonious collaboration of the different
elements which I tried to demonstrate in my various papers is en-
tirely neglected, but my demonstration of the degencration onfy of
the conducting element after the cutting of the nerves and of the in-
tra-protoplasmic position of the growing nerve fibers during re-
generation remsined unchallenged and without contradiction. Has
the old controversy between neuronists and antineuronists really
disappeared? Indeed, what we want is & new slogan!

One of the foeal problems of the regeneration process after the
cutting of o nerve is, without doubt, the question of what Is de-
generating—the entire axon cut off from its trophic center, the nerve
cell, or only the eonducting element? Second, what are the bands of
Buengner, are they of lemmoblastic arigin, or does the neuroplasni
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of the asis cylisder, too, enter into their i\zrmation? Third, \s t}‘xcre
» free outgrowth of the asons in the sear tissue or hodogenesis in »
guiding tissue of nonnervous origin; and is it posmb}e that the out~
growing herve sprouts are conducted by neurotropism t_o\vard.t:ne
peripheral stump, with free-growing nerve ﬁbers?‘ Do the mlexsh%ml
cells of Cajal and Lawrentjew play 2 role even in the regeneration
process, and, if so, where do they come from? Is the lemx{zoblast. ae-
cording to the nouron theary, everywhere to be distinguished a\?so-
Tutely from the real neuroblasts, the nerve cells, or is there a possible
interrelation in a developmental and in a functiona} sense? The ex-
periments of Professor Speidel seem to point to the first conclusion;
but the flms shown by him, excellent as they are, are not absolutely
convincing becsuse the finest histological details are not distinguish-
able In living subst notwith ding the spectacular technic
and pawer of observation.

Let us consider the first tion, What is deg

ing in the
nerve cell with its processes after the cutting of & nerve and the
severing of the axons from their trophic center? As Levi has pointed
oul, I the cultures tn vilro when the axons of the growing neuro-
blasts are severed from the perikaryon, the cut-off peripheral stump
does not die but in many cases even continues to grow and in some
eases fuses again with the growing central stump and lives on, It is
only the conducting apparatus, the neurafibrillae, whick disappears.
After the section of 2 mator nerve the motor end-plate does not dis-
appear, but only the conducting apparatus disintegrates and is Jost,
w‘!ule the sarcoplasit of the end-plate {the “teloplasm,” according to
Noti} not only remains intact but increases in size, and the nuclel
sccumulate. In a degenerated end-piate I could often count, more
than 30 nucler (36-39), and the same thing is seen in the beautiful
preparations which Noel showed we, The witnelrma = » =
gﬂm th(Noél) dissppear, but .- b

inst the multiplication of the "

for the sensory corpuscles, in which the larlgle et ot oot

makes it possibl A X amaunt, of protoplasm

aorves, possible to study its hehavior after the section of the sensory
When the dey . X ]

are large and ‘g ':‘{’Ef«'.\‘hon of these ?erlbheml pevon = S -

Grandry § . -

sible, we s

i N "o 1 s Bt piesents the ends miSea-
;cck:it::‘ !ix‘e :}c‘nsoq nerve fiber, fioes fot perish immediately :ﬁa;ﬁ:l?e
© nerve but that it is only its neurofibrillar apparatus
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which disappears and that the protoplasmic part of the disk remans
visible and is used again by the regenerating neurofibrillae when re-
generation has sct in. Only after a time does this protoplasmic part
of the tactile disk atrophy and disappear entirely when regeneration
is delayed or does not occur, just as taste buds disappear when the
nerves innervating them are sectioned and no regeneration sets in.

During its initial phase, that is, before a total loss of the nervous
substance sets in, the degencration process affects only the con-
ducting mechanism—the neurofibrillar apparatus. Thus we can un-
derstand that in tissue cultures the axis-cylinder process of a neuro-
blast, when severed microsurgically from its trophie cell center, may
remain alive and may fuse again with the new outgrowing cell proc-
ess of the same cell or of another neuroblast, as in the case of Levi
mentioned above. We must always bear in mind that the neuro-
fibrillar apparatus of a nerve fiber, however dark it may be stained
or impregnated, does not represent the whole nerve fiber but that it
is always surrounded by a thin layer of neuroplasm. In Cajal or
Bielschowsky preparations, the latter will often shrink almest to
invisibility, but it remains present nevertheless. These substances
together build up the nerve fiber.

That the cut-off axon is changing its aspect as a whole is undeni-
able. Not only the myelin sheath and the cells of Schwann undergo
many changes, as Cajal has described and drawn so beautifully, but
even the axon itself suffers deteriorating changes. But, after all, it is
chiefly the neurofibrillar apparatus which degenerates, alters its
chemical composition, and disintegrates and finally disappears en-
tirely. Even in the “digestive chambers” of Cajal it is only & part of
the neurofibrillar apparatus which is digested, and the entire axon
may pass o digestive chamber without interruption. Indeed, when
studying the degeneration process as carefully as possible, I have al-
ways got the impression that the neuroplasm of the axon changes its
aspect in connection with the decomposition of the neurofibrillar ap-
paratus and of the surrounding sheath substance but that it survives
partly and fuses with the protoplasm of the surrounding elements
(cells of Schwann). The decomposition substances are eliminated and
disappear, the nuclei multiply by mitosis, and out of this fusion of
the protoplasmic substances the protoplasmic bands of Buengner arc
built up. In regeneration, the outgrowing neurofibrillar apparatus
follows these conducting protoplasmic bands inside the neurilemmal
sheath as fine differentiations lying inside this protoplasm, as was
described by Cajal himself. But the outgrowing nerve fibers, the
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. ot grow throngh the scar tissue as free
;xbl:::' :Xi‘:hmt:gmsisx:{;ldc(;x:é:%etwgn the other elemfznt,s of the scar
uatit they meet the canducting peripheral tubes with thé }ia;];i s of
Buengne, as was described and drawn so heautitully by Cajul e

This is one of the most diffieult questions to :ms“;er because in e
Coia sud Bilschawsky prepazations the newroplasi of the thin
netve fibers often sbrinks almost to invisibility, so that only the
Black streaks of the neurofibrillar apparatus are o be seen. Bu't when
we fix the pieces as carefully as possible and stud'y !ben} with the
highest magnification and strong light, after having stained them
with s protoplasm counterstain, we see nat only that these black
threads are enveloped everywhere by a thin layer of protoplasm l?ut
that, real nuclei are present in this layer, accompanying the growing
nerve fibers. According to Cajal (Cajal, Regeneration of the Nervous
System {1013}, in the translation by May, 1928, p. 168), all the
nerve sprouts that circulate through the sear during the first week
are naked fibers i which not only the myelin but the cells of Schwann
are lacking, No satellite nuclei are present. But when we see the
drawings by Cajal himself, as, for instance, the drawing of the be-
ginning of outgrowth of the axons from the central stump (Cajal
{1908}, p. 33) which I reproduced in my paper ob nerve regeneration
in Bumke-Foerster’s Teatbook of Neurology (1987), Part 1, page 1036,
or the drawings in his book on regeneration (Figs. 68, 69, 70, and
others), they eannot, with the best will in the world, be interpreted
::thfnv}se than as proving that the outgrowing fibers from the very

g ate ded by a protoplasmic sheath with nuclei ae-
companying them and that they do not appear as free-growing
naked fibers. This is what wy own preparations have taught me.

To moke my meaning clear, T would emphasize that T am not at-
tacking the usual description of the nerve-regeneration process as it
i;m been‘ Sl\ll‘i'ed by lix\e most illustrious histologists of our times, but

am only trying to show that the fourth point set, forth by Cajal as
onc of the arguments of the neuron theory—viz., that ev
kog.cmcr with all its processes, including uﬁi mmn,\has deve(;g:&e ::::
s single cell or newrolfast without any to-cperation of other nervous
z;x{xeurfo!ogicul clements and that, after section of the axan, the c:n

y of & neuron . ’
without any m“a;i\::?o;h: trz%}e::mh\ e ou!grf)wth of the new axon
ndubitably and securely settled as » mt“"‘“‘l{\ﬁ elements—is not so
and textbooks which deal with \hi‘: :ise‘:;zg ‘?rr;it ot thetreatices
many problems of fundamental importance stifi un::'

even here,
wered. The



82 GENETIC NEUROLOGY

details of the regencration process, when outgrowing nerve fibers are
studied in preparations in which the surrounding elements and the
protoplasm also are stained, point far more strongly to a harmenious
co-operation of all the elements necessary and, indeed, indispensable
to the final result—the restoration of the harmonious function of the
end-formations——than to a simple process of outgrowth of regenerat-
ing free nerve fibers running between the surrounding elements with-
out any force to guide them but the highly hypothetical neurotropic
influence of the distal nerve stump.

Is there a neurotropic influence to guide the outgrowing nerve
fibers during regeneration toward the peripheral stump, with free-
growing nerve fibers, or is it & hodogenctic process with a conducting
tissue of nonnervous origin? Do the interstitial cells of Cajal and
Lawrentjew play a role even in the regencration process, and, if so,
where do they come from? In the often very dense tissue of the scar,
with its often inextricable tangle of growing and pushing and
dividing nerve sprouts, it is impossible to give a definite answer to
these questions. We have to look for a more loosely built tissue in
which the regenerating nerve sprouts may be studied better in their
relations to the surrounding clements, Such a tissue is found in the
muscle spindles, which I studied years ago in the cat, and especially
in the hedgehog, with its large cellular elements. In the lymph space
surrounding the muscle fibers of the spindle, cells are very sparse, as
is the case in the loose connective tissue of the iris of monkeys and
man, and the relation of the regenerating nerve fibers to their sur-
roundings is very clear. During the first weeks after the cutting of
the nerves, the only change in these cells, which anastomose with
one another as true connective-tissue elements, is that they pro-
liferate, send out new processes, building a denser tissue, as has
already been demonstrated by Tello. According to Tello and Cajal,
the growing nerve fibers, having penetrated the lamellated connee-
tive-tissue sheath and having arrived inside the lymphatic periaxial
space, bridged by the connective-tissue cells mentioned above, pro-
ceed as absolutely free fibers until they reach the central muscle
fibers of the spindle (“aussitot qu’elles ont pénétré, elles perdent leur
enveloppe et ainsi libres entre les fibres musculaires, elles commen-
cent & former leur ramification terminale”; and, = little Iater, “nulle
part dans le trajet des fibres aprés la disparition de leur enveloppe
nous n’avons pu trouver les cellules marginales qui, d’aprés les par-
tisans de I théorie caténaire, serafent nécessaires, ete.” [Tello (1907),
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pp. & aud 91). With this description ¥ canmot coneur, Id!:mtlitrcsdc
{he results of a careful fnvestigation of longitudinal a.mh c;;m‘:i Of
sections stained with silver and afteryard treated witl ; ar fﬂ !
gold and thionin as tollows: “There are in the neuromuscu’ar spindle:
o free *naked® Bbers, neither in the pormal spindles nor dur}ng‘re-
generation after the cutting of the perves. Every. nerve fiber Hes im-
bedded in its sheath of protoplasmic eells, §eemmgly of co!‘mectwe—
Yissue origin” 1 con maintain this conclusx?n at every point, even
at present, The elements of the Xymphagm space, in which the
e T e e ‘ i

suat growing nerve Bbers may proceed entirely free, without the
collaboration of conducting elements, has been dermonstraled be-
soud doubt by Harrison, by Cajal, by Burrows and Lewls, and after-
ward by Hooker and Speidel in their extremely interesting experi-
ments. But then these nerve fibers grow out in a straight line without
Qisvinet alteration of course. But when they have to follow a definite
functionally important course, a3 in regeneration ivside the body,
they need a conducting tissue, which \! their course, which
canstitutes 5 “hodogenctic” path, as was poiated aut so eloquently
by Dustin many yeors age As soon as the original peripheral nerve
stump {“tubes orientatenrs” of Cajal) is reached, the oulgrowing
nerve fibers find there & conductmg course, and they graw farther
aut inside the protoplasinic sheath of the bands of Buengner untit
they reach their final goal, the tevminal region. Tn this terminal re-
lon we see, in the first place, a protiferation of the Schwann ele-
ments, by which proliferation the condueting tissue is develaped and
clongated, which brings the outgrowing nerve fibers in even claser
contact with the terminal elements. But they need another terminal
rontfucting tissue to establish the final contact with the elements
ta be re-innervated. According to Cajal and Tellg, the ends of fha
"tubes orientatenrs,” vha {1 c o .
3&&! fihers pass out of ¢, :

ey seach their fingl sl lney o !
corpuﬁcfe,.mwunl which they are attracted by mm‘g&:;;z:r:}nug-
tmusele spindles, where the conditions are very favorab), z s .
«ee that the filers are not runnin freely b o o asy to
ments, that the onds of the Schwinnecg;ls é:;i;: ?’]teugigl::;re e::—
teurs,” are not open, byt that the tuhes nr; elon; 3 .

i g gated into a prato.
plasmic conducting tissue campased of auastomosing e‘emexx;tg of
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details of the regeneration process, when outgrowing nerve fibers are
studied in preparations in which the surrounding elements and the
protoplasm also are stained, point far more strongly to a harmonious
co-operation of all the elements necessary and, indeed, indispensable
to the final result—the restoration of the harmonious function of the
end-formations—than to a simple process of outgrowth of regenerat-
ing free nerve fibers running between the surrounding elements with-
out any force to guide them but the highly hypothetical neurotropic
influence of the distal nerve stump, :

Is there a neurotropic influence to guide the outgrowing nerve
fibers during regeneration toward the peripheral stump, with free-
growing nerve fibers, or is it » hodogenetic process with a conducting
tissue of nonnervous crigin? Do the interstitial cells of Cajal and
Lawrentjew play a role even in the regencration process, and, if so,
where do they come from? In the often very dense tissue of the sear,
with its often inextricable tangle of growing and pushing and
dividing nerve sprouts, it is impossible to give a definite answer to
these questions. We have to look for 2 more loosely built tissue in
which the regencrating nerve sprouts may be studied better in their
relations to the surrounding clements. Such a tissue is found in the
muscle spindles, which I studied years ago in the cat, and especially
in the hedgehog, with its large cellular elements. In the lymph space
surrounding the muscle fibers of the spindle, cells are very sparse, as
is the case in the loose connective tissue of the iris of monkeys and
man, and the relation of the regenerating nerve fibers to their sur-
roundings is very clear. During the first weeks after the cutting of
the nerves, the only change in these cells, which anastomose with
one another as true connective-tissue elements, is that they pro-
liferate, send out new processes, building a denser tissue, as }.ms
already been demonstrated by Tello. According to Tello and Cajal,
the growing nerve fibers, having penctrated the lamellated conne-
tive-tissue sheath and having arrived inside the lymphatic periaxial
space, bridged by the connective-tissue cells mentioned above, pro-
ceed as absolutely frec fibers until they reach the central muscle
fibers of the spindle (“aussit6t qu’elles ont pénétré, elles perdent leur
enveloppe et ainsi libres entre les fibres musculaires, elles commen-
cent & former leur ramification terminale”; and, a little later, “nulle
part dans le trajet des fibres aprés la disparition r:le leur enveloppe
nous n*avons pu trouver les cellules marginales qui, d’aprés les par-
tisans de la théorie caténaire, scraient nécessaires, ete.” [Tello (1907),
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tive function or 8s a mode of defense ugainst' the surrm._mdmg m:he:_
ot any other function, is & fact not to be denied. There xst;m 5epar:;i -
ing membrane between, but only living substance, a5 1n b ¢ synap
junctions. A surface of separation between the two protoplasmsis ap-
parent, but there is no intermediate inert material, a5 t.he, ,old classic
neuron theory maintained. In reg tion, “hodog a contact
with living substance, is necessary. The nervous elements may be
independent, but they are not isolated in the living organism. ’I.'h'ere
raust be 3 living contact between them and the surrounding living
elements.

In the protoplasmic bands of B the Gbrillae and their
neuraplasm lie imbedded in the protoplasm of the bands, That there
must be & surface of separation between the two protoplasms is
obvious, and the growing nerve fibers, even when imbedded in this
protophasmic band, retain their physiological independence, But
even when the protoplasmic bands of B become lated
when the myelin sheath is formed and the bands of Buengmer change
into a myelinated nerve fiber (or into 8 number of such fibers), the
intra-protoplastic position of the neurofibrillae remains obvious and
is clearly visible, especially in cross-sections, the only kind giving
conclusive results. This seems to me to point to a composition of these
protoplastmic bands of sheath cell protoplasm and of neuroplasm from
the axons, just as could be deduced from the origin of the bands, as
mentioned above. Is there a fusion of the two living substances? In
Vhe normal motor end-plate the neuroplasm of the motor nerve fiber

fu{u with the earcoplasm of the sole plate, constituting a functional
unit. There is no separating %

not even s di ible inter-
fnce. A separate functional unit of the motor end-plate is formed in
dt\'e\nﬁ{mﬂt ofter an earlier syncytial stage of the nerve ends.
Fronf this syncytial stage arise the separate motor end-plates. The
ol \\}\efzgc of the adult elements is often by no means elear. In this
K'ng,}\l it is nok surprising that, among the different patts of the body,
it is the nervous systemm which must primarily eshibit phenomena ix;
harmony with \hl‘s view, in which this higher “functional unjt”
?I:\ys & more domx'nun\. part. A plexiform motor innervation, form-
inga ¢ unctl.m:ml unit beyond the usual cellular unit of tife throughont
l‘\!c b\ rc!almrgg the original developmental syncytial stage, is found,
((gr;:lntzcz:. in the cross-striated ciliary muscle of the bird’s eye‘
P “5\ n s.m\ude). But a more extensive discussion of these ques-

es beyond the scope of the present grticle.
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apparently mesenchymal origin, in which the nerve fibers lie intra-
protoplasmically (in cross-sections often seen lying in an indentation
of the nucleus, which makes their intra-protoplasmic position un.
deniable). It is difficult to tell the exact origin of the anastomosing
clements in the protoplasm of which the nerve fibers are imbedded
after having left the bands of Buengner and the “tubes orientateurs”
(Schwann sheaths), but they are everywhere anastomosing with the
stellate cells lying in the lymphatic space surrounding the muscle
fibers of the spindle, and they form a cellular sheath in which the
neurofibrillar strands are imbedded intra-protoplasmically, This can
be clearly seen, and as a histological fact it is, in my opinion, un-
deniable; but, although their form (stellate and anastomosing
through protoplasmic processes, with other mesenchymal connective-
tissue cells lying inside the lymphatic space of the muscle spindle)
points to & mesenchymal origin, their origin remains unsettled, in
need of other than purely histological investigations. I shall return
to this problem and to the interstitial cells later on, but I want here
to quote Cajal himself, the past master of the histology of the nerv-
ous system. In his book on the development and the regeneration of
the nerve fibers, Cajal, who could not deny the intra-protoplasmic
position of the regenerating fibers in the surrounding elements, de-
seribes this as a sort of symbiosis, in which the surrounding eells act
as receptacles. According to Cajal, these elements are of mesenchy-
mal origin, and he acknowledges the possibility that they may sub-
serve o nutritive function. Considering, then, that Tello (Trabajos
Madrid [1911}), in the course of his discussion of neurotropism in
regeneration in the central nervous system, mentions a newly formed
connective tissue that may act as a conductive tissue for the regener-
ating nerve fibers and that de Castro (1938) writes “méme en admet-
tant la pénétration intraprotoplasmique d’une neurofibrille dans une
cellule d’origine mésenchymateuse, il nest pas moins certain que Ia
fibre terminale et le protoplasma innervé continuent a rester indé-
pendants puisque les protoplasmas ne se confondent pas,” it scems
to me that even in the camp of the most convinced neuronists there
;s room for the views expressed here. That the functional independ-
ence of the imbedded nerve fibers remains absolutely intact, I need
not stress here. The physiological indcpendence of the neurons is 8
definite and almost undisputed reality, but we must be careful not
to confuse this physiological independence with an anatomieal inde-
pendence in the sense of the old neuron theory. The collnlfomtion of
clements of different origin with nervous elements, be it in a nutri-
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tive function ot as a mode of defense against: the su\'rmfnding wiliew
or any other function, is fact not to be denied. Ther? is no separat-
ing membrane between, but only living substance, as in the syn.aphc
junctions. A surface of separation between the two protoplasms is ap-
parent, but there is no intermediate inert material, as the, ,o\d :\a:s::
N i mod Ainn L Ay < a conta

neuron theory ma Inreg 24

with living substance, is necessary. ‘The nervous e‘lemen.ts oy be
independent, but they are not isolated in the living organism. '1jh_ere
must be a living contact between them and the surrounding Jiving
clements.

In the protoplasmic bands of Buengner, the neurcfibriltae and their
neuroplasm lie imbedded in the protoplasm of the bands. That ﬂxer.e
must be & surface of separation between the two protoplasms 3s
sbvious, aud the growing nerve fibers, even when imbedded in this
protoplasmic band, retain their physiological independence. But
even when the protoplasmic bands of B become lated
when the myelin sheath is formed and the bands of Buengner change
into & myelinated nerve fiber {or into a number of such fibers), the
intra-protoplasmic position of the neurofbrillae remains obvious and
is clearly visible, especially in cross-sections, the only kind giving
conelusive results. This seems to me to point to a composition of these
protoplasmic bands of sheath cell protoplasm and of neuroplasm from
the axons, Just as could be deduced irom the origin of the bands, as
mentioned above. Is there 2 fusion of the two living substances? In
the normal motor end-plate the neuroplasm of the maten e 81

..... ant .

. " eecvuas utut of e motor end-plate is formed in
development, after an earlier syncytial stage of the nerve ends.
om tus syneytial stage arise the separate motor end-plates. The
oot hf\c.age of the adult elements is often by no means clear. Tn this
l.lg.hl it s not surprising that, among the different parts of the body,
it iy the uervous system which must primarily exhibit phenomena in
harmany with this view, i which this higher *functional unit”
!ﬂ:\}’! A more domirmnt part. A pleviform motar innervation, form-
llr.x[g (; f‘unch.m.ml unit \wy.ond the usual ceflular unit of life throughout
flo: i‘& ‘;vmmu}g the oniginal developmental syncytial stage, is found,
(me:n x;ﬁno?; in Ll\lc crossstriated eiliary muscle of the bird’s eye
¢ lp ) ‘musc ). But a more extensive discussion of these ques-
ons Lies beyand the scope of the present article.
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apparently mesenchymal origin, in which the nerve fibers lie intra-
protoplasmically (in cross-sections often seen lying in an indentation
of the nucleus, which makes their intra-protoplasmic position un-
deniable). It s difficult to tell the exact origin of the anastomosing
elements in the protoplasm of which the nerve fibers are imbedded
after having left the bands of Buengner and the “tubes orientateurs”
(Schwann sheaths), but they are everywhere anastomosing with the
stellate cells lying in the lymphatic space surrounding the muscle
fibers of the spindle, and they form a cellular sheath in which the
neurofibrilfar strands are imbedded intra-protoplasmically. This can
be clearly seen, and as & histological fact it is, in my opinion, un-
deninble; but, although their form (stellate and anastomosing
through protoplasmic processes, with other mesenchymal connective-
tissue cells lying inside the lymphatic space of the musele spindle)
points to & mesenchymal origin, their origin remnins unsettled, in
need of other than purely histological investigations. ¥ shall return
to this problem and to the interstitial cells Iater on, but I want here
to quote Cajal himself, the past master of the histology of the nerv-
ous system. In his book on the development and the regeneration of
the nerve fibers, Cnjal, who could not deny the intra-protoplasmic
position of the regenerating fibers in the surrounding elements, de-
seribes this as s sort of symbiosis, in which the surrounding cells act
as receptacles. According to Cajal, these elements are of mesenchy-
mal origin, and he acknowledges the possibility that they may sub-
serve o nutritive function. Considering, then, that Tello (Trabajos
Madrid {1011}]), in the course of his discussion of neurotropism it
regeneration in the central nervous system, mentions a newly formed
connective tissue that may act as a conductive tissue for the regener-
ating nerve fibers and that de Castro (1933) writes “méme en admet-
tant la pénétration intraprotoplasmigue d’une neurofibrille dans ure
cellule d'origine mésenchymateuse, il n'est pas moins certain gue lo
fibre terminale et le protoplasma innervé continuent A rester indé-
pendants puisque les protopl ne se confondent pas,” it scems
to me that even in the camp of the most convinced neuropists there
is room for the views expressed here. That the functional independ-
ence of the imbedded nerve fibers remains absolutely intact, I need
not stress here. The physiological independence of the neurons is 8
definite and almost undisputed reality, but we must be carcful not
to confuse this physiological independence with an anatomical inde-
pendence in the sense of the old neuron theory. The collaboration ?f
elements of different origin with nervous lements, be it in a nutn-
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vive function or a5 a mode of defense agains': the surm\fndmg mxhe:
or any other function, is a fact not _&? be dented. Ther_e ls(;‘m sepau:ic
ing membrane between, but only liring substance, 8318 le synap
junctions, A surface of separation between the tvfo protoplaswas is ap-
parent, but there is nio intermediate inert material, 8s t'he’ fyld classic
neuron theory maintained. In reg tion, “hodog acontact
with living substance, is necessary. The nervous clements may be
independent, but they are not isolated in the living orgaisia. ’I:h:are
must be a living contact between them and the surrounding Yiving
elements.

Ta the protoplasmic bands of Buengner, the veurofibrillae and their
plas fie imbedded in the protoplasm of the bands. That there
must be » surface of separation between the two protoplasms is
obvious, and the growing nesve fibers, even when imbedded in this
protoplasmic band, vetawn their physiological independence. But
even when the protoplasmic bands of B become vacuolated
when the myelin sheath is formed and the bands of Buengner change
into & myelinated nerve fiber (or into a number of such fibers), the
intra-protoplasmic position of the neurofibrillae remains obvious and
is elearly visible, especially in eross-sections, the culy kind giving
conclusive resuits. This segms to me to point to a composition of these
protoplasmic bands of sheath cell protoplasm and of neuroplasm from
the axons, just a5 could be deduced from the onigin of the bands, as
mentioned above. Is there a fusion of the two living substances? In
the nonmal moter end-plate the neuroplast of the motor nerve fiber
lus::s with the sarcoptasm of the sole plate, constituting a functional
unit. There 13 no separatiog membrane, not even a discernible inter-
face. A separate functional unit of the motor end-plate is formed in
dex’c)oprr}ent ufh:.r an carlie‘r syncytial stage of the nerve ends.
I-‘mm~ this syneytial stage arise the separate motor end-plates. The
lc_cll h}mfmgc of the a‘d.ult. elements is often by no means clear, In this
R e et e oy
barmony with tﬁis vie: pi mu‘ﬂ pmpan!y exhibt phenomena in
2 in which this hipher “frmetionat o cin

plays a move oo o1 . L i
ing » funeti ’ .
‘,'Z: E":ﬁt“\’ ST epea symeytial stage, is found,
¢ Crmmlgr?; rll:lu:‘Ie cross-stristed ciliary muscle of the bird's eye
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Two points still need to be considered here—(1) in view of the
syncytial stage in the development and regeneration of the terminal
nervous apparatus, the question of degeneration in a reticulate nerv-
ous structure, as, for instance, the sympathetic ground plexus, and
(2) the question of whether the cells of apparently mesenchymal ori-
gin in the muscle spindle, that form a guiding structure for the re-
generating nerve fibers, may be regarded as “Interstitial cells” or not.
In discussing these two points I may follow the discussion in my
book on Problems of Nervous Anatomy (Oxford, 1940).

1. In the sympathetic ground plexus, which is present throughout
the whole body, following the blood vessels and the muscle fibers,
running in the connective tissue, innervating the different glands,
the fat cells, cte., the existence of a real netlike structure of the neuro-
fibrillar apporatus is indubitable, quite apart from any artificial
aspects caused by the fixing agent. Even in sections in which the
thicker neurofibrillar strands are seen as nonvaricose smooth threads
running scemingly independently of one another (for instance, in the
coats covering the eyeball in tangential sections) closer examination
reveals exceedingly delicate anastomosing varicose fibers of this
ground plexus with astonishing clearness, which leaves no doubt
about their forming a real netlike structure. In methylene blue
preparations the same reticulate sympathetic nervous plexus is
plainly visible (Lecuwe). Histologically, @ reticular structure of the
sympathetic ground plexus seems to be beyond doubt. Now one may
ask whether the results of the degeneration experiments of Lawrent-
jew, Kolossow, and Schimert (1937, 1938), who found degenerating
nerve strands in the sympathetic plexus of the wall of blood vessels
after cutting some of the sympathetic nerves, do not (as they main-
tained) directly contradict the possibility of the existence of a netlike
structure of the ground plexus. On the basis of their experiments the
authors themselves positively deny the existence of a reticular sym-
pathetic plexus. But, first, in their drawings the droplets of the de-
generating axis cylinders are seen chiefly in the thicker nerve
bundles, where neurofibrillae may still be running separately, and,
second, what do we know of the conducting process of the nervous
stimulus and about the course of the degenerative process in and
through a reticular plexus in which the different neurofibrillar strands
are so obviously anastomosing with one another? We do not yet
know anything about the course of the degenerating process in t.hc
Joose reticular strands of the sympathetic ground plexus or about 1}5
course in the sensory ground net, which Stefanelli demonstrated in
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\lie connective tissue of the skin, or in the synfpa‘-he‘ic ’ret\mﬂ\xm of
Ceccherelli. Thus the results of the degencration experiments men-
fioned shave do not seem 1o give a conclusive auswer to the ques-
tion of the reticular structure of the ground plexus. l’:& still remains
for the Juture to study more accurately the degeneration and regen-
eration in a reticular nervous strycture. )

4. Arethe cells of apparently wesenchymal origin, {orming & con-
ducting system for the regenerating nerve fibers, to be regarded as
“interstitial cells” in the sense of Cajal, Lawrentjes, and Leeuwe?
1s there & connection possible between the terminal nerve fibers and

) ts of & hymal nature, especially in the case of the re-
generation of termiinal nerve fibers, in which a conducting structure
{or them is necessary? The connection of sympathetic nonmedul-
fated nerve fibers to elements of hymeal origin is an b
Iy difficult question to resolve. Goormaghtigh pointed out (1924) the
“close bonds of relationship which unite the ganglion cells of the
spinal ganglia, the Schwann.cells and the chromafiin cells in the
adrenal gland.” Are there sympathicoblasts there? Massen and
Berger showed (1923) that the some sort of relationship exists be-
tween the sheaths of the nonmedullated nerve plexuses and the inter-
stitial eells of the ovary and of the testicle, which are also of mesen~
chymal origin. The origin of the sympathicoblasts in general is still
by no means c'lear, am.i even at the present time an origin from

mal is maintained

 In the pancreas, van Campenbout (1925, 1927) has studied the
l;‘l:!malte‘ coutiections which ce\:min cells of the primary islands of
Th‘::'rm?n:' (Laguesse) make with the plexus of sympathetic nerves,

ations coneern only the satellite apparatus. In the carnea,

Nageot‘le and Guyon (1926) deseribed g npetrnsd, o8 L0 o
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other and being inclosed in the connective-tissue network. In several
cases the fine neurofibrillar thread was lying in a narcow groove of
the nuclear membrane, with  vavicosity at both ends of the nuclear
groove. This shows not only that the position of the neurofibrillar
strands is superficial, so that they “follow one border of the copnec-
tive-tissue cells,” as Nageotte described, but that they are really
intra-protoplasmic and intra-cellular. I never found thin neuro-
fbrifler strands in the counective tissue of the cornen lying free be-
tween the cells,

In the iris of mammals (monkeys), there exists such a close con-
neetion between the sympathetic nonmedullated nervous plexus and
the apparent connective-tissue cells that, cven as long ngo as 1005
and 1910, these connective-tissue cells were described as true inter-
stitial cells of Cajal (Muench, 1805; Schock, 1910; Wolfrum, 1831).
In the iris of monkeys and man we find the most interesting loose
conneetive tissue that I have ever seen. It contains, at least in the
so-galled “vasculer” layer, numerous blood vessels, the spaces be-
tween which are filled with such a Joose, spongelike connective tissue
that at first sight in ordinary preparations only the black or browa
branched chromatophores connected by thin spider-like fibroblasts
nre seen extending with long branches in an apparently fluid-filled
space. Only when the connective tissues are stained very earclully
do we see that this space is filled with very loosely artanged, wavy,
collngenous fibrillac. In this Joose connective tissue, nerve fibers run
everywhere, and even the thin nerve fibers are very loosely arranged.
They form not only a plexus but a real network, as can be recognized
beyond doubt in silver preparations and after staining with metbyl-
ene blue. This network of neurofibrillar strands is in such close con-
pection everywhere with the cells mentioned sbove that one can only
speak of & syncytial srrangement in which the nevrofibrillae run in-
side the protoplasm of the cells. This syneytinl arrangement 13 so
evident that, as I mentioned above, even as long ago as 1805 and
1910 all these cells were identified with the interstitial cells of Cajal,
and it was maintained that all the branched cells in this tissue were
of nervous origin and nothing but interstitial cells and that every
chromatophore was innervated by them. Expressed thus, this state-
ment is incorrect, but it contains a nucleus of truth, There is a c}ose
syncytial protoplasmic connection between the finest neurofibrillae
and the surrounding clements, as in the cornea deseribed above. In
1his way these el ts are to be regarded as true interstitial cells.
In corefully made preparations through an irs of 2 newborn ma-




NERVE REGENERATION 89

eaque, in which the chiromatophores are not yet b"j\s‘ ";;‘ts?::z &:;;
greenishbrown transparent color, it was even posst del' ! .
the chromatophores are innervated by the same delicale neur
gbrillae, However, not every branched cell of 't!\e eonnective-tissue
sroma of the iris can he considered an interstitial cell. .

We find in the itis true ganglion cells, with large, round. nuclei an_d
numerous Nissh bodies in their protoplasm These ganglion cells lie
in groups in the loose connective tissue and are colmect.ed Wlﬂl' the
nervous strands. In sitver preparations and in preparations stained
with methylene biue we find swall toultipolar cells with a network
of fbrillae inside their protoplasm in connection with the newro~
Sbrillar strands of the nervous network mentioned above. They lie
in 1 syncytial arrangement and in distinct protoplasmic connection
with the branched cells of the connective tissue of the stroma of the
iris. Leeuwe (1937) was able to demonstrate that Niss bodies are
present in their cytoplast, which thus proves their nervous nature.
These elemnents are true interstitial cells of Cajal. Here in the loose
connective tissue of the iris they ean be studied with the utmost ac-
curacy, and they appear as small ganglion cells forming a syneytium,
connected and enastomosing everywhere with the cells of connee-
tive-tissue origin mentioned above.

Whether one may speak here of sn “inbervation of the connective
tissue cells” as Nageotie puts it for the elements of the cornes, i
difficult to say, but in my opinion it demonstrates the peculiar char-
acter of these interstitial cells as intermediate elements of a nervous
nature in protoplasmic connection with elements of a true conpee-
tive-tissue origin and character. They innervate the muscle elements
of the iris, and, together with the sympathetic plextts in which they
tie, they must be assumed to be efferent in nature,

But are they of nervous orgin? They contain true neurofibrillag
and are in syncytial connection with true mesenchymal elements, Is

it not possible that they are of true mesenchymal origin but trans-
ftonn:(‘irinlu (inlcrslitin\ intermediate element
ermedinte, funthion? We may reler ta the fate of mesect i
devclupment. to the sympathicoblasts, ta the tmns(omfa\t'\z:e:inc::
dothelind cells into histiocytes, of fikrablasts into smooth mustle
celis and even into fat cells—in shatt, to the widespread capacit;
of the t!crrfcnh of the organism to transform, In the expert . k:l
embiryological field we know of the for Y o b

" i <
epithelium, of n true lens out of the bminmg of & lens from the iris

elements, of mesench;
renal fubes, ete., out of ectodermal efements, in short, every“)";lx::

ts of a nervous, but in.
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we see the possibility of transformation, in order to maiutain the
harmony of the body, of the different parts of the organism. Why not
in the case of the interstitial elements?

Here I must ask forgiveness for going too far into purely histologi-
cal details and problems, but it was necessary in order to procure &
sound basis for the discussion of the problem of the role played by
what appear to be connective-tissue cells in the lymphatic space sur-
rounding the thin muscle fibers of the muscle spindle, which elements
played such a prominent part in conducting the regenerating nervous
strands to their goal, the innervation of the muscle elements of the
spindle. There, too, the regenerating nerve fibers are inclosed in the
protoplasm of conducting elements, true stellate, anastomosing cells
of mesenchymal nature and behavior, anastomosing with true con-
nective-tissue cells. This is 2 fact, not a meve pretention. Cajal speaks
in such a case of “symbiosis,” but in my opinion this is merely &
play upon words; as I have already said, the neuroplasm surround-
ing the neurofibrillar strands lying in the protoplasm of the conduct-
ing cell is and remains different from the cytoplasm of the conducting
cell, but it is a connection of living materisl, of living substance,
without a separating membrane or, even less so, inert material be-
tween the two individual elements; and there must be an integrative
action between them, be it of a nutritive character or exciting or regu-
lating—in short, an integrative action as we see it in the whole har-
monious organism, and especially in the nervous system.

Seen in this light, the problem of the co-operation of the different
elements in the regeneration, as in the development, of the nervous
system, the problem of the interstitial cells as an intermediate struc-
ture and the problem of the conducting elements, be they of neuro-
genic or of mesenchymal origin, is one of the focal problems of Fhe
process of nervous regeneration. It lies at the base of our conception
of regeneration as one of the harmonious processes to maintain the
homoeostasiz of the living organism. When we regard the nervous
system as an isolated system, according to the neuron theory in its
classic form, we are on the wrong track.

Perhaps I mey be allowed to finish this short article, meant only
to express my sincere thanks for the excellent discussion we enjoyed
so much during the conference in Chicago, with a reference to what 1

tThe problems under discussion hore are treated more elsborately in my paper on the
synaphology, ete., of the sympathetic end-formation 1n Acta analomica (Basel), VAII (1948),
18-61.
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said some years ago: Histology, tsptﬁia‘{Y inthe 3‘“d¥ o.f ?,iryiusttbe;
generation, Is interesting only when it gives begter insight into
function of the tissue or clements under discussion. T{’ioms i{“_seld
s s oy despied b naw s e el
to lead to an uncompromising attitude which kills progress, This is
the gase with the classical neuron theary. The words of Claude Ber-
pard may well be quoted here: “J} faut chercher 4 biser les' entraves
des systémey philosophiques et scientifiques, comme on briserait Jes
chalnes d'un esclavage intellectuel.”” This progressive outlook does
not, of courst, in any way detract from the historical value of such
theories or from the genius of those who formulated hem. The ques-
tion of the regeneration of the nervous system has to be studied mor-
Phologically and physiclogically, but in this study it is dangerous to
begin with the dlassical neuron theory as its unshaksble basis, for this
would lead us further and further away from the ascertained fscts
and hamper u3 in every respect, both histologically and physiologi-
cally. It is always dangerous to label a scientist as “neuronist™ or as
"antineuronist” or “‘reticularist.” We have simply to try to under-
stand rightly the complicated structure of the nervous system, its
plasticity and, on the other hand, its conservativeness and its integra-
tive action. We donot need to adhere to obsolete conceptions and for-
mulue of the last century., We need to form new paths, to nchievenew
outlocks, {0 admit that the structure of the body is far more com-
plicated than the older s¢ientists thought it to be. But in this we
st not be smpeded and shstructed by obsolete formulae, however
impartant they may have been for the advancement of sclence in
the past and however important they remain. We have 1o search
for & new basis or more modern structure than the old elassicat
neuron theory. Ag Cajal himself said m his last paper (1938): “We
st meves forget that our knowledge of the nervous system fs still
very m(:nmpk-!e snd that the leading thought of the histolagist must
be & wise skepticism. A sclence which acquired its methods only
forty years ago cnnot stready possess the key for the understand-

ing of it i Ly
mgn c."‘ s strueture, which will be the greatest problem for years o




THE DETERMINATION OF THE SPECIFIC
CHARACTERISTICS OF NERVE
FIBERS

J. Z. YOUNG
Department of Anatomy, University College, London

EVIDEN CE that rerve fibess possess specific differences hos been
accumulating for a long titne and was repeatedly mentioned dur-
ing the Chicago symposium. No attempt will be made here to survey
these differences exhaustively, but it may be useful to list some of
them and to consider the evidence available about the factors that
have led to the establishment and maintenance of the differences.

The distinctions known to exist between nerve fibers of any one
individual may be eclassified roughly as (1) structural differences,
which include differences in diameter, presence or absence of a
myelin sheath, and variations in its thickness and variations in inter-
node length, and (2) chemical differences: there are known to be
marked differences between nerves in the content of acetylcholine
and cholinesterases and of adrenalin and simifar substances. In addi-
tion, there are almost certainly many other specific chemical char-
acteristies of particular fiber types; for example, therc is something in
both sympathetic and sensory nerve fibers that makes it impossible
for them to cstablish connection with motor end-plates of somatic
wmuscle (Simpsor and Young, 1945; Gutmann, 1945; Weiss and
Edds, 1945).

A certain amount of information is available about the deter-
mination of these differences between nerve fibers during develop-
ment, as the originally similar neuroblasts come to acquire their adult
differences; but we shall consider herc the means by which these dif-
ferences are maintained and reproduced during adult life and
throughout the process of nerve regeneration. The fact that in the
adult 2 newly outgrowing nerve fiber is attached to an already dif-
ferentiated neuron provides us with the possibility of invcstig:fting
the nature of the influences that extend over the cell, causing recipro-
cal effects between the cell bo&{y and its newly formed regencrative
process. The specific ?)mrnctcnstics of each nerve fiber scem to de-
pendon s complex of infl some ting from the cell body,

92
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others from the end-organ or other nerve cell \'vith which the tip of
the axon is in contact, The problem of the maintenance of the spe-
cific characteristics of the nerve fiber, therefore, involves the whole
question of the nature of the “trophic influences” that proceed along
{he nerve cell in hath directions (Young, 1046¢). . .

It is not possible here to survey all the known mf‘urmutmn'aboui
the effects that one part of a nerve cell exercises on distant regions of
the same cell. The propagation of the action potential is the specific
means by which the adult nerve cell discharges its special function of
conduction, but it may very well be that this spread of activity also
plays a large part in allowing interaction between the metabolism of
distant parts of the cell. Indeed, it is not jmprobable that the dis-
charge which we know as the nerve action potential is the special de-
velop of a ph to the surfaces of all cells and
1hot it is responsible for the maint of the integrity of eells as
complex specific action systems that arve in some sense discrete {rom
theit environment, It may be, that is to say, that the action potential
has “trophic” effects which are characteristic of cells in general.

We must he carcful, however, about ascribing “trophic main-
tenance” to the conduction of nerve impulses in the usual directions.
Afferent netve fibers severed {rom their end-organ probably deckine

in diameter (sce Iater), thus showing some effect of the absence of

their normat load of {mpulses, but they certainly do not show the
signs of Wallorian dawncnmstton £ 0 o ]

afletent n * . .
in connect " e pranpurly soon ceases to be able to conducet.
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Department of Anatamy, Unirersity College, London

EVIDEN CE that nerve fibers possess specific differences has been
accumulating for a long time and was repeatedly mentioned dur-
ing the Chicago symposium. No attempt will be made here to survey
these differences exhaustively, but it may be useful to list some of
them and te consider the evidence available about the factors that
have led to the establishment and maintenance of the differences.

The distinctions known to exist between nerve fibers of any one
individual may be classified roughly as (1) structural differences,
which include differences in diameter, presence or absence of a
myelin sheath, and variations in its thickness and varintions in inter-
node length, and (2) chemical differences: there are known to be
marked differences between nerves in the content of acetylcholine
and cholinesterases and of adrenalin and similar substances. In addi-
tion, there are almost certainly many other specific chemical char-
ncteristics of particular fiber types; for example, there is something in
both sympathetic and sensory nerve fibers that makes it impossible
for them to establish connection with motor end-plates of somatic
musele (Simpson and Young, 1945; Gutmann, 1945; Weiss and
Edds, 1945).

A certain amount of information is available about the deter-
mination of these differences between nerve fibers during develop-
ment, as the originally similar neuroblasts come to nequire their adult
differences; but we shall consider here the means by which these dif-
ferences are maintained and reproduced during adult life and
throughout the process of nerve regeneration. The fact that in the
adult 2 newly outgrowing nerve fiber is attached to an already C}if—
ferentiated neuron provides us with the possibility of investigating
the nature of the influences that extend over the cell, causing rccipfo-
cal effects between the cell body and its newly formed regenerative
ss. The speeific characteristics of each nerve fiber scem to de-
on & complex of influences, some emanating from the cell body,
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others from the end-organ or other nerve cell \f:ith which the tip of
the axon is in contect. The problem of the maintenance of the spe-
cific characteristics of the nerve fiber, therefore, involves the whole
question of the nature of the “trophic influences” that proceed along
the nerve cell in both directions (Young, 1946a). . .

1t is not possible here to survey all the known mf‘ormahon.abnut
the effects that one part of a nerve cell exercises on distant regions of
the same cell. The propagation of the action potential is the specifie
means by which the adult nerve celt discharges its special function of
conduetion, but it may very well be that this spread of activity slsa
plays a farge part in allowing interaction between the metabolist of
distant parts of the cell. Indeed, it is not improbable that the dis-
charge which we know as the nerve action potential is the special de-

lop of apd to the surfaces of all cells and
that it is respousible for the maintenance of the integrity of cells as
complex specific action systerns that are in some sense discrete from
their environment. It may be, that is ta say, that the action potential
has “trophic” effects which are characteristic of cells in general.

We must be cateful, however, about ascribing “traphic main-
tenance” ta the conduction of nerve impulses in the usual directions.
{\ﬁ‘mnt nerve fibers severed from their end-organ probably decline
in diameter (see later), thus showing some effect of 1he absence of
u.mir normal load of impulses, but they certainly do not show the
signg of Walarian daeceare 0 ~ .
afferent ner - .
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EVIDEN CE that nerve fibers possess specific differences has been
accumulating for a long time and was repeatedly mentioned dur-
ing the Chieago symposium. No attempt will be made here to survey
these differences eshaustively, but it may be useful to Jist some of
them and to consider the evidence available about the factors thst
have led to the establishment and maintenance of the differences.

The distinctions known to exist between nerve fibers of any one
individual may be classified roughly as (1) structural differences,
which include differences in diameter, presence or absence of &
myelin sheath, and variations in its thickness and variations in intet-
rode length, and (2) chemical differences: there are known to be
marked differences between nerves in the content of acetylcholine
and cholinesterases and of adrenalin and similar substances. In addi-
tion, there are almost certainly many other specific chemical char-
acteristics of particular fiber types; for example, there is something in
both sympathetic and sensory nerve fibers that makes it impossible
for them to establish connection with motor end-plates of somatic
muscle (Simpson and Young, 1945; Gutmann, 1945; Weiss and
Edds, 1945).

A certain amount of information is available about the deter-
mination of these differences between nerve fibers during develop
ment, as the originally similar neuroblasts come to acquire their adult
differences; but we shall consider here the means by which these dif-
ferences are maintained and reproduced during adult life and
throughout the process of nerve regeneration. The fact that in the
adult a newly outgrowing nerve fiber is attached to an already dif-
ferentinted neuron provides us with the possibility of investigating
the nature of the influences that extend over the cell, causing recipro-
cal effects between the cell body and its newly formed regenerative
process. The specific characteristics of each nerve fiber scem to de-
pend on & complex of influences, some emanating from the cell body,
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others fram the end-argan or other nerve eell with which the tip of
the axon fs in contact, The problem of the maintenance of the spe-
cific charscteristies of the nerve fiber, Aherefore, involves the whole
guestion of the nature of the “trophic influenves” that proceed along
the nerve cell in both directions (Young, 1046a).

Tt is not povsible here to survey all the knowa information about
the effects that one part of 3 nerve cell exercises on distant regions of
the same cell. The propagation of the action potential is the specific
meana by which the adult nerve cell discharges its special function of
conduction, but it may very well be that this spread of activity also
plays a large part in allowing interaction between the metabolism of
distant parts of the cell. Indeed, it is not improbable that the dis-
charge which we know as the nerve action potential is the special de-

lop of & ph to the surfaces of alt cells and
that it s responsible for the maint of the integrity of cells as
complex specific setion systems that are in some sense diserete from
their erviranment. It may be, that is to say, that the action potential
has "tophic” effects which are characteristic of cells in general.

We must be eareful, however, about aseribing “trophic main-
tenance” to the conduction of nerve impulses in the usual direetions.
;:ﬂ(;::c:wn‘e fibers severed from ’thcir end-organ probably decline
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VIDENCE that nerve fibers possess specific differences has been
accumulating for a long time and was repeatedly mentioned dur-
ing the Chicago symposium. No attempt will be made here to survey
these differences exhaustively, but it may be useful to list some of
them and to consider the evidence available about the factors that
have led to the establishment and maintenance of the differences.
The distinctions known to exist between nerve fibers of any one
individual may be classificd roughly as (1) structural differences,
which include differences in dismeter, presence or absence of 8
myelin sheath, and varintions in its thickness and variations in inter-
node length, and (2) chemical differences: there are known to be
marked differences between nerves in the content of acetylcholine
and cholinesterases and of adrenalin and similar substances, In addi-
tion, there are almost certainly many other specific chemical cha.r-
acteristics of particular fiber types; for example, there is somethingio
both sympathetic and sensory nerve fibers that makes it impossible
for them to establish connection with motor end-plates of somatic
muscle (Simpson and Young, 1945; Gutmann, 1945; Weiss and
Edds, 1945).

A certain amount of information is available about the deter-
mination of these differences between nerve fibers during develop
ment, as the originally similar neuroblasts come to acquire their adlfu
differences; but we shall consider here the means by which these dif-
ferences are maintained and reproduced during adult ]l'ftf and
throughout the process of nerve regeneration. The fact that in ﬂ.xe
adult a newly outgrowing nerve fiber is attached to an nlrenfl"{l )
ferentiated neuron provides us with the possibility of investigating
the nature of the influences that extend over the cell, causing FeciPro
cal effects between the cell body and its newly formed regenerati™e
process. The specific characteristics of each nerve fiber scem to de-
pend on a complex of influences, some emanating from the cell body:
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{thers from the end-organ or other nerve ceil Y'ﬁﬂl which the tip of
he axon is in contact. The problem of the maintenance of the spe-
$fie charactesistios af the nerve Bber, therefore',’ involves the W%“’k
juestion of the nature of the “trophic influences” that proceed along
he nerve cell in both directions (Young, 1846a). .

1t is not possible here to survey all the known mforma.hon.abou(
e efferts that one part of 4 nerve cell exercises on distant vegions of
he same cell. The propagation of the action potential is the sp'ccxﬁc
neans by which the adult nerve celt discharges its special iunfhon of
cnduction, but it may very well be that this spread of activity also
fays a Jarge part in allowing interaction between the metabolism of
fistant parts of the cell. Indeed, it is not improbable that the dis-
harge which we know as the nerve action potential is the special de-
‘elapment of & phenomenon comman to the surfaces of all cells and
hat it is respansible for the maintenance of the integrity of cells as
omplex xpecific netion systems that are in some sense discrete from
heit enviconment, Tt may be, that is to say, that the action potential
as “trophic” effects which are characteristic of cells in general.

We ntust be careful, however, about aseribing “trophic main-
eranee’ to the conduction of nerve impulses in the usual directions,
esent nerve fibers sovered from their end-organ probably decline
r qiamctcr {see fater), thus showing some effect of the absence of
{mr aarms! load of fmpulses, but they certainly do not show the
igns of Wallerian degeneration. On the other hand, o portion of an
Terent nerve fiber separated from its nerve-cell bady but remaining
1 eanneetion with the periphery soon ceases to be able to conduct,
’nﬁu‘n.uhoul three days (in a 1 it will be und ing frag-
St by ik e e
*r;mga'{d o oot :& § aintained is not mediated only by the

1 secking to understand this trapkic influence, we naturally Yook

g frkes st e o i o e o
- ngth of 8 nerve fiber Stress has often been laid on the
o1y great dispsoportion between th

e length and the breadth
bc.r. It has heen argued that it would take an !-v“'“-'ia’ -t 'Of th"
ftimefapecr 2, . .
v by diffy. v ’ ’ '
bout 15 - . :

. T ear B upward of .3
mlﬂ}rr fibers the dispropastion is ﬂi%l m““a:x eter _lon-g iin the
Ontidanat ta o 0r 0, § '
daee t HEPIRTTT v



THE DETERMINATION OF THE SPECIFIC
CHARACTERISTICS OF NERVE
FIBERS

J. Z. YOUNG
Department of Anatamy, Unitersity College, London

EVIDENCE that nerve fibers possess specific differences has becn
accumulating for a Jong time and was repeatedly mentioned dur-
ing the Chicago symposium. No attempt will be made here to survey
these differences exhaustively, but it may be useful to list some of
them and to consider the evidence available about the factors that
have led to the establisl t and maint of the differences.

The distinctions known to exist between nerve fibers of any one
individual may be classified roughly as (1) structural differencts,
which include differences in dinmeter, presence or absence of a
myelin sheath, and variations in its thickness and variations in inter-
node length, and (2) chemical diffcrences: there are known to be
marked differences between nerves in the content of acetyleholine
and cholinesterases and of adrenalin and similar substances. In addi-
tion, there arc almost certainly many other specific chemical char-
acteristics of particular fiber types; for example, there is somethingin
both sympathetic and sensory nerve fibers that makes it impossih!e
for them to establish connection with motor end-plates of somatic
muscle (Simpson and Young, 1945; Gutmann, 1945; Weiss and
Edds, 1945).

A certain amount of information is available about the deter-
mination of these differences between nerve fibers during develop-
ment, as the originally similar neuroblasts come to acquire their lldl{"
differences; but we shall consider here the means by which these dif-
ferences are maintained and reproduced during adult life and
throughout the process of nerve regeneration. The fact that in ﬂ.le
adult n newly outgrowing nerve fiber is attached to an alrendy (.M-
ferentiated neuron provides us with the possibility of invcstig:flmg
the nature of the influences that extend over the cell, causing recipro*
cal effects between the eell body and its newly formed regeneralive
process. The specific characteristics of each nerve fiber scem to de-
pend on a complex of influences, some emanating from the cell body»
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some Yiguid propertics; many of the elassfcal properties of ne]rve ﬁi);;
can be shosn to be those that Woul_d be expected of s very cmcgﬁ Y
colurnn of viscous fiquid, inclosed in 2 wall that resxfls .stret , hus
come elasticity, and is permesble to some of the hqmd‘ c<zn~tenlsi
Thus the inci of Schmidt-1 : have a periodicity of
shaut twica the diameter of the fibers, which suggests that the.y are
due 1o the tendency of a Nguid cylinder to break inte o series of
stable ovoids. The nodes of Ranvier show a minimum periodicity ?f
about 300-250 2 in & variety of animals, suggesting that the myelin
adopts the figure of a very elongated droplet.

BETERMINATION OF THE DIAMETER OF NERVE FIBERS

The diferences in diameter provide perhaps the most obvious of
all the specific characteristics of nerve fibers. In mamials the differ-
ence in ston diameter betsween the largest and the smallest fiber is
nearly twenty times; together with the sssociated differences in
myelination, this produces o difference 1m conduction velocity of
about one hundred times. It is still uncertain to what extent these
difterences are of lunctional sipnificance, but we are now beginning to

uadentand the factors that produce them. The whole problem can
besettted only by *ho et 0 0 I

nsthace of Weiss, 1- .- . A
ies of nerve regene: .
Ly showing the Bmes uf e extent to which differenc

es of perve-cell
xize controd sxon 4 and thus

; izing \be importance of
the peripherat influences neting upward slong the nerve.

}\’hen neeve fibers grow out from o severed serve stomp, across &
oint of unton, and down inta a peripheral stump, they are very
smaff at first, 1 p in dinmeter or less. Whether they subsequently he-
cotne large depend on two factors: (1) the size and nature of the cell
body from wiuch they originate and (2} whether they make sppropri-
ste conlacts with & peripheral end-organ.

The effect of the celt body is well shown in experiments in which
n:rvn are made {0 grow into unusual channels (see Simpson and
Young, 1915}, Thus the nonmedutlated postgangliomie fibers of the
meentenc nerves of the rabbit can be dioeted fgho the serintos 1
stump ol a cut imvemn 1 0, B !
3arge neuriley o . T '
but nspite s wee . . .

et e hey will not grow large
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tive evidence sbout the physical condition of the axoplasm, hut it
certainly can behave like a lquid. Thus Causey and Palmer (1019)
have recently shown that mereury or air pressures above 100 mm. Hy
applied round a nerve produce reversible displacement of the axo-
plasm from the region compressed. Moreover, they found evidence of
a slight tendency for the material to be moved distally toward the
periphery rather than upward toward the nerve-cell body. Hodgkin
and Katz (1849) have shown that squid axoplusm behaves as a gel
but that its viscosity falls greatly when in contact with calcium fons,
It may be that during life there are considernble Buctuations in
viscosity; certainly, axoplasm shows some gel properties and can
also, in life, behave like n liquid. For example, the axoplasm of the
giant nerve fibers of the polychaete worm 3fyzicola is so viscous that
it is difficult to insert a needle into it. Yet cvery time that the wom
contracts, the axoplasm changes from o cylinder about 500 4 in di-
ameter and 10 em. long to a conical figure reaching 1500 x in diameter
and as little as 4 em. in length (Nicol and Young, 1946; Nicol, 1948).
It needs no further evidence to show that the axoplasm presents some
fluid properties.

The experiments of Weiss (1943) and of Weiss and Hiscoe (1948) in
which the axoplasm becomes dammed up behind o constricted region
suggest that some transport along the nerve fiber occurs during life,
proceeding away from the cell body toward the periphery. We do not
know what forees produce these movements, but there is evidence
from the observations of Speidel in the tadpole’s tail and of Lewis
and others in tissue culture that the living nerve fiber is far from
being the inert, motionless structure that we imagine from fixed preps
arations. Granules can be seen moving for considerable distances
these living nerves, and they strongly support the suggestion that the
nerve fiber has liquid properties and shows longitudinal movements.

Tt is too early yet to be dogmatic about the connection be!we.cn
these phenomena and the normal processes that maintain the in-
tegrity and specificity of the nerve fibers. However, it is suggestive
that the process of nerve degencration begins by & segmentation of
the fiber, first into very long ovoids, then into shorter and shorter
segments, by a series of changes that strongly resemble the break-
: V.M TTes T under surface tension. T have already

v+ 't s possibility that the “trophic influ-
ence,” whictt m normue hie maintains the integrity of the fiber, acls
by somechow resisting this tendency of surface tension to produce
segmentation. We have seen that the substance of the fiber shows
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Yarge tersoinal bulbs, e\'u\{ nm?ing the cells of the cortex, where nor-
o ve fibers are found. .

m:g?; ::;2\:5“‘5 suggest that the fiia.mv:.ter of a regenerating nerve
Sher depends on the specific properties of its parent-nerve cell. Fur-
ther wotk has shown, however, that this influence of the cell can
becarae fully manifest only if the new perve fiber also malkes contact
with an sppropriste periphery. Thus Weiss and Taylor (18 4{) made
regenerating fibers divide into two streams, only one of which was
aliowed to reach the periphery; this latter stream came to contain
larger fibers than did the former. The same effect was shown by an
entirely different method by Sanders and Young {1945 and 1946) and
Aitken, Sharman, and Young {1847), By crushing with forgms, they
intermntad Hia Bhang Af sTo —onter = C .

cua-organs 4852, 5. Lhe tibers that were sble to seach the periphery
matured rapidly and, after 100 days of regeneration, had already
begun {o show the bimodally distributed fiber spectrum that is char-
acteristic of many muscle nerves. On the opposite side, however, the
fibers that were made to end blindly remained small and showed a
unimodat fiber size distribution. Weiss, Edds, and Cavanaugh (1945)
alio showed that fibers unable {o connect with their end-organs re-
main small.

The periphery therefore exercises an important influence on the
newly formed nerve fiber during regeneration and probably alse
during normal development, but the means by which the effect is
produced remains completely obscure,

The periphery 2ets upou alseady formed, as well as upon newly
regenerated, nerve fibers. Thete is o considerable amount of seat-
tered evidence that fibers snd cells disconnected from their periph-
¢ry become small and perhaps ultimately undergo atrophy and dis-
#ppear altogether In our experiments we have seen very marked
#ens ol §’ms shrinkage of fibers in the central stummp of a nerve that
hat foat its canneetion with the end-argan (Fig. 1). The effect is ye-
\'tr\('\y\c. n'nl! i such disconnected nerves are later again allowed con-
:‘lf‘:ln?it‘\c:\\h wuscle fibers, then the Abers will retumn to their normal

Treten F0r

DETERMINATION OF CF11 svar
P .
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are already so differentiated that they are unable to produce the
growth in diameter or to medullate.

Conversely, when the large medullated somatic fibers of an inter-
costal nerve are made to grow into the narrow tubes of the degener-
ated mesenteric nerve, they increase in diameter to some extent and
become medullated. But the diameter of the fibers so produced is
much less than that produted by the same fibers regencrating into
their own peripheral stump. Evans (1947) has produced another
clear example of the same sort by making somatic nerve fibers grow
into the adrenal gland, where they produce large fibers and curious
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large terminal bulbs, even among the cells of the cortex, where nor-
rally no nerve fibers are found. ;

Such experiments suggest that the diameter of a regenerating nerve
fiber depends on the specifie properties of its parent-nerve cefl. Fur-
ther work bas shown, however, that this influence of the cell can
‘became fully manifest ooly i the pew nerve fiber also makes contact
with au appropriate periphery. Thus Weiss and Taylor (1943) made
regenerating Shers diside into two streams, only one of which was
alfowed to reach the peripherys this falter stream came to contain
larger fbers than did the former. The same effect was shown by an
eatirely different method by Sanders and Young (1945 and 1946) and
Aitkes, Sharman, end Young (1947). By crushing with forceps, they
interrupted the fibers of the gastrocnemius nerve, on both sides of
the body in rabbits; and on one side they interrupted the nerve again
lower down, so that the outgrowing fibers were unable to reach their
end-otgans (Fig. 1). The fibers that were able to reach the periphery
matared rapidly and, after Y00 days of regeneration, had already
began to show the bimodally distributed fiber spectrum that is ehar.
aeteristic of many musele nerves. On the opposite side, however, the
ﬁb?:s that were made to end blindly remained small and showed a
unimodal fiber size distribution. Welss, Edds, and Cavanaugh (1945)
a.h'? showed that fibers unable to connect with their end-organs re~
main small,

The periphery therefore ises 20 imp infl on the
:;:: formed merve £ber during regeneration and prabably also

g hormal 'de\‘e!opment, but the means by which the effect is
P\‘O’g!mi m;mms completely chseure.

e periphery acts upon already formed, as
tegenerated, nerve fhers, There x; a mmidemg:i;fo:nps:f::{_
tered evidece that, fibers and cells discopnected from their periph-
ey become small and perhaps ultimately undergo atrophy and dis
2ppear altogether. In our experiments we have see ey \
sizns of this shrinkage of fibers in the central stm;; “i"ﬁy Parked
Bas lost its connection with th P of & nerve that

Lo 1 with the end-organ (Fig. 1). The effect
versible; and if such disconnected nerves are lat i g
er 222in allowed con-

nection with musel
diameters. usle fibers, then the fbers will return to their normal

DETERMINATION OF CELY,
Inspiteol thazea . oo g sm:- i
contact, there '+ + ee wy . oL, L '
portant elemer

4 L sut of the a%on produced fo r'egex;-
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eration, and hence the conduction velocity. We cannot here des}
with this large question fully (sce Piatt, 1948), but certain hints ean
be obtained from a study of the speeific size differences between
fibers. Since the work of Sherrington (1894) and Eccles and Sherring-
ton (1930) it has been known that in many nerves to muscles the
fibers are bimodally distributed with respect to diameter, there being
peak numbers at about 8 and 15 & of diameter (in good oswium- or
Flemming-fixed preparations) and but few fibers of about 104
Moreover, by cutting dorsal and ventral roots independently, these
authors showed that beth the large and the small fiber groups con-
tain both afferent and efferent nerve fibers. However, some nerves to
muscles show only a single peak, and Fernand and Young (1950)
have recently shown that these nerves all innervate muscles outside
the limbs, usually carrying little or no weight and exerting little ten
sion. For example, the infra-hyoid muscles, facial muscles, and dia-
phragm are alf innervated in the rabbit by these unimodal nerves,
and Wi#ggquist has shown the snme for the nerve io the levator ani
muscle of the eat.

A striking fact is that the modal fiber size in these cases is not that
of either of the peaks found in the nerves for the muscles of the limb
but is usunlly at about 10 g, o diameter hardly represented in the
}imb nerves. Moreover, it is characteristic that nearly all the fibers lie
close to this modal diameter; there are no large and few or no small
fibers in the nerves. We have not established that the distribution
of these fiber sizes follows strictly a Gaussian curve, but it cearly
approaches mueh more closely to this distribution than do the fibers
of the muscle nerves to the limbs. It scems likely, therefore, that in
these nerves we have s single population of fibers, with a single fune-
tion, coming under o common set of determining influences, whereas
in the bimodal nerves four or more sets of fibers are present.

This hypothesis agrees with the fact that the museles innervated
by nerves with a unimodal fiber size distribution contain few or no
muscle spindles. They are muscles that act either with gravity or at
Jeast not ngainst it, and they have ro necd for the elaborate arsange-
ment by which the muscles of the limbs adjust their tension to cor-
respond with the weight they are called upon to bear.

The fact that the nerves in question contain no afferent fibers hos
been confirmed in the case of the recurrent laryngeal nerve by Evans
(1050). After the vagus nerve of the rabbit central to the nodose
ganglion has been severed, all the fibers of the branch of the recurrent
B 4t sntare the Inreny deconorate Thore 1 of course. the
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possibility that proprioceptor fbers leave the IS;ynfn Zia;wt‘i;; :ﬁfilshv.
ways, but at Jeast there arenonein the recurren arz "5 s

typleal “unimodal”” nerve, with a peak diameter at 10 p. v of

1t seems, therefore, that these unimodal nerves copsist only ©

somatic motor nerve fibers. It may well he that there is a connection
between the absence of proprioceptors and.the fact that the lﬂr{-:!cSh
Ghess in the nerves are much smaller than in the nerves of the limb
muscles. Though there is little decisive evidence x\bou_t the i:actors
Ahat control cell size, it is likely that the amount of stlmu!a?wn Te-
ceived by the cell is at least an important influence. Detwiler has
chown that centers differentiate when afferent fbers enter }hcm, and
it ruay well be that the growth of every perve cell is greatly influenced
by the amaunt of stimulation it receives. The cells of the motor
neuton pools of these muscles that have few proprioceptors pre-
sumahly receive less stimulation than those that innervate muscles
of the Timbs; hence they reach only a lesser dlameter. 1 this is 50, it
suggests that gerhaps the smaller differences in diameter and hence
conduetion velocity are not all of functional significance.

"This brief account cannot deal with sll the factors that have been
suggested as influential in controlling nerve-fiber diameter, but men-
tion must be made of certain suggestions that have been put forward,
notably that nerve-fiber size is controlled by the number of muscle
fibers ar weight of muscle tissue innervated. This is definitely not
true for muscles of the rabbit; for le, a nerve to 1
branosus in the rabbit was found to contain 1,117 fibers, and the
muscle wesghed 14 3 gm., whereos the nerve to tensor fasciae cruris
contained 900 fibers but the muscles weighed only 8.15 gm.; yet the
ﬁbe}- diameters are similar in the two nerves, The sternothyroid and
un interosseous muscle of the hind lmb each cootains about 3,000
;mmle fibers, and their nerves. have about 140 nesve fbers, yet the
;:\;ge,;;nmc fibers reach 18 4 in the former but only 12 1 in the lat-

e eye muscles also show that the size of the motor unit (inner-

vation ratio) is not an important determinant of werve-fiber diam-
eter. These small muscles have 5 very large number of nerve fibers,
hu} the tatter are as large as those of the limb nerves and not small, a;
mtimsl be expected smce they control a small number of mus’cle

on'lmfi ;nen'l of the peripherat field is therefore certainly not the

m:“) nmcc&r::ai\:; of nerve—éiber size and perve-gell size, but it is
as some effect, v ) i

Suencss duriog e The very fact of the peripheral in-

n show this, and experiments such as
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those of Terni (1920) on the lizard’s tail show that nerve cells may
become unduly large if they come to innervate an extended fild
(also Edds, 1949). Moreover, in the central nervous system there is
some evidence that, other things being equal, the longer nerve fibers
become the larger (Schimert, 1941); and this may be true also of
peripheral fibers (Sanders and Young, 1945). In the limbs, however,
the nerve fibers to the more distal segments are smaler than those to
the proximal ones, because the late time of differentiation overrides
the positive effect of length, and perbaps there is & conieal tapering of
the fibers.

In 1901 Hay showed that the nerve to the soleus muscle of therab-
bit, which is composed of red musele fibers, contains smaller nerve
fibers than does the nerve for the near-by gastrocnemius, which is
composed of white muscle fbers. It has since often been held that
red muscle fibers, having a “tonic” rather than a “phasic” action,
are controlled by relatively small nerve fibers. Examination of the
nerves of other red museles in the rabbit shows that this is a mistake.
The nerve fibers to semitendinosus and quadratus femoris, for ex-
ample, are much larger than those for soleus and, indeed, are as farge
as those for neighboring white-fibered muscles. The nerve to soleus
is & special ease, and its fibers are small, probably for the special rea-
son that they come from the most caudal regions of the spinal cord.
The nerves to the interosscous pedis muscles also contain smaller
fibers than do other limb nerves, and they again arise from the caudal
end of the cord and perhaps also taper somewhat on their long coutse
to the periphery. It is a general rule that the fibers to proximal
museles are slightly larger than those for more distal ones in a limb.

Various minor influences are therefore at work controlling the
diameter of the cells and the nerve fibers, but the major influcnce
seems to be the degree of stimulation received by the dendrites.

DETERMINATION OF INTERNODE LENGTH

Ancther characteristic that varies in different nerve fhers is the
distance between the nodes. Since the time of Ranvier it has bf‘{ﬂ
known that this distance is greater in the larger fibers. However, it 15
novw known thet internode length is not 2 specific characteristic of
each fiber type and is not even strictly correlated with diameter. The
fength between the nedes is determined by the amount th-nl the
stretch of nerve in question increnses in Jength after the time fxl
medutlation, All internodes have the same length when first laid
Jdown. ahout 230 g, and the correlation with diameter that is found
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; i due to the fact that in these cases the fibers that
$g$;yel§emme the lsxgest medullote earlier and hence bave the
i f growth. .
heii';;; xl’::to?;:; iiemode Tength is not necessaxily correlated with
diameter appesrs most clearly in regenerated nerves, '.v'here all the
internodes are short, although the fibers s}mw' KPPW““‘“W? the
normal ronge of dinmeter (Young, 19460, b: Hiscoe, 1947; Vizoso,
1950). X{ the above theory is cosrect, We should expect to find very
Jong internodal distances in nerves lying in parts Of' the bady ﬁll}t
geow rapidly, and this has recently been confirmed in fishes and in
wan. Thomas and Young (1948) found that botb in the ray and in
the conger el the internodal distances were longer in the lateral line
than o the branchisl nerves (Fig. 2), whereas in the electric nerve of
Torpedo, whith grows little, they were all alike. The laxgest fibers of
these fishes have enormously Jong internedes—up io 8 mm—~but 5o
internodes tess than 230 p were found, This minimum value is very
striking and strongly suggests that the original pertodicity is estab-
lished by some relatively simple physical process, possibly surface
{ension. It is suggested that the early myelin, perhaps present at first
ia spheres, becotnes arranged in very elongated, cylindrical draplets
around the axon, pressed between the latter and the neurifemma,
The length of 236 1 is certainly very long as the stable period of an
ovoid that is only a few microbs in diameter; it would, of course, be
impossible for a true liquid, but the possibility catmot be excluded
that very viseous hiquids in a canfined eytindrios] space might bebave
in this way.

The data that Vizoso (1250} has collected show the same effect
equatly clearly 1n man. He has taken nerves from the free, arm, and
leg, regions that Shepherd, Sholl, and Vizeso {1549) have shown
grow at very different =wt~e ¢ -
fength wnereases aster
face The mimm.um B s g 1S agaim 250 p, and, as Table 1
o e et o i fd e sou e
Bbers becom wiption a} in each nerve the largest

e medullated at birth, with internodes of 930 z, which

ete subsoquently stretehed 1n prapartion to the growth of the pa 1,
The correspondence 15 as close as can be expected in view of thp o
ceﬂ:xint): about the stages at which medullation begins, o
A vurious feature in the nerves of old nieanle is the meacrnnn <f -
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1d be expected. It is sug-
set of nodes spaced less far apart than woul
gcesteﬂ that these nodes lie on fibers {hat have degenerated sud subse-
quently regenerated.
TABLE 1

GROWTE 0¥ PABTS OF THR Bopy AXD INTERNODE LENGTHS SN MAN
FROM TRE DATA OF SETYRERD ANT QTHERS, AND VEZO0S0

Lovormy {F Mi} Sursmroon Losomn (s 3

Buth 18 Yeart Ipcrense

230 90 3%
38 1,100 48X
£33 450 24X

CONCLUSION

We ase still s very long way from an understanding of the factors
that give nerse cells and fbers their specific properties. The cutstand-
ing fack is of knowledge about the chemieal specificities, There Is,
however, some tedormation about the choracteristic cell sizes and
fiber dismeters. Adult nerye cells Tetain their specificity during de-
generation and regeneration, putting out large or small nerve fbers
2 miay be appropriate. However, the Jarge fibers acquire their full
Hameter ouly i they become counected with the appropriate end-
argau. Fiber size is therefore influenced by factors acting down from
ghe cell body and up from the periphery. This is probably true also
i development but, of course, leaves us to look for ancther factor to
explain the determination of cell size. It is sepgested that » major
fuctor ta this determination is the amount of stimulation falling on
the dendritic field. Thus the cell bodies and axous serving muscles
that have few ot na proprioceptoss are shown ¢o be smaller than those
of }1>e nerves to the ardigravity muscles of the Hwbs, since the pro-
pricceptors in the latter provide extra siimufi to the motor neuron
pool, in addition to abundant cortical and central influences, Nesve-
cell size and fiber size are not comelated with the number of musde
ﬁhc.rs innervated or with the character of the muscle fibers {red or
white). Soall systematic differences depend upon pasition; thus the
nerve fibers arisi i i P s e

Lbers arising at the hind end of the spinst eord are small
i‘::ds;:‘;l&r ‘mes iar}:her forward, and the nerve fibers to proximfs
Te larger than these to di i

;;rnbab])‘)nc‘! Tunetionally signiﬁcani%t@?isgg;gﬁin&i ;‘:

erences in internode length between larye and small fbers are ot
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specific properties of these fibers. All internodes are laid down with
the same short periodicity; the length that they ultimately attain
depends on the amount of growth that subsequently takes place.
Thus the nodes are farther apart in the lateral-line nerves than in the
branchial nerves of a fish and in the limb nerves than in the facial
nerve of man.
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FGENERATION PHENOMENA IN HUM
HEOE PERIPHERAL NERVES

SYDNEY SUNDERLAND
Deparimentof Avatomy and Histology, University of Mlbourne, dustrahia

AR has again given o stimulus to the study of injuries of periph-

eral nerves, and the number of significont contributions to the
fiterature on this subject has increased greatly in recent yests. Par-
Yicnlarly has this been the case With investigations relating to de~
g jon and regeneration following experimentally induced trau-
matienerveinjury As aresult of the notable experimental researches
of Weiss and Voung and their co-workers, valuable lessons have been
learned, and much has been done to determine thase prineiples which
should guide the surgeon who attenpts to sssist regeneration. How-
ever, though vafuable information continues to accumulate regard-
ing the reparative process {ollowing experimental nerve injuries in
tower mammals, precise information relating to many features of this
process in human nerves is incomplete. Consequently, some doubt
must remain as to whether or not certain experimental findings can
t‘:e safely transferred to human material. Basically, nerves regenerate
in the same fashion in man as they do in other maramals, but there
are good reasons for suspecting that the series of events following in-

jusy of human nerves may not be precisely the same in every respect
as those ded for lower ds, Ref

 {he d 1o some
will itlustrate this point.

1. Severed axans are often sequired to regenerate over much
greater distances in human nerves than in those mammals custom-
arily used for Jaboratory experiments. Whether or uot this modifies
the process in any ~ay Tequires clarifieation.

2. The time interval between nerve severanos gnd samnin = -
may be en weter Y : .

of some - . o
co\;\dybe N d. e sue oL ah the former,
ccn;.ruﬁ?n;; :;e aitt?:\?e’s tr;(ihm;turdme;h;nisms, particularly those
c Plhing ¢ 01 Whe sand and {orearm, are more complex
oy B e e
hat the consec o
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the result of loss or erroncous cross-shunting of regenerating axons,
are more serious than is the case when less complex movements are
concerned.

In this connection it should be remembered that the only relisble
test of restored muscle function is the precise measurement of the
response to voluntary effort. This is impossible in animal experimen-
tation, whereas the quality of the motor recovery following the re-
innervation of human muscle can be measured in this way. Moreover,
in animals there are no methods for accurately testing the quality of
sensory recovery, such as are available in man. For this reason hu-
man material is particularly suitable for those investigations which
require precise information concerning the effectiveness of regencra-
tion.

4. Injuries sustained in warfare and in eivilian aceidents differ from
experimentally induced lesions, in that they are frequently more
severe and are often associated with complications, such as sepsis.
Under the conditions peculiar to such injuries, regeneration may not
proceed in quite the same way as it does after simple crushing and
severance.

5. Finally, it would seem that human peripheral nerves, as opposed
to those in lower mammals, are more complicated as regards certain
of their morphological features. Thus, while it is common for large
nerves in lower mammals to be composed of a single funiculus, it is
an unusual arrangement in man. Whether or not this morphological
difference affects regencration requires examination.

In view of the possibility that the picture of degeneration and
regeneration in human nerves may depart in certain respects from
that established by experimental investigations, there is an urgent
need for the collection of accurate data relating to these phenomena
in human nerves. The first World War provided a unique oppor-
tunity to do this, and it is unfortunate that the material which be-
came available at that time was almost entircly neglected. The sce-
ond World War has provided an opportunity to remedy this defect,
and it is encouraging to note that, on this occasion, those charged
with the care of these injuries have not been idle in the search for a
clearer understanding of regeneration phenomena, pnrtict_llnr]y as
these bear on the requirements of clinical practice. In tlu_s scl'\rdl
they have derived considerable .stimulus from 'thc great co.ntnbuhons
of the lnboratory sciences, ?v]uch slllould, quite appropriately, pro-
vide the biological prerequisites which are necessary for the develop-
ment of improved procedures of nerve repair,
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is resnits of certain observations on the anatomy of
hu:: ;ﬁgﬁ:}:\::ﬂe trunks snd the course gf regenerahux{"fc;)l-
lowing nerve injury will be briefly discnssefi‘ Specx:}l rcfer’euee will be
made to the manner in which the information pro‘f\ded :_iwefges from
hat which has been reported from experimental mvest\gatt)cus. 'fhi
clinjes) material referred to in the feation has been des
n considerable detai) elsewhere (Sundestand, 1949).

Clitieal observations covering the eousse and endiresult ?f re-
generation have provided dats which throw light on the capu?xty of
the asons of surviving neurons to sprout, to grow distally until lhgy
have re-established continuity with an end-organ, and to exeite satis-
factory function in the re-innervated tissues.

3. REGENERAYIVE POWER OF NEURONS WHOSE AXONS
BAVE BEEX SEVERED

Holmes and Young (1932) have shown experimentally that the
swviving avons in the central stump of severed nerves retain the
capacity to sprout “after nearly a yesr from the original injury,”
shich wos the period covered by their experiments. There is much
clinieal evidence seattered through the literature on peripheral nesve
injuries to indieate that, in human perves, this capacity is retained
for several years. Of more importance than the capacity of the neuron

ta sprowt, however, 1 its capacity 1o spin a new axon right to the
pariphery and, on blishs

ity with an ar inte
endrarvan 4o ocm :
This P o toa
pawe
Eufarmn garding the ive power of which
2re sending forth vew axons van be ob i

tained from an examination of
(@) trl_xc tune tequived by thewm to restore a fanetinmnt o1t .-
AR h . .

2 o i ¥ : .
. L ey wnch iotiows redunervation. For

tax;s tto bea rehatﬂe .measum.n( their regenerative pawer, it s essen-
n: A o have precise qum.xa\mn relating 1o the quality of voluntary
mo OF recovery, and ua this regard haman materisl Possesses certain
advantages shich are not shaced by experimental material

& EVALCATION OF EECENERATIVE FOWER BASED ON
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and Young (1942) have shown experi

d 3 xperimentally that “once
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the result of loss or erroneous cross-shunting of regenerating axons,
are more scrious than is the case when less complex movements are
concerned.

In this connection it should be remembered that the only reliable
test of restored muscle function is the precise measurement of the
response to voluntary effort. This is impossible in animal experimen-
tation, whereas the quality of the motor recovery following the re-
innervation of human muscle can be measured in this way. Moreover,
in animals there are no methods for accurately testing the quality of
sensory recovery, such as are available in man, For this reason hu-
man material is particularly suitable for those investigations which
require precise information concerning the effectiveness of regenera-
tion.

4. Injuries sustained in warfare and in eivilinn accidents differ from
experimentally induced lesions, in that they are frequently more
severe and are often associated with complications, such as sepsis.
Under the conditions peculiar to such injuries, regeneration may not
praceed in quite the same way as it does after simple crushing and
severance.

5. Pinally, it would seem that human peripheral nerves, as opposed
to those in lower mammals, are more complicated as regards certain
of their morphological features. Thus, while it is common for large
nerves in lower mammals to be composed of a single funiculus, it is
an unusual arrangement in man. Whether or not this morphological
difference affects regeneration requires examination.

In view of the possibility that the picture of degeneration and
regencration in human nerves may depart in certain respects from
that established by experimental investigations, there is an urgent
need for the collection of accurate data relating to these phenomens
in human nerves. The first World War provided a unique oppor-
tunity to do this, and it is unfortunate that the material which be-
came available at that time was almost entirely neglected. The sec-
ond World War has provided an opportunity to remedy this defect,
and it is encouraging to note that, on this occasion, those charged
with the care of these injuries have not been idle in the search for &
clearer understanding of regencration phenomens, pnrlicl.xlnrly ns
these bear on the requircments of clinical practice. In Uu? sc.'.lrdl
they have derived considcmblc_slimulus from .thc great cof\tnbullons
of the laboratory sciences, which should, quite appropriately, pro-
vide the biological prerequisites which are necessary for the develop-

ment of improved procedures of nerve repair.
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time, however, fibres may proceed as rapidly as into a freshly cut
one” (the period of denervation covered by their experiments was
almost a year). The period for which detailed clinical data covering
this feature are available is 12 months. A comparison of the course of
regeneration after immediate or early repair, on the one hand, and
delayed repair, on the other, indicates that, once regenerating axons
enter endoneurial tubes in the distal stump, regeneration follows
much the same course, regardless of the time for which the distal
stump has been denervated (Table 1). Whether this desirable prop-
erty is retained indefinitely remains unanswered. There is some pre-
sumptive evidence in the clinical literature that the capacity to re-
generate efficient functional pathways is retained for periods longer
than 12 months. Unfortunately, precise measurements of the quality
of the recovery have not been recorded for those patients in whom
the interval between injury and repair exceeded this limit. Further-
more, there is nothing to indicate whether the functional disability
remaining in those tissues which fail to recover completely is to be
attributed to the impaired regenerative power of the ncurons or to
some other factor. Such impairment could be due to the persistence
of retrograde neuronal effects induced by the injury.
Regeneration requires the survival of nerve cells whose pathways
have been injured. Following the severance of a nerve, some neurons
remain unaffected, others undergo profound changes which cul-
minate in disintegration, while an intermediate group shows a ret-
rograde reaction of varying severity which is partly or fully rever-
sible. Retrograde degeneration represents a permancent reduction in
the number of cells which are to provide the new pathways to the
periphery, while it is reasonable to assume that variations in the in-
tensity of the reaction, the time taken for the neuron to recover, and
the degree of any residual defect will affect the rate, extent, and qual-
ity of the regencration. Unfortunately, there is no way of directly
observing the extent and severity of the retrograde changes in any
individual patient. Furthermore, because several factors operate
simult ly to infl the extent and quality of the recovery
after nerve repair, it is impossible, where recovery is incomplete, to
estimate how much of the residual defect should be attributed to
retrograde neuronal changes, while comy tory mechanisms lead-
ing to full recovery in incompletely re-innervated muscles ean ob-
seure the persistence of impaired neuronal activity. Compensatory
mechanists, however, could not alone account for complete recov-
ery. Therefore, the observation that some muscles which have been
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diameter of each tube is reduced by about a half” In this Cfmﬂ'BCﬁ({n
it is ol interest to note the resuits of an expesimental investigation, in
the Australian of of end il tube shrinkage with increas-
ingperiods of denervation (Sunderland and Bradley, 1950). Shnnkz'sge
oceurred rapidly in the easly stages,so that atter 50 days’ denervation
most of the tubes were less than 3 p in diameter, with only an occa~
sional tube of 4 1. Subsequent to this, there was no further significant.
chiange i the caliber of the tubes; the longest period for which the
distol stump was kept demervated was 444 doys, This shrinkage
affected the Sbers in proportion to their dismeters and reduced the
fargest fibers to tubes which rarely exteeded 8 5 in diameter; this
yepresents a 70-80 per cent reduction in dinmeter of the largest
fibers.

Biopsy st}:dies of sections of the nerve ends removed at operation
for the repair of huunan nerves, though they fail to provide the wealth
and vanety of material which csn be obtained experimentally, show
Bsequence of events which does not differ significantly from that just
descn?ed, Th}:s, 3 months after severance, the largest endoneurial
tubesin \‘he distal seguent of a severed nerve which are available for
regene:::.tmg axzons will varely exceed 3 y in diameter,

The influence u@ endoneural tube size on the eourse and end-
result on regeneration has been the subject of considerable experi-
mentalinvestigation (Holmes and Young, 1942; Sanders and Yo
1944; Simpson and Young, 1945; Hammcnd’ and Hinsey, 1‘;3?5?
From this work it was suggested that “very small Schwami ’tub in
the peripheral stump have a restrictive influence on fiber v:ihu’l’
and that the denervation shrnka, i Ay

. e, which tereases rapidly with the
period of denervation, soon results in o reduction of :
ihat the regenerating axons which re iunervateﬂgjze the l\lllme!:il 5o
thase originally occupi o ; oaies than

A pied by them remain of red i i
sl in the pormanent fmst e uqed size. This ve-
;hose fibers which fail to rme:i::!{igti?;lcg? du:thng gzuperﬁes o
urther investigation, howe: D eers. £ arosalt of
hown $hat “congection «:n thv:;; San.d;rs and Young (1946) have
dutce an increase in fber diametergfﬁgh i herclore, able to pro-
fie o produced by the ghtly smaos S e e
Pal:enl)y. however, these wc:keg dy smal!er Schwann tubes.” Ap~
“ightly smaller Seh b ot fnclude, in the catego
h wann tubes,” the ve i i gl
bad previowly atteibuted restrictive 2xy small tubes to which they
Whether or not tube will exert . mfi\h'mce»s on fiber growth.
binges on the definti Xert 3 restrictive infuence, therefore
tion of the terms “g)j ;
s “slightly smaller” and “very
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denervated for at least a year can recover completely indicates that
the recuperative powers of some neurons are fully retained for this
period,

B, EVALUATION OF REGENERATIVE POWER BASED ON QUZALITY OF RECOYERY
OCCURRING AFTER PROLONGED DENERVATION

Though there is clinical information to the effect that re-dnner-
vated human muscles are espable of contracting voluntarily after
prolonged denervation, references to this recovery in the clinicat lit-
erature are not sufficiently precise to permit an aceurate end-result
assessment of the quality of muscle function. For this reason the
available clinical data are of no real value in deciding the maximum
peried of denervation which is compatible with good functional
recovery.

The capacity of muscles to function efficiently following re-inner-
vation after prolonged denervation has been studied in detail and
reported recently (Sunderland, 1948}, In this inquiry it has bees
found that very good, if not complete, restoration of function can
oceur in human muscles following periods of denervation of up toat
least 12 months {the maximum period for which detailed elinical data
are available), provided that the axons can be directed in sufficient
nuwmbers to their original, or functionally similor, end-organs snd
that the quiescent muscle has been maintained in the best possible
condition by appropriste therapy.

€ CONCLUSIONS AND DISCUSSION

On the basis of these findings it may be concluded that, in man, the
capacity of some neurons to regenerate cfficient functionnl pathways
is fully retained for at feast 12 months Furthermore, after periods of
denervation for the same periad the distal stup will receive and
transmit axons in a manner which may not differ significantly from
that observed when repair is undertaken immediately or shortly after
severance and that very good, if not complete, restoration of function
can occur in the re-innervated muscles. The implications of these
findings are of interest.

Following severance of a nerve, the contends of the endoneutial
tubes fluctuste, in both quantity and composition, throughout the
vasious phases of degeneration, but ultimately they are entirely the
products of Schwann cell proliferation Each tube commences 1o
shrink with the breakdown and removal of the wyelin and axon,
though little information is available concerning the rate or cxtcn'L to
which they do so. Holmes and Young (1832) have reported that “the
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former have been denervated, For reasons outlined, this .is anh\}:};
Hkely explanation, In these eases other 'Taclors are operating ¥ ;l ’
adversely influence yecovery at the P‘?"P‘“{YY of the h.mb. Briel Yy
conditions are more {avorable for recovery n the p‘mmmal ths._x\ in
the distel mustles because (1) the merve fibers supplying the proxi al
muscles occupy & greater cross-sectional area of the nerve at the site
of sutwe (Sunderland and Bedbrook, 1949); {2) they are more
sharply Joealized in the nerve at proximal {ovels than ave the fibers
destined for structures farther distally (Sunderland, 1845; Sunder-
fand and Ray, 1548); and (8) the common action often shared by: the
proximal muscles assists in the restoration of function. The proximal
musles often combine a3 primemovers i executing movements, and
{or this reason the re4onervation of one metmber of the group by
fhbers origmally supplying another does not serfously distush the pat-
tern. Gn the other hand, the muscles controlling the digits function as
independent but well-integrated and i in every
woyement, combining to give that delicacy, refinement, and preci-
sian of sction which, in the case of the hand, is the basis of manual
dexterity, In these complex and finely adjusted moversent patterns
each muscle has » specific vole to play. Consequently, auy disturb-
ance of the fiber pattern during the regeneration of asons to these
muscles seriously {mpairs the restoration of function.

@ RATE AT WRICH NEURONS REGENERATE NEW PATHWAYS

1t is generally accepted that Tinel's sign provides evidence of the
presence of “young ams eylinders in the process of regeneration,” al-
th?ugh there has bees no histological confirmation of this. Assuming
this 16 be 50, an advancing Tinel sign has heen employed for deter-
mxnﬁng the rate of advance of axons, which has been caleulated over
various segments of sutured nerves st different stages of Tecovery
(bunfieﬂ:md, 1947). An analysis of the dats obtained in this way has
provided evidenc that the rate of advance of axon tips diminishes
progresssvely over the whole period of recovery. This is net sur;)ris-
ing, for & steadily diminist g rave iy charaeteristic of most growth
1‘11:;‘:5:::“"}:1}\.:;}1\? s‘ugg‘es_!mn based on exn_eximenw e ". .

ehstal port “

Binot Tt . dto
cal:u‘i‘t’?:he rate of regen: iom st feion of oon desigaed to
B, gencration after lesions of human peripheral

1t has also been shown that a relationship exists between the Pro-
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small.” In the absence of any clear distinetion between the iwo, the
inference is that tubes not exceeding 3 x in dismeter would adversely
affect the restoration of the original diameters of the large fibers.

If this were true, then nerve repair undertaken later than 8 months
after severance must result in permanent immaturity of many of the
regenerated fibers and, consequently, in a severe residual functional
disability. However, o study of the course of regeneration and a pre-
cise cvaluation of the end-results after delayed repair in human
patients have revealed that the distal stump retains the capacity for
st least 12 months of transmitting axons to the periphery in a manner
that does not differ significantly from that observed when repair is
undertaken immediately or shortly after severance and that muscle
function can be fully restored following re-innervation when the
distal sturap has been denervated for the same period.

From this it appears that the endoneurial tube atrophy does not
retard the descent of regenerating axons, nor does it prevent those
changes in the restored axonal pathways which convert them into
functionally efficient pathways. The precise morphological nature of
the changes occurring in the regenerated fibers under these condi-
tions remains unknown. If it represents the restoration of original
fiber dinmeters, then, regardless of animal experiments to the eon
trary, the endoncurial tube shrinkage, which is maximal and severe
by the third month, must be a reversible process. Under these cir-
cumstances the shrunken tubes presumably respond during regenera
tion to au infinting action of the regencrating axons. There is, how-
ever, some experimental evidence (Weiss, 1941, Alexander, Woods,
and Weiss, 1948; Duncan, 1948, Sunderiand and Smith, 1950} to
suggest that it may not be necessary for the recovery of muscle fune-
tion that the nerve fibers should be restored to their original diame-
1ers but that it could be due to regencrated pathways, regarded in
the customary sense as morphologically immature.

In view of the considerable recuperative powers of neurons and
neuro H which we have seen persist for at least
a year, it would be unwise to attribute the incomplete recovery fol-
jowing nerve suture solely to changes consequent on a delay in re-
innervation, In the past there has been a tendencey to do this and, by
so doing, to obscure the role played by other factors which adversely
influence the quality of the recovery. Thus the poor recovery ob-
served in the distal muscles after nerve suture ot high levels (see
Table 1), as opposed to the more satisfactory recovery of lhc: proxi-
mal muscles, has been attnbuted to the longer period for which the

far
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40 o -Ealig naven it g

the witial stages of recovery is faster with high ies:ou.s, suice Lwe;e ur;
clase to the parent neurens, whereas, when _the lesion is at 2 0;‘;‘
Jevl, the initial rate is slower because the influence of the cen

orces of growth is weaker.

f Ace: a regs\xlt of these findings, it is now apparent thgt two fax:to?s
must always be taken into consideration when calculating the ratein
sny set of experiments, namely, (o) the length of nerve over w‘moh
the tate is calenlated, because the rate is a progressively diminishing
one, and () the level at which the rate is measured, the rate jor any

partioular segment depending on its distance from the parent neu-
rons.

1. REGENERATION PROCESSES ADDITIONAL
TO AXONAL PROGRESSION

There is evidence that the restoration of function does not follow
h diately on the re-establist t of axonal continuity between
the central stump and the end-organ. Thus electromyographic re-
spoases typical of re-innervated muscle can be obtained from muscles
prior to the reappearance of voluntary contractions, while the direct
stimulation of a nerve at operation may elicit contractions of a
muscle long hefore it is responsive to voluntary effort.

At least three factors must be presumed to be responsible for the
delay between the re-establishment of axonal continuity and the
onset of voluntary contraction® (1) changes in the structure of the
\;cgcn?ratcd nerve fiber, defined as “maturation,” which lead to its

tional efficiency as a conducting pathway; (2) analogous changes
at the e.n(‘l-organ, leading to effective union with muscle fibers; and
{3) » minimum number of mature fibers must be present before vol-
untary contractions appear.
kh:nm l:fugs‘:zxﬁ no!: ht:;tologic.al examination of th? nerve fiber and
o rean qunng the crucial period ?f tecovery in man. it cannat,

"
soraves wolucuon, wite, according to Cajal (1928), i
diamet i . b o in
et c|r continues Jong after the appearance of the nmedullary
ingf:i:::ff e:‘:genc{e suggests that further changes are required

on e s ) .
conduetng Niehioiey ot its conversion into a functionally efficient
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gressive diminution of *%- -2, * .- i

growing axonm tips fror '+ ., . 1° L
when the lesion is close to the parent neurens and slower when the
lesion is more remote. In the former case the rate slowly diminishes
and, on reaching the more distal level, approximates the commeneing
rate of regeneration for a lesion in that segment.

The progressively diminishing velocity of growth which oceurs
throughout the process of repair could be due to the progressive de-
cline, as the distance of the axon tip from the cell body increases, of a
dynamic influence operating from within the cell body (Weiss and
Hiscoe, 1948) or to a peripheral resistance which increases progres-
sively along the peripheral stump.

It is conceivable that the shrinkage of the endoneurial tubes could
contribute to the progressive diminution of the rate if the distal por-
tion of the tube, which is denervated for longer periods than the mote
proximal sections, were narrower and thereby offered more resistance
tothe downgrowth of the axon entering it. The possibility that sucha
factor may be operating requires examination.

The histological picture presented by the nerve below the site of
severance indicates that, after the third montl, the atrophic changes,
which represent maximal shrinkage of the endoneurial tubes, are sub-
stantially uniform along the entire length of the nerve. Under these
conditions the argument that the tubes would be narrower distally
by the time the regenerating axons reached the latter would not be
valid. Despite this, a falling rate is still recorded. Furthermore, when
repair of the severed nerve has been delayed for periods exceeding 3
months, the regenerating axons will enter tubes which have already
suffered maximal shrinkage. If peripheral resistance is a significant
{actor, then it would be expected that the tubes would present &
maximal resistance to the advancing axons and would therefore slow
the rate below that recorded after immediate suture. On the con-
trary, when the course of regeneration is examined after short z-md
long periods of denervation, there may be little difference in the time
taken to cover cotresponding segments of the nerve; when there is,
the longer time is as often associated with the early as with the late
suture. )

"The available evidence favors the interpretation that the diminish-
ing tate is principally the result of waning central forees of grf»\'f-hy
which are reduced as the axen lengthens, and that the (.lcclmc xs.no!
contributed to by any peripheral factor in the distal

igmificantly
sigattics: ) he site of the lesion. Though the level of the suture does

stump below ¢
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to affect the rate over any given secti'on of the perve, itis
:l‘::sg;»:;;ed 1o the initial velodity ei‘xegefxenm?n. Thus iht; ratein
the imitial stages of recovery is faster with high lesmtis, since cie are
tlose to the parent neurons, whereas, when _the lesion is at a lower
fevel, the initial Tate is slower because the influence of the central
forces of growth is weaker.

:::s 2 r:;“\t of these findings, it is now apparent ths;lt two facto_rs
must always be taken into consideration when calenlating the ratein
any set of experiments, namely, (a) the length of merve over yv}x‘xch
the rate is caleulated, because the rate is 2 progressively diminishing
one, and {6) the level at which the rate is measured, the rate for any
particular segment depending on its di from the parent neu-
fons.

111, REGENERATION PROCESSES ADDITIONAY
TO AXONAL PROGRESSION

There s evidence that the restoration of function does not follow
immedistely on the tablisk of axonal continuity between
the central stump and the end-argan, Thus electromyographic re
sponses typical of re-innervated musele can be obtained from museles
prior to the reappearance of voluntary contractions, while the direct
stimulation of = nerve &t operation may ool contractions of 8
muscle long before it is responsive to voluntasy efort.

At Jeast three factors must be presumed to be responsthle for the
delay between the re-establishment of axonal continuity and the
snset of voluntary contraction: (1) changes in the structure of the
l"egeuerated merve fiber, defined as “maturation 7 whib 1.2y o

. .~ i awature woers must be present before vol-
untary contractions appear,

In the absence of histological examination of the nerve fiter and
&c cnd-or.gun flurmg the erucial period of recovery in man, it cannet
de&cm:}md In whal proportion these factars armanm 0 ov
£YEr wmaealic 10, . -
infl L}
it " .
e wauty tong siter the appearance
Tha ot «
me .
o0t

\-omdpy growth m
of the medullary
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Figure 1 illustrates the branch pattern to two adjacent muscles innervated bra
peripheral nerve. In this figure 4 is a point on the nerve proximal to the site of
origin of its branches; y 4 r equals L, the shortest distance to M, the more proxi-
mally supplied of the two muscles, from the point 4 and y + =z equals I3, the shortest
distance to 3% the more distally supplied of the two muscles, from the point 4.

Values for the lengths Lt and L? have been obtained for the muscles innervated
by the radial, median, ulnar, and sciatic nerves (Sunderland et of., 1946). 21 and 2
are the intra-muscular distances in A1* and M?, respectively, which must be covered
by regencrating axons before voluntary eontraction is possible.

T* and 77 represent the times elapsing, in days, between the suture and the ap-
pearance of contraction in M and M2, respectively. Values for T and T have becn
obtained from clinical studies of selected cases of peripheral nerve injuries.

d and D represent the initial delays elapsing before tion in
axens destined for M and I, respectively.

t* and #* are the times clapsing subsequent to the entry of axons inte M*and A%,
respectively, and before functional neuromuscular relations are re-established and
voluntary contraction is possible.

The regenerating axons, therefore, travel (¥ + r -+ 27) mm, in T? — (d + }) days
and (y + 2+ 29) mm.in T? — (D + #7) days.

Assuming (o) that the delay at A, the site of suture, is the same for regeneratiog
axons destined for M and M?; (b) that the distance which must be covered intra-
muscularly (! and 2') and the time (i and £2) elapsing in each instance before func-
tional neur Iar relations are re blished and voluntary contraction is pos
sible are identical; and (¢) that there is no significant diminution in rate over the
additional distance to the more distal muscle, then the time taken to travel
w+:) — (v + 2)mm. (e, L} = L'mm.)is T2 — Ttdays.

For assumption ¢ to be valid, it 1s essentia) to select adjacent muscles which
provide low values for ¥ — Lt The factors referred to in assumption b above are
constantly present in all museles, and, though they are not necessanly equivalent,it
is reasonable to assume that if any dissimilarity does exist, it is so small in muscles
of cquivalent dimensions as to be unimportant. A ical investigation has shown
that the intra muscular length of the fibers nas proportional to the size of the mus-
cles and was approximately the same in muscles of comparable dimensions. Tll('f.t
remains, however, the possibility, wlich will be discussed below, that, since 1 is
denervated for alonger period than 3%, {* may be greater than ty

Application of the formula to the data provided by clinical obser-
vation reveals that the interval between the onsect of conlmchon.m
any adjacent pair of muscles, T* — 77, is greater than the time which

the same distance. Tt seems reasonable to assume that the time
excess of that accounted for by axonal growth is that required for the
development and completion of changes upon which cm?icnt func-
tioning depends. Whether the additional time is cxpcnd-cd in convert-
ing the regencrated avon into an efficient cm‘lduclmg pathway,
whether it represents that taken for the completion of those neuro-
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muscular relationships upon which function depends, or whether
both factors contribute simultaneously remains obscure.

If the additional time is expended in “priming” the end-organ for
activity, it follows that this process must take place more slowly in
the distally supplied muscle, 3/%, than in the proximally supplied
member of the pair, M?; and this is consistent with the belief held by
some that longer periods of denervation are responsible for accentuat-
ing those atrophic changes at the end-organ which delay the onsct of
recovery following the restoration of the axonal pathway.

Such an explanation appears to be unlikely for the following rea-
son. If the duration of denervation is responsible for introducing a
significant end-organ factor, then the interval elapsing between re-
pair and the onset of recovery for individual muscles would be ex-
pected to increase with increasing periods of denervation, such as are
introduced with delayed repairs. This, however, is not necessarily the
case, as can be seen from an examination of data covering the onsct
of recovery after early and delayed repair (sce Table 1), YWhen
analyzing these data and comparing the findings after early and de-
layed repair, it must be remembered that there is a varintion, from
individual to individual, in the distance to muscles (measured from a
fixed point on the nerve and therefore from the site of injury) and in
the initial delay at the site of repair before regenerating axons enter
the distal stump. These variations influence the time of anset of re-
covery in individual musecles, as, of course, does the level of the in-
jury, which also varies with the patient. These varintions, however,
arc not such that they could be responsible for obscuring an end-
organ factor by converting the course of regencration after delayed
repair into one closely resembling that following early repair.

Though the findings do not completely preclude the influcnce of an
end-organ factor, they point to the conclusion that the additional
time required to convert the fiber into a functioning pathway is con-
sumed chicfly in effecting further changes in the regenerated axon.
Whether these changes occur simultancously along the whole length
of the nerve or whether they progress along it in a proximodistal di-
rection with o measurable velocity remains unsettled. Some informa-
tion on this point, however, is provided from an examination of
values for T2 — T {or pairs of muscles which are so spaced as to pro-
vide readings over corresponding lengths of the nerve at different
levels. . 3 .

The interval T2 — T for an adjacent pair of muscles innervated at
distal levels is much greater than that observed for a corresponding
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length of the nerve at proximal levels. The disia! muscles iave ce;
tainly been denervated for a much greater period than have the
proximal pat, but the following evidence indicates that this (?ocs not
contribute in avy significant degree to the lengthening of the interval
7% — T for the dista} pair, After an jmmedinte or early suture the
distal pair of muscles will bave been denervated for a much shorter
period than the proximal pair in & patient in whom suture has l':een
delayed for 12 months, Despite this, the value T% ~ T* for the distal
pair still exceeds that for the proximal and approximates the value
for the corresponding distal pair in other individuals, regardless of
when the suture has been performed, From all this it may be con-
duded that maturation of the restored axonsl pathway proceeds
more slowly distally than it does proximally. Furthermore, there is
evidence that myelination and the vestoration of fber diameter,
which are known to tnfluence conduction, advance down the distal
stump at a later date than does growth of the axon tip.

From an analysis of all the available evidence it is tempting to
conclude that the regeneration of the axon and the maturation of the
zestored atonal pathway, on which recovery of function depends,
oceur as two separate events during repair. The two processes, how-
ever, oceur concurrently ab first but later become distinct as elonga-
tion ceases and maturation continues. The latter involves further
C!lﬂngcs of & complex character, such as myelination and the restora-
tion of fiber diameter.

. Both’ mi‘"’ﬁ”j{ af the “xt“ﬂl pathway and n‘mturation proceed in
at a i iming:

7 ely rate; the
latter process proceeds more slowly than does the advance o; the
axon, Iy wog]d, however, be unwise to conclude that these processes
advance without inte

rruption or t i k
smoothly alovg the entire fengtb. of thx;axter:'h: ;}f:ls:v:iist :;‘21:
a{n":! and the process of maturation are both subject to irregular
f + et « vte of advance measured for any

s~talnf the

U\isrmscn, when atetPeiy, | -:;FOY
:':T'x\xli ttlixm\;ighout‘thc process of repair, it is advisann. o J:a,m?x?;
' chion: mam!eﬂ.atfans of sxonal progression and maturation
T e e nossible, since this has the ad-

by extending the e, ’ I
ments where they were not operating. &
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muscular relationships wpon which function depends, or whether
both factors contribute simultaneously remains obseure.

If the additional time is expended in “priming” the end-organ for
activity, it follows that this process must take place more slowly in
the distally supplied muscle, A%, than in the proximally supphied
member of the pair, 3; and this is consistent with the belief held by
some that longer periods of denervation are responsible for accentuat-
ing those atrophic changes at the end-organ which delay the onset of
recovery following the restoration of the avonal pathway.

Such an explanation appears to be unlikely for the following rea-
son, If the duration of denervation is responsible for introducing
significant end-organ factor, then the interval elapsing between re-
pair and the onset of recovery for individual muscles would be ex-
peeted to increase with increasing periods of denervation, such asarc
intraduced with delayed repairs. This, however, is not necesserily the
case, as can be scen from an examination of data covering the onset
of recovery after early and delayed repair (sce Table 1). When
analyzing these data and comparing the findings after early and de-
layed repair, it must be remembered that there is o variation, from
individual to individual, in the distance to museles {measured froma
fixed point on the nerve and therefore from the site of injury) and in
the initial delay at the site of repair before regenerating avens enter
the distal stump. These verintions influence the time of onset of rer
covery in individual museles, as, of course, does the level of the in-
jury, which also varies with the patient. These variations, howeven
arc not such that they could be responsible for abscuring an end-
organ factor by converting the course of regeneration after defnyed
repair into one closely resembling that following carly repads.

Though the findings do not completely preclude the influence of an
end-organ factor, they point to the conclusion that the additional
time required to convert the fiber into a functioning pathway is con-
sumed chiefly in cffecting further changes in the regencrated avon.
Whether these changes oecur simultancously along the whole length
of the nerve or whether they progress along it m n proximodistal di-
roction with a measurable velooyty remains unsettled. Some informua-
tion on this point. however, in provided from an examination of
values for T% — T for pairs of muscles which are so spreed ns to pro-
vide readings over corresponding lengths of the nerve st diffesent
,c"le'lhs'; interval 7% — T for an adjacent pair of muscles innervated at
Jistal Jevels is much greater than that observed for a corresponding
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v, INFLUENCE OF FUNICOLAR PATTERN ON
REGENERATION PHENOMENA .

i <ons along the full length of the nerve. As o
%::?:k“:)fp:;g: gﬁ;ﬂim tbi number and the size of the ium.cuh
vary from Jevel to level, while the funieutar pattern alters so rap\;llg;
that transverse sections taken more than 3 few mxllxm.el?rs‘ap:.ﬂt (;u
1o present precisely the same pattern, the degrt?a of d\ss“ml:mtyf e
pendimg on the length of the intervening gap (Fig. 2). The plexus for-

0D\ (6%
0
0 &°

83MmM, 85MmM, 855uPERIMPOSED ON B3

Fra & —Transverse sections of & specumen of the radial nerve taken 83 and BS mm above
ABe laters} epreondyle of the humetus, to Hustate the dunmmlanty m Lhe funjealat patterns
produeed by the funiculsr plexus formations ooourring over the € mm between the sections
When nerve stture 18 performed under thes conditions, severat of the funicul of the proximal
atump will be directed to the wnterfunicular spaces of the distal stump. Despate the disumilar-
ity of the fumeular patterns, the chavces of obtammg funcular apposition ste increased
when the bundles are tightly packed but ste duvinished when they are widely sepatated

mations also effect 4 regrouping and funicular redistribution of the
L;omponcnl nerve fibers (Sunderland, 195, Sunderland and Ray,
348).

In addition to the variation in the number, size, and arrangement
of the funiculi brought about 1n this way, 2 metrical analysis of the
!lmpoﬂ.'lon of the cross-sectional area of a nerve trunk accupied by
its component funiculf hias shown that peripheral nerves present re-
gional differences and peculiarities as regards this marphological fea-
ture n.nd Lhn} the epineurial connective tissue scparating the funiculi
Hkewise varies in amount along the length of the nerve. This infonma-
tion has been detailed elsewhere (Sunderland snd Bradley, 1949),
:;:i':; u;e purposes of the present discussion it will suffce to state

e tuniculi of human nerves are compactly arranged in some
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IV. INFLUENCE OF APPROPRIATE TERMINAL CONNECTIONS
ON MATURATION PROCESSES IN REGENERATED AXON

It has been demonstrated that the caliber of a regenerated nerve
fiber is restored only when the growing axon re-establishes continuity
with its original, or a functionally corresponding, end-organ. This
suggests that the establishment of suitable terminal connections in-
fluences, though in some way as yet undefined, the maturation of the
fiber (Weiss, Edds, and Cavanaugh, 1945; Simpson and Young,
1945; Aitken, Sharman, and Young, 1947).

‘Whether or not atrophic muscles are capable of exerting such an
influence is of considerable relevance, since it is conceivable that the
changes in the muscle associated with denervation atrophy may im-
pose conditions at the end-organs which will retard or prevent the
full maturation of the axons which establish connection with them,
If they do, it is important to know the point at which they sig-
nificantly disturb maturation of the fiber and the restoration of func-
tion. According to Aitken, Sharman, and Young (1947), the matura-
tion of the nerve fibers in rabbit material “is as rapid when they be-
come united with muscles allowed to atrophy for 100 or 140 days es
when they grow directly into freshly denervated muscles. .. . P_rc-
sumably with periods of atrophy longer than 150 days some decline
in this power will become evident as the muscle fibers degenerate and
disappear (Gutmann and Young, 1944).”

Two points have emerged from an investigation of the course of
regeneration and the capacity of human muscles to x’unctiun. ef-
ficiently following re-innervation after long periods of denervation:
(1) the onset of recovery in the various muscles innervated by o nerve
is not necessarily retarded by delays of a year in the re-establishnent
of terminal connections; and (2) complete or very good restoration of
function can occur following periods of denervation of at least 12
months (the period covered by the inquiry), provided that the axons
are directed in sufficient numbers to their original, or functionally
similar, endoneurial tubes and end-organs.

From this it is concluded that the duration of the dcncn’n_lion. the
changes which this induces in the muscle, and the effect which t'hcfc
have on the maturation of the fiber do not assume significance within
the first 12 months of denervation. Thus within this pcriot! cither the
maturation of the fibers is not adversely affected, or the l'x.nfurc of t_}"»'
fbers to recover their original diameters is of little, il any, sig-

nificance.
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by the copnective-tissue packing, while the 'qu.\iculi‘ being m}i)re
Joosely srranged, are more easily displaced within the_ nerve, thus
reducing the effects of deforming forees. For (efamp\e, chm_cn{' experi~
ence has shown that the lateral popliteal division oi. the sciatic nerve
wsually suffers grosser damage than does the medial popliteal divi-
sion. The former division is usually composed of larger bundles and 2
smalier smount, of conuective tissue than is the medial, and this

phological feature may ihute to its greater susceptibility to
injury.

The nerve, which is composed of numerous smell funiculi, has an
additionst advantage when it is subjected to mechanical travmea
which falls unevenly across the nerve, since under these circutn-
stances the tendency is for some funiculi to escape while others are
favalved in varying degree. In partial injuries of this mature the
fntra-neural damege will be canfined to the bundles lying within the
field of the viclence. The tendency, then, is for such lesions Lo be self-
fimiting. On the other hand, when the bundles ave few and Jarge, the
viglence 15 concentrated on alt ot the majority of the fibers compis-
ing the nerve, while the rupture of intra-funicular vesséls {which
may be farge in large bundles) and a fibroblastic reaction may lead to
?obr:plieatians which ¢an seriously embarrass large collections of

hers,
£ ATRGPUY OF DISTAL ETUMF FOLLOWING SEVERANCE OF A NERVE

It is well known that the denervated distal stump of a severed
nerve atrophies. Informatian coucesning this atrophy is, however,
:;mfr{e;l gaklhe general observation haES«R o experimental Sndings
linieal &i\na\ur:svz“mn?“ng‘ \"M.) mf‘ t»D }‘)ass.mg.reieren?es inthe
Neres e whih e rer;{:;:r tg a dissimilarity in the size of the
— 3 consi vt ity {mm case tL? case even for the
P !;vnml of dencrva‘lmn.y:matxons in the relative amounts of the
it s ot s o e st o
distal stumps nf!crgco:re ¥ i - the dimensians of atrophied

spanding periods of denervation.

Deneevation induces little ch, i
: ] ange in the epineurium but
;:im:o':xnn: rc:wtm{x within the funiculus in the ?u\'m of the disizt:g{;s;
o removal of the axons and myeli i i .
yelin, which resul ider-
uh(.: a\dr?phy of the bundle. Smee the fnn;culi and e:i;sm‘:;ifx:s;gﬂl
:x;::l re\h;!?xelnlllly ta denervation, it follows that the extent of z;x:e
©oF the nerve trunk will be greatly i
X y influenced "
centage cross-sectional aren of the nerve dewoted ta *H :}lf‘"p-e‘r
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regions and are widely separated in others. Three illustrations will
demonstrate the importance of this morphological variation.

A. INFLUENCE ON REGENERATION AFTER END-TO-END SUTURE

Following suture of a severed nerve, the degree of separation of the
bundles becomes a factor affecting the entry of regenerating axons
into the endoneurial tubes of the funiculi of the distal stump and
therefore a factor influencing the extent and quality of recovery.
Thus the destruction of even a few millimeters of a nerve means that
the nerve ends will present dissimilar funicular patterns (Fig. 2).
Despite this dissimilarity, end-to-end apposition of funiculi may still
be attainable during repair and the chances of restoring useful con-
nections consequently improved when the funiculi are tightly packed,
since there will then be less interfunicular tissue into which regener-
ating axons may be directed. The conditions, however, are reversed
when suture is performed in a zone where the funiculi are widely sep~
arated by an increased amount of interfunicular connective and/or
adipose tissue. Under these circumstances the end-to-end apposition
of funiculi is rendered more difficult or even impossible, and the pos-
sibility of some funiculi being unavoidably directed toward the inter-
funicular spaces is considerable. When this occurs, many regenerat-
ing axons enter the interfunicular spaces and there end blindly. Thus
the presence of a larger amount of connective tissue resultsina larg(.'r
number of fibers going astray. Recovery under such circumstances s
slower and less perfect and the prognosis consequently worse.

So far as can be ascertained, such variations have not been taken
into account when evaluating the course of regeneration and the end-
result of nerve suture in experimental animals. In such forms the
nerve is often composed of a single bundle or one major bundle with
several small satellites, which, as has been noted, is an arrangement
which favors regencration. This may account, in some measure, for
the more favorable results reported following nerve suture in animals.

B. RELATIVE SUSCEPTIRILITY OF NERVE TRUNKS TO MECHANICAL TRAUMA

Tt is conceivable that nerves or those segments of nerves which'nrc
composed of large and tightly packed funiculi tvit]n.h‘ttlc connective-
tissue packing are more vulnerable to mcclmnm{nl injury than those
in which the bundles are smaller and are more widely separated b;v' 8
greater amount of connective tissue. In the former the forces acling
on the nerve are concentrated on the main content of llu.: ncrvc].
namely, the funiculi. In the latter they are broken up and dispersec
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recovery of muscle funetion that the nerve ﬁbf:(;s Shmtﬂd be rzsr';o:;i
to their otiginal digmeters. There is some.e'vx ence to supp "
iatter interpretation, which calls for 2 tevxsgon of pres:;n;.i }fon;if::
congerning the relationship between fiber diameter and fiber

thon. i 3 £ ns and

o) T view of the considerable recupera}we powers of neuro! X
sesromuseutar mechanisms, which persist for at Jeast a year, it
would be wnwise Lo attribute incomplete recovery fc!k')mng nerve
suture salely to changes consequent on a delay in re-inpervation.
Incomplete recavery after delayed repair demands & search for other
factars which adversely influence the quality of the recovery.

2, Plongation of the axon and maturation of the restored axonal
pathwag, on which recovery of function depends, occur as two sepa-
rate events duting Tegeneration. The avon advanees more rapidly
than des maturation, but both proceed distally at 2 progressively
diminishing rate. The two processes occur coneurrently at first but
Iater become distinct, as elongation ceases and maturation con-
tinues.

‘The diminishing rate is principally the result of waning central
forees of growth which are reduced ns the axon lengthens; the decline
is not significantly contributed to by any peripheral factor in the
distal stump.,

Twvo factors must. always be taken into account when caleulating
the rate in any set of experiments- (a) the length of nerve over which
the rate is ealculated because of its progressively diminishing chat-
acler‘um'l (b) the level at which the rate is measured because the
velocity is m\'erﬂc.ly relnteq tuvthe distance of the growing axon tips
(;nm the cell bodics. The initial rate is faster when the axon tip is
©lose to the parent neuron and slower when it is more remote In the

former case the rate slowly falls and, on renching the more distal
fevel, dmates the ing rate of

in that segment,

ion for a lesion

) 3. :fhc inﬂuc‘x\c;: v;-}}:)ich terminal connections exert on the further
T of the fiber subsequent to th i

" Huent e restoration of the axonal
pathway is not adversely allected by i i
T ¥ ¥ delays of 2 -
g reuromuseular connections Y yearin reestablic

{ Human nerves are usually

which the relative amounts of eon

[ i

multifuniculated structures, in
LEVE R [ .

. oo smputtance of this marphological
otk s been discussed in relation o its influence onr);he rg;len-
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Thus the atrophy would be greater where the nerve was composed of
tightly packed funiculi with little supporting connective tissue than
where the funiculi were widely separated by a large amount of epi-
neurial tissue. Consequently, the reduction in the cross-sectional di-
mensions of the nerve will not parallel the funicular atrophy but will
show irregular fluctuations, depending on the funicular/connective-
tissue ratios and the duration of the denervation.

A practical point of interest in this connection is that the funiculi
and connective tissue may be so proportioned at the site of severance
that the dencrvation changes occurring distally would, though pro-
foundly affecting the funiculi, have little effect on the cross-sectional
area of the nerve trunk. End-to-end suture under these conditions
might, in the absence of a cross-sectional analysis of biopsy material,
give the erroncous impression that good apposition hnd been ob-
tained when, in effect, the pre-existing disparity in the funicular pat-
terns would have been grossly accentuated by the atrophy of the
bundles in the distal stump. As a result, many regenerating axons
would fail to reach funiculi and their contained endoneurial tubes.

VI. BUMMARY

A study of the progress of recovery, from onset to termination, and
the quality of the end-result after the repair of human nerves pro-
vides some interesting information regarding the mechanism of re-
generation. From such studies the following facts have been nseer-
tained:

1. The regenerative power of neurons which survive amputation of
their axons is fully retained for at least 12 months (the period cov-
ered by detailed clinical observation). Within this period they retain
the capacity to spin an axon to the periphery without any impair-
ment of the process and to excite satisfnctory function in the re-
innervated tissues. After denervation for the same period, the distal
stump will transmit axons in a manner which does not differ from
that observed when repair is undertaken itumediately or shortly nf_m'
severance, while very good, if not complete, restoration of function
can occur in the re-innervated muscles. From this the folloning con-
clusions can be drawn: .

a) The atrophic changes developing in human muscles, wlnch.nrc
dircetly attributable to denervation, are fully reversible for periods
of denervation of up to at least 12 months, . .

b) Either the endoncurial tube shrinkage oceurring with denerva-
tion is a reversible process, or, if not, then it is unnecessary for the
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recovery of muscle function that the verve fibers sho\tﬂd be reittc':;(:
to their original diameters. There is some evidence to sutplm e
latter interpretation, which calls for & revision of presenﬁbcnniep
concerning the relationship between fiber diameter and fiber fune-
(m:\)-h view of the considerable recuperative powers of neurons :m_d
neuromuscular mechanisms, which persist for at least 8 year, it
would be unwise to attribute incomplete recovery ioﬂ?wmg n?rve
suture solely to changes consequent on delay in re-innervation.
Incomplete secovery after delayed repair demands a search for other
factors which adversely influence the quality of the recovery.

2. Elangation of the axon and maturatjon of the restored axonal
pathway, on which recovery of function depends, oceur as two sepa-
tate events during regeneration. The axon sdvances more rapidly
than does maturation, but both proceed distally at a progressively
diminishing rate. The two p oceur concurrently at first but
later become distinet, as elongation teases and maturation con-
tinues.

The diminishing rate is principally the result of waping central
forces of growth which are reduced as the axon lengthens; the decline

is ot significantly contributed to by any peripheral factor in the
distal stump.

Two factors must always be taken into account when caleulating
the rate in any set of experiments: (a) the length of nerve over which
the rate is caleulated because of its progressively diminishing char-
acler and () the level at which the rate is measured hecause the
velocity is inversely related to the distance of the growing axon tips
fr'om the el bodies, The initial rate is fastor whan 2. 1tip is
“ N '_ N L . In the

T . : . distal
- % e vomenemg rate of regeneration for a Jesion
in thet segment.

) 8. :I'lm whluence whith ternina) connections exert on the further
m\hw;\ e e\! \\1“: ﬁ‘m;r {; ta the restoration of the axonal
T ¥ 13m0t adversely affected by delays of o in re- ish-
ng nedromusentar conneetions. ¥ yoer i reestablish

4 Human nerves are wsmally

N multitunieulated
which the relative amounts of pannamio 1* S

tructures, in
forc1a t4 ' ) -

- . . L b - dhutuance of this morphological
*eatent s been diseussed in relation to its influence on the regen-
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cration following nerve suture, the relative susceptibility of nerve
trunks to mechanical trauma, and the atrophy of the distal stump of
a severed nerve,

5. Attention has been directed to certain features of the mechanism
of regeneration concerning which the information derived from in-
vestigations of the course of regeneration in human nerves is in con-
flict with that reported as the result of animal experimentation.
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jevements of the conference to bring inh? fu'cus
m:li‘;i::;ﬁdag;irii‘ between the phenomena of differentiation,
gtowth, regeneration, and mainiex.xance of the nerve cell anddnerv;
tissue, The discussions helped to integrate these dl:«'e':\_‘se‘ﬁe\ s e
1o counteract the centrifugal tendencies of oversp jon which
become spparent, once each special feld has collected enough data

¢ seff-sufficient. L

m'%;c:znicrence was {ruitful in snother way. Instead of reviewing
past achieverents, it attempted a critical evaluation of the present
state of affairs, The present moment scems to be opportune for su_ch
an effort. We have the impression that, after thisty-five years of in-
tense descriptive and experd ! h, the first chapter of
neuroembryology is coming to a close, It became evident during the
conference that promising pioneer work is being done in the applica-
tion of new and refined tools to problems which had hitherto defied
analysis. At the same time, a more judicious and eoncize formulation
of our probfems and a move critical evaluation of our data are indis-
pensable for any further advance.

The following essay is in keeping with the general aims of the con-
{etence, Rather than give o comprehensive review, we have at-
tempted to present a eritical appraisal of some basic concepts and
& programmatic, rather than g historical, treatment of some current
issues in our field. We have focused our attention on o few selected
et o - - The
. . with

aear we wen Mot futmanar,

1. THE BCOPE OF NEUROEMPRYOLOGY

About thurty-five years ago the found of bryclogy
was lud under the leadership of Harrison, Detwiler, Coghill, and
others ‘They formulated the basic issues, and their extensive pioneer
work led ta the discoveries which are the cornerstones of our pres-
ent concepts From the beginning, the analytical approack was de-
tiberately ploced s the foreground, and the methods of experimental
cnbryclogy, such »s embryonic transplantations, which were
dnbnml.ni at sbout the same time, were ingeniously applied to the
developing nervous system. As is well known, Harrison inan, rated
the l\w\‘!\od of tissue culture in connection with problems fgu L
fiber otigin. The in eiten emmte- oy o
tributions to the sc - e ' '
bands of G, 1ani, O ** ¢

s &' dvenss, and others. The derivation
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The functional nerve cell is more than a conducting wechanism, whatever sy
be involved in conduction. 1t is from the begioning a dynamic system, rescting to
its environment after the manner of a living organism. Physiological conduction is,
so-to-speak, its accessory or secondary function. If it ever loses its potentialty of
growth and differentiation, ne do not know when and where—G, E. Cocnn,
Anatgmy and the Problem of Behavior (1029), p. 84.

L. INTRODUCTION

WE HAVE witnessed in the last decades the emergence of the

field of “neuroembryology” or “genctic neurology” from gen-
eral experimental embryology. This development recapitulates simi-
lar events in carlier periods, when neuroanatomy and neurophysiol-
ogy were emancipated from their mother-sciences. In this trend is
reflected the unique position of the nervous system among the organ
systems. The complexity of its structure and functional propertics is
foreshadowed in its cmbryonic development. It is, in particular, the
nerve fiber, that unique product of cellular specialization, which
poses as many challenging questions to the student of its differen-
tiation and regencration as it does to the student of its fine structure
and of its clectrical properties. We have in mind not merely the
problems connected with the spinning-out of the nerve fibers and
the formation of nerve patterns but also the complex trophic rela-
tions Dbetween nerve cells and innervated structures which are
mediated by the nerve fibers. The growing and differentiating nerve
center finds itsclf in a delicate equilibrium with its immediate milicu,
with other nerve centers that synapse with it, and with the remote
peripheral structures which it innervates. These threefold ro]nlions
persist throughout life, and any disturbance of the equilibrium
threatens not merely the normal progression of differentiation but
the very existence and survival of the nerve cell. From this view-
point, the investigation of the developing nervous system assumes
a particular signifieance, because it reveals some basic biological
praperties of the nervous tissue more clearly than does the slud,\" of
the adult nervous system, where problems of the conduction of im-
pulses overshadow all others.
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individual cefls protiferate, differentiate, migrate, and gmw.' me{i
become, ot the same time, constituent pasts of nerve centers, ““1
their fbrous outgrowths form fiber tracts which have developmenta
patterss of their own. For instance, proliferation is not mere\y_a
matter of individual cell divisions. The mitotic ce¥\s are srranged in
definite vegional patterns, and they follow definite time pat}ems.
The analysis of profiferation must {ake both aspects into considera-
tion. "The saroe holds for all other compouents of developmePt.

C. Stated in = general way, the basic problems in experimental
neuroembiryology erystallize around the analysis of. the !adar: con-
trolling each of the components of neurodifferentiation hste'd above.
One would investigate the conditions under which proliferation,
cylologicst differentiation, ete., proceed in a given cell or cell group,
at a given stage of development. In this procedure it is useful to dis-
tinguish between the following:

1. Intrinsic factors, residing within the cells under consideration

2. Extrinsic factors; in this category, one may distinguish:

a) Neura factors, that is, the influences of nerve centers, fiber
tracts, and synapses on pewrogenesis

b} Peripherat, nonniervous factars, such as the influence of the
inuervated peripheral organs on neurogenesis

D. The toals of analysis have been confined almost exclusively to
the standard methods of experimental embryology: extirpation,
transplantation, and tissue cufture. The transplantation method bas
been, s0 far, the most sensitive method for the detection of the earli-
et differences between embryonic structures, before they can be

delected in the fine structure or in the chemical composition hor roe
Present hinnkere v v, - A :

fetor v . - e N . ’ - ..

estat " wavate of we aerences must await the refine-
ment of the latter technics. Apact from demonstrating differences
d\e'lr:}niplnn!nﬁon method carries the causal analysis of the diﬁer:
entiation process to a considerable X
tent intetactions betw:

depth. It can show to what ex-
ealling torth foenlized

re:; embryonic tissues are instrumental in

! h and specifie diffetentiation processes (embry-

::‘:l ;:i;lc:;:&) 0;:& such correlations are established, they canrge
et by ot aaront .

e ¥ Sppropriate variations of the implanted ma-

The material used in ;
fined Targely 1o mm;"menmemnl neuroembryology has been con-

amphibians, and the chick embryo. Few
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sadividusl cells protiferate, differentiate, migrate, and grow, tbeﬁ
fecome, at the same time, constituent parts of nerve centers, an :
their fbrous outgrowwths form fiber tracts which have developmental

patterns of their own. For instance, pro%ﬂer'ahon is not mere]y_a
matter of individual cell divisions. The mitotic ce¥ls are arranged in
definite regiona) patterns, and they Iallow definite time patterns.
The analysis of proliferation must take both aspects into eonsidera~
tion. The same holds for sli other componests of development.

C. Stated in a general way, the basic problems in experimental
nedroumbicyotogy crystaflize arownd the enalysis of the factors con-
vrolling each of the components of geurodifferentiation listed above.
One would investigate the conditions under which proliferation,
cytologicat differentiation, ete., proceed in a given cell or eell group,
at 2 given stage of devel 1. In this procedure it is useful to dis-
tinguish between the following:

1. ntrinsic factors, residing within the cells under consideration

2. Extrinsic factars, in this category, one may distinguish:

a} Neural factors, that is, the influences of nerve centers, fiber

tracts, and synapses on netrogenesis

8} Petipheral, nonnervous factors, such as the influence of the
innervated peripheral organs on neurogenesis

D). The tools of analysis have been confined almost exclusively to

the stand ‘ th '_ of exp sl embryology: extirpation,

:ramplmmhon, snd tissue culture The transplantation method has

heen, 50 {at, the most sensitive method for the detection of the earki-

f;c"(i’::f;’?::‘!‘;’!{gw‘“" ‘zmbfyo"ﬁﬂt;trglure& befare they con be

e structure {1 TH,
proent biophaeienl nd L:x‘ or in e ::m.:cal composition by our

prest b ; de ; . It & : rates dif-
ces operationally,” that is, by their later wmanifestations. The
sstablichment of the nature of the differences must await the r-eﬁn&
ment of the latter techuics, Apart from demonstrating differences
ﬂ:e}n}nsplm\nlion method carries the causal analysis of the d'xﬁer:
(;:::l‘lo;\ Process to a considerable depth. Tt can show to what ex-
mllin:(ixt;:;ﬁlz’;;‘:c:? fmh:‘ s tssues are instruments1 i~
onic induction). Onee
analyzed further by o

tecials. s s vaiiauons of the implanted ma-
The meterat | o0 ‘e
fined -, :

. . i
' -enn elnbryae. Pew
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motor neurchlasts which are $ound in the neursl epifheliux{\ of 't.he
spina} cord of young embryos are good examples: Difficulties arise
when we try to distinguish between neurob!asts in more advanced
smgogandneumns.’l'hesnmeq\les‘im arisesthhrespe?ttomany ?‘ther
differentiating cells:Afterwhat point should they be designated as*'ma-~
ture” cells, without the affix “blast”"? The criteria for & decision arel.)y
nomeans always obvious. It is possibleto give arational and concise
answer to this problem in a generat way: Following the concept that
the essential point n progressive specialization, or differentiation, is
the synthesis of new specific cell constituents {primerily proteins)
in different ccll strains, one may designate a cell as an embryouic, or
incorapletely differentiated, calf, that is, in our instance, as a “neuro-
Blast” as long s the synthesis of new specific constituents s still in
progress. Once this process is terminated, so that further metabolism
results merely in the reproduction of existing constituents, then the
cell may be considered to be a mature cell, or in our case a “neuron”
(sce the fucid discussion of the general problem of differentiation by
P. Welse {29, 301). This condition would coincide, in most instances,
with on irreversible Sixity of the cellular differentiations.
Unfortunately, our information on progressive eytodifferentiation
of nenroblasts is so meager that we cannot yet apply this eriterion to
the acl.ual nerve cell. At the moment we are left with the few mor-
I‘ho‘vgml and functional criteria which we are in a position to ob-
serve in the developing blast. OFf these characteristics, the at-
lainment of terminal size ean be ruled out as & valid eriterion. In
hlxg'ncr vertebrates and in man the terminal size is attained in ad-
e g, b e s e ol e e ol
" o eieosts, which continue to grow throughout
e o i o Oy e e
oty bt nzm Cel lce :xfms' to function as the stage of
structurglhy ,5 D ells reach this stage long before they are
y complete. Our dilemma is clearly Mastrated by the sp-

:\;‘:\n ‘m‘e\or cc}l ol 5 3-day chick embryo. Superficially, it resembles
b i‘n; Wit mullipolar neuron, Tt is located in its final position, and
. \:E‘x‘r}“c’t:‘z:(m\‘ I!ow.cve‘;. the eell is immature in several respects:
h tance is dis i 3 ol
feutite are provisineal ‘= Pefsed, the t«_em.nna\ cmmw‘\"\‘“" e

until the clevent): oo .

gt . o
(h: :m::?;:‘l:dl? * o wwwwst’ or a “'netiron,” depending on
i 3 w'md;' one wishes to place either on jts structural in
s or on it functional activity, Clearly, more insight im;
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data on mammals are on record. The advantage of the amphibisn
material js the wide range of possibilities for transplantation experi-
ments and, in particular, the feasibility of extending the analysis to
the carliest stages of determination of nerve structures. The advan-
tage of the chick embryo over the amphibian embryo is the clearer
and more distinet neurological structuration of the nerve tissue and
a more extensive knowledge of the normal development, based on
the study of silver-impregnated material.

E. Which criteria are at our disposal to record the effects of an
experimental situation on the developing nervous system? Our eri-
teria are confined largely to two sets of data: the observation of
microscopic structural changes, using the ordinary staining and sil-
ver-impregnation technics, and quantitative data, obtained by cell
counts, area measurements, and mitotic counts. The silver-impreg-
nation technics are indispensable and are, in some instances, the
only valid criteria for the detection of neuroblast differentiation.
The ordinary staining technics are equally indispensable for studies
of mitotic activity, cell growth, and degeneration. Only a combina-
tion of both guarantees an exhaustive picture of normal, as well as
experimentally modified, nerve-tissue differentiation.

1II. SOME TERMINOLOGICAL QUESTIONS

A number of terms are widely used in neurcembryology and gen-
erally accepted, although their precise meaning has never been
scrutinized. Among them are “neuroblast,” “spongioblast,” “ger-
minal cell,” “ependymal cell.”” The exact definition of these terms
was not of crucial importance as long as neurogenesis was large‘y.ﬂ
descriptive science: but, when a refined experimental analysis is in
progress, the lack of clear definitions may result in grave misunde'r-
standings. However, the i of concepts and definitions 1s,
in turn, dependent on the factual information on hand, and our pres-
ent lack of terminological precision in neurogenesis reflects, in part,
the wide gaps in our Jmowledge in this field. .

The following discussion will be focused on & few terminological
dificulties which we have encountered. .

A. As regards the distinction between “neuron” and "neurablast',
the term “neuroblast” designates an immature or incompletely dif-
ferentiated nerve ccll. This term is unequivocal, as long as one deals
with cells which show definite characteristics of nerve cells, such as
an affinity to silver, but which are structurally in?o'mplete, nor}func-
tional, and not yet located at their terminal positions. The bipolar
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fines of differentiation, depending on the conditions to which it is

eml become obvious in the following discussion that. not all un-
&ifferentiated cells are indifferent. It is particalarly mxs\e':\dmg tg
designate sny cell which has no affinity for siiver as an “indifferent’
cell. Webeginnow with the discussion of the components of neuro-
genesis.
IV, PROLIFERATION

Our information on the proliferative process in the nervous system
i« very limited, although the situation is favorable for its investiga~
tion. As in other epithelia, all mitotic figures are formed at its inner
surlace, which i, in our instance, the inmer fining of the central
canat, In the ganglia, mitotic Sgures are dispersed. Sauer (26} has
given adetailed account of the eytological details of proliferation and
of the transformation af neural epithelial eells into mitotic or “ger-
winal” cells, He has given new, conclusive evidence for the conten-
tion that the so-called “germinal cells” are mitotic stages of the
negrad epithelium cefls and not o special type of cells, s was assumed,
by Uis. Punthermore, he hos shown that the daughter-cells of ami-

totie eell teturn to the interior of the neural epithelinm jmmediately
efter they bave undergone mitosis.

~ 4. DISTRIBUTION PATTERXS OF CELL DIVISIONS

e . .ot ' . ' I .
48" oz vt spust cord 91 the chick embryo (16). Both investigations
show eleatly that mitotic activity is a patterned process. There exist
patlerns of distribution of mitatic Sgures, hoth in space and in time.
One of the most striling features in both animal groups is the zelas

tive independence of proliferation i
att
e el batterns in the basal angd alar

p ly. In the chick embryo the peak of mitotic activi
l{lhl)he a'hsr Slln!e !Ags behmd dxf\t in the ha.s:i plate by seve!al{:la;:.
\hmrct; e\r}. bc mxltct‘m activity in the alar plate is covsistently higher
b ;; :u:: plate, and the Patterns of the dorsal and ventral
o c;‘n rasting lcalur;a during the main period of prolifera-
o makgf\) )rd :n- x{xstunco‘ while the curve for the alar plate rises to
oot o ‘l;,c t}?:!x:]h days), that of the basal plate declines from its
een o lndlul 37) to & very low level, Similar contrasts be-
A e e d;}aﬁ:i&z ::;rcaiot\lxlnd in the distribution patterns
- € same emibyry
1t is reasonable to expect 6 rather domecm&{:toi.on between mi-
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the chemodifferentiation of developing nerve cells and into their
electrical and other properties connected with function are required
before we can resolve this question.

B. The distinction between an undifferentiated cell and an early
neuroblast is equally problematical, even if we disregard all agpects
of determination and limit ourselves to the cells in the neural epi-
thelium. These cells are undoubtedly in their initial phases of differ-
entiation and are no longer exchangeable for epidermal or somite or
any other cell. Yet many of them may still be pluripotential, that is,
capable of differentiation into diffcrent types of neurans or glia cells.
In most instances we have no criteria which would be indicative of
the transition from this stage to that of a neuroblast or spongioblast,
since we cannot transplant individual cells. The situation is clear
only in the few instances of very early and very rapidly differentiat-
ing neuroblasts, such as the somatic motor cells, the earliest internun-
cial neurons, and the exteroceptive sensory cells, In the case of the
first, the cell differentiates a neurite and acquires affinity for silver
shortly after it has undergone mitosis and when it has barely started
its centrifugal migration, It stands out clearly against the back-
ground of neural epithelial cells, as is shown in the early pictures of
Cajal of the spinal cord of a 2-day chick embryo. However, a large
number of nerve cells do not follow this standard scheme, which is
generally depicted in textbooks. For instance, many secondary and
association neurons of the spinal cord follow an entirely different
pattern. Following mitosis and for o considerable period thereafter,
they remain indistinguishable from the neural epithelial cells with
shich they are mingled. They grow slowly, and they gradually ac-
quire certain cytological characteristies of neuroblasts, such as an
enlarged nuclear size; this happens before they acquire an affinity
for silver and before the outgrowth of a neurite begins. Our present
technics do not permit us to distinguish between incipient neuro-
blasts of this type and undiffcrentisted cells. )

C. The distinction between “undifferentiated” and “‘indifferent”
cells is o conceptual distinction which is independent of our factual
snformation. The first term refers merely to the lack of demonstrable
structural differentiation. It is relative in the sense that a refinement
of gur tools may reveal the beginnings of differentiation in cells whick
we now call “undifferentinted” (see above). The term “indifferent
refers to the potentialities of g cell which can be rcv::al?d on)y"b.y
experimental procedures. A cell is called ‘:rclatively indifferent” if
it has the capacity to differentiate along either one of two or more



SONE ASPECTS OF NEUROEMBRYOLOGY 137

stotic activity in these levels, preceding the motor
mnpf?ﬁ;g::‘;:s!ead, Weyfound an even distribution of v.enh‘al
wmitoses throughout the eritical stages, and 1o sign of peaks in ﬂ‘:e
limb levels (incidentally, Coghill did describe such peaks iot‘ ‘i e
Leg level of Amblystoma) What was originally described as an “un-
explained discrepancy” bas recently found an \mt.zxpected explana-~
tion (25), Tt was observed that the motor cohnm} in early stages (at
34 days of incubation) 14 actually of uniform size thxo):ghout th‘e
tength of the spinat cord. This finding is in sgreement with the uni-
form distribution of ventral mitoses. The regional differences come
about at later stages in the following way (E:ig. 2) H In the cervical

fevel substantia) bers of moter g te after
Ahey have started differentiation and sent ovt bers. In the thoracie
and sacral levels iderabl bers of motor blasts mi-

grate in groups in 8 mediodorsal direction and establish themselves
in a central position, near the central eanal, as preganglionic sympa-

hatin anmbnw S <} .

. . L)
wwand g, L wrger stze of the motor cotumus at the limb levels
is not due to a higher rate of proliferation but to the fact, that they
ate spared the depletion to which all other regions are subjected.
The corresponding size diffesences in spinal ganghia originate in a
different fashion, Mitotic counts have shown that the mitatic active
ity i greater in the brachial and lumbosacral than in the cervical
and thoracic ganglia, from the earliest stages which we have investi-
gated (5 days of incubation). The size differences are further accen-
tuated by o differential d tion of differentiated Lhast

y!u'ch aceurs anly in the cervieal sud thoracie but not in the limb-
innervating ganghia (18).

. All these dats show cleatly that the regional differences in the
sizes of nerve centers which we find in advanced and adult stages are
the end-result, of o combination of different tactors. Each instance has
tabe analyzed on its own merits, and generalizations from one to the
n'.!\e'r e unwarranted. In particular, there is no justification in as-
crﬂn‘ng n\} ical differences indiscriminately to differences in
proliferative ac}ivity. s has been done quite frequently-,
\ﬂ?&ti:zmh‘m? %»elwcen‘pmlilcmlian and histogenesis, though
b lh:s:i,:!::\ ! :na ;,‘::33 i3] dcli?itcbfmimﬁuns. Especially in the

 the seem 1o be extremely in thi
respeet. Each small sector of the neural epiﬂ\eli:mc;l:]o‘{:;xﬂ;ngg:

Ty
and it would seem o be a

s 10 » farge number of brain centers,
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totic patterns and the subsequent histogenetic processes, In n general
wny the proliferative patterns do, indeed, foreshadow the sequence of
histogenetic events. The relations are particularly evident with
respect 1o the time patterns. The histogenetic differentintion of the
basal plate is several days shead of that of the alar plate, as is its

Mitoses per 10000 5§ 4o an o)
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’-\_\ e . 5
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Fio. 1.~Time pattern of mitotic activity n spimal cord of chick embryo (uems“!.““‘
segments 10-90). Abseissa, stages of spinal cord differentintion and estupated chronalogicat
age; ordinate (2ft), average number of futoses per unit atea of hning of centra] canal, ardm;;o
(right), tatia of mitoses in dotsal half () to mitoses in venteal half (2} From Hamburger, 1943,
J. Comp Neurol, Vol 88, Fig. 5.)

proliferation. In this instance the correlations between the two events
cen he traced to detailed features (16).

A puzzling situation, seemingly incompatible with such a co-rre]n-
tion, was found in the distribution pattern of basal-plate mitoses
along the main axis. The neural epithelium of the basal xzh\te gives
ise, among other structures, to the motor culunfns. In vww‘o{ t]\;
strong development of the lateral motor cohfmns in the brachial a!;d
lumbosneral levels of the spinal cord of chick embryos, one woul
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futile elfort to correlate the origins of specific brain centers with
spocial details in praliferative patterns.

B MECRANIANS OF CONYROL OF WTTOTIC ACTIVITY

Once certain regularities have bf:en Jiscovered m the t‘empcml and
spatial distribution of mitotic divisions, ih? qQuestion arises a5 ta the
echanisms which control these differentiols. Undo“btedly: a cell
which tooves toward the central canal preparatory to mitosis must
be i &n innet state of preparedness for division. However, intrinsic
canditions slone 3o Bot seem to socount fully for this event. Local
conditions extrinsic to prospective mitotic cells, which weuld acti-
sate clls in groups, wonld have to be postulated to account for the
shifting patterns of protiferation. Mitotic activity is a statistical
event o3 well as the expression of an intra-cellular thythm, We have
sery little information concerning these agents. They certainly do
nol reside in the spinal fuid because all regions of the spinal cord
showing differentials of mitotic activity are equally exposed to it;
besides, the patterns in the spinal ganglia could not be explained in
this way. It would be reasonable to assume that mitogenetic agents
would be produced in the neural epithelium or in the ganglia; how-
ever, it is diffieudt to imagine bow such agents would remain discrete
and Yocalized within the continuous walls of the neura] tube (38).
Notwithstanding our ignorance in this matter, it is important to
realize that any discussion of the prablems of regional and topo-
graphic determination within the cord and the ganghis must include
the determination of mitatic patterns which precede, and are basic
Yo, the patterns of differentiation.

In two nstances it was possible to carry the analysis a step further
and to demonstrate the extrinsic control of mitotic aclivity. The one
case is that of the spinal ganglia. Detwiler was the first to demon-
strate, I.or Amblystoma, that limb extirpation results in hypoplasia,
nd peripheral overloading by limb ¢ 1 tion in hy ey
o a5 o i e s o g
s, & o Suhiccl).t mcf'ﬂ:us m:c'rpxemhon_wns Iza.sed on cell
effects in chick cm{m'oson::l;a?. " ll;’we Xem‘v‘tzs_hga\.ted these
that they are due, indeed, t ::ii;; cotablished, by mitotic counts,
iy (99, Mowever, it should bo emplpont tho oL eroive fetiy-
control ever, il should be emphasized that peripheral factors

merely the quantitative aspects of R
ander way Wi pects of a process which is well
T way when the estrinsie contral mechani i

The other case it ol tmechanism begins to operate.

2t of the optic lobes in anurans, It has been
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A

ection of the spinal cord of ehck embryos, showing the
he motor system from a morphologieally uniform system.
brachial level; C, cervical level, CG, cervieal ganglion:
bencephalic visceral center:
TH, thoracie

Fra. 2.—Diagrammatic frontsl s
emergence of regional differences o t]
A, 4days; B, & days; C, 8 days. B,
L, lumbar level; PST, primary sympathetic trunk, B ¥°C, rhoml
S, sacral level, SST, secondary sympathetic trunk, S.FC, sacral visceral center;
center; TH. VC., thoracic visceral center (nucleus of Terni}
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hown that, during this process of induction, qualitative region.al
&ifferences are established in the medullary plate. At least _three dis-
tinct regions are blocked out in the initial stages: antefmr brain,
posterior bratn, and spinal cord. In amphibians these units are not
irveversibly fixeds they show extensive regulative properties, fol-
fowing extirpation of parts (Detiler, Harrison, and others), and
they adjust themselves quantitatively when transplanted to other
levels (Detwiler, 11, 12), Similar differences exist in the early chick
embryo. In the 10-15-scmaite stages an claborate pattern has been
demonstrated. The wnits seem {o be more rigidly fixed than in am-
phibians, sinee no appreciable regulation beyond wound-healing
takes place when the latera] or dorsal half of the brachial spina) eord
i removed, A detailed analysis of cases with varying degrees of de-
fects has shown that, under the conditions of the experiment, each
sector of the ne.ur_nl tube produces only those types of neurons which
ofiginate from it in normal development, and no others. For instance,
a vz-nt.rohterafl sector of the basal plate, when deprived of the adja-
cent tissue, will give tise only o lateral motor neurons (E. Wenger].
In‘l]\c same stages & regional pattern is established along the main
axis, Tt is likewise Jess Hexible than that in amphibians. Transplan-
tation of the cenr.i\:nl or thoracie level of the neural tube to the posi-
Emn of the brachial cord, and vice versa, resulted in only minor ad~
)t\;:‘\:r;\lsl \o“\l)w new location. The qualitative differences which
o :“:zc\ T?e three levels were clem:ly expressed in their new
A ent. They must ha::ebeen established in the primordiaprior
o;{ stage of transplantation (B. Wenger).
thlme ‘l.lcuroc'mbrydogls). is largely concerned with the further
by ration ?( these elementary patterns in the early neural tube
?ha\lc units which are blocked out in early stages have Proj erﬁe;
which are characteristic of similar units in other argan system:' th
are wwally veferted to as “field properties.” This concept : l'ey
that the cells or eelt groups contained within each el €p implies
are not yet rigidly fi . o each elementary unit
lation and m\i 5‘ ’“:d with respect to their finsl destination; Tegu-
interacti Rl sdjustments may oceur within the units, mutual
mrimicu[m\;my take place between adjacent units, and evc‘n agents
i o Lhe neevous system v Y "
tion. The important. role Wthic;m? o e f\m}‘lcr diferentia-
Py in th t the nanrervous peripheral ti
¥ i the development of motor and sensory ners: P tere] tissues
cleatly recopmized and analyzed § e pasrys centers Is now
concern . yzed in part. We have less inf H
g the influence of develops information
centers, with whi CiopIng nerve centers on secondary
» with which they establish synapti p secondary
v ynaptic connections. These inter-



140 GENETIC NEUROLOGY

known for a long time that eye extirpation in early tadpoles resylts
in a numerical hypoplasia of the optic centers in the midbrain
(13, 20). Kollros (19) has obtained positive evidence that the mitotic
activity is reduced in this instance.

The mechanism which operates in these cases is difficult to under-
stand, since the affected cells have no connections of their own with
the peripheral areas. We shall face the same problem in connection
with the initial differentiation of neuroblasts, and we propose to de-
fer the discussion of this point to that chapter.

It would be entirely unwarranted to generalize these findings and
to assume that peripheral factors control, in general, the prolifers-
tion in all parts of the central nervous system. We have definite evi-
dence to the contrary. For instance, one can remove the primordium
of the superior oblique muscle of the chick embryo prior to the for-
mation of the trochlear nucleus and the outgrowth of the trochlear
nerve. This experiment in no way interferes with the establishment
of the trochlear nucleus, which was found to be numerically complete
at the advanced stage of 8 days of incubation. Not until later do
degenerative processes of the neurons begin. It follows that the pro-
liferative activity preceding the formation of the trochlear nucleus
is independent of its peripheral field of termination (Dunnebacke,
unpublished). The same holds for the ciliary ganglion, which differ-
entiates normally in quantitative and qualitative respects when
deprived of its terminal structure, though in later stages it shows
regressive changes (Amprino).

The problem of the termination of mitotic activity is closely re-
lated to the problems discussed above. In vertebrates the mitotic
activity of the nervous system is limited to definite embryonic peri-
ods. Our information on this point is very scanty. In the spinal cord
and spinal ganglia of the chick embryo, the proliferation is prac-
tically terminated on the ninth day of incubation, although it lingers
on for several more days. Is this cessation due to the fact that in-
creasing numbers of cells undergo differentiation and therefore lose
the capacity for proliferation? Or is an agent necessary for prolifera-
tion gradually being depleted? Or is it due to a combination of botht
factors? At present, we have no answer to these questions.

V. CELLULAR AND HISTOLOGICAL DIFFERENTIATION

The differcntiation of the nervous system begins with the forma-
tion of the medullary plate under the inductive influence of the un-
dorlving mesoderm. Spemann, Holtfreter, Lehmann, and others have
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during this process of snduction, qualitative regmn_.ﬂ
;?:;nﬁ:m ﬁi&iﬁﬁhedpin the mcdu?&ar:v plate. At least thxee d.s~
tinet reions are blocked out in the mitm\‘ stages: anterior beain,
posterior brain, and spinat cord. In a..mphx"mms ‘these units are not
irevensibly fixed; they show extensive regx.ﬂau':e propetties, fol-
fowing extirpation of parts (Detssiler, Hartison, and others), and
they adjust themselves quantitatively when b:mgplzmted to oﬂ_xer
lcv;ls (Detwiler, 11, 12). Similar differences exist in the early chick
exbrso. In the 10~15-somite stages an elaborate pattern has been
demunstrated. The units seew to be mare rigidly fived than in am~
phibians, siuce o appreciable regulation beyoud wound-healing
takes place when the Javera} or dorsad balf of the brachial spinal cord
is removed. A detalled analysis of cases with varging degrees of de-
fects has shown that, under the conditions of the experiment, each
sector of the neural tube produces only those types of neurous which
etiginate from it in normal development, and no others. For instance,
a ventrolateral sector of the basal plate, when deprived of the adja-
cent tissue, will give rise only to lateral motor neurons (E. Wenger).
1o the same stages a regional pattem is established along the main
aris, 1t is likewise less flexible than that in amphibians. Transplan-
tation of the cervieal ot tharacic level of the neural tube to the pasi-
tion of the hrackial cotd, and vice versa, resulted in ouly minor ad-
justments to the aew loeation. The qualitative differences which
characterize these three levels were dlearly expressed in their new
enviroment, They must havebeen established in the primorgia prior

1o the stage of transplantation (B. Wenger),
i ot Tl oo s e e
Thebasi::n‘;ts w;ilf:m:‘;m}r;yedpaugms n the early nera! fulfe.
Shich ar Sharcteitie of stlnt wuts e ther e PrOperties
are usually wet n-eed t: 2 93ul!xr units in ot}:er organ systems; they
1552 the ol o el e e reperties” This concept. implies
aze pot yet ﬁg;dlceﬁxzw}.):hmm“med within each elementary unit
tation and mut u:'x ot with respect to their final destination; regu-
justments may orcur within the wnits, mutual

interactions may take place between ar i 5,30d even agents
y diacent units, snd 4

; us syst : 4 ¥
tion. The important system may control their further differentin-
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actions are of cqual interest to the embryalogist and to the neurolo-
gist. Space does not permit covering this field to any extent, and we
shall limit ourselves to some general and eritical considerations. We
use the term “differentiation” in the limited sense of “cytological”
or “histological” differentiation. All data refer to the chick embryo,
unless stated otherwise,

A, EARLY DIFFERENTIATION ON THE CELLULAR LEVEL

The analysis is complicated by the fact, emphasized above, that
neurodifferentiation proceeds simultancously on the ceffular and on
supercellular levels and that both are not always scparable, A nnique
exception are the Mauthner’s cells of lower vertebrates. They occur
in single or multiple pairs, and they bave striking structural charac-
teristics, among them large size and a giant neurite; hence they offer
an unparallelled opportunity for the study of problems of single
neuron determination and differentiation. This topic will be dealt
with by other participants in the conference who have been actively
engaged in their analysis.

How does cellular differentiation proceed in the neural epithelium
and in the ganglia? Which are the successive steps in the progressive
differentiation of the cells after they have undergone mitotic divi-
sion? Our information on this topic is scanty because we have to rely
mainly on the silver-impregnation technic for the detection of differ-
entiation. YWe have no way of tagging the cells, and we cannot make
single-cell transplantations. Tissue-culture experiments might prove
to be helpful; they have been barely utilized for this particular
problem.

Once a cell exhibits an affinity for silver, we are certain that it has
acquired some basic properties of a neuroblast and that its differen-
tiation is irreversibly directed toward & neuron. Usually the sul{se-
quent steps can be traced readify. The main gaps in our information
are, of course, the stages between mitosis and the time at which the
cell shows an affinity for silver. This span is different for diﬁcl:ent
types of cells. It is very short in neuroblasts, which diﬂe_rcntmte
early and rapidly in answer to a demand for the early cstﬂbflshmt?l/lt
of functional response mechanisms. The visceral and somatic motor
cells, the first commissural and association neuroblasts, x_md the ex-
teroceptive sensory cells in the spinal ganglia belong to tlns_ category.
For instance, the motor neurcblasts begin to send out.ﬂlmr {mun\cs
and sequire their affinity for silver very 'carly,.tl‘mt is, while t]‘\lcy
migrate in the neural epithelium from the inner lining to the mantle.
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Their further fate can be eas'\\y‘ha_ced, and in this way we :)mvc.x;
rathet complete record from beginning to end. T[}e same can be ;?31
of the early-differentiating peuroblasts in the spinal ganglia, w ‘lx
are probably tactile exteroceptive neuroblasts; they gather in the
ventrolateral regions of the gavglia during the f““’fh and ﬁ(':h days
of incubation. They are recognizable very easly, owing to their affin-
ity for sitver and other characteristics, such as increase of nuclear
size.

This type of rapid neuroblast formation, which is used in fext-
books as the prototype for neurogenesis, is not the only one and pos-
sibly not the most common type. For instance, the cells in the spinal
ganglia in the chick which do not differentiate early, that is, the ones
located in the center and in the mediodorsal regions, remain small and
undifferentiated for a long period. The same holds for the in-
ternuncis! neurans and of the secondary semsory meurons in the
alar plate of the neural tube. The precursors of these cells migrate
to the mantle without showing any evidenee of differentintion, and
they do pot scquire an affinity for silver until they have reached
their terminal positions. A comparative study would probably reveal
other patterns of neuroblast differentiations, all different {rom the
standard {ype 2s represented by the motor nenroblasts. However,
fhe differences may not be of a fundamental nature but merely shifts
in the time sequence of events.

We sh:{“ comment briefly on the state of differentiation of the
neural epithelial cellvs, preceding the first visible signs of differentia-
T g o e s e
the ep'\\helial‘slmcmre a?v’l " either g chpre mf:or}?um\cd b

helial cells d are e:%z‘bzﬂfup‘whve ?\m;c cells or
come T .

Ehe same cells withdrawn from the epithelial stetlixect\nyem:ndc elgis’ g;)-
ing toward the Lining of the central canal, in anticipation of m'tgr is;
(¢) “germinal cells,” that s, cells in mitosis (itis now generall: —
that these cells are not 5 special type of cells by Benerally agr ced
¢ o Re: ut the mitotic stages

of nearal epithelia) celds {Sauerl; it is nat known whether such
can undergomitosis repeatedly); (d) undifterentiated mi et
movi) gratory cells,

hoving toward the mantle; and (€) migrata; Us showt o
signs of differentiation. ty cells showing visible

Categories b and @ aro =0t <= . i
primarily concerned w o : . .
20ty d and with their . - o
textbooks of newro L
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largely hypothetical and not in agreement with one another. The
terms “neuroblast” and “spongioblast” refer to stages which show
visible signs of differentiation. Several books have adopted the term
“medulloblast” (Bailey) to designate a common precursor of the
two. Unless one assumes that cells in stages 4 and ¢ are already irre-
versibly fixed with respect to their most specific characteristics, then
at least part of the undifferentiated migratory cells (d) would be
“medulloblasts” as defined above. How long a given eell remains in
this stage is unknown, and this may be different for different regions.
Which pathways are open to such a pluripotent cell? Two alterna-
tives are conceivable:

1. It proceeds through a sequence of dichotomies, such as the
following:
Sponginblast[mtm’ e

Ohgodendroglia
Meduloblast [ Motor neurablast

-Neuroblast [

Internuncial neuroblast

2. It proceeds in one step from an indifferent to s highly spe-
cialized type.

There is at present no way of deciding between these alterna-
tives. It is reasonable to assume, however, that the cells of category d
represent a mixture of pluripotential, relatively indifferent cells and
other cells which are in different phases of initial differentiation.

In view of this situation, one should distinguish sharply between
“undifferentiated” and “indifferent” cells (see p. 134).

B. THE FORMATION OF CELL GROUPS (N’ERVE Cﬂmﬁs)

Considerable variation exists in the mode of formation of nerve
centers. Cells which belong to the same functional group often start
their differentiation simultancously and proceed synchronausly. The
cochlear, vestibular, and trigeminal centers are examples of this very
common pattern; not only is it found in well-defined groups, but it
oceurs alsoin cell groups which arescattered topographically, although
they may be functionally of the same type. The most striking exam-
ple of the latter case is found in the reticular center of the mcfiu!lﬂ.
which is spread over a wide avea. Its cells start their differentiation
almost simultaneously on the fourth day of incubation. In these
instances supercellular controlling agents scem to play a role, and
the challenging question arises as to the mechanism of synchro-
nization.
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ver, synchrony is not of general nccu:rence.'s'ome centers
reg{.xnge'xr nny:\eﬁca\ completion gradua‘!y, by f*d‘_im"" of newly
differentiating cells sround » core of ear\ydxﬁeﬂ:nhatllng ne.uroblash.
The mator columns of the chick embryo oniginate fn this way. It
takes several days until they are completely formed. The same holds
for the early-differentiating neuroblasts of the spinal ganglia. In con-
nection with this type of growih by apposition, the idea has bc'cn
develaped that the early-tifferentiating neurons exert an "int_iuch‘»:e
effect” on adjacent, relatively indifferent cells (Barron). This topic
will be taken up below.

Adjacent centers usually follow independent patterns of develop-
rment; there 15 no evidence that one center influences the differentia-
tion of a neighboring center, On the contrary, one abserves frequently
that differentiation may be in full swing in one center, whereas 2
eoatiguous cell group shows no sign of injtial differentiation. The pos-
sibility of cansal interrelations is, of course, not excluded by these
cbservations

In higher vertebrates the motor calumns are subdivided topo-
graphically fnto specialized groups. Yt seems that this topographic
pattern originates in different ways in the few cases in which this
problem was investigated. In the rat, rabbit, and chick embryos (sit
thres are relatively rapidly developing forms) the separate columns
seem to originate by the segregation of an originally homogeneous

and .\miinlrm cell mass; in the more slowly developing sheep embryo,
the individual eell groups angh independently and in
(see Barron, 2).

C. CAUSAL ARALYSIS

The initia} differentiation of the eatliest neuroblasts both in the
neursl ube and m}he ganghia is probably due to & combination of
‘mm%-ce'l\ular conf\i\mns and activating agents located in the im-
n;e\d\me r of the cell, Unfortunatel , this impottant step
cludes ex‘{)enmema\ snalysis, except in unusual cases such as Mauth-
ner’s cells, }vhere the bebavior of individual cells can be studied
\mé;r experimental eonditions. :
it ; \“hi:awi:;:a!been advanced that undifferentiated cell groups
T \\ nervous system are stimulated to neurite and deg-
i ai“";:" by ele‘cmc currents radiating from fiber bundles
o ﬁgﬂ“ar;:f“”; ;}h‘;:‘ upward or downward growth {“stimutoge.
ton™ of Bok). This ides i §

wient T i segmen) This idea is refuted by s number ot esperi-

ts of the central nesvous system were com-
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largely hypothetical and not in ngreement with one another. The
terms “ncuroblast” and “spongioblast” refer to stages which show
visible signs of differentistion. Several books have adopted the term
“medulloblast” (Bailey) to designate a common precursor of the
two. Unless one assumes that cells in stages b and ¢ are already irre
versibly fixed with respect to their most specific characteristics, then
at least part of the undifferentiated migratory cells (@) would be
“medulloblasts” as defined above. How long a given cell remains in
this stage is unknown, and this may be different for different regions.
Which pathways are open to such a pluripotent cell? Trwo alterna-
tives are conceivable:

1. It proceeds through a sequence of dichotomies, such as the
following:

Astrocyte

Spongioblast
Oligodendroglia

Medulloblast [ Motor neurchlast
-Neuroblast [

Internuncial neureblast

2. It proceeds in one step from an indifferent to a highly spe
cialized type.

There is at present no way of deciding between these alterna-
tives. It is reasonable to assume, however, that the cells of category d
represent a mixture of pluripotential, relatively indifferent cells and
other cells which are in different phases of initial differentiation.

In view of this situation, one should distinguish sharply between
“undifferentiated” and “indifferent” cells (see p. 134).

2. THE FOAMATION OF CELL GROUFS (NERVE CENTERS)

Considerable variation exists in the mode of formation of nerve
centers, Cells which belong to the same functional group often start
their differentiation simultancously and proceed synchronously. The
cachlear, vestibular, and trigeminal centers are examples of this very
common pattern; not only is it found in well-defined groups, but it
occursalsoin cell groups which are seattered topographically, although
they may be functionally of the same type. The most striking exam-
ple of the Intter case is found in the reticular center of the mcfiu!ln,
which is spread over a wide area. Its cells start their differentintion
slmost stmultaneously on the fourth day of incubation. In these
instances superceltular controlling agents scem to play & role, and
the challenging question arises as to the mechasism of synchro-
nization.
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of updifferentiated cells or on profiteration. Both instances have
sctually been observed (38). . .

Tt should be emphasized that almost il effects of ingrowing fibers
ohserved so far have 3 rather narTow range. They call forth only
moderate changes in the respective herve centers. The b\x\’l: of the
cclls differentiates normally and independently of such
Other centers weze found to be entirely uninfluenced in their enxly
diferentistion when deprived of incoming fiber tracts, This holds,
for instance, for the above-mentioned cochlear and vestibular cen-
fers, with the exception of the nucleus tangentislis, The Intter is
uninue, in that it rep ts the ooly i showing the profound
effect of fiber ingrowth on a center. The tangentialis cells in the
medulla are cells which synapse with very lasge fibers, the “colossal
fibers™ from the acoustic ganglion. The tangentiafis cells are first
detectable as small cells in o median position; at the time when the
colossal fibers enter the medulla, they migrate toward the entrance
point of these fibers: they grow, and each cell applies itsell length-
wise to » fiber, I the otoeyst, including the primordium of the acous-
tie gauglivn. is extirpated and the colossal fbers ave thus eliminated
from the start, then the taugentialis cells remain as small relle in »

o

e, mx'a.uy, to the role which extrinsic, nonnervous structures
piag in the differentiation of the sensory and moter conters, This
topic has been discussed elsewhere in detail (18) and reguires only &

l;:f c_c_)&x_z‘xeut. L is well known th:ft the ted\:ch.nn of the peripheral
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pletely isolated and found to differentinte normally in the ahsence
of long-range and short-range ascending and descending fiber tracts
(7, 15, 22).

On the other hand, positive evidence has been ebtained to show
that in certain instances the differentintion of a secondary nerve cen-
ter is controlled by the ingrowth of fibers from another center with
which it is in synaptic connection. For instance, the optic centers in
the amphibian midbrain show a hypoplastic effect when the optic
vesicles are extirpated in carly stages, and they become hyperplastic
if the size of the ingrowing optie nerve is enlarged. (The latter has
been demonstrated by Harrison by the ingenious experiment of sub-
stituting the large optic vesicle of the large salamander, Amblystoma
tigrinum, for the small optic vesicle of 4. punctatun.) Similar effects
can be achieved in an indirect way. For instance, one ean produce
first a hypo- or hyperplasia m a spinal ganglion by a reduction or an
inerease of the peripheral sensory area; as & consequence, the second-
ary sensory centers in the dorsal columns of the spinal cord show
hypo- or hyperplasia, respectively.

1t is necessary to exert a great deal of discretion in interpreting the
hypoplastic effects observed in such experiments. Only in rore in-
stances can the numerical hypoplasia be taken as conclusive evidence
that the differentiation of undifferentiated cells was blacked aud not
some other developmental process. We have shown clsewhere (18)
that the numerical hypoplasia of a nerve center can be the result of
factors other than inhubition of differentintion; it can be due to 8
reduction of the proliferative activity or to a secondary degeneration
of fully differentinted cells. All three types of effects were actually
observed in the spinal ganglia of the chick embryo under appropriate
experimental conditions. The danger of overlacking a secondary
degeneration is particularly great if the hypoplastic cifects are
recorded o long period after the extirpations and if no intermediate
observations were made. In several instances we have followed the
effects of the climination of primary centess on secondary centers
over a prolonged period and in & closely timed series, and we have
actually observed that the secondary centess came, at first, to full
Jdifferentiation and underwent regressive changes later on (vestibular
and cochlear centers, following otocyst extirpation [‘.’A:]), The inter-
pretation of cases of ccllular hyperplasia is also ambiguons. i the
number of fully differentiated cells is larger than non‘nnl, tlx?n e
may deal with an influence of ingrowing fibers on the differentiation
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of updiferentisted cells ar on proliferation. Both instances have
actualy been observed (18}, N 5

Tt chould be emphasized that almost off efects of ingrowing fikrers
cbserved so far have 2 rather narrow range. They call forth only
moderate chianges in the respective nerve centers. The bul}: of the
odlls $iferentintes nowmally and independently of such
Other centers were found ta be entirely uninfiuenced in their carly
Ffierentistion when deprived of fncoming fiber tracts, This holds,
for instance, for the above-mentioned cochlear and vestibular cen~
ters, with the exception of the nucleus tangentinlis. The iatter is
umique, in that it represents the only instanee shawing the profound
offeet of Sber mowth on & center. The tangentialis cells in the
medulia are eells which synapse with very large fibers, the “colossal
fbers” from the seoustie ganghion. The tangentialis cells are first
deiectable s small cells in w median position; at the time when the
olosssl fbers enter the medulla, they migrate toward the entrance
poitt of these fbets; they grow, and each cell applies itself lengih-
wise to a fiber. Y€ the atocyst, incinding the primordium of the acons~
tie ganglion, is extirpated and the colossal fibers are thus eliminated
from the start, then the tangentislis cells remain as small eells in a
edian position; they all to differentiate, to grow, and to migrate,
and they are not detectable at later stages (24).

W & turs, finally, to the role whick extrinsic, nonnervous structures
P\an in the differentiation ol the sensory and motor centers. This
lopichas been dx"scussed elsewhere 1 detail (18) and reamivac ante- -
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pletely isolated and found to differentiate normally in the ahsence
ol long-range and short-range ascending and descending fiber tracts
(7,15, 22).

On the other hand, positive evidence has been obtained to show
that in certain instances the differentiation of & secondary nerve cen-
ter is controlled by the ingrowth of fibers from another center with
which it is in synaptic connection. For instance, the optic centers in
the amphibian midbrain show 2 hypoplastic effect when the optic
vesicles are extirpated in carly stages, and they become hyperplastic
if the size of the ingrowing optic nerve is enlarged. (The latter has
been demonstrated by Harrison by the ingenious experiment of sub-
stituting the large optic vesicle of the large salamander, Amblystoma
tigrinum, for the small optic vesicle of 4. punctatum.) Similar effects
can be achieved in an indirect way. For instance, one ean produce
first a hypo- or hyperplasia in a spinal ganglion by a reduction or an
inerease of the peripheral sensory area; as a consequence, the second-
ary sensory centers in the dorsal columns of the spinal cord show
hypo- or hyperplasia, respectively.

It is necessary to exert a great deal of diseretion in interpreting the
hypoplastic effects observed in such experiments. Only in rare in-
stances ean the numerical hypoplasia be taken as conclusive evidence
that the differentiation of undifferentiated cells was blocked and nat
some other developmental process. We have shown elsewhere (18)
that the numerical hypoplasia of & nerve center can be the result of
factors other than inhibition of differentiation; it can be due to 8
reduction of the proliferative activity or to a secondary degeneration
of fully differentinted cells. All three types of effects were actually
observed in the spinal ganglia of the chick embryo under appropriate
experimental conditions, The danger of overlacking a secondary
degeneration is particularly great if the hypoplastic effects fxe
recorded n Jong period after the extirpations and if no intermediate
observations were made. In several instances we have followed the
effeets of the elimination of primary centers on secondary centers
aver a prolonged period and in a clasely timed series, and we have
actually observed that the secondary centers came, at first, to Tull
differentiation and underwent regressive changes later on (vcstt.bn)ar
and cochlear centers, following otoeyst extirpation [24]). The inter-
pretation of cases of cellular hyperplasia is also ambiguous. If the
pumber of fully differentinted cells is larger then non‘nn], fll?ﬂ we
may deal with an influence of ingrowing fibers on the differentiation
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feg buds of chick embryos, were based on the same Teasoning. Fc
found that meuse sarcoma 180 was trmervated by perve fibers which
seemed to be primasily sepsory in nature.

The control of the growtk of neurons by peripherat fields has never
been corefully analyzed in experimental situations. Howev.cr, l}'xc
extensive comparative jnvestigations of G. Levi {(summarized in
Ref. 1) have clearly established such  correlation for normal de-
selopment. Particularly striking examples are found in certain tele-
a5t species which apparently grow continvously. Extreme size differ-
ences between young and old specimens swere secompanied by corre-
sponding size differences in homologons neurons, Similar correla-
tians were found between limb- and trunk-innervating neurons with-
fn the sate animal and hetween homologous neurons of large and
swall species, Levi has emphasized the unique position of the nervous
tissue in this respect : Stnce proliferation terminates long before body
growth ceases, continued grawth of the neurons is necessary, in order
to weet the demands of the eolarging peripheral area, Thus the ter-
ntinal size of veurons is controlled by extrinsic conditions.

VI MIGRATION
Cell migration is of universal oceurrence in the development of the
nervows system Although this phenomenon is an integral part of
mweeeh‘ tifferentiation, we give it special treavment becnuse it
p‘.m’ 22 important, role w the pattern formation of nerve centers.
:;éshaﬂ.m(. discuss the migrations of the neural-crest cells and of
it del:watwes, Al eells which remain within the neural tube mi-
gl;;::;fme.e. and some of them migrate three times; they change their
lype;ooz; m.each new migratory phase, We may distinguish three
e o ‘:x;g\;mry movements: {A} centripetal migrafion of in-
i p;e d terenhax\efi cflls toward {}xe inner lining of the central
i ; pd atory to mitasis; (B} centrifugal migrafion of individual
oward the mantle, and (C) group migration of nerve cepters.
A CENgprowe.. o~
ﬁbc_f‘;ﬂripelal migrat  * .
i s
mint:x 5:;1{»3;)1:‘;5 \x}x} L. sed up with mitetic division. It was
o spectl typm of ;‘nsxﬁ’;ﬂ:ﬁ? ;e:tllst” arz no longer considered to
U totic phases of newral epithelial
fvithelium,y g\\‘;nex;\o;\;r;;;ﬁn% epithelial c?ﬂs withdraw fI:om the
tral canal, Thie Drostes s b shape, a}nd n)ugmlc toward the cen-
een deseribed in detall by Sauer (26).
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cell counts of differentiated cells reveal a numerical increase com-
pared with the contro} side, as is actually the case in ganglia and
motor centers, then the conclusion seems to be justified that extrinsic
factors control the transformation of undiffcrentinted celis into
neuroblasts (for details see below).

The mechanism by which this cffect is brought about is difficult
to visualize. It must be an indirect effect because the undifferentiated
cells which are the responding elements have no conneetion of their
own with the periphery. The situation here is the same as in the ease
of the peripheral control of proliferation. In both instances the ntost
satisfactory hypothesis is the assumption that the pioneer fibers,
which grow out irrespective of peripheral changes, are mediators in
the chain of events. The experimentally produced decrease or in-
crease of the peripheral area would alter the physiological condition
of the pioneer fibers which strike out into this region; they would be
either prevented from further growth and branching or stimulated
to excessive growth and branching. The physiological conditions of
the fiber would then be reflected in the metabolism of its perikaryon.
As a result, the release of metabolic products into areas adjacent to
the perikarya of the pioneer fibers or the uptake of substances from
adjacent areas would be decreased or increased, respectively, and
this change in the constituents of the cellular milieu would, in turn,
affect the differentiation process and proliferation of adjacent un-
differentiated cells. Barron (2, 8) has independently developed simi-
lar ideas and implemented them with the suggestion that dendrites
from early-differentiating neurons spread between the adjacent in-
different cells and stimulate their differentiation. All these ideas are
admittedly hypothetical and await experimental tests. Another
suggestion can be ruled out: The “peripheral control” cannot be
understood in terms of increased or decrensed functional demands,
because hypo- and hyperplasia are observable before functional
activity begins.

The “specificity” of the correlations between nervous and non-
nervaus structures is a problem of particular interest which occupies
our attention at the moment. Some indirect evidence suggests
strongly specific effects of effcctor organs on the development of
motor centers and of receptor organs on the developwent ?f sensory
centers. We try to analyze this point by exposing oulgrowing mixed
nerves to homogencous tissue, such s muscle primordia, rather than

10 heterogencaus structures, such as limb buds. The experiments of
TR . Tem brancrYantad manea Yrmere 4n e olace of
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ture and withdrawal of this process e?!(:curs eventually, and the cell

orarily a “unipolar” eell. .
ml:mc?ng:slf to th}; type of migration to he disenssed below, this
centrifugel migration is one of individual eells. We 'do not know how
they manage to squeeze through the newral epithelium, :}ud we hah\'e
0 information coucerning the factors which direct their migration
and their aggregations in the mantle.

¢, GROUP ABGRATION OF KERVE CENIERS

Whereas the fisst two types of migration have been recognized
for 2 long time, the thisd type has received little attention so far. Yet
it i3 & striking ph and of wide . A surprisingly
farge mumber of cell groups do not come to Test at the end of their
centrifugal migration; they set out on a new trek, this time not as
individuals but 1 groups. The main significance of this type of mi-
gration Lies in the fact that it has a considerable share in the estab~
lishraent of the definitive patterns of nerve-center arrangements,

Group migration differs in several characteristics from the pre-
viously described types of migration, apart from the fact that it con-
eetns entire oell groups. The migrating cells are invariably full-
fledged neurcblasts {or neurons, depending on the definition; see
above). Their nuclel are large, and the amount of eytoplasm is re-
duced; their eell bodies are spindle-shaped and “'streamlined” for
lhe.voyage, with the dendrites apparently merged into one, which is
satipolar to the mearite. The nensites of these cells have invarizbly
reached the periphory, and they may even have established prelimi-
Bary connections with nonservous peripheral struetures, This con-
mection is retained during the migration, which is in a direction op-
posite to the neurite Since the latter 15 “teailing” behind, we must
assume that 1t lengthens proximally while the eell migrates.

The best-analyzed case is that, of thy foni
) e preganglionic visceral center
1:. lh‘e ‘t{xfracolumbu level of the chick embryo (nuclens of Terni),
; -M‘!mm a ventr?gater‘al to a mediodorsal position during
4 ~.‘--~ 5. see Fig. 8), In mammals
shservations of B fevedl.. " ‘“““:ed
?;: 'ﬁae :xccessory nieleus of the sbdneens; one of tue e (k?:
- g;,ng 0 l,he oculomator nuclens, which moves aCTOs5 thum‘d Time;
e Putlonie cells; the cells in the o .

tic b i H
The wmovements are alrays in Pt be and in the retina.

e ox M groups, though not necessarily i
pact dhasters, The mechardsm of locomotion of these cellSS: :
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The same author has emphasized again what was already known to
Altmann, that this type of migration is not peculiar to the neural
epithelium; mitosis follows this pattern in all tubular epithelial strue-
tures. For instance, we find similar pictures in the embryonic intes-
tine and kidney tubules. We do not know whether all neural epi-
thelial cells participate in mitosis and, consequently, in this type of
migration. According to the standard account in textbooks, some
residual epithelial cells never leave the epithelium, and these cells
are transformed eventually into ependymal cells. However, there
seems to be little evidence for this statement. It is conceivable that
some of the daughter-cells of mitotic divisions, instead of migrating
into the mantle, re-enter the epithelium and again become true epi-
thelial cells. Such a reintegration of cells occurs in all other epithelia,
and there is no reason why it should not occur in the neural epithe-
lium, If this holds true, then & distinction between potentially mi-
totic cells and residual, stationary cells—that is, potential ependymal
cells—becomes very tenuous. It is more reasonable to assume that
all neural epithelial cells have equal potentiality and equal chances
for migration and proliferation rather than to postulate a dichotomy
of cell types in the early tube.

B. CENTRIFUGAL MIGRATION TOWARD THE MANTLE

Centrifugal migration is again a universal phenomenon; it is
characteristic of all cells which have undergone mitosis. Different
cells, however, are in diffcrent stages of cellular differentiation while
they migrate centrifugally. It was pointed out above that some cells
show o very precocious affinity to silver; they reach the bipolar
stage and develop a neurite while they are still close to the lining of
the central canal. Motor neuroblasts illustrate this type. Other cells,
such as the dorsal cells of the spinal cord, show no sign of differen-
tiation while they migrate. Obviously, the mechanism of migration
is not related to the state of differentiation of a prospective nerve
cell.
Many of the carliest-differentiating neuroblasts in the neural tube
show a so-called ““bipolar” configuration when they are first detect-
able by sitver impregnation. Their proximal process adheres to the
inner limiting membrane and is probably nothing but the dmwtl-
out proximal part of the cell body. The cell resembles the cc]ls. in
the upper lip of the blastopore or the medullary plate cells, which
become fask-shaped when moving away from the surface. A rup-
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ing with one speciflic, we}l-ci;c;m?::::ed process but with s variety
i sialogical mechanistos.

O!%EC:;;: 8: }l,imil lt;)lur discussion to one pczint, name}y , the repE‘X;-
cassions on nesve cells of changes at. the periphery ‘thh ase es;:ﬂ ,;
tished experimentally hefore the tips of 'outgmwmg ﬂble rs hav
reached the peripheral asess. The extlrpalmn.and transplantation
experiments of imb primordia in 23-8-dey chlds embryos, that is,
before nerve outgrowth is well under way, establish such conditions.
So far, we have studied in detall only the effects of limb-bud extir-
pations on brachial spinal ganglion cells. The early d\ﬁeren\\a\\m\. of
considerable numbers of the large, ventrolateral neuroblasis wh\:}!
we assume are exteroceptive tactile is not impeded by this
disturbance; the beginning of fiber formation proceeds normally for
sbout 2 days. However, shortly thereafter, that is, at a time when
the fibers reach the experimentally reduced area but long before they
fave established their definitive connections with epidermal sense
organs (which are formed much later), a dramatic degeneration
process afffiets the perikarya; it reaches its peak at 6-6 days of incu-
bation, during which stages large numbers of degenerating cells were
observed and, among them, macrophages, which remove the debris
{18). AL 7 days a fairly static condition is reached; however, the sur-
viving cells have an atrophic appearance at stages near hatching, It
Was not possible to determine whether they undergo shrinkage or
whether they merely 21l to undergo further growth,

‘This rapid breakdown affects only the early-differentiating large
Ele\u'oblasts of the ganglia. Another type of ganglion cells responds
In & different fashion to the limb extirpation, We refer to the medio-
dors.ally located cells whick normally remain conspicuously smaller
during a long period. These cells show merely an atrophy; but no
actual breakdown was observed, nor was their number reduced,

. The disappearance of neuroblasts under the irapact of the redue-
tion ar complete elimination of their periphersl fields was found jn
other instances. 1t l:he primordium of the superior oblique muscle is
::m.““d by.the extirpation of the early uptic vesicle and of adjacent

gions, no .lmmedxa.&e effect on the nueleus of the trochlear nerve is
ltl;):;czd‘ It is found to be numerically complete at 5 days of incuba-

o ;::ual.}‘:\ove%. Heane the early differentiation is not affected by

s aecw :“' o quent stages, b > 8 loss of
ol b e v estabished by cell counts, More than half the
(Dunnedacts ‘1; b\'“ days,.nud aln'mst 80 per cent at 15 days

» Wnpublished). A similar situation was found in the
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well as the forces which direct them to their terminal positions, is
unknown. It would be of great interest to study the behavior of these
cells in tissue culture and to compare it with that of stationary cell

groups.

Fia. 3.—Diagram to illustrate the migration of cells in the spinal cord of the chick embryo
4, 2 days; B, 4 days, C, 6 days; D, 8 days, 1, centripetal migration to the inner lining of the
central canal; 2, ifugal migration of i 1 and motor cells toward the mantle, In B,
the unifarm motor column is formed (see Fig 2, 4) In C, the group migration of viscersl pre-
ganglionic cells (3) begms. In D, the stationary cells have formed the somatie motor rolumn
(SMC), and the migratory cells have formed the visceral motor center of Terni (F3(C).

VII. MAINTENANCE

A. THE ROLE OF PERIPIIERAL CONDITIONS

The outgrowth of the embryonic nerve fiber into the peripheral
structures and the establishment of peripheral connections open &
new chapter in the life-history of the nerve cell. The cell reaches out
into a new sphere of influence and of functional activity, and, at the
same time, it comes under the control of the conditions o which the
growing tip of its tenuous process is exposed. The cell acquires, so to
speak, a second milieu, and at least some embryonic nerve cells are
more sensitive to changes in their “remote” milicu than to the im-
mediate milieu surrounding their perikaryon. To maintain the deli-
cate equilibrium with the nonnervous structures with which it is
connected is a matter of prime importance for the nerve cell through-
out its life. As is generally known, an interruption of the peripheral
connections results in an immediate damage to the perikaryon, and
it may lead to its breakdown under adverse peripheral conditions.
These interrelations are mutual. The maintenance of receptor and
effector organs is, at least in some instances, dependent on their in-
nervation; one of the most striking examples is the effect of denerva-
tion on muscles. These correlations are usunll'y combined under the
heading of “trophic” relations; however, we are certainly not deal-
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i . So far, we have not made measurements of neuro .
megr::«::n coiditions. However, a remarkable case oi'ce“ular] :1) .
perplasia in a similar instance was reported by_ Terni (28).1 is
known that the regenerated tail of a lizarq containg no central neré
vous system. It is innervated by the terminal segments of the cor
near the amputated surface. Terni found a threefold cellular hype'r[-
plasia in the sensory neurons which innervated the reg:enerat.ed tail.
At this point we wish to mention briefly an cbservation fvlnch was
made on normal spinal ganglia. A large-scale degex.zerahcn occuss
regularly in the cervical and thoracie spinal gaughs.. of the chick
eutbryo, whereas the hrachial end lubosacral ganglia are not af-
fected (18), This phenomenon bears & striking resemblance to the
i Hy mduced 4 ion in brachial ganghia following
wing extirpation; in both instances, anly the early-differentisting,
targe, ventrolateral ganghion cells ave affceted; in both instances these
cells break down after they have formed their neurites; and the
period during shich the breakdawn occurs is the same, namely, at
46 days of incubation, With a peak at & and 6 dave Futien aeenst
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degeneration process is due to peripherat factors or to factors intrinsic
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brachial sympathetic chain ganglia, following wing extirpation
(Simmler), and in the ciliary ganglion (Amprino). The latter case,
which is of particular interest, will be discussed below.

In the analysis of these phenomena, it is difficult, if not impossible,
to make a sharp distinction between the blocking of the progressive
phase of development (differentiation, cell growth, etc.) nnd regres-
sive changes in the form of atrophy. When & cell breaks down com-
pletely before reaching its mature state of differentiation, then both
effects are obviously combined, and the distinction is meaningless.
If n cell shows an atrophic condition, when compared with cells of
the unoperated side, then, again, both effects may be combined, or
we may be dealing merely with an inhibition or retardation of fur-
ther growth. It would take very elaborate measurements of cell sizes,
over a prolonged period, to decide between these alternatives.

In summary, we may state that the maintenance of the integrity
of primary sensory and motor neuroblasts depends on appropriate
conditions {or the growth of its neurite. The term “maintensnee” is
used in a rather broad sense; it includes the maintenance of the proe-
ess of differentintion and the maintenance of o dynamie metabolic
equilibrium which guarantees the structural integrity of the cell.

How can one conceive of the role of the “remote milicu” in these
processes? It is certain that the effects are not, brought about by the
failure of the neurite to establish functional connections with the
peripheral siructures; nor can atrophy and degeneration be con-
sidered as a “functional atrophy,” that is, due to a lack of impulse
transmission. The repercussions on the perikaryon are noticeable
befare even provisional terminations could have heen established
with the primordia of receptor or effector organs, had the periphery
been left intact. The cellular breakdown is the result of conditions
which prevented its neurite from the establishment of terminations.

Any interpretation of these interactions has to take into account
that no direct injury to the neurite is involved. The fibers grow out
in o normal fashion, and one frequently finds that they form 8
neuroma-like structure near the cut surface of an extirpated fimb
bud. It is conceivable that the continued spinning-out of uxoplnsij'l
at the growing end-tip of a young neuroblast is a necessary prerequi-
site for the healthy growth of the ecfl and that an interference with
its norma! terminal branching, that is, with a high rate of Smtﬂu\.v
of axaplasm at the tip, would eventually upsct the me.tnbohc equi-
librium of the entire ccll and eause its breakdown. This }3ypolhe§ls
daes not imply an exchange of materinls betsween the neuritc and its
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envizonment, and one could not very welt speskofa ““?Pm‘f" effect.
An altemative hypothesis would assume that the medium in which
the neutite grows provides the latter with some substance _nece&ssry
for its further growth. Tn this case we would be dealing with 8 true
“4rqphic” relation. The two hypotheses are not mutuslly exclusive.
A more careful analysis of the distribution and fate of the ovt-
growing fibers under these adverse conditions would be desirable.
Furthermote, # study of the reverse effect, namely, hyperplasia
resulting from a peripheral overloading, might throw new light on
this problem. So far, we have not made measurexents o} nenrons
under these copditions, However, a remarkable case of cellular hy-
perplasia in a similar instance was reported by Terni (28), It is
knawn that the regenerated tail of a lizard contains no central ner-
vous systera. It is innervated by the terminal segments of the cord
near the amputated surface. Terni found a threefold cellular hyper-
plasia in the sencory neurons whach innervated the regenerated tail.
At this point we wish to mention brieBy an ohservation which was
wade on normsl spinal ganglia. A large.seale degeneration occurs
regulasly in the cervical and thoracie spinal ganglia of the chick
embrye, whereas the brachial and lumbosacral ganglia ave not af-
iecleq (18], This phenomenon bears a striking resemblance to the
ex‘pcnme‘n\aﬁy in@uced degeneration i brachial ganglia following
wing extirpation; in both instances, only the exrly-differentiating,
farge, ventrolateral ganglion cells are affected; in both instances these
ce“§ break. down. after they have formed their neurites; and the
period duting which the breakdown cectirs is the same, pamely, at
45 dsys. of incubation, with a peak at 5 and 6 days. Future experi-
:‘;ﬁ;‘?‘xg:t‘:w i:‘:e"he’ ﬂée underlying physiological causes are the
ot thoracie ga; \;aav’:icl?.b tpmmmh oo plamed in which cervieal
hope that the rgsults w'\ue' ooplanied to the brachial level, We
indseate whether the nommally oceurring

degeneration process is due to per

d . peripheral fa intrinsi

it sin s et i) ¢tors or Lo factors intrinsic

::;:i f:;x:i x;d me&z}x;:}furob)asts of the cervical regiom of the spinat
2y chick embryos. The reasons why the & i

process i3 limited i i en G s

o (30 to this particalar level have been diseessed else-

of nevron 4 tion

B. TRE ROLE OF BTRAPTIC €O

No ey N NNECTIONS

o o

e eell ar nerve center is am solated unit; each neuron is in
nuections with one or several other neur

ons. The question
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has arisen whether the synaptic boutons, in addition to their role in
transmitting nerve impulses, may be of importance for the mainte-
nance of the neuron with which they connect. Transncuronal effects
following the transection of intra-central fiber tracts have heen
known for & long time. They have been briefly reviewed by Bodian
(6). This author has described an interesting case of such effects,
namely, the degeneration of thalamic centers in the opossum fol-
lowing decortication (5).

Can similar effects be observed in neuroblasts if the initial in-
growth of fibers is blocked or, in other words, if & cell is prevented
from ever receiving a synapse? In general, it is diffieult to obtain
concise data on this point because each neuroblast usually receives
several synapses from different sources and little is known of the
establishment and number of synapses in embryonic nerve centers.
Furthermore, repeated cell counts over a long period or the observa-
tion of degenerating cells is necessary to establish this point. Eatlier
experiments which seemed to demonstrate the existence of such
correlations in embryos cannot be considered as valid evidence.

The cochlear and vestibular centers in the medulla of the chick
embryo have provided favorable material for such a study (24). Their
synaptic connections are fairly well known; some of them receive
synapses from one nerve center and athers from two or more, in
addition to their connections with the cochlear and vestibulsr rool
fibers. The nucleus tangentinlis (vestibular) is an exception. This
nucleus, which occurs only in teleosts, reptiles. and birds, synapses
exclusively with a certain bundle of vestibular root fibers, the so-
called “eolossal fibers,” and apparently receives no synapses front
any intra-central fiber tract. The simple expedient of extirpating
the otocyst which contains the primordia for the acoustic and ves-
tibular ganglia deprives all secondary centers of one of their synaptic
connections. The effeets were found to be different for the different
centers. All cochlear centers started their differentiation normally
and carried on to the eleventh day of incubation. From then on, fur-
ther differentiation was blocked, and regressive changes took plnc?.
including the disappearance of neurons, The degree of hypoplasic
was characteristically different in different centers. The data sugaest
a quantitative correlation between the degree of hypoplasia and the
pumber of synaptie connections which the cells receive. Cenlers
which receive synapses from several sources are not severely tfff('d(’d
3t only one of them is eliminated. Centers shich normally receive two

synapses sulfer severely if deprived of one, The (vestibular) nucleus
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\angestialis, whith synapses only with root fibers and apparently
with 1o others, does not even start to differentinte i i’fm colossal
Bhers Tait 1o enter the medulla (see shove). Al other vestibular cen-
ters show T respanses to the absence of root ﬁhers,'presumnbly be-
canse each cell 35 “protected” by numerous synaptic boutons from
Tntea-central sources. There is a striking paraligism beltween these
dats and ohservations of Bodian {3) on the thulamus of the opossum
{ollowing decortication, where similar quantitative correlations seem
to exist between the degree of damage to nerve cells and the number
of synaptic boutons which were eliminated.

In summary, there can be no doubt that in numerous instanees
the presence of synaptic boutons on a neuroblast is 2 necessary pre-
tequisite for its novmal growth, differentiation, and maintenance.
e should be eantions, however, in making generalizations. For in-
stance, the sensory cells of the spinal ganglia differentiate and main-
tain themselves In Yhe absence of synaptic boutons.

Sinee most meurons veceive synuptic couvections from several
sources, it is dificult to obtain nerve centers whose differentiation
could be observed in the absence of all incoming fiber tracts. In the
one instance which was described above, namely, that of the nuclens
tangentialis, this center fafled even 4o begin its differentiation if its
one and only source of synaptic connections, the colassal fibers, was
prevented from reaching the medulla. However, we are again cau-
tioned against premature generalizations. First, the nueleus tangen-

halis“is‘; exceptional in other respects; furthermore. thera eeiste o

“sevge 2y WOWU Le very desirable to obtain meore data

m\\ceming the interesting problem of 1r: i i
¢ ansneurons] L
g oot ronal trophic relations

The hreakdnmm 8w e
field near tha
patsgraph |y
wayy fead o :
: ¢ == Uus case and m the present case of
{;’r\:};\;; !‘:“i\‘“;; arre the same. Tt was possitle 1o study this proble:u
Thepad ;; i'hiavomble case, namely, the ciliary ganglion (29).
8 S oue afferent synapse, from
35 0f ¥ stphal, This connection can
e“xtzpauon of the midhrain, in early stages, be-
extirpation of o ucleus grow out. On the other hand, the early

tie vesicle remaves the peripheral field of dis-
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tribution of the ciliary nerve before it enters it. The onset of differ-
entiation of the ciliary ganglion was not hampered by either one of
the two operations. However, in both instances the majority of the
cells brake down eventunlly. A detailed analysis of the responses fol-
lowing each operation and continued observations of the ganglion
cells over a long period have shown that the histologic picture of the
regressive changes is different in the two experiments. In the case of
eye extirpation, degeneration of ciliary cells begins shortly sfter the
onset of their differentiation. It proceeds very rapidly and involves
practically all cells, The few surviving cells which appear to be nor-
mal in structure at late stages have established atypical peripheral
connections. Midbrain extirpation, on the other hand. does not inter-
fere with the differentiation of the eiliary ganglion up to 10 days of
incubation, when it is almost completed. From this stage on, a pro-
gressive atrophy sets in, which results eventually in celtular break-
down. By the time of hatching, the majority of the cells have dis-
appeared; the few surviving cells are highly atrophic, in contrast to
the survivors of the first operation. Obviocusly, the metabolic dis-
turbances resulting in cellular breakdown are different in the twe
instanees. The integrity of one mechanism does not “‘protect” the
cell against detrimental effects resulting from the disturbance of the
other.

In concluding, it may be well to point out that nerve cells in tissue
culture are capable of survival and growth in the absence of all
synaptic contacts both at the periphery and at the perikaryon. 0Ob-
viously, we are dealing here with atypical nutritional conditions. It
is coneeivable that the culture medium provides all the necessary
conditions for fiber outgrowth and branching and that competition
for nutritive resources is eliminated. The application of the tissue-
culture method to the problems discussed in this chapter might be of
considerable aid in the elucidation of the physiological mechanisms
involved and fruitful for the study of differential susceptibilities and
metabolic requirements of different types of neurons.

VI, CONCLUSION
The trophic relations between the nerve celf and its nonnervous
peripheral milien are of fundamental importanee for the integrity of
the nerve cell not only during its embryenic phase but throughout
its life. The repercussions of nerve transection on the pcrik.nryon and
the dependence of its complete w§tomtim} ou the rc—&slahhs]uf\cnt gf
normal terminal connections will be discussed elsewhere in this
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coturge, Likewise, {ransneuronal effects are manifest in embry?mc
snd whilt stages. Finally, it should be pointed out that the relatxo!}s
between Dervous ond ROWRErvous structures are reclpmcal,. as is
Sikingly decoonstrated W the regressive changes observed in de-
nervated musculature.

The interactions between nerve cells and nonnervous structures are
st “Punetional” effects, that is, effects due to the inhibition of im-
pulse transmission, but are “trophic” or metabolic effects. The eluci-
dation of the physiological mechanisms involved is one of the goals
of neyroembryology.
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STUDIES ON THE DEVELOPMENT OF
MAUTHNERS CELL

ALBERTO STEFANELLY
Zostogical Stoban, Cagisars, Tialy

URING the course of my research on the static centers of verte-
Yrates, my alfention was attracted by the }\Iaudme_r’s cells o.f
amphiians, Their giant size, constant thape, and precocious loeali~
2ation seern to make Lhern the most suitable material for research on
the histogenetic determination and differentiation of nerve cells.

At what stage is & Highly specialized neuron, such s the Mauth-
yer's cefl, determined? Do neuroblests acquire aft future differentia-
tion through external influences, or do intrinsic tactors affect their
differentiation? These are problems of pre-formation and epigenesis
transtated into cytological terms.

When T started my research on Mauthners cells, very little ex-
petimental work had been done in this field, and little was known
shout the neture of factors acting upon nerve cells during their de-
velopment. However, when internations! communications wese
restored at the end of the war, it appeared thal American investiga~
tors (Detwiler, Piatt, Oppenheimer) had also been working on
Mauthner's cells of teleosts and amphibians. The correlation of these
l&nrs of research carried on independently showld lead to better in-
sight into the phenomena concerned.
chlln ;:nier to determine w'he?her intrinsic or extrinsic factars cause

h% o acquire thew specificity and in order 1o establish the stage
«] en nerve cells become frreversibly fixed, the followlng series of
experiments on Mauthner’s cells was carried out.

The experinents were done in embryos of Rare, which is s form
very suitable for experi i ipulation and is avsilable in Taly
‘:::;‘l'\ghm?sl.n{ the year. The presumptive “Mauthmer’s zone” of
tnémc ‘:'\;1 in d\f(;ren.t stages of ‘deve\upment was excised, and the
e s ﬂe:c t\§ o5 xmplan‘tcd in the bady cavity of larvae of the
st explanted 1 rilro. The purpose of this technic was ta
the o  Presumptive zone from it normal environment, so that

Tnsie potentiatities of the embryonie cells could express them-
161
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fand, when the fragntents are larger, the appearance of the Manth-
ser’s cel is much closer to normal, These large explants 51‘,0“' & con-
siderable degree of morphologi ganization, and often frapments
remaved as lateral halves restore the missing comiralateral half, thus
giving rise to nearly symymetrical explants.

The high regulatory capacity of the embryonic medulla nppears
slso vnder other circumstances. In a series of experiments, which had
been designed to prevent. the crossing of Manthner's axons, 2 fap of
wkin was graited along the mid-line of the region of the future fourth
ventricle. Each half thereafter developed into & whole medulla, with
the result that these embryos bad two medulias side by side, Each
medulla, however, had enly one Mauthner's cell Morphological
regulation, therefore, does not imply full histological restitution.

All Mauthner's gells developed in isolation sppear to undergo in-
volutive changes 25-30 days after the explantation. These changes
are probably due to functional inactivity, In some cases in which the
presumptive Mauthner's zone was transplanted into the spinal cord
the involutive ph ppeared to be necel 4. T do not think
that such involution should be ascribed to the heterotopic location
to W’mcb the cell was grafted but rather to abnormal physiclogical
nch’\'mes‘ This process may be similar to the involution that Mauth-
ner's cells nommally undergo during met phoss, when they lose
their function because of the degeneration of the tail (Larsell, 1854).

Mzathner'snenrons bave also been used {by Piatt, by Oppenheimer,
and by m}’”‘f} {or investigations concerning the direction of growth
and U‘? crossng of nerve fibers, In the growth of 2 nerve fiker we
must distinguish between a passive and an active aspect, The first is
gliif&iitii 1:1; structural anfi ul?ra—s!ructural organization of
B N 5 e e e
Fool passes. The second is of nat apie ough which & ForE plant
Wore S0t of o ropie nature and \‘vould imply one or
blotos of stimuli that attract the outgrowing fiber, compara-
that ha:;\m:)?:: ?:::\'i {m\‘an‘i a source of moisture. YWe can imagine
soures of maiten ofs coexist, comparable to 2 root reaching o

¢ through 2 tube placed along i
romts, spart Lo thei ; placed along its path. But, as
<ir growing mechanism, keep their own morpho-

fogeat characterist;
stics, i i i
4o have intrinsie oo %0 we might jmagine that the nerve fibers

> v j ¢ aequd
theie determination, Tactess which they aequire at the moment of

The i
bebavior of the Processes in some of the experiments done
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selves. After varying periods of time, both donor and {ragment were
studied histologically, with the following results:

1. When the fragment bad been excised from a very young em-
bryo (early gastrula), the donor contained two normal Mauthner's
cells, This means that the embryo was able to replace the lost ma-
terial through complete regulation. Conversely, the isolated frag-
ment, which developed into a vesicle or a small solid ball of nerve
cell, was devoid of Mauthner's cells.

2. In embryos operated in the late gastrula stage, the donor be-
haved as in the previous case, but in some instances a Mauthner's
cell was also found in the explant.

3. Finally, in all aperations performed at later stages {(neural tube
to tail bud), Mauthner’s cells developed only in the fragments.

LAY I

ing Mauthner’s neurons. It should be mentioned that Mauthner’s
cells that developed in explants, although always identifiable, showed
certain slterations in shape and size.

The obvious conclusion of these experiments is thot Mauthner’s
cells are not yet determined in the early gastrula stage, that their
determination proceeds during late gastrulation and has become
irrevocably fixed after that stage. This indicates that the ncuroblasts
of highly differentiated neurons attain their definitive structure in
two steps. Through the first step the neuroblasts attain a general
differentiation to nerve cells with prolongations, neurofibrils, Nisst
bodies, ete., while during the second stage more definite characters
are impressed on the cell, such as form and number of processes,
shape and size of the cell body, ete., that is, those characters which
distinguish a Mauthner’s cell from other types of neurons. .

Although it is clear that Mauthner's cells possess intrinsic eapacl-
ties for specific differentiation {sce also Detwiler, Piatt, ant Oppen-
heimer), it must be equally stressed that the elaboration of these po-
tentialitios is greatly influenced by external factors, such as the orien-
tation sud nature of the substratum, acting partienlarly upon the
growth of the processes. This fact becomes cvident when tlfc pre-
sumptive Mauthner’s zone is allowed to develop in explantation in-
stead of in transplantation, for this technic permits us to contrel

i the fragment.
lh:xf;z:e:fthen ﬂuf:n swhen the explants are very small and the fibers
quently cannot grow sufficiently far for lack of space, the ecll

conse !
¢ than usual and globular in shope. On the other

bodies appear smalle
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with Mauthner’s cells throws some light on these complicated
relations.

1. In the experiments in which the Mauthner's cells were allowed
to develop in explants, 2s well as in those in which they were grafted
to abnormal locations, the axons developed as short, coarse, club-
shaped processes, It is thus evident that the growth capacity of the
axon, although dependent upon the size of the territory, is still in-
herent in the cell,

2. In those explants which restituted the contralateral half, pro-
ducing a nearly symmetrical medulla, Mauthner’s fiber always
decussated, even if, after having reached the opposite side, its fur-
ther growth was stopped for lack of space.

8. A definite difference in the behavior of axon and dendrites can
be demonstrated by reversal of the Mauthner's zone {in the yolk-
plug stage) along its anteroposterior axis. In these experiments one
ohserves that the axon, in spite of the abnormal arientation of the
cell, turns back at a sharp angle and reaches the spinal cord all the
same. The dendrites, on the other hand, do not attain their normal
destinations but branch out in the new abnormal location.

4, As I mentioned before, a group of experiments was undertaken
in which a flap of skin was inserted along the mid-line of the presump-
tive medulla to prevent crossing of the fibers. The ectodermal tissue
of the flap soon degencrates and becomes invaded by nerve eells.
Manthner's fibers always enter this region of irregular nerve tissue,
but after a somewhat irregular course they bend caudad and reach
their normal position along the median longitudinal fascicle, without
decussating.

5. ¥ o section of mesencephalon is grafted into the spinal cord,
Mauthner’s fibers are found to grow through this completely strange
structare, without deviating from their course.

From all these facts the following conclusions can be drawn:

A. The ecll possesses the capacity to grow an axon, the growth of
the axon, in turn, reflecting on the size and shape of the cell body.

B. The growing fiber does not have an intrinsic tendency to fotiow
1 specific direction,

C. The directive influences acting upon the growing fiber are of
two kinds: {1) structural organization of the substratum, acting as 2

mechanical guide s well as a thigmotropic stimulus and (2) tropie
ifest th ves during ont is, the nature of

forces which
schich was not explored.
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of peripheral tissue and the number o.f cc‘nfxecﬁng nerve cells. It. is
1ot necessarily & simple matter of maintaning commensurate ales
between the to. Furthermore, there is evidence that, in normal de-
velapment mare cells are actually present in va)-ious nervous cepters
than ultimately establish themselves as functional, definitive nen-
rons. In these inst operational procedure is not 2 factor. There
{s no real jncrease or decrease of peripheral field in such cases, only
the normal, proportional growth of the embryo, Peripheral regula-
tion is apparently a fundamental factor in nervous development and
ot just an emergency Tesponse on the part of the organism.

The wanner in which peripheral-central regulation is brought
shout is not clear. Both the proliferation and the differentiation of
nesve cells are contralled to some extent, and there may be degenera-
tion of the easlior-differentiated neurons. The effects of peripheral
regulstion are usunlly not manifested in the eatliest stages of de-
velopment, However, inereased mitotic counts can be detected prior
to the onset of actnal structural growih of the related peripherst
tissue, Further maturation of neuroblasts may be initiated by the
“inductive" effect of neighboring cells which differentiate early and
make the first contacts with the peripheral field. This process re-
peated could account for the regutation of the total number of ma-
ture cells fnally innesvating the structure. Such a hypothesis would
ot explain the earfier incrense in mitotic rate, Finally, there is con-
siderable evidence that.the functional maturation of the peripheral
siracture plays no significant pact in the achievement of the total
cell number in related nerve centers.
hu?:f;\:;?t;eia te.clmig and alxlxa)ysis during more tecent years
of the cont :1 ” rir insight into ]t) e pmb]eim of peripheral regulation
opiion there ous system. Despite this fact, however, it is my

i xperimental embryology has as yet found no real solu-
tion to the problem. We descrbe what we find, but, so far, we do
e oo smestion bt e svents A presst
fug bypothesis ste which can he eolligated into a work~

The problems of intra-central conuections and peripheral nerve

palterns ate no Yess obscure, Particularly is thi
W g s chscure cttlarly is this true of the former,

h mbryonic salamander mesencephalon 1
. alon 1
dv:‘i!;::“c:d {t;lr end, many of the tracts and fiber pathwa?rs fail t:
P ,!:n‘; y and do not grow through the reversed mesencepha-
e ; ; tl: broper nycles. Some of the tracts do, however, Th
phatic V root fibers frequently extend themselves thr'augg




DIFFERENTIATION AND GROWTH OF NERVE
CELLS AND FIBERS

JEAN PIATT

Department of Anafomy, Unirerrity of Pennaylsania

THE study of the differentiation of nerve cells and of the growth
and orientation of the coll body and its conducting processes is
as old as the cell theory itself. It is not advisable in this short space
to enumerate more than a few of the ramifications of this field of
research and the questions which have arisen from the solution of
the more basic problems. A great mass of experimental data is on
recard. I propase to discuss certain aspects of the general subject of
differentiation and growth from the standpoint of present knowledge
and future needs,

When the fore limb of a rot or salamander or the wing bud of 8
chick is extirpated, the primary sensory centers (brachial nervegan-
glin) cventually contain fewer neurons than would have been the ease
had the limb remained intact. When an additional limb or wing bud
is transplanted, the ganglia conmected with it eventually contnin
more neurons than do the corresponding ganglin of unoperated con-
trols. The primary maotor areas of the cord are likewise reduced in
number of motor cells (limb extirpation), or the number of motor
cells is incrensed (additional Hmbs). This peripheral-central relation-
ship is not limited to imb tissue but is manifested swhen any periph-
eral field is altered in amount Furthermore, the nerve centers af-
fected do not necessarily have to be the ones normally innecvating
the region. This influence of the periphery over developing nerve
centers has been described in all major vertebrate groups, including
man. There is evidence also that the adult central nervous system
and ganglia respond to quantitative changes in the periphery, and
henee this effect s not limited to embryonic or fetnl stages.

The nonnervous periphery helps in some way to regulate the num-
ber of neurons which connect with it. From ene frame of reference
this does not appenr surprising. One would expect 2 larger area of
skin to be innervated by a greater number of nerve cells, and the
same could be said of muscle and motor neurons. On the other hand,
there frequently is no linear correlation between the absalute volume
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contact with the neat-by tib primordium, and subsequent growt!:
snd differentiation of the Jimb tissues are responsible for tbe.: deﬁl'n-
tive netve pattern. The stmultancous growth of nesves xu.ld llfnb 1is-
sue, however, makes analysis difficult. It also does not fitin with cex-
tain other experimental results.

1 salsmander fore limbs are caused to develop to larval stages
without ever having possessed a nerve supply and if these aneuro-
genic limbs are then put in place of a fore limb in another previously

perated animal of approximat iy the same age, the transplanted
fimb eventuslly Teceives its belated inuervation from the proximal
ends of the host's cut brachial plexus nerves. The resultant pattern
of the segenerated nerves within the transplanted timb is not hap-
hazard and random. An essentially normal pattern prevails. No dis-
tal degenerating nerves are present to guide the entering host fibers,
and relatively long distances must be traversed through limb strne-

tures which have attained their essentially definitive outlives. Ex-
periments ¢f *M - == 0 T T T *

nerve patic .
that norme -

sarily conditioned by one invanable set of factors aud, therefore,
}hat our conception of peripheral perve pattern is not so simiple as
it once appeatert 10 be.

There is additional evidence that selective differentials exist be-
iween developing sensory and motor fibers. When the Jumbosacral
f::il‘m\&o\r yofmg frog larvae are Femoved, only motor fibers reach

“ahind hnb; when the motor region of the cord is ablated, only sen-
sory nerves are avatlable for limb innervation. Tadpole hind limbs
with ety Inotor fibers possess chiefly the motor portion of the nerve
l;:lem;hmd bimbs having only sensory nerves form a typleally cu-

hcfm pattern. In view of these observations, one may well ask
;N y we ate so reluctant to credit selective differences among grow-
l!:\g:}!:}:tzr nerves themselves or bel_wecn different sensory pathways.

A, w?‘r;r:\ccstzou we are also reminded of the fact that Jateralline
e r:ﬂ:nfz;ervnte olhgr types of end-organs and that general
T czw fibers do not innervate lateral.line ovgans, The prob-
ey e mnm e matclung of nerve fiber and end-organ is not neces~
velopment on:i;-‘;\;i!e‘::.\: n:!:‘.e Pﬂ:\!f?m D et e ol de-
artiSein) sopasation, 101 other, and in any event it is a somewhat
and the sdi‘t !ri‘;‘coir:m‘:::ﬁ'sﬁm;l lodthe pattern of peripberal nerves
wst can happen ot hen z:m end-osgans, we know something of

ot under certain experimental con-



168 GENETIC NEUROLOGY

the reversed tissue of the brain and enter their proper cranisl nerve
roots. The fasciculus solitarius in similar cases has also been observed
to find its proper terminal field. Mauthner’s cell, when transplanted
to the region of the telencephalon in embryonic salamanders, will
send out its axon, and the latter, after & circuitous route, usually
ends up by occupying its normal paosition along the fasciculus longi-
tudinalis medialis of the spinal cord. What is the explanation of these
observed facts?

There can be no explanation until we know considerably more
about the details of central nervous system development. Whether
this necded information will eventually come from experimental
procedure or from the classical approach of describing what is seen
in the development of the normal animal remains to be discovered.
It is true, however, that experimentation in the absence of funda-
mental knowledge concerning the relatedness of anatomical eventsin
the growing central nervous system, particularly during later stages
in development, is very likely to Jead us nowhere. The brain is such
a closely integrated mechanism, both anatomically and functionally,
that individual fiber pathways are seldom thought of as possessing
sny independence of growth in themselves. The difficultics inherent
in designing feasible experiments by the ordinary methods of experi-
mental embryology have kept us pretty much in ignorance of the
forces at work at later stages within the central nervous system.

Peripheral nerve patterns are more amenable to experimentation
than intra-central ones. A salamander imb disk transplanted to the
head or flank will secure its innervation from ectopie sources. The
pattern of the nerves will depend sipon whether the transplant is a
fore limb or s hind limb. In other words, the source of nerve supply
does not influence the pattern; the structural arrangement of the
limb tissue itself is the deciding factor. Amphibian fore limbs inner-
vated by only cranial nerves, by one braclial plexus nerve, ar by
flank spinal nerves alone all have essentially the same intra-limb
pattern. Presumably this is true of other bodily structures ss well,
although the principle as stated lins been derived chiefly from limb-
transplantation experiments. This so-called “guiding’ effect of ?hc
}imb tissue upon the nerves has been thought of as demon;[mhng
the nonselectivity of peripheral nerve pathways, the iden being that
the nerve fiber itself has little choice in the matter. Although seldom
stated in this unadorned, simple way, this appears to be the essence
of the axgument. It is strengthened by our conception of normal nerve

end-organ development and growth. The carliest nerve fibers make
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specialized neuron, nnd yeb it will differentiate in small‘, is?lated
pitees of peural plate without benefit of structural orgamzatx’on or
{unction. On the other hand, differentiation of 8 M:mthx}er s cell
may be initiated much later in developwent through the mf}uence
o extrinsie, organizational factors, i.e., the ingrowth of ectopic VIIX
foct Shers at the level of the V nerve, There is no reason to assume
that these experimental data sre contradictory. On the contrary, it
Hustrates & principle Yoo often ignored in investigations of this sort,
ramely, that the developing organivm may be eap ble of a wide
variety of responses, depending on the conditions impaesed upon it.
{We shall probably find that inherent factors initiating cell lineage
are operative quite early in nervous development but that these fac-
tors are plastic and capable of new directions under later exigencies
of the environment.

{tis quite obvious that these problems are only a very few of the
many which confront us and that the data presented are hand-
picked, so to speak. It is utterly impossible to present in so short a
space anything even spproaching a well-vounded picture of the dif-
ferentiation snd growth of the nervous system. The more funda-
mental aspects of neural growth deal with coucepts and principles
comrmon to any study whick seeks to discoves why things happen
s tbfy do in developing living tissue. Since most of the problems are
ofs . damental charaeter, it should jon no ise that ma-
Jov solutions are so slow tao appear As mmch is known about neural

development s about any other field of embryst
Toe b ot \ of embryology, perhaps mare.

bryology are pot, therefore, neces
R v . * i
&;&:ﬂ)’ gloemy‘ of disheartening ¥ should like, however, to conclude
this eport with a few ohmervations which T eonsidon wf weu-ee
it o1 . ..

; ' '.' -+ wwu wial Wey ate my personal views and do
Bot necessarily reflect the autlook of other members of the confer-

ence. For this reason they i
'y may be pootly conceive
exngzerated for emphasis; eertainly, ; o et

tion A% 89y S they are subject to re-evalua-
lclieve that the traditi i
aroincamhi ot A raditional methods of experimental embryology

! ng us the answers which w i

— ing us e need. The techni

o :\f\ :&\\\5; gra!(;mg pleces of nervous tissue from young embrcyg:

the compiy “:::r : %raﬁc;edurc w_hcn one reflects for z moment on
" of the questi 8

s i e e nILEm:t t!ﬂt g:: we are asking and the refine-

w from the data. Neuroembiry-
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ditions. Several hypotheses have been suggested, and some fruitful
work has been done. A single general principle governing directional
nerve growth has, however, yet to be discovered.

Little is known concerning the factors responsible for the migration
of neuroblasts within the central nervous system. It is an extremely
important part of brain and cord development, and it is surprising
that so little experimental investigation has been directed toward
this problem. Instances of nerve-cell migration have been observed
in tissue culture, and the neurological literature sbounds with refer-
ences to the migration and displacement of various nuclei and cell
groups. The development of the cerebral cortex in ontogeny is only
one of the more important examples, It would be interesting to know
whether dispersal of cortical cells away from the central gray is
brought about or implemented in any way by actual fiber connee-
tions from thalamic centers or whether peripheral migration of these
neuroblasts is the result of purely intrinsic forces which have in some
way become implanted in these cells during our evolutionary his-
tory. It is unfortunate that in this connection. as in many other
phases of biclogical work, theories of phylogenetic development are
confused with the development of the living, individual animal. If,
for instance, it could be shown that the outward dispersal of the pri-
mordium hippocampi cells of amphibians, the first rudimentary be-
ginning of the vertebrate cerebral cortex, was actually initiated by
the ingrowth of ascending fiber tracts from lower eenters, we would
have some explanation for the development of this most important
of all brain structures. As the situation stands today, we must ex-
trapolate our answers from our knowledge of cercbral phylogens:
and, as such, they will be difficult to verify. Neurobiotaxis is the
only theory of any standing on record which attempts to explain the
migration of intra-central neuroblasts, and this principle itsclf was
erected largely on the basis of phylogenetic interpretation.

The origin of divergent types of nerve celfs has not been traced
completely in many sastances, and little, if anything st nR: is known
concerning the factors responsible for the initintion of dxvgrgcncev
It is known that Mauthner's cell will differentiate in small, isolated
pieces taken from the early neural plate in the salamander c}nhryu.
This means that the cell is probably determined long before its first
visible differentiation (about stage 37 in Amblystoma embryos). It
is also possible ta produce a supernumerary Mn'utlmer’s cell at the
Jovel of the V nerve roots by appropriate opernhon'nl pro?cdur?s on
Amblystoma embryos 85 late as stage 27. Mauthner's cell is a highly
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which corrects the rearrangement before the later processes of or-
ganization ensue, The approach, therefore, either falls short of, or
exceeds, the requisite conditions demanded by the experiment.

Tt is abvious that this dilemma does not concemn much of tradi-
tiona! neuroembryology, these questions involving very ently nenre-
genetie problems. R does concern the experimental embryologist
interested in the later neur ical aspects of develog t. I
strectural differentiation and growth at the higher levels of develap-
ment are to be studied, it will be necessary to employ additional
methods and technics. Just what these added methods are to be I,
for one, do not know, No doubt a team consisting of an experimental
embryologist, a biophysicist, and a neurophysiclogist could make
tome headway along the lines suggested. From some previous expe-
Hentes, however, T shauld expect that keeping the neuroanatomical
emphasis to the fore would constitute a problem in itself, The impor-
tant ihir}g is that the neuroembryologist should become more in-
terested in neurology if the gap between the two Selds is to be nar-
rowed. Extimation and transplantation methods are invaluable,

but vauch of the data thus acquired have no bearing on later de-
velopments,
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ology is still in the natural-history stage of its development; yet we
are hoping for answers to questions which might well make a nuclear
physicist shudder. The field is badly in need of a theoretical com~
plexion, but we are pushing our limited data too far. This implies
in no way that we should simply continue to pile up additional ex.
perimental data and facts and make no attempt to formulate prin-
ciples and working hypotheses, Theoretieal aspects should continu-
ally be brought to the fore because, without them, we are working
in the dark. It does seem to me, though, that, as far as the differen-
tiation of the central nervous system itself goes, we are reaching an
impasse, assuming a continuation of the ordinary methods alone.
The trouble is not actually so much a matter of theorizing on in-
sufficient data as it is in spreading these data to encompass levels of
central nervous systemn organization farther and farther removed
from the embryologist’s domain. This statement requires clarifi-
cation.

With very few exceptions, experiments on the developing central
nervous system fall into two chicf categories: (1) actual manipula-
tion of the ncural axis itself or its presumptive areas to elucidate
problems eoncerned primarily with the very early forces at work in
neurogenesis and (2) alteration of peripheral nerves, sensory pri-
mordia, or nonnervous peripheral structures to observe the ana-
tomical or functional effect upon the brain and spinal cord. Neither
of these experimental approaches goes very far toward explaining
the intricate structural organization of the definitive brain and cord.
Tt is important to have knowledge of the forces which mold a ncu.rnl
tube from a flat plate of cells, but these are not the same forees which
operate to determine origin, termination, and route of fiber tracts.
The influence of the nonnervous periphery on central nervous or-
ganization is an important factor in neurogenesis, but the effect is
essentially o quantitative one and only touches the problem of later
organizational connections, that is to say, the qun!imli.vc anatomy
of the brain and spinal cord. The point is this: Mechanical manipu-
Iation of the embryonic neural axis itself results in nbnormlfhlit's of
growth which so alter the normal configuration of the brain, b?!h
externally and internally, that it is often impossible to recognize,
let alone analyze, the structures under in\'cstign.lion. 1 1')0'110t be-
lieve it is a question of good or bad technic. The difficulty is I'I’IIICTC"t
in the operational methodology itself. Less radical (Ilwcrn!xons :;rc
just as frequently ot fault because of the great capacity for regula-

tion, particularly in amphibian embryos, in the carly neural axis,
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. " H . It is interesting that
egemerstive caacities of different nemtn t);v :osnztitutional diversity
the conferente sevealed th.at such aspects o Y ted in their
ane now receiving incrensing wttention by those interes I
sshryologieal erigin. In the adult such dversity Is exhibited notoanly
i ishing morphologiesl variety of nerve eells but also in
in the astonishing morpiologt e, AN bolis
Ieriand oF isties, such as st reactions; in metabo 17;".
a3 shown by varied reactions to anoxis, to drugs, and to “e“‘i'g“ °pé°
viruses; in the selective affinity Qf. outgrowing axons for specific end-
organs (Speided); and in the varied reaction of nerve cells to exon
interruption, A

All tiese constitutional variations of nerve cells, which o?)wo'usly
mist be essociated with underlying chemical and metabolic differ-
ences, have searcely been approached by biochemists, most of who.m,
of course, could hardly be awnre of the existence of problems which
have as yet been attacked only tentatively by the biologists the‘m—
selves, Yet the mere existence of numerous criteria of diversity
among neurons makes possible an attack from various angles.

In our own experience, one pathologiesl conerion of diversity—the
diffetence in susceptibility of neurons to poliomyelitis virns (1)
clearly meets 2 basic biological one, the diversity of metabolism of
these neuron types. An approach to the problem of how these two
phenomens are related is revealed by the finding of Dr. Howard A,
Hote and the author that normally susceptible nedrans con be made
relatively resistant by section of their axons (2). In other studies we
have shown that such section of axons leads to profound metabolic
changes in the cell bodies during the time when axon regeneration is
In progress (reviewed in Rel. 3) In studyng the diversity of patho-
Togical eesponse sn relation to metabolic specificity, it is the hope thst
clues may be found that will help clanty both problems.

Axon regeneration itself is a greatly varying property of nerve eells,
and ane which offers another approsch to the problem of the consti-
tutional diversity of neurons Severnnee of the axon process of some
nerve oells in the central nervous system results in irreversible
changes, teading to cell dissolution in 1 or 2 weeks, Other contral
Rettrans respond by assuming a condition of persistent atrophy, with-
out regrowth of the axon. Nerve cells whose axons Ke fa periph-
:al meeves, l:?“f‘.n; vespond 10 amputation of a large cyloplasmic
. " but reversible structural and metabolic changes
S, ) =t 0 meestion. In these cells the ad.
the subsequent p

. C -orand
TOLER G) oyt | N .



NEUROPATHOLOGY AND THE CONSTITUTIONAL
DIVERSITY OF NEURONS

DAVID BODIAN

Poliomyelitia Research Center, Depariment of F.pidemiology, Jokns Mopking
Unicersity, Baltimore, Marytand

WHEN one considers nervous tissue apart from its conducting
function, it is plain that problems of development, maintenance,
and regeneration areascomplex and aschallenging asthose whichmore
directly concern conduction of the nervous impulse. This statement
is not intended to imply a separation of nervous conduction from
other functions of nervous tissue but to introduce the thought that
the latter functions have so far suffered undeservedly from relative
neglect. The cell-to-cell transmission of the nervous impulse is a bio-
logical phenomenon of exceptional interest and importance and one
which predominantly comes to mind when one thinks of the function
of nervous tissue. The so-called ““trophic” dependence of some nerve
cells upon synaptic connections with other nerve cells for their main-
tennnce and survival is an interneuronal relationship which has been
given relatively little attention. Similarly, other specializations of the
nerve cell, such as its inability to divide, its bizarre shape, its high
content of cytoplasmic nucleoprotein, and its occasional ability to
regencrate an amputated axon, have only begun to be investigated,
Yet these properties must necessarily be adaptations related to the
prime function of nerve cells and must be understood before a com-
plete understanding of nervous conduction is possible. Moreover, the
peenliaritics of nerve cells and their supporting tissue, whiether seent
from the morphological, physiological, or metabolic level, represent
the basis for understanding many problems of neuropathology. Al-
though the clinical cxpression of newropathalogical processes of
many sorts is dependent on derangements of condueting mechanisms,
by and large the cti‘olt{gic'nl b,nsiw of‘ these processes must be ap-

» are concerned

e are, first, the

x'rlxlclnning of the great diﬂ.crcncc% of susceptibility of nerve-cell vm:ic-

ties to injurics of many kinds and, second, the reason for the varying
' 174
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regenerative capacities of different neuron types. It‘is ix}{eresti.ng ﬂ.:at
the conference revealed that such aspects of const}tutmna\ dfversxt'y
are now receiving inereasing attention by thos? mterefsted in their
esbryological origin. In the adult such diversity is exhibited not on!y
in the sstonishing morphalogical variety of nerve cells but als? in
eytological characteristics, such as staining reactions; in me(abuhsn‘x,
a3 shown by varied reactions to anoxia, to drugs, and to neurotrapic
viruses in the selective affinity of outgrowing axons for specific end-
organs {Speidel); and in the varied reaction of nerve cells to axon
interruption,

Al these constitutional variations of nerve cells, which obviously
ust be associated with underlying chemical and metabelic differ-
ences, have scatcely been approached by biochemists, most of whom,
of course, tunid hardly be aware of the existence of problems which
Bave as yet been attacked ouly tentatively by the biologists them-
selves. Yet the mere existence of numerous eriteria of diversity
among neurons makes possible an attack from various sngles.

,1“ our own experience, one pathological criterion of diversity—the
difference in susceptibility of neurons to poliomyelitis viras (1y—
elearly mects a basie biological one, the diversity of metabolism of
‘J:“" neuran types. An approach to the problem of how these two
phenomena ate related is led by the finding of Dr Prwo-s 4

. | = enae suen sectton of axons {eads to profannd masat 1.

T L evssuslon Lo ietabobe specificity, it is the hope that
clues may be found that will help clarify both problems. pene

Azon vegencrationitself is a greatly varvinm nranasse -2« -

) t

wlies utivous system in i i

;lz:l:j::. leading to cell dissolution “5\)' 1or Em;:l;ss.“(‘)t;::‘:el::g
- “g:;pﬁn;il bl)‘;‘assum ing 2 condition of persistent atrophy, with-
Pl ¢ axon. Nerve cells whose axons lie in periph-
N p;o!aundt!:‘ r&spund.to amputation of a large cytoplasmie
i e ut reversible structural and metavolic changes
il ;1 %mp!cle‘axon regeneration. In these cells the ad-
the s ar mechanisms to o suddenly reduced cell mass and

8\ pricess of eytoplasmic regrowth may be studied in



176 GENETIC NEUROLOGY

an adult cell in which cell division does not oceur. Moreover, the in-
duced changes in levels of important chemical components and of
enzymatic activity in the ccll can be compared with normal levels
and correlated with altered functions. It is interesting that all
changes so far observed in the regenerating neuron, both morphologi-
cal, physiological, and chemical, are in the direction of reversion to-
ward the levels of the embryonic period (Flexner), with subsequent
return to adult levels as regeneration is completed. Both the develop-
ing and the regenerating neurons appear to have relatively low levels
of cytochrome oxidase activity, Iow levels of accumulated cytoplas-
mic nucleoprotein, high levels of phosphate turnover, and increased
demands for protoplasmic synthesis,

Why nerve cells respond so differently to axon interruption is &
problem which has scarcely been broached. Some central neurons die
quickly, some persist in atrophied form without effective axon re-
generation, and, of course, peripheral axons regencrate readily, Are
these differences correlated with specific differences in morphology
or in metabolism? In the instance of central neurons, is death or sur-
vival after axon section dependent on the absence or presence of
proximal collaternl axons or on differences in metabolism? Somc'im
sight into the causes of this varying capacity for axon regeneration
may result from further studies of the process in cells which readily
regenerate their severed axons.
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JOR o shio had the advantage of participating in the conference
on “Development, Growth, and Regeneration of the Nervous
System,” the seven days filled with discussions and the data given by
the different specialists were a great impetus to carry on their own
i ions under the infl of the new results reported. This
sonference certmnly stressed the importance, for the active workers
in » certain feld, of being able to discuss the problems in the form
of such & symposium,
Regarding the topic of 1be conlerence, a hmited amount of data
fas bieen colleeted during recent years by the use of eytochemical and
Siophysiest methods. These data can be used to consider the orob-

Tameg b 31~ )

LN position of the during develop
ment and differentiation and under different functional conditions.

METHODS

The technical dificulties when studying the chemical composition
and physical praperties of the cetlular elements of the central nervous
system are obvious. For the following discussion I will comment upon
l:m 9pc<':tmscopxc methods, which have been used in the quantitative

elermin of certain chemical groups and of the eell substance
wilkiin single cells & simple caleulation of the amounts of substances
*hich have Lo be determined shiows the demands upon the methods,
Que 5 hae o weight of 1979 gm.. supposing a specific weight of 1. Let
41 nasume & nerve cell with a volume of 10,000 4! and & weight of

10+ oo, Detailed analyst ithin thi i
ysts of areas within this celt requires 8 reth
which peemits of n determination af 10-3%-1a-1 — q! « mi-
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an adult cell in which cell division does not occur. Morcover, the in-
duced changes in levels of important chemical eomponents and of
enzymatic activity in the cell can be compared with normal levels
and correlated with altered functions. It is interesting that alt
changes so far observed in the regenerating neuron, both morphologi-
cal, physiological, and chemical, are in the direction of reversion tos
ward the levels of the embryonic period (Flexner), with subsequent
return to adult levels as regeneration is completed. Both the develop-
ing and the regenerating neurons appear to have relatively low levels
of cytochrome oxidase activity, low levels of accumulated cytoplns-
mic nucleoprotein, high levels of phosphate turnover, and increased
demands for protoplasmic synthesis.

Why nerve cells respond so differently to axon interruption is &
problem which has scarcely been broached. Some central neurons die
quickly, some persist in atrophied form without effective axon re-
generation, and, of course, peripheral axons regenerate readily. Are
these differences correlated with specific differences in morphology
ot in metabolism? In the instance of central neurons, is death or sur-
vival after axon section dependent on the absence or presence of
proximal collateral axons or on differences in metabolism? Some in-
sight into the causes of this varying capacity for axon regeneration
may result from further studies of the process in cells which readily
regenerate their severed axons.
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graphed in s microcamera at a magnification of around four hundreq,
end the density on the photographic plate is determined photometri-
eally. This method has proved to be of great value in evaluating
quantitatively the difference in the total amount of cell substances
in the nerve cells in different functional states.

Ashasbeen pointed out by various authors, the capacity of nerve
eells to bind basic dye groups with great avidity s due to their con-
teat of nucleic acids. The staining reaction of the Niss} substance can
thus be traced to these chemical substances, Especially regarding the
nervous system, however, there have been attempts to {ry to evalu-
e by the eye the color intensity under the microscope and to refer

TABLE 1*
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nucleic acids have an absorption maximum at 2,600 A, depending
upon the content of purine and pyrimidine bases. The absorption is
identical for the two types of nucleic acids—~ribose and desoxyribose
nucleic acids.

The type of nucleic acid present is determined by the use of a
ribonuclease frec from proteolytic activity, by means of absorption
spectra before and after the digestion. The Feulgen reaction is spe-
cific for desoxyribose nucleic acids.

In an article about the quantitative determination of nucleic acids
by spectroscopic ements, C and Lipkin (1949) have
pointed out from a purely theoretical point of view the possibility
that the extinction around 0.3 p may be due to the orientation of the
nucleic acid molecules. According to these suthors, the occurrence of
maxims 2t 0.3 u suggests that the orientation effect has influenced
the values obtained. As Pollister and Swift (1949) point out, the dnta
from fixed nerve cells do not support this view if due allowance is
made for the nonspecific light loss. As is also scen from Tables ¥ and
2, the values are grouped fairly symmetrically about the mode. As
Pollister and Swift stress, absorption data from cells, if properly
analyzed, all comply with the Lambert-Beer law.

Also the specific absorption due to certain amino acids in the cell
protein around 2,800 A can be determined in loealized parts of eells.

In o series of investigations the importance of the nucleic acids in
the most primary of all biological processes—the reproduction of
genes and cellular growth—has been stressed. The reproduction of
gene elements during cell division seemns to be mediated by desoxy-
ribose nucleic acids (Caspersson, 1940a; Caspersson and Schultz,
1938). In the production of cellular proteins during growth and in
functions which chiefly concern the cytoplasm, pentose nucleic acids
are rapidiy broken down and regenerated, This is the case which witl
be considered in the following discussion on the nerve cells.

Another quantitative method is the determination of the total
amount of celt substance by mass determinations by x-rays according
to Engstrom and Lindstrom (1648}, The method is based on the fact
that the absorption of suitably selected continuous x-radiation is pro-
portional to the total amount of substance per surface unit in the
eytolagical scction. The wave length used is npproximntel,): 4—10.A.
No clement present in large quantitics in the tissue has any dx'slurbmg
absarption jump in this range. The cell to be investigated is pho‘to-
gmphcd on s Lippman ﬁl{n. log.cthcr wilh. a reference syslcn.) consist~

ing of & wedge of collodion foils. The picture of the cell is photo-




SPECTROSCOPIC STUDIES ON NERVE CELL® 181

of eolos, it was diffieult to say {rom case to case whether or not the
section belonged to an animal with an increased amount of nudf:ic
2cids in the nerve cells. Tt was found that light changes in the stain-
ng procedure and duration of staining and of dehydration easily
changed the whole result snd made the difference hetween the two
types of eells indistinet. If the staining procedure was kept under
identical conditions (all slides stained simultoneously), the results
were more uniform, and the difference between the cells containing
ore of less nucleic acids was easier 1o see.

Ttis worth steessing that only the results of spectroscopic analyses
within the ultraviolet and by means of x-rays can give aceurate esti-
mates of differences in content of micleic acids or of any other sub-
siances possible to determine,

DEVELGPMENT

From & quantitative point of view, the differentiation of neurons
affords many interesting details. If the apolar neuroblast is taken as
& s{a{tiug point, the production of cell substance, Le., mainly cell
pmlc'ms. is the largest for any one single cell unit in the organism.
T}n\ increase of cell proteins amounts to more than two thousand
times (estimated far the cytoplasm) during development from an
“‘."‘“ nm‘nzblasx to & young anterior horn cell. Assuming a cell pro-
tein tont:z}nlng § per cend tyrosine and 1.5 per cent tryptophane, the
mmp}nlutmn from the ratio of E{26D,/280) shows that the ratio of
;%;c.tcm to rucleie acid in the cytoplosm changes from 4:1 1o 10°1.
m:: tnnfz.\\s t!.xa& there oceurs a considerable increase of protein in
- parison with the nucleic acids during the differentistion and de-

elopment of the neuroblast. This is ol the more important, as the

increase in the nueleic acids § j
e 1 acids in the cytoplasm of the neuroblasts 3s

The vol i i
o, ume of the neurite cxceeds many times that of the cyto-

Do n‘zc uims.cr\'nlivc estimate shaws that the increase in total cell
e during the development from neuroblast to young anterior
smounts to more than two hundred thonsand times.

N INTRA-CELLULAR DIFFERENTIATION
(\mc;m E .'f'g‘f“_cmhun and specificity of reurons and metabolic
tention » + ) ' . * would like to call at-

ddlig ey ; the nerve cell, espe.
whichis e‘\:;r;ztg"‘mfcm. s includes a biochemical diﬁ’erentiai?on
Tistic of the nerve cell and parallels the differentia-
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differences in the color intensity to differences in content of nucleic
acids in the cells. Tables 1 and 2 show the danger of such a procedure.
InTable1 there are listed the primary figures of the extinction at 2,600
and 2,800 A in areas of anterior horn cells belonging to the ventro-
lateral group from the cervical intumescence in the rabbit. After cor-
rection for unspecific light losses, the determination of the nueleic
acids showed, on an average, a content of 1.7 per cent. The data in
Table 2 were obtained from animals in which the nucleic neid content
was almost double, owing to treatment of the animals by a chemical
substance, malononitrile (Hydén and Hartelius, 1948). The average
concentration of nucleic acids was found to lie at 3.1 per cent.
Sections of the spinal cord from the two groups of animals were
stained with toluidine blue under identical conditions and examined
closely under the microscope. Judging the cytoplasm by the intensity
TABLE 2*
DATA FROA 28 COMPLETE ABSORPTION SPECTRA TAKEN AT POINTS IN ANTERIOR HORN

CELLS (VENTROLATERAL NUCLEUS) FROM RABBITS TREATED WITI 4 MG, CHL{(CN)e
PER KILOGRAM BODY WEIGHT AND KILLED ! HOUR AFTFR INJECTION

Es0 Ets0 Fount0 Epnttt L'.‘-(tso /180) Per Cent NA

0 865 0 679 0 633 0.534 1.18 S0
.892 805 692 603 114 2.9
b 739 613 530 1¢1 3.4
830 701 .622 523 1.17 350
911 777 104 598 117 33
858 712 652 533 122 3.4
739 567 531 393 135 34
230 769 790 591 121 3.9
890 715 639 302 192 i1
879 781 672 603 1n 28
820 636 020 521 119 30
859 720 643 548 119 34
205 781 708 011 113 29
014 810 711 635 111 27
8s1 698 631 832 118 31
230 837 730 662 110 2.8
830 742 082 871 119 34
881 705 673 507 118 s¢
890 758 €s2 586 116 30
790 7185 884 506 118 31
847 672 609 s00 18l 33
258 693 631 818 123 30
809 630 592 507 116 29
825 785 615 578 100 20
840 768 628 360 110 28
202 790 702 627 112 30
000 701 691 612 112 3.3

© 839 0 092 0 628 0 520 120 3.2

m=0 654 meo 558 M= LLLR]
1170 01

wea shown a4 fn Table L
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of eslon, it was difficult to say from case to case whether or not the
section belonged 1o an animal with an increased amount of nucleic
a¢ids in the nerve cells, It was found that fight changes in the stain-
ing procedure and duration of stoining and of dehydration easily
changed the whole result and made the difference between the two
types of cells indistinct. I the stainjng procedure was kept under
dentical conditions {all slides stained simultancously), the results
ere mare uniform, and the difference between the cells containing
more o less nucleic acids was easier to see.

Ttis-worth stressing that only the vesults of spectrascapic analyses
within the ultraviolet and by means of x-rays can give accurate esti-
mates of diferences in coutent of nucleic acids or of any other sub~
stances possible to determine.

DEVELOPMENT
From a quantitative point of view, the differentiation of neurons
aﬁmds‘many interesting details. If the apolar neuroblast is taken as
a stasting powt, the production of cell substance, ic., mainly cell
pmie}ns, i the largest for any one single cell unit in the organism.
;X;zle increase of cell proteins amounts to more than two thousand
X ::: (estxmsted for the cylcplaszn) during development from an
!e’?;: w;x:um. last to a young au_lenor horn ecell. Assuming a cell pro-
aning 5 per cent tyrosine and 1.5 per cent tryptophane, the
computation from the ratio of £(260/280) shows that the ratio of
r%rl;)it:m to nucleie acid in the cytoplasm changes from 4.1 to 10:1,
com;::::: vt::!: tttl:m'e oceurs g.consifierable increase of protein in
ey e nacleic amd? d.\mng the differentiation and de-
e oo :“X:\Emb!:_ast. This is all the wore important, as the
Tigh i it eic acids m the cytoplasm of the neuroblasts is

The vobrm 3

Pasm, Acon:z‘r’:;t‘i]:'eng::;? ;:;eds u:}?ny limF s that ‘ff the cyto-
sibstance during the ey ({)ws at the inerease in total cell
bom eell amounts to more th et to yourg anterior
an two hundred thousand tires.

Regznﬁng mg:‘::a;fuugw nr.rn'mn.\*m\'nox
v diﬂermtnf an 'Spee\ﬁmfy‘ of newrons and metabolic
it { \mc'tx:ua} activity, I would fike to call at-
. ~+=ntiations in the nerve cell, espe-
which s Characternise o 1 udes 2 biochemical differentintion
- so oo ecell and parallels the differentia-
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differences in the color intensity to differences in content of nucleic
acids in the cells. Tables 1 and 2 show the danger of such a procedure.
InTablelthere arelisted the primary figures of theestinction at 2,600
and 2,800 A in areas of anterior horn cells belonging to the ventro-
Iateral group from the cervical intumescence in the rabbit. After cor-
rection for unspecific light losses, the determination of the nucleic
acids showed, on an average, a content of 1.7 per cent. The data in
Table 2 were obtained from animals in which the nucleic acid content
was almost double, owing to treatment of the animals by a cheniieal
substance, malononitrile (Hydén and Hartelius, 1948). The average
concentration of nucleic acids was found to lie at 3.1 per cent.
Sections of the spinal cord from the two groups of animals were
stained with toluidine blue under identical conditions and examined
closely under the microscope. Judging the eytoplasm by the intensity
TABLE 2*
DATA FROM 28 COMPLETE ABSORPTION SPECTRA TAKEN AT POINTS IN ANTERIOR HORN

CFLIS (VENTROLATERAL NUCLEUS) FROt RABBITS TREATED WITH 4 MG, CHy(CN),
PER KILOGRAM BODY WEIGHT AND KILLED 1 HOUR AFTFR INJFCTION

E280 Ez280 Eyant60 E 80 L‘...(!gl’/lw) Per Cent NA

0.865 0 670 0 633 0 534 118 50
892 805 692 603 114 29
907 730 613 830 121 4
830 701 022 528 117 8.0
011 777 704 508 117 ss
858 it 652 £33 1 €2 34
730 567 531 393 135 34
930 769 720 51 191 30
890 718 689 502 1822 41
879 781 672 603 1 28
820 638 020 521 119 50
839 720 013 518 118 34
905 781 703 011 118 29
913 810 m 635 111 27
831 £98 631 832 118 51
930 837 730 662 110 28
839 742 632 571 119 34
.891 705 673 567 118 3¢
890 758 632 586 118 sq
790 715 584 506 115 31
817 6712 609 500 121 33
858 693 811 518 123 3¢
200 630 392 807 116 290
825 785 615 578 100 20
810 763 623 560 110 2 g
002 790 702 627 112 3
000 791 g1 612 112 38

0,839 0’692 0 623 o 520 1420 32

m=0 654 | mmD 539 M m=3 1
11710 01
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Jifferent conditions, thus showing & specificity in reaction capaeity.
The main bulk of the pucleslus, containing ribose pucleic acids,
hus increases in spinal ganglion cells of Lophius piscalorius during
the production of eytoplasmic nucleic acids. Tt also increases in the
frst stage of pohomyelitis infection in motor roat cells. The nucleo-
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tion of the cytoplasm. In the bipolar neuroblasts the first traces of the
acidophilic nucleolar mass are seen in a chromocenter arca, which
undergoes dissolution. The main bulk of the nucleolus is distin-
guished by proteins with a basic character and also by ribose nucleie
acid. This chemical composition explains its amphophilic character.
At the periphery of the nueleolus, however, several particles contain.
ing desoxyribose nucleic acid are present. They have been designated
as “nucleclus-associated chromatin.” Rabinowiteh (1949) has shown
some activity of acid phosphatase in these particles.

For many reasons the nucleolus has been interpreted as derived
from heterochromatin {Caspersson). Then nucleolus-nssociated
chromatin can be looked upon as a residue of ontogeny which is char-
acteristic of the nucleolus.

The nerve cell exhibits further differentiation of the nucleolar ap-
paratus and parts of the nucleus associated with it. This has been
analyzed by cytochemical methods (Hydén). In the vicinity of the
nucleolus there is an optieally denser nuclear area lacking distinet
structure. In staining, it proves to be more acidophilic than is the re-
mainder of the nucleus. Cytochemically it is charncterized by high
absorption maxima around 2,850 A, indicating a high concentration
of protein. This structure takes acid dye groups with avidity. It also
contains smaller amounts of pentose nucleic acids. Its chemical com-
position reminds one of that of the nucleolus and also of the hetero-
chromatic areas of chromosomes from the salivary glands of Droso-
phila. In the nuclei of nerve cells of the male rabbit, which has an
X- and a Y-chromosome, this substance was found to be more abun-
dant than in the female. This agrees well with the fact that the
Y-chromosome in the male is, in large part, heterochromatic, This
area in the nerve cell was interpreted as o greatly increased hetero-
chromatic chiromocenter arca belonging to the nucleolar apparatus
(Hydén, 1943).

As it has a specific chemieal composition and reacts in a specific
way with eertain viruses (see below), the picture of the nucleolar ap-
paratus in the nerve cell is quite complex. It consists of three struc-
turally and chemically different parts: (1) the main bulk of the
nueleolus, containing protein of distinctly basie character and ribose
pucleic acids; (2) the nucleolus-associnted chromatin, containing
desoxytibose nucleic acids; and (3) the heterochromatic cliromocen-
ter arca containing distinetly basic protein and smul} amounts of
¢ nucleic acids. These three components vary in amount in

s
pent ils. They also react independently under

different types of nerve cel
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Not do the scarce data available support the assumption that the
yellow pigment in thenerve cellsis a «wear-and-tear” substance. The
pigment contains & lipoid part which is soluble in organic solvents,
and smother part with yellow color stainable with basic dyes st &
pil > 55, Absorption spectra and x-ray investigations have given
the following results (Hlydén and Lindstrom, 1950): Absorption
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(Hamberger and Hydén, 1949 a, b) and in anterior horn cells in is-
chemia (Hochberg and Hydén, 1949), as well as in the first stage
of poliomyelitis infection (Iydén, 1947).

ADULT NERVE CELLS

Large amounts of ribose nucleic acids in the cytoplasm are typical
of all big nerve cells, even in the adult stage. These acids scem to be
associated with proteins in the form of nucleoproteins. The mainte-
nance of a certain concentration of nucleic acids in the cytoplasm of
the nerve cell or their rapid regencration after depletion scems neces-
sary for the function of the neuron. The demand for a constant pro-
duction of nucleoproteins seems to be great. This explains the extreme
development of the nucleolus in the nerve cell, for the nucleolus plays
an important role as mediating center in the production of the nucleic
acids of the cytoplasm. This process has been observed and analyzed
quantitatively in the spinal ganglion cells from Lophius piscalorius.

It is fair to state that nerve cells are decidedly embryonic in char-
acter. It is often said that the nerve cells in retrograde reaction re-
sume distinctly embryonic propertics, but they really have never lost
them.

Is the nerve cell further differentinted? If one restricts differentia-
tion to a structural and chemical change in a cell with maintenance
or development of a specific function, there is a further differentiation
of several types of big nerve cells, such as motor root cells, pyramidal
cells, sensory and sympathetic ganglion cells. At the age of scven to
eight years in man the first traces of a yellow pigment (lipochrom,
lipofuscin) can already be observed. The substance occurs earlier in
the nerve cells of the spinal cord and in the medulla oblongata
(Muhlmann, 1901). Between the ages of forty and seventy years, it
is present in nearly all the nerve cells in this area. The yellow pigment
is of great interest because it is present in great amounts in the cyto-
plasm of more and more nerve cells as age increases, with no ebvious
relation to pathological changes. After the age of forty-five in man,
most of the big motor nerve cells of the spina!l cord contain more or
less yellow pigment in their cytoplasm. Sometimes the main part of
the cytoplasm is occupied by the yellow pigment, and very small
amounts of nuclcic acids can be observed. If the pigment, 85 has fre-
quently been assumed, represents slags fmpairing the functlon.of the
cell, such impairment of function ought to be dcmonstmbf‘c. No cor-
relation between function and amount of the yellow pigment in
motor nerve cells has, however, been observed.
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Nordo the scarce data available support the assumption that the
yellowpigment in the nerve eells is o “wear-and-tear” substance. The
pizment contatns a lipoid part which is soluble in organic solvents,
aod another part with yellow color stainable with basic dyes at a
sH>355 Absorption spectra and x-ray investigations have given
the following results (Hydén and Lindstrom, 1950): Absorption
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low pigment had around 50 per cent mare dry substance than did
corresponding areas containing nueleie acids and proteins, An ex-
ample from the analyses is given in Table 8.

Although the data on the composition of the yellow pigment are
scaree, it is evident that o partial chemical reorganization of many of
the nerve cells takes place with increasing age. The amount of ribese
nucleie acids decreases in the cytoplasm, and their place is ocoupied
by the yellow pigment with its characteristic absorption spectrum.
There is, however, no commensurate reduction in motor function
with increasing age. The experiments reported here thus speak
against the interpretation of the yellow pigment as a slag product

TABLE 3
Af4s3 De INATIONS By X-RaY AIC DIOGRAPHY
Per Ceat
N Weight Thicknes
Crtoplasa Contalning (s g o o n:(, ::'b
Ribose nucleic acids and proteins] 4 2X107¢ 13 87
Yellow pigment. ., § §X107 08 86

imperiling cell furction. This must be kept in mind when deafing with
the regeneration of the neurons. If it should become possible to
analyze the composition of the yellow pigment more closely, the next
problem would be to investigate whether or not the yellow pigment
is consumed and regencrated by intra-cellular synthesis in the nerve
cells in connection with the function of the neuron, as are the nueleo-
proteins.

REGENERATION OF NUCLEOPROTEINS IN THE NERVE CELLS
UNDER PHYSIOLOGICAL CONDITIONS

With the cytochemical and biophysical methods available, one of
the most impostant tasks is to study the relation between structure,
chiemical composition, and function of the nerve cells. In a serics of
investigations it has heen demonstrated that nuc)coprolcin.? are cons
sumed in the cytoplasm of the nerve cell in response to mcrcl}std
functional d 1s, This ph has been shown in a variety
of nerve cells, motor as well as sensory. Varying rates in the produc-
tion of the nucleaproteins must be expected, depending on the func-
tionat d ds, and the nucleoprotein-producing system of the cell
must be able to cover a wide range. ) .

Some experiments will be briefly quoled, in which the r‘mc!eoprg-
formation in nerve cells was studied under the following condi-

tein
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tioms: (1) resting condition with maintenance of funetion; (2) in-
created aetivity; (3) fatigue; and (4) } damage with abolished
funetion.

The experiments were carried out on rabbits and guines piga on the
nerve cells belonging to the VITI nerve, the first neurons inthe vestib-
wlar ganghion, snd one group of the second neurons, the nerve cells
in Deiters’ nuclevs. The animals were submitted to adequate stimu-
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suclectus was found to be deranged. In the nerve cells belonging to

Deters' nucleus the analyses showed a substantial decrease in the

content of the mucleoproteins {see Fig. 5). This phenomenon could
be comelated with the cessation of the vestibular function.

o + .t et hound to the

' v tdied the Yur-

Kinjecellain the cerebellum, the nerve cells betongng 1o nucleus XJI,

and the nerve cells in the inferior olive but found no corresponding
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Deiters’ nucleus. Especially significant was the reaction of the
chromocenter area in the nucleus of the Deiters’ celfs, The increased
production of nucleoproteins was interpreted as a physiological an-
swer of the nerve cells to increased functional demands. It seers
that, in principle, such transneuronal chemical changes can be used
to trace neuronal pathways.

On repeated stimulation for 6 days the duration of postrotatery
nystagmus decreased. This was interpreted as an indication of fatigue
of the vestibular apparatus, whose function was, nevertheless, un-
affected. The total amount of ribose nucleic acids was found to be
decreased in the vestibular ganglion cells of the rotated animals, as
compared with thosc of the controls. This scems to indicate that the
system for the nucleoprotein production in the nerve cells is unable
to compensate for the consumption resulting from the increased
functional demands. The same result was found in Deiters’ nucleus,
although with less extensive chemical changes. The diagram in Fig-
ure 3 illustrates the corrclation between the eytochemical changes in
the nerve cells of the vestibular ganglion and those of Deiters’ nucle-
us in connection with adequate vestibular stimulation.

BIOCHDMICAL SPECIFICITY

Structural differences are often referred to as indicating functional
differences. With the cytochemical data already obtained on nerve
cells, it seems logieal to try to attack the problem of biochemical
specificity. Can nerve cells belonging to a certain neuronal pathway
be shown to react specifically to a given stimulus or when subjected
to damage? I should like to mention two examples. The first is a con-
tinuation of the experiments carried out on the vestibular nerve cells
after adequate stimulation (Floberg, Hamberger, and Hydén, lf)-l!{).
From the beginning of its use, it was apparent that Streptomyein
has a specific toxic effect on the vestibular nerve. It can give risc to
symptoms of inhibition from the vestibular nerve, which also may
result in complete cessation of its fonction. This raiscs the question
of whether the drug acts on the peripheral or the central parts of t'hc
vestibular nerve. Qur experiments were carried out on guinea pigs
with doses of Streptomycin which caused symptoms of vestibular in-
hibition. Such a state was observed in the animals after 6-27 days,
during which they had received intra-muscularly 75 mg. of Strepto-
myein per day. In the animals showing loss of vestibular fz)nleon the
vestibular ganglion cells were found to be completely devoid of nu-
clefe séids in the cytoplasm (sce Fig. 4). Also the structure of the
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1t animals are infected intra-cercbrally with rabies of the “fixe”
type or the “street” types the ribose nucleie acids decrease in the
eytoplasm of the netve colls affected when the clinieal symptoms arc
p 4. G tly with these chemieal hanges there is an
{nerease in the number and size of the nucleolus-associated chromatin
bodies containing desoxyribose nucleic acids. These changes are pro-
gressive and lead to amounts of desoxyribose nuclele acids such 83
are never found in nerve cells under physiological conditions. They
may il the whole nucleus. The particle size of these viruses is con-
siderable, ranging from 159 to 200 mp.

TABLE 4
Nuceic Aco sxo Vives Pawrices Sz
Yon Pamcslos)  Noesne Acos Queares o0
[:*R} Tarecren Crice
\ P
Rabies 150200 | Desoxyr ie ack
esoxyribose nucleic scids
Neurovacio 156-206 | Desoxyribose nucleie scids
Growp 18
Puliomyelit 1525
Ribose nucleic acid:
Toupag il 1525 | Ribose ouceic ands

m’: it:{ntr:;st wi.th thes? ﬁn.dings ate observations on nerve cells
oy et a(;xn with Xm\?mg ill or poliomyelitis. Both these viruses
chmgessx:m particle size, 15-25 my. In the beginning the same
o ‘;, \t::mely, decrease and depletion of nucleic acidsin the
Feny 0{. o e ‘nuc\eus, hawever, the chromocenter area in the
N ’ mucteolus xheac&s. This substance increases, and spec-
Sseopie showani d
aide remen W ar content of pentose nuclet
e ﬁ:\(}h };;:te{\{: W\.th a distinetly basic character, According‘ e::
peading o p;rti :1 :’;\;\zx:es l;a':i been divided into two groups, de-
an 5 . 3 : X
e ;}g‘“ ?( the morve oo oftar i;i ) cs;f:noi nucleie acid found in the
€ Viruses seem ta act as ites &
7atem of the el (Crepray ::“ai\;;s (;‘; the nucleoprotein-forming
‘;‘i ﬂl}wﬂs 10 characterize the vimz :,_194‘)5)4 :l‘he Tibose nucleic
‘of organization. Mome rus species having the lowest de-
wpecial mechanion by dividet;m‘?ﬁmﬁd viruses, which demand a
e different hereditary groups equally
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in reproduction, seem to be characterized by desoxyribose nucleic
acid. Striking in these examples are the sites of attack on the differ.
ent parts of the nucleolar apparatus. The difference is quite elear and
may be interpreted as reflecting a biochemical differentiation.

REGENERATION OF THE NEURONS

During development, there is an immense production of cell sub-
stance, including nucleic acids, in the neurons. In regeneration after
the cutting of the axon, there must be nearly as high a demand on
production of cell protein as during development. Assuming a spinal
ganglion cell of average size, the volume of the regenerated axon ean
easily be computed to around 10,000,000 2. This means a production
of cell substance which is about a thousand times that of the eyto-
plasm.

During recent years attention has been concentrated upon the mi-
gration of substance in the axon, with strong evidence shown in the
experiments of Weiss. One crucial point in this problem seems to be
to correlate the total amount of substance produced in the nerve cell
with the amount of the substance of the axon during the outgrowth.

In the cytoplasm a decrease of the nucleic acids after the cutting
of the axon has been established (IIydén, 1942, 1943; Gersh and
Bodian, 1943), which reaches its maximum around 15 days after
transection. One possible technical approach seems to be the deter-
mination of the total amount of substance by means of x-ray spec-
troscopy.
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{her work (2) showed that inic dehyd begins to f
rapidly in activity » few days after this period.

The fetal pig is an ipadequate experimental animal for a broad sp-
proach o this problem, in part because of its inaccessibility to physi-
dlogieal experimentation; and we bave consequently used the guinea
pig for our more recent studies. Let me fiest present the findings of
¥.B. Peters {3) on the morphogenesis of the nerve cells of the frontal
corter, The period from the forty-first to the forty-fifth days of ges-
tation {term, 66 days) is critical in the development of this part of
\be cortex. Prior to this period, the cytoplasm of the neuroblasts
shows  dustlike basophitia. Clumps of basaphilic material, the Nissl
bodies, are first seen in relatively few cells and in small quantity at
agestation age of 41 days. A remarkable increase occurs during the
Bext 4 days and is followed by a relatively slight increase during the
temainder of gestation and during postnatal fife. Tt is during this
same period, from the forty-first to the forty-fth days of gestation,
that there is a striking increase in the number and size of the cell
processes. With the phase-contrast microscope it can be seen that
thete are relatively few protesses at 41 days and that these are, for
the most past, short and fllamentous. By comparison, the cortex at
85 dayshas many well-defined, relatively long and stout processes;
the change is a very striking one. Subsequent development of the
processes involves continned increase in length and width. In addi-
h;m‘ there is o change in refractive index which first becores evident
;; ;5 day;. wi'\en _ceﬂain of the processes show, for the first time,
o{%e:; "{’s‘:&;S‘V;‘;:(;?{nci\:rﬁ?uﬂ_ic doi t;m mature fiber, than do
sewrofibrils or of the neural \ub:;;em (e xD u;{tg th'e R e o
And, Sy, wring (s e Cooules of Do Robertis and Scbmitt?
phologie aulut );4 e methods of Chalkley for quantitative mor-
third day of 5:‘: (4, 5), Peters has found that, around the forty-
reches Vahgzes ‘:!?oh. the nuclea'r volume of the average nerve cell
guishable from th y ‘;M\ the basis of her measurements, is indistin-
o G il Might i et s o estation and that
prior to the (msenl of these fz‘t‘zdt . ﬁ!; e Yeac}ms maturity
that are evidenced by the rapid a:;.i::t? changes in the cytoplasm
mt;;nls; cla‘!:ominn of processes? nlation of Nissl bodies and the

oy i
chemieal iv::;d;:?e d‘“;l eﬁ“{'ﬁ \.\ave gone into the study of bio-
have made o mm-ent%\ o poastion, the fScd is so brasd that we
wentioned that jn e piﬂﬂ 2 ﬁrm and.pmmising beginning. Y have
g cytological differentiation can he correlated




THE CYTOLOGICAL, BIOCHEMICAL, AND
PHYSIOLOGICAL DIFFERENTIATION
OF THE NEUROBLAST

LOUIS B. FLEXNER

Department of Embryology, Carnegle Instituhon of Washington
Daltsmore, Moryland

FROM the many broad problems relating to the development of
the nervaous sytem brought up for di ion at the conf e by
Dr. Weiss, those of us at the Carnegie Institution have chosen to
confine our investigative interest to the differentiation of the neuro-
blast. I shall present briefly our viewpoint and findings and shall re-
late some of these findings to others presented at the conference.

In our present state of knowledge an essentini endeavor is to de-
scribe the cytological, biochemical, and physiological changes which
oecur during maturation of the nerve cell and to relate these ehanges
temporally to one another. A classical criterion for establishing the
time of differentiation of the neuroblast into the neuron has been the
appearaace of clamups of basophilic material, the Nissl bodies, in the
cytoplasm of the cell. The question immediately arises: If the appear-
ance of Nisst bodies signals the differentiation of the neuroblast into
the neuron, do other fundamental changes oceur within the nerve
cell at the same time? This question automatically suggests a series
of investigations Those depending upon microscopic methads will be
concerned with morphologienl changes in the nucleus, nucleolus,
perikaryon, and cell processes. Those of a chemical nature will be
concerned in part with the activities of essential enzymes and with
the sources of energy available to the cell at various stages of its de-
velopment. And, finally, one will use whatever methods are availabie
for judging the funetional status of the cell.

My introduction to this field came through a collaborative study
with J. B. Flexner and W. L. Straus, Jr, on the developing cerebral
cortex of the fetal pig (). We found that thercis a criticnl. period,
about halfway through gestation, when thcrg is an n.brup't increase
in the quantity of Nissl subs%nnce, a r-a[?id increase in size of the
nerve cells, and a sudden rise in the activity of eytochrome C. Fur-

194
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Kavaler (12) in an investigation, as yet incomplete, of the onsel of
peripherat respanse following cortical stimulation have demanstrated
that alt the peripheral responses elicited in a series of adults can be
shizinedin & fetus approximately 55 days old. Thus there is evidence
bt tbe axons of the cortical nerve cells reach their destination in
fess than 10 days after nctive sprouting is first observed, A measure
of the rapidity of growth of these axons can be obitained from these
ohservations. Those which end around the cells of origin of the motor
aerves of the hind limbs grow a distance of 6 or 7 cm. in approximate-
Iy 1 days.

We take the series of itant cytological, biochemical, and
physiclogical changes which T have noted to signal the differentiation
ofthe neurablast into the neuron. Hydén (13) has described another
“’}Pﬂﬂ‘“}‘ change which appears to fit this pattern. Using the uitra-
violet microseope. he found that the nuclealus can be seen for the

fst ti'me when the neuroblast is actively synthesizing protein and
there i 3 simultanecus § in cytoplasmi 4

e us ncre ytop atein. These
ings, together with similar ones on damaged adult neurons in
);;»;es? of reconstitution, led to the highly stimulating view that the
iy eolus and the nucleic acids of the cytoplasm are responsible for
e formatien of the protein of nerve.
mAin tt‘hese stud\e.s on t.he maturation of the nerve cell appear to have
ntimate relationship to the problem of nerve regeneration. Tt is

atribute to the inst i
i ‘;\I ‘s:\ insight of Van Gehuchten that in 1899, as a result of

u s preparations by himsel{ and his student, Van Bier-
vk s studes an Bier:
m:‘:&‘?;\:}e‘ éxz(ewéed Vhat the chromatolytic, regenerating nerve cell
P mbryonic slat}xs. Ref:ent studies of enzyme activities
N g neurons it this thesis Howe and Mellors (15) found
iste MCCB“;E)' of cytoet oxidase is reduced in the ck

thitace i’s i:ﬂ;z; agfi Mellors (16), that the activity of acid phos-
susiniy debe ed; H(_)We and Flexner (17), that the activity of
wtyr Eiydrogenase is t_iecre?sed. These are the changes which

g, 1 view of :

the fact, that both the regenerating

Yot nerve and the imm :
have a common function, the synthesis of ncuroplas::x.
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with an increase in the activity of cytochrome C, followed in a fow
days by an incrense in the activity of suceinic dehydrogensse. In the
guinea pig, Belknap (6) has found the same relationship with respect
to succinic dehydragenase, J. B. Flexner, in her continuing study of
the energy relationships during growth and differentiation, has found
that the enzyme adenylpyrophosphatase, believed to make energy
available to the cell from energy-rich adenosine triphosphate, has a
low activity up to the forty-second day of gestation and then begins
rapidly to increase (7). It is clear, ently, that cytological
changes which include the appearance of Nissl substance, growth of
the nucleus to its final volume, and rapid sprouting of processes are
sccompanied by demonstrable changes in enzyme activities.

What can be said of the functional differentiation of the cortical
nerve cells? This problem has been approached in three ways: by re-
cording electrical potentials from the cortex, by observing peripheral
response to electrical stimulation of the cortes, and by studying the
behavior of the fetus,

In & study which is of great interest to us, Jasper, Bridgman, and
Carmichael (8) found that they were first able to record electrical
activity from the cortex of the fetal guinea pig at the forty-eighth day
of gestation. Tyler, Gallant, and I (9) have confirmed these results,
sith the nddition that we have recorded activity as early as the forty-
sixth day. the end of the period which has been shown to be critieal
{or cytological and biochemical differentiation, Efforts are now being
mnde to determine whether these potentials are partly or wholly
corticalin origin. In her biochemical studies, J. B. Flexner (10) made
an ohservation which may give considerable insight into the events
responsible for the onset of electrical activity. Up to a gestation age
of 41 days, chloride and sodium are distributed in the same volume
of cortexs hoth are apparently confined almost completely to the
exira-cclular phase. At the forty-sixth day and thereafter, sodium is
distributed in a considerably larger volume than chloride. Tt is terapt-
ing to ascribe this increase in permeability to sodium lo.thc rfcrvc
cell and to supposc that the onset of cortical electrical activity is re-
lated to the appearance of 2 selective permeability to sodium, as has

been hypothesized by Hodgkin and Katz (11) te account for the ac-
tion potentinl or peripheral nerve. )

Jasper, Bridgman, and Carmichael (8) hx.wc pointed out th{\t qur—
ing the pesiod of initiation of brain .potentmi\ there are also x.mhfm-
tions, from the change in the behavior of the fetus, of the Ecgmnmg

ction in the higher parts of the nervous system. Kimel and

of fun
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Favaler (12) in an investigation, as yet in‘cotznpletc, ufj the nnset‘ eé
peripheral response following cortical st " ‘lon'hu.ve rate
that all the peripheral responses elicited in a series of ad\.x\ts can be
obtained in a fetus approsimately 55 days old. Thus thereis evxflen?e
that the axons of the cortical nesve cells reach their destination in
Jess than 10 days after active sprouting is first observed. A measure
of the rapidity of growth of these axons ean be obtained from these
observations. Those which end around the eells of origin of the motor
nerves of the hind Kimbs grow a distance of 6 or 7 em. in approximate-
Iy 10 days.

Ve iake the series of concomitant cytological, biochemical, and
physiological changes which T have noted to signal the differentiation
of the neuroblast into the nenron. Hydén (13) has described another
important change which appears to fit this pattern. Using the ultra-
violet microscope, he found that the nucleolus can be seen for the
first time when the neurobfast is actively synthesizing protein and
there s 2 sil i in cytoplasmi protein. These
findings, together with similar ones on damaged adult neurons jn
process of reconstitution, led to the highly stimulating view that the

n:cleolus and the nucleic acids of the cytoplasm are responsible for
the farmat®am 20Y -t .

3 - ssssclistity L0 the problem of nerve regeneration. It is
3 ln’l.mte to the insight of Van Gehuchten that in 1899, as & result of
studies of Niss} preparations by himself and his student, Van Bier-
vliet (1), bie inferred that the chromatolytic, regenerating nerve cell
l:elurns ta d}e embryonic status. Recent studies of enzyme activities
in regenem\!ng neurgns fit this thesis. Howe and Mellors (15) found
:h:\.?. the activity of eytochrome oxidase is reduced in the chromato-
;}:;tzac;ﬂ‘,s Bizdxan a‘;xdll;lellors (16), that the activity of acid phos-
creased; Howe ivi
succinic deh)'drogen;se is d::—gafl o e st the setivity of

s ed. These are the changes which
::z\:llitt:avc h?en pred\cte'd from Van Gehuchten’s geuetalizgaﬁan :::.d
¢ findings on the immature nerve cell (1, 2, 7). Nor is this sur-

prisiog, in view of the fact that . .
ture nerve cell have a co; both the regencrating and the imma-

mmon furiction, the synthesis of neuroplasm.
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with an increase in the activity of eytochrome C, followed in a fow
days by an increase in the activity of succinic dehydrogenase. In the
guinea pig, Belknap (6} has found the same relationship with respect
to succinic dehydrogenase, J. B. Flexner, in her continuing study of
the energy relationships during groswth and differentiation, has found
that the enzyme adenylpyrophosphatase, believed to make energy
available to the cell from energy-rich adenosine triphesphate, has o
low activity up to the forty-second day of gestation and then begins
vapidly to increase (7). It is clear, consequently, that cytological
changes which include the appearance of Nissl substance, growth of
the nucleus to its final volume, and rapid sprouting of processes are
accompanied by demonstrable changes in enzyme activities.

What can be said of the functional differentiation of the cortical
nerve cells? This problem has been approusched in thiree ways: by re-
cording electrical potentials from the cortex, by observing peripheral
response to electrical stimulation of the cortex, and by studying the
behavior of the fetus.

In astudy which is of great interest to us, Jasper, Bridgman, and
Carmichael (8) found that they were first able to record clectrieal
activity from the cortex of the fetal guinea pig at the forty-cighth day
of gestation. Tyler, Gallant, and I (8) have confirmed these results,
with the addition that we have recorded activity as early as the forty-
sixth day. the end of the period which has been shown to be eriticnl
for cytological and biochemical differentiation. Efforts are nowbeing
made to determine whether these potentials are partly or wholly
cortieal in origin. In her biochemical studies, J. B. Flexner (10) made
an observation which may give considerable insight inte the events
responsible for the onset of electrical activity. Up to a gestation age
of 41 days, chloride and sodjum are distributed in the same volume
of cortex; both are apparently confined almost completely to the
extra-cellular phase. At the forty-sixth day and thereafter, sodinm is
distributed in a considerably larger volume than chioride. It is tempt-
ing to ascribe this inerease in permeabibty to sodivm to the nesve
cell and to suppose that the enset of cartical electrical activity is re-
lated to the appearance of a selective permeahility to sodium, as has
been hypathesized by Hodgkin and Katz (11) to account for the ac-

tion potentinl of peripheral nerve. .

Jusper, Bridgman, and Carmichael (8) lu}vc pointed out ll){li (!ur-
ing the period of initiation of brain _potcmmls there are also x'ndx.cn-
tions, fram the change in the behavior of the fetus, of the Ecgmnmg
of function in the higher parts of the nervous system, Kimel and



SOME ASPECTS OF NEURAL GROVWTH, RE-
GENERATION, AND FUNCTION

R. W. GERARD
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IN THE nervous system, spatial and Etemporal considerations domi.

Bate 25 in no other system, For all tissues, including neural, the
Enatomical patterns and the chemical processes underlie both devel-
Spment and funetion, At present, development and Function tend to
be studied by separate groups—the embryologists and the physiolo-
gists; but this is 43 unsound as other dichotomies of being and be-
coning (1),

Essentially the same organismic influences operate in both, to
modify pattery gnd Process in time, whether the change is normally
unidirectiongl, 55 in deve)opment, oF normally reversible, as from
Festio activity, And, with time angd SPace so emphasized iy the nerv.
O3 system, it ig pot surprising that an specially effective confly.

kidney nephrons, and the like;
iny masses Into Jarge organs is
frivial and molecylap organization ig a1
; ™" . probably, ot cells. But myerg and molar organization

) ' e ¢ Beuron hag an extension
fervient skefetq Wlsts gy, } : S SUE?V
Btabion, and estapfigren s’ T

s S connections to Adegi, "oal pur-
Poses, c.;ualfianvely Udique in the Organism. Further, the neuron
sy oy not an aggrega{e, like o mob, but gy “org,” kke an
ad olhe; intenns ir cally O¥ganized ingo particular yets
leads o deﬁm‘tive cbg BTOUDS, 50 they 2 change in almost any part
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bebind a ternporary constriction. Young (11) likewise obtained <!i-
rect histologicat evidence of material flow into axones; and Hyd.en
aod his colleagues (32, 18, 14) inferred, from changes in the ultravx‘o‘
Iet absorption spectrutn under conditions of sctivity, chromatelysis,
¢ic, that nucleoprotein moves from soma into processes of the
newron, But the movement is actually more of a mystesy than ever.

Endoneurial firid moves some millimeters an hour. Xt is not
punped by the pulse pressure from the dorsal cavity, for movement
occurs fn titro, Axon material maves a, few millimeters a day, not far
from the rate of growth of a regenerating axon. Is the entire axon,
then, growing steadily during the normal Life-span, Hke a rat’s in-
disor, aad, if so, what happens to it peripherally? Or does the axo-
plast eylinder push distally in n fixed sheath? Or do particular sub.
ances migrate distad in the axoplasm? And here also arise questions
of the driving force—the pulling-out of pseudopods along interfaces,
osmotic tugor of the cell (which should be lower during active syn-
ﬁ.xcsu than at other times), an undefined growth process. These ques-
tons remain wnanswered.

‘Cn.n feport, however, some further evidence of peripheral move-
f“f{m swons. Soon after the war we started experiments with Pn

. ‘eeasy wliv Lie specitic activity of §

soluble, phosph hpin, nuel i azd i’-mut de:
) % nucleoy n, I T was de-
zermmed at 2ppropriate intervals in brain, cord, and two or three
esments of the sciatic nerve, It is not appropriate to repart here the

P fractions—acid-

t all are 5o slow that equilibrivm is not
, if spatial migration

‘enough compared to chemical turnover, that labeled
. the cord neurons, subsequently moved

%0 the peripheoral Pproce disapplt)iniedy; nucl‘;o-

. . tes in cord and nerve,
specific activity of this fra,

2eeve, Surpeis . ction moved alang the
teredin !]:ZP}’I:E]& }1 owe_v €, Just such & phenomennm wac e
;é thetop seg

gh Bt figsy
Wy duﬁng{m_,_ L, el e nrst 10 dave tha vt

Despite wige s . o
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more. The timing of events, be they the movements of growth canes
in morphogenesis or of impulses in behavior, must be exquisitely pre-
cise, Spatial patterns require temporal ones both for their formation
and for their function—a logical expectation amply documented by
the facts of neursembryology and neurophysiology.

The unique problems of the nervaus system, then, center about the
interrelation of events separated in space and time and involve the
interaction of distant regions, the ication of information, and
the i of o ds. The mechanisms of such distant interac-
tion—between cell soma and process or between scparate eells—thus
assume paramount interest for us. I shall not consider here the inter-
action of neurons (3, 4, 5), whether as nets or as synchronized
groups, but shall direct attention to the cell body~-cell process rela-
tions.

‘When a nerve fiber is cut from its cell body, the amputated axis
cylinder dies, and the soma passes through s more or less severe
chromatelysis. How does a section at the knee make itself known to
o soma in the cord and to a termingl in the foot? What is lacking for
the separated fiber? Some transmitted influence or transported sub-
stance, normally supplied by the somn, must be necessary to the in-
tegrity of the fiber. We attempted some years ago (6, 7, 8) to distin.
guish between these categories, and all evidence favored the actual
transport of substauce. A cut nerve, kept active conducting impulses,
degenerated sooner than one at rest, as if needed material were being
exhausted more rapidly rather than as i some isolation dystrophy or
strophy of disuse were being avoided. The converse situntion—of a
nerve under pressure for months with conduction blocked—did not
1ead to fiber degeneration, again indicating the transport of material
along an intact protoplasmic conmection. Finally, the rapid passage
of virus and toxin along axans and the observed “peristaltic” move-
ments of axons, that might aceount for such passage, made chemienl
transport o reasonable mechanism, Since nerves are independently

supplied with o circulation that can bring substmtcs'm}d reniove
wastes and since the nucleus of the soma is jts most distinetive or-
ganelle, it scemed a fair guess that an enzyme formed by or under the
influence of the nucleus must continuously pass along the fiber to
3 its metabolism.
Lc;xl)o‘: :éccnﬂy, direct evidence of the peripheral movement of ma~
terial of the axon has come frofn severnl sourees. \VI'HSS et al. (9)
showed rapid teansport of tracer ions by cndoncx.xrml finid, um% Weiss
(10} also found n slower transport of axoplasmic contents, piled up
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\he frog spinal cord following section (22), we undertook the mens-
urement of oxygen consumption of single spinal ganglia under various
conditions (23). This study was interrupted by the war and has not
Teen completed or fully published, but suggestive results were ab-
{ained.

Arat spinal ganglion weighs about 0.6 mg., and its respiration can
be followed readily in 2 capillary respirometer (24, 25). Osygen used
per haur per normal ganglion is reasonably constant at 0.9 en. mmn.
{This represents an average of 5 3¢ 16-% ev. wm. per neuron per hour.)
Ganglia measured at 5-25 days after section of the proximal dorsal
root showed no clear change in respiration rate (Fig. 1). After distal
section of the dorsal oot (which, in contrast to proximal section,
does produce chromatolysis), a sharp rise in oxygen consumption re-
sulted. This averaged 1.3 times normal over the first 10 days after
section and scemed elevated even after a month (Fig. 2). The data
2100 fow to be certain of quantities and time relations, but that a
considerable increase fn metaholism oceurs after section of the distal
cell provess but not after section of the progimal one seems reason.
ably clear,

QU_:ers bave fo'llowed changes in substanee content and enzyme
:‘c‘r:‘a:igr tte spinal gray after root or nerve section and 'have found
oot 2 Osxfhatnse {19) and decreased nucleaprotein (13, 26),
R ré;t;? oxidase (27), ereatin phosphate (20), snd choli
mg‘b;‘:;’:;gls;, u:: to some extent m the ganglion studies, the

55 o neurons is diluted in the tissue aamnle ho ¢ha

Tarne e

= nut tew vodies of neurons are reported t ;
" o occupy only 2.85
EYEB&;: ;)01 ‘:he itom volume (29), the remainder being mostly glia.
o ooy 1er' ;mns. neuron somas occupy but 12 per cent of the
otihe lm‘a m‘ urse, m(?[:lgl‘;lperhaps & constderably larger fraction
seconling 1P . Flexner, y 1 ication}. Glia,
i iiat\: ‘s}iumrj;;l;x;a:}: from the filum terminale (28), bas a res-
ur:stm‘ o g fo ft of nez[zroPaI s;‘r’\:;ttures, 1t isfhﬂzardous,
ot Q rom meas~
“mlyj )?:t:\;;h mixed central RErvous system tissue samples. Con-
oy e ienscy to mlegatfa glia to a casnal structural role in the
Iy mﬁﬁ;n‘“‘ s l‘l\rely z?‘yopxc. I suspect these cells are important
i ¢ 1:15“' i}fxe sucker-toot™ approach leaves much to be
of no evidence that excludes them from 2 role
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vancing tide being illusory was ealculated at P = 0.002, The rate of
advance of the high-activity phosphoprotein is 2.5 mm. a day, essen-
tially that obtained by Weiss for movement of axon material.

We also tried the cffect of malononitrile, reported by Hydén and
Hartelius (14) greatly to accelerate nucleoprotein tumnover. Even
under their conditions and at time intervals of from 4 hours to 18days,
we were unable to find any change of absolute content or speeific ac-
tivity in the chemical fractions or of speeific activity in nuy of the
gross tissue semples tested. (Their mensurements, of course, were on
single somas.) Nerve section, on the contrary, does lead to marked
changes in the separated nerve, lesser ones in the cord. Turnover is
promptly increased, and, by the second day, the specific activity of
nerve phospholipins and phosphoproteins is twice the normal, and
that of nucleoproteins is tripled. Acid-soluble phosphate shows no
change—a good control. Activities are still high at 2 weeks, by which
time the actual content of phosphotipin is halved and that of nucleo-
protein is doubled. One may, of course, attribute the greater activity
and amount of nucleoprotein to the multiplying Schwann eells, and
the rapid loss of phospholipin to myelin eatabolism; but why the
necessary enzymes for these processes should become activated by
the loss of something coming from the soma remains a problem. Per-
Thaps clues exist in the activation of glycolysis and of proteolysis by
the suppression of normal oxidations.

Turning, now, to the cell soma, it is hard to believe that changes
in it, after fiber scetion, can be due simply to any deficit. Some signal
must travel retrograde from the cut, and it is, of course, generally
accepted that chromatolysis is more severe with a proximal, than
with a distal, cut (16). Yet scction of the central process of a spinal
ganghion cell (17), perhaps of any dendrite (18), causes little or no
chromatolysis, despite close injury. What cue reaches the eell body
and how it initistes the eycle of chemical and morphologic changes
(18, 19, 20, @1) that constitute chromataolysis and recovery rcxn{xin
mystcrics. It is not even clear whether these changes are degenerative
or reparative in character. .

A long asis cylinder may contain a thousand times as mu.ch proto-
plasm as its cell body; and, during regencration, axoplasm is formed

L e ettt UM LT T L T times its volume
- ' - s .+ during regenera-
tion implies incrensed mclaboli:\m and enzyme activity, w{nich must
be established during the transition period of chromatolysis. On the
basis of such reasoning and the report of an increased respiration of
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tnneurst function, even in impulse conduction. Tt is reported‘, rather,
that preganglionic stimulation Jeads to glial hypertrophy in auto-
2omie ganglia (30). Dr. Tschirgi, who holds simitar views, is“ ncco‘rd—
ingly, intiating an intensive study of the glin from the physiological
viewpoint.

Important activity of glia in pathological changes in the central
nervous system, by contrast, is well known. This introduces the prob-
lemof the nonneuronal elements and regeneration. That neurilemvmal
bands and tubes offer important directive action in the outgrowth of

ing fibers is now well established (16). Whether they supply
only, or mare than, a mechanical scaffolding is not certain, though
the former seerns prabable, especially in view of the mysterious influ-
ence of the periphery (1), Purther, the gross distribution of fiber
fﬂmd}es and connective-tissue septa in a nerve trunk are important
indetermining the success and degree of regeneration (82). To what
extent do the glial elements enter the picture of regeneration in the
centeal nervous system?

"ﬂfe standard teaching has been that cut fibers do not regenerate
nlhm. the central nervous system; and surely such regeneration is
::ha d\ilemnt level of success than that in peripheral nerve. A some-

a! cireular srgument has resulted: central regeneration cannot oe-
;‘::;:g\lsescs;:lhwann cells, essentia} fo'r regeneration, are shsent; the
e ttnlarlal Wavmx cells are essential is the failure of regeneration in
P nervous .system, where they are absent. Actually, of
re!a?;:’n D‘)godendrogha cells seern to have much the same anatomical
P L oo e e
trte centrally a3 they do peripherally. Th ti o in ell;s e,
“Why s this central regeneral:i y.i ot u y wecomes,
than “Why does it not ocew ?SDTS}‘: ety abo.mve.. rath§r
Imited potentiatities i ne:u be amswer, I l?elxe\'e. s mot in

eressno e o e ons but in an inimieal enviropment.
f‘hm (utsee Ref, 3¢ o 156) fere‘ }(lmr own evidence (33)‘ and that of
and functional, of’ ti;e fulf, ?r esuccessiu.l regeneration, auatom-
Tover forms, These posit y hl‘ansected spinal cord of the rat and
tplance, have leg to hltl: ;urri? ts,ﬂ? mmugh‘ Olflen e v.erha.] 2

P 1o eamn from Dy, W) er effort or clinical exploration. T am
tainnd tnae s o » Windle of the recent positive results ob-

- T . . L) . .
-6 ult 8 tenfold lar, 3 3 S
%) Wioconvery 20 per centg :“;::: Ao Analysisis needed

53 into & 90 per cent one. Although
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ancxia may play some role in the failures, as Dr. Hooker suggests, 1
am more inclined to blame the glin. It is hard to account otherwise
for the poor regeneration of ract fibers cut in the glial zone and their
good regeneration when cut, just peripherally, in the neurilemmal
zone {36). (Avulsed ventral roots do, however, regenerate {37]) An
intense and early glial overgrowth occurs in the region of injury, and
the sprouting nerve fibers probably become inextrieably tangled in
the scar, if, indeed, the glin does not damage neuron somas (30), Like
the storied drunk, bumping time after time into the tree before his
front door, they are “lost in an impenetrable forest.” Devices, such
as x-radiation, for hindering glinl growth should favor central regen-
eration.

The few points touched in this discussion raise, rather than an-
swer, problems, which is common cnough, and emphasize the need
of better methods that permit o finer correlation of chemistry with
morphalogy; for, as indicated at the start, the metabolie and strue-
tural underlay of morphogenesis and of functioning are alike, Neural
metabolism can increase some two- or threefold in passing from rest
to activity, and a comparable change occurs during regeneration.
Similar enzymes and intermediates undergo change on stimulation or
injury, and the same problems of the control of enzyme action and
substrate availability (38) arise in both eases. Indeed, growth and
patterning, like hypertropby and memory, are long-lasting conse-
quences of function (39). One need only shift the time seale to pass
from the physicochemical basis of nerve-impulse conduction to that
of nerve-fiber growth.
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The single noteworthy exception is the published report of Sugar
1nd Gerard, which states that the transected cord of adult albino
nts exhibited regenerative phenomena, mainly fiber outgrowth,
which re-established connections through which function was rea-
somably restored. The introduction of degenerating sciatic nerve be-
tweenthe cut ends of the cord facilitated the formation of the connect-
ing fber cables. The type of regeneration reported by Sugar and
Gerard resembles that seen in older frog tadpoles, without the aid of
“foreign” material. It is quite different from the observed results of
fetal rat experiments. Were it not for a rather extensive personal ex-
perience with experiments on transection of the cord of fetal and
adult rats, as well as of other forms, this report might appear less
dublous. Nevertheless, it ins a challenge d ding further
study,

The.v;mrk with teleostean and amphibian forms presents a strong
Possibiity that the varying capacity for regeneration in the central
Bervous system s elosely related to the presence or absence of redox
tazymes within the system. Apparently, this aspect of the problem
i’une\'er been studied, but it unquestionably presents an important
ead for (ELl‘ure investigations for several reasons,

In addition, direct, factual data are needed on the regenerative

:!I!a:lgtc}!' of the central nervous system in reptiles and birds at vari-
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Al-\IONG several incompletely solved problems of the nervous sys-
tem is that of central nervous system regeneration. The starting
point for all experimental work in this field is found in the studies of
nurmerous investigators who have operated upon the early embyros
of amphibian forms. In these, at the early stages,  skilful operator
may alter the form of the nervous system in many ways and secure
healing, often per primam, and complete restoration of form as well
as of function. Relatively little has been done on the regenerative
capacity of the brain, in so far as an organized attack upon the prab-
jem is concerned, most of the studies having been confined to the
spinal cord.

With remarkably few exceptions, there scems to be general agree-
ment on the following points: (1) in the teleosts, nmphibians, and
possibly birds, the spinal cord will frequently re-establish form and
function after transection or other injury in carly embryonic stages;
(2) in certain teleosts, at least, the spinal cord retains much of its re-
generative capacity well into the adult period; (8 in tailed am-
phibians, a similar retention of the capacity of the cord to regenerate
is present for a vatying time following metamorphosis; (4} in ame«
phibians which are tail-less after metamorphaosis, the spinal cord may
regencrate at least until loss of the tail, there being relatively lif:tle
evidence avnilable on tater stages: (8) in all these forms, regeneration
becomes less complete, both marphologically and physiclogically,
with increase in age, and the number of individuals exhibiting regen-
eration, never 100 per cent, deereases markedly; (6) knowledge of the
regenerative capacity in birds is slight and confused. In this region

further factual information is needed
Tt s+t very different
ol . \W.th a single ex-
ception of note, ali the results of experimental studies on infra-human
forms and of a vast amount of clinical experience in man have n.xdh
cated that the spinal cord h'\cks. regencrative cnpx'\cil.y except possibly
for an extremely short period in early embryanic life.
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Ependymal elements migrate by amoeboid movements and obstruct
thelumen of the central canal, which assumes a spindle-shaped dila-
tion However, when the regenerated spinal cord has grown for some
length into the cartilaginous tube and already shows a certain degree
ofsrgantzation (stratiBeation of white and gray matter), it starts to
regress, presumably beeause of its lack of peripheral connections, As
sresult of this fnvolution, the spinal regenerate, which had already
somuired severat layers, is reduced to the thin-walled ependymal tube
described by previous investigators.

Asmentioned before, the innervation of the regenerated tail is pro-
vided by the three last pairs of ganglia remaining in site. Terni dis~
eosered & marked hypertrophy in the cells of these ganglia and
sseribed 3t to their increased activity resulting from the expanded
tres of innervation. It was possible for me and Zannone to observe
sinilar behavior in the motor cells of the ventral roots. A few days
alter the amputation, which involves the transection of the nerve
fbers, ﬂ.le cfll bodies start to show marked signs of hypertrophy, ac-
:"}Paﬂxcd 0 some cases by chromatolysis. The cells will then retain
!u;’:l:)fﬁf:d sze. eﬁd}:mly in connection with their augmented

dvmomtrat;d il:r::u ableuacgux;ulat_xon of tfgrmd substance can
il aely ese cells, indieating a high content of ribo-
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SOME COMMENTS ON REGENERATION IN TIHE
CENTRAL NERVOUS SYSTEM

ALBERTO STEFANELLI
Zodlogical Statwon, Cagliari, Italy

THIS is to report some observations on regeneration in the nervous
system of urodeles and reptiles following amputation of the tail.
Inurodeles (Triton) transection of the tail is followed immediately by
the formation of a blood clot at the wound surface. This clot soon be-
comes invaded by connective tissue, and at the same time the cle-
ments of the ependymal layer of the spinal cord underga conspicuous
changes. They assume amoeboid form and with active movements
migrate toward the cut end of the spinal cord, where they elose over
the central canal. Subsequently, a phase of active proliferation sets
in. The mitotic activity, restricted to the ependymal zone, starts at
the very tip of the stump, where the canal shows a bulbous enlarge-
ment. As the ependymal canal clongates, some karyokinetic activity
also appenrs along its walls, although the grentest number of
mitoses is still found at the tip, which resembles an apical meristem.

At first, the newly grown nherve tube appears very irregular in
shape and caliber; but when the regenerated tail has reached a cer-
tain degree of development, the walls thicken, and the whole struc-
ture becomes more regular. The spinal ganglin of the regenerated tail
appear to derive from cells which migrate metamerically from the
neural tube.

As for the Sauria (Lacerta), it has been known for some time that
the spinal cord does not take part in the regeneration of the fail. The
new tail differs from the original one also by the fact that its skeleton
develops 8s o continuous cylinder of fibrous cartilage instead of ns »
melameric structure. Since no new ganglia are formed in the regen-
erated tail itself, its innervation comes fram the last three pairs of
spina} ganglin, which have remained intact.

1t was possible for me and my co-workers, Marotta and Znnm?n(-.
to show that in Hzards the first phases of regeneration o{_thc spinal
cord are essentially the same as in urodeles but that during a Inter
stage degencrative processes supervene. After the nmpfxmt{on [
blood clot forms, which then becomes invaded by connective tissue.
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{ive totactual stimuli, followed within a very short period by the ap-
. e

2w meenliad hy tha mandibular divi-
,' ' flexogenous.

The responses elicited by IGNL LACLUNL Sutliwaius WTE not ]oca.l, nor
are they simple in type. They occur at a distance from the sﬂe. of
stimulation, usually on the contralateral side. Although the period
during which they may be elicited is markedly shortened by interfer-
ence with the placental circulation, the essential character of the re-
fexis not altered for an appreciable time interval.

With the p ive development of neur 1 tion
the responses expand, chiefly caudally, to involve a larger portion of
the trunk in & reflex of the same character as that first appearing. The
integration of the expanded reflex, as of all subsequently appearing
responses, precedes the appearance of the added areas involved and
is an essential component of the normal processes of development
within the nervous system, Integration is not secondary in the view
of this group, nor can it be.

As the nervous system continues its growth, localized specific re-
Bexes progressively appear. As a result, the essentially total charac-
Irroll the initial response pattern is modified. It is believed that these
specific responses are not in any sense “simple” but that they are
wade possible by the increased number of new nerve fibers and the
deselopment of many new synaptic connections within the nervous
system. The app of specific resp is accompanied by an
:;7’““:"“ of the reflexogenous areas of the skin Ultimately, most of
l\:\:?o ace of the fe.tus be'comes sensitive to stimulation, and this ex-
b “i:: :}fczmphshed in o generally distal and c{mdal direction.
m‘::me e difference of opinion, there is a considerable area of
peried lm{;gf:ﬁmenl between the two groups, largely relating to the
(1) the muscula;: appearance of true or doubtful reflexes, as f?nows:
htlcclricn_uy Drl:nl’zcr;acpes“a lcve.l of developmefxt at w}n.ch it may
recdes the o anical Iyexcxle.d to _contrachon at atime w?uch
@) the motor “Ic‘rvcsfﬂ’ize :}) tg]um:hon in the 'neural }nechnmsm;
S e e b I O ety o
uscutar conlrnction;nol Ton; ile EChﬂca ey ey e
o mcchmic:dly stimulated l8 after the muscle may be electrically
Fosbly the interealated demo tont‘ract; (3) the sensory and very
rne functiona; and (4) it isel? ;;) the reflex arc are the l.ast to be-
Outrated, that propriocenti ighly probable, if not certainly dem-
Npéarance, ptive reflexes antedate the exteroceptive in




NEURAL GROWTH AND THE DEVELOP-
MENT OF BEHAVIOR

DAVENPORT HOOKER
Department of Anatomy, University of Pittsburgh, Pittshurgh, Pennsglrania

HE sixth session of the conference clearly demonstrated the dif-

ferences in interpretation from essentially identical observations
that have created two opposing and, so far, irreconcilable points of
view regarding the initiation of exteroceptive neuromuscular re-
sponses in mammals, especinlly in man. These divergences indicate
all too clearly the need for further intensive investigation of the
roles played by embryonic and tissue respiration in limiting or abol-
ishing reflexes, of the nature and extent of the carly-developing tract
systems, and of the character of the stimuli which may evoke re-
flexes. Some of these studies must be physiological, some morpho-
logieal in nature, and still others must be attacked by both ap-
proaches.

Al investigntors in this field have observed localized, sometimes
apparently simple, but at other times quite complex, responses to
stimulation of various kinds. One group interprets the simpler types
of responses as the fundamental reflexes from which the more com-
plicated bebavior forms are built up by the addition of successively
added simple reflexes, each of which is subsequently integrated with
those which have previously appeared. Furthermore, this group is

conneeted by an intact placental circulation. They maintain that alf
responses elicited at whatever early age when the placental connec-
tions have been distutbed are abnormal, showing the effects of
anoxemin and dlicitable only from asphyxinted embryos and fetuses.

The other group of investigators helieve that all early “simple” re-
sponses are not true reflexes at all but are eaused by direct wechani-
cal stimulation of the musele tissue underlying the extremely delicate
embrvonic and early fetal integument This gronp believes that the
car]iésl true reflexes involve the entire functional newromuscular
mechanism then available in response to light stimulation of a tac-
tusl nature within a relatively eirenmscribed area in the facial re-
ecd, this group belicves that the skin area supptied by tlx.c
division of the trigeminal nerve is the first to become sensi-
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REFLENES OF MAMMALIAN EMBRYOS AND FETUSES 215

suesthesia of varying depth, and the first ones of Bareroft and Barron
weredone under urethane, Investigators in Carmichael’s laboratory
ndinmine, using the guines pig and eat, avoided anesthesia during
expetiments by previously sectioning the spinal cord or decerebrating
the pregnant subjects. Nevertheless, in my own and probably in
olber early studies, delay after incising the uterus usually allowed
soxemia to develop hefore observations were well begun.

Ozemust evaluate critically much that has heen written about be-
bevioral development, bearing in mind the methods employed in the
expernsents. The use of great numbers of specimens and the averag-
ingof data are not substitutes for judicious planning of experiments
o cr'ih'cal physiological observations. The use of technics of decere-
bration, cord section, and focal and spinal anesthesia, together with
spend of observation and careful handling of the uterus, ultimately
led boebservation of the type of fetal behavior which Ishall describe.

Simificant species differences appear in the course of the develop-
mml'cl somatic activity, but in early stages of all that I have had
oceasian to examine (rat, guinea pig, sheep, cat, and man) there ap.
Peartobe remarkable similarities A certain smount of generalization
would scem to be permissible,

;gl: ﬁrs; s?matic Tovements can lge elicited by adequately stimu-

g ;m 5o xl.mrtly before the time at which external morpho-
e p:ﬁid"::ii)mflcs o{ the species become recognizable, i.e., before

Lenbrynse : z&:}s A; e:xtered upon. However, there is no evidence
ranuton, fog u)x; o ::’ etuses perform any movements spontaneous-
©entrbe deteetog | 11:px-exmmtely 14 We~eks can intra-uterine move-

in themntact huwman being. The mother cannot feel

em with certainty until ahoy
it 17 55 i
nbﬁﬂly :egin Idonot lmow.“ ek B oh e they
o the

gularde oo N N
o t) eq;n:. QOther \nvestigators have reported similar observa.
0 tound : P, an cspfacxnlvly suitable animai for the purpose, Bar-
Yy r{’msvlllumxxfauox.\ that so long as the uterus was un-
ity 1o lh? (] :ms mactn-f:. Manipulation during delivery led
yzenstioy o thcc:t’ 1clumges in uterine tonus and impairment of
ey elal blood led to activity in othersise inactive
Striateq m
erd md“ice}:’; dcs;le!op before Spontaneous movements can be
duce mo‘v‘cmemm fcx muvengents ean be elicited, It is possible
3 o devc!opmg musele masses of the shoulder

to



REFLEXES OF MAMMALIAN EMBRYOS
AND FETUSES

WILLIAM F. WINDLE
Department of Anatomy, Unwersity of Pennsylronia, Phladdphia, Fenneylrania

DEVELOPMENT of bekavior is a broad subject, and T can touch
only upon the aspects of it pertaining to the initintion of motor
functions of mammalian embryos. Conecrted efforts to determine
how the nervous system of the embryo begins to function were begun
approximately twenty years ago. They followed o series of reports
of the gencsis of nervous activity in amphibian embryos, notably
investigations by Coghill, who accompanied his study of function
with detailed histological studies of the developing nervous system.

When I became interested in this subject, about 1928, several other
investigators had published reports on the activities of early mam-
malian fetuses. Some of these were seattered descriptions of one or
two human specimens, but Minkowski in Switzerland and Bolaffis
and Artom in Italy had assembled significant numbers of observa-
tions. In this country Swenson and Angtlo were studying the motor
activities of embryos of the white rat. These studies arc interesting
and present facts of impottance, but there is not time to describe
them.

All these carly experiments, ss well as those which Griffin and I
performed and even some by more recent investigatars, are snbju.:!
to eriticism because the experiments were conducted under unphysi-
alogical and abnormal conditions—~indeed, usually on deeply asphyx-
iated and dying fetuses. At the time that the early studies weremade,
so little was known of intra-uterine physiology that observers were
insufficiently concerned about their ability to control their experi-
ments. Misconceptions of fundamental prineiples were commonly
held, narcotic or anesthetic deugs which depress or abolish l:eﬁcx ne-
tivity were frequently employed. and effects of mph,\‘tia!mnﬁ'm
seldom considered. Minkowsks often used local anesthesin for his hu-
man patients, but the fetuses were removed from the utcms.bdm‘c
they were studied, and there can be no doubt !hn.t m'ph_\'xm pre-
eailed. The same eriticism applies to Hooker's st.udws in man, The
rat experiments of Swenson and Angulo were earried ont under ether

(28]
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ewployed. Except in the eatliest phase of anoxemia, a fore-limb reflex
wually cannot be obtained in small fetuses by light stimulation of &
single point, although stronger stimulation of a greater surface may
et one, Stretch and pressure are more effective than light touch.
1 the foreimb reflexes are muscle-stretch reflexes, one should not
expeet Lo elicit them with light stimuli.

The early reflex movements of embryos differ from movements in-
duced by direct stimulation of muscles in many ways. The fore-limb
refex of the youngest embryo can be obtained only once, as a rule,
fut the hob will move repeatedly when its muscles are stimulated
elctrically. The fore-limb reflex is obtainable for only a few moments
whide physiologic conditions are best. When more than one reflex of
the fore limb {s elicited {rom an embrye, the second movement can-
not be o‘blained until a brief interval has elapsed after the first; the
mrtbnfmm for the response appears to be momentarily fatigued. The
rellex is always 2 movement of one type oceurring in one direction,
f‘h‘“‘f‘ themovement in response to direct stimulation of the muscle
’é v:m:\‘x)\}t g;fs;#{, the I;cat'mn of the stimulus. A]th?ugh asphyxia-
st e ;aes re{e;rk n;ovemenis of the fore limb, it ufua\ly
Kt example, I’mmml;c: of : e head ref}ex:s before L\hey are abolished;
will be said :ibuut tbz.l era ts lateral. More

is reversal Jater.

e ‘il:ncm‘::ryos whose aﬂ'c;rent nieurons have grown out distally
S im! he.ycnd the. region in which muscle cells have differen-
oy U\‘e “15 possxbl? to stimulate these nerve fibers without stimulat-
duhring o :r: protimal muscle masses. When this is done, but only
erbran s r;g.\; that normal physiological conditions prevail in the
ey, movement of the fore limb can oceasionally be in-
Alt
\m\!vti; {:DSXeS are no longex: obtainable, one can insert a fipe elec-
uelib o ;ec :{);nal cord, stimulate, and obtain movements of the
1 the rostr) :h-;s' ‘A farwzfrd movement results from stimulating
et of the lix‘m;, :cs‘:ﬂx; c{emcal .enlargement, and a caudal move-
e Yhoracie . L is applied in this manner to
o if the e !\lm‘bar Portion of the shinal ¢ard nnwasee 4
& Howey - - ' ! ’ o
adequate} '
Y . .
Pitlace gyey b + wvanwanion of the spinal cord
o cand in 4 ) spual co orof the
B2t of the fore ﬁm\!!.r"l'hli‘:i‘?wcr thoracic regions induces move-
sinterpreted as evidence of conduction
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region by electrical stimulation of the muscles themselves. The em-
bryonie muscles of this region receive fine nerve endings from the
spinal nerves at this time, but the contractions induced in this way
have certain characteristics that distinguish them from true reflex
movements.

Early reflex movements, involving conduction through the nervous
system, are elicitable about 1 day after it is possible to obtain musele
contractions by stimulating shoulder muscles directly. The eatliost
responses of this type are movements of the fore limb or movements
of the head. In the cat embryo a foreJimb reflex is present in some
embryos that show no head response. When head movement and
fore-limb movement are both present in the same specimen, they are
not co-ordinated, and one or the other can be elicited independently.
As development proceeds, it is possible to obtain similar unco-ordi-
nated movements in other regions.

The nature of the early fore-limb movements has been guestioned.
Some investigators have doubted that they are true reflexes and have
suggested that they may follow conduetion of impulses to the muscle
over motor neurons but involve no sensory neurons nnd no refex
arcs. My experiments indicate that they arc reflexes.

The movements can be elicited in a number of ways. They do not
oceur spontaneously but follow external stimuli, provided that the
stimuli are adequate. When conditions as nearly normal as possible
prevail in an experiment and the uterus is opened quickly to display
the embryo within its amnion and still attached to the uterine wall
by its placenta, tapping or lightly pressing upon the amnionic sne
often fnduces a quick outward and backward twitch of the fore Hmb.
A similar movement can be obtained by passing a sharp needle
through the amnion and flipping the limb gently with it. Onee in a
while it is possible to obtain a simifar response simply by touching
the tip of the fore limb with a hair.

Another somatic movement that makes its appearance almost as
early as the fore-limb reflex is an extension of the head backward or
to one side (usually the contralateral) when the nose or mouth region
is touched or stimulated clectrically. The movement of th_v: head i}l
response to external stimulation is mare rc:cis!am to ohangmg physi-
olagic conditions than is that of the fore Kmb. T‘hc fore-limb mwove-
ment is more easily abolished by anoxemia than is the r.noren.wnl of

the head. This may be one of the reasons why some m\'.cshgnlqrs
have failed to abserve the movement of the fore hmb‘ wlu.lc readily
observing that of the head. Furthermore, adequate stinruli tust be
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employed, Except in the eatliest phase of anoxem ja,n f(.)re-llim}) reﬂ;x
usually canniot be obtained in small fetuses by light stimulation of a
single point, although stronger stimulation of a greater S\‘n{ace may
elicit one. Steetch and pressure are more effective than light touch.
1f the fore-imb reflexes are muscle-stretch reflexes, one should not
expect Lo elicit them with light stimuli. .
The early reflex movements of embryos differ from movements in-
duced by direct stimulation of muscles in many ways. The fore-limb
reflex of the youngest embryo can be obtained only onee, as 2 rule,
but the limb will move repeatedly when its muscles are stimulated
dretrically. The fore-limb reflex is obtainable for only & few moments
white physiologic conditions ase best. When more then ane reflex of
the fore limb, is elicited from an embryo, the second movement can-
not be obtained until a brief interval has elapsed alter the first; the
mechatism for the response appears to be momentarily fatigued. The
reflex is slways a movement of one type oceurring in one direction,
whereas the movement 1 resp 1o direct stimulation of the muscle
'u' readtly molded by the location of the stimulus. Although asphyxia-
tion qutichly abolishes reflex movements of the fore limb, it usually
changes the appearance of the head refiexes before they are sholished;
for example, coutralateral movements become homolateral, More
will be said about this reversal later.
m’:‘;‘“’cl?mbfyus whose afferent reurons have grown out distally
Xiated eit imb b“?")“d ‘he. region in which musele cells have differen-
b it is possible 1o stimulate these nerve fibers without stimulat-
l(;lg.lhe more proximal muscle masses. When this is done, but anly
r;;‘:‘:;h: :&"e ﬂmt'normnl Physiologic_al conditions prevail in the
i ex movement of the fore limb can cccasionally be in-

Ales reflexes are no lon, i
onger obtainable, an i -~
v o the spfnad el one can insert a fine elec.

fore limh of a cat fetus. A forward movi
x;\ the ms\n\.pnrt of the cervicat enl

.

snd obtain s of the
ement results from stimulating
of the enlargement, and a eaudal move.
; < from stimulating the caudal part. of the
"~ in this manner to

10 movement fol-

s ~enhyxiate

siving
of the
move-
uction

:ll Wowever, il ity BUOU g,

m?;i:t:)l;w:;x:igmnm! })!oml, stimulation of the spurui Ly,

Hoispbe he lgonl in the lower thoracic regions induces
ore timbs, Thisis Interpreted as evidence of cond
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region by electrical stimulation of the muscles themselves, The em.
bryonic muscles of this region reccive fine nerve endings from the
spinal nerves at this time, but the contractions induced in this way
have certain characteristics that distinguish them from true reflex
movements.

Early reflex movements, involving conduction through the nervous
system, are elicitable about 1 day after it is possible to obtain muscle
contractions by stimulating shoulder muscles directly. The earliest
responses of this type are movements of the fore limb or movements
of the head. In the cat embryo a fore-limb reflex is present in some
embryos that show no head response. When head movement and
{ore-limb movement are both present in the same specimen, they are
not co-crdinated, and one or the other can be elicited independently.
As development proceeds, it is possible to obtain similar uneo-ordi-
nated movements in other regions.

The nature of the early fore-limb movements has been questioned.
Some investigators have doubted that they are true reflexes and have
suggested that they may follow conduction of impulses te the muscle
over motor neurons but involve no sensory neurons and no reflex
arcs. My experiments indieate that they are reflexes,

The movements can be clicited in a number of ways. They do not
oceur spontancously but follow external stimuli, provided that the
stimuli are adequate. When conditions as nearly normal as possible
prevsil in an experiment and the uterns is opened quickly to display
the cmbryo within its amnion and still attached to the uterine wall
by its placenta, tapping or hghtly pressing upon the amnionie sae
often induces a quick outward and backward twiteh of the fore Hmb,
A similar movement can be obtained by passing a sharp needle
through the amnion and flipping the Jimb gently with it. Once in a
while it is possible to obtain a shmilar response simply by tauching
the tip of the fore limb with a hawr.

Another somatie novement that makes its appearance almost ns
carly as the fore-limb reflex is an extension of the head bnckward. or
to one side (usually the contralateral) when the nose or mouth region
is touched or stimulated electrically. The movement of (){e head in
response to external stinmiation 1s more rczxi.»mm to clmn{;mg physi-

ologic conditions than is that of the fore fimb. T.he fore-limb move-
ment is more casily abolished by anoxemin than is the movement of
the head. This may be one of the reasons why some un:cshgnlqrs
have failed to observe the movement of the fore lnnl{ w)n.lc readily
ohserving that of the head, Furthermore, adequate stinmuli must be
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peuron reflex arcs are formed. Thus both two- and three-neuron arcs
sre developed concident with the app of the first fore-limb
reflexes. -

A reexamination of the early stages in the development of move-
ments in the unanesthetized cat under good physiological conditions
fas confirmed my former views. The earliest somatic activities of
shich the cat embryo is capable make their appearance about 23
days after insemination. They sre the simple reflex responses to
stimutation of the fore limbs or head. Additional simple respanses,
appearing during the following days of gestation, are elicitable inde-
pendently of one another, even after progressive integration of older
activities has been accomplished.

Further consideration was given to the relation of asphyxiation to
fetal reflexes. By deliberately altering the quantity of exygen or car-
bon dioxide breathed by the mother and by inducing asphyxiation
in the fetuses, several pertinent observations were made. Cat fetuses
become more irritable to light tactile or pressure stimuli during the
early stages of impaired respiratory conditions. It seems that anox-
cm.in st first facilitates reflexes in embryos which rormally were
quicscent, but, later on, it dep individuat ts. Sotwe,
sspecally those involving sppendicular museles, became Jost entire-
Iy, As irritability decreases and stronger stimmli are required, spon-
{aneowy movements begin,
mo[:::\ii &!p%;x’ml conditions, stimulation of a fetus results ix} mass
fustained a;c !his‘:l‘:: o rotom e &sphyn:a X ‘the ey tonic and

ass movements. Asphyxiation vitimately leads

o 8 breakd . .t
‘\; (: m of the mass resp and to depy of all activi-
Rbythricity of certain iall
ts, esp i it
employed later in res, o e P

r in respiration, appears in cat fetuses about 30 days
t;:i u‘::;l:: ::\\d\tmns of anoxemia The mote prolonged the anoxemis.

muscles come into the respiratory-like thyth :
meg: urf\fl deep gasps nlone ensue. ” ythms of move:
- ':3;?‘&;“ let fetn] respiratory metabolism are easily disturbed
Y b:; ual reflex movements are Tikely to be abolished in yo“né
o \m‘c m!‘cq\u\\c stimuli can be brought inte play to elicit the
"lbh”)" xfnt § mass s ly referred to as
otal .cy,:mmi behavior,” is often the onle farm ~f priivity ye.

e e . is aTe

¥ Ftuts wave been obtained in the human fetu‘s. Fitzgerald
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up the cord and synaptic transmission at o brachial segment in the
cord, in ather words, a reflex in which no receptor ending is involved,

Considerable anatomical evidence favors the refiex nature of kmb
movements of embryos and young fetuses. Embryos of several spe-
cies of animals have been stained by the Ranson pyridine-silver tech-
nie, which is especially good for demonstrating young neurons. All
nervous elements essential for reflex action are present in the spinal
cord shorily before the first reflex movements can be elicited by
stimulation. Afferent nerve fibers run in the peripheral nerves to the
tissues immediately beneath the epithelium of the fore hmb and to
deeper structures. The central branches of these ncurons constitute
the dorsal reots and dorsal funiculi of the spinal cord. Motor fibers
arise from well-developed ventral horn cells in the spinal cord and
pass through the ventral roots to the muscle masses of the fore limbh
and trunk. Thesenerve fibers can be scen ending in simple terminations
upon the young muscle fibers. Within the spinal eord there are well-
developed ¢ i 1 and associational whose cell bodies
lie in the dorsal part of the gray matter. The commissural fibers build
the opposite ventral funiculus and come into close relation with
motor neurons which supply the trunk muscles. Assoclational fibers
course into the Iateral funiculus of the same side and are closely re-
lated positionally to the dendrons of the motor neurons supplying the
fore limb.

Before farc-limb movements can be elicited reflexly, the afferent
neurons of the dorsal funiculus and the associntional interncurons in
the region adjacent to the dorsal fumenlus lnck connections adequate
ta complete reflex arcs. A few afferent dorsal root collaterals are
present, but in no species examined (cat, rat, sheep, and man) do
these nerve fibers extend very far into the gray matter. Reflex ares
are completed by further ingrowth of these fibers. A correlntion esn
be drawn between the inerease in number and jength of collnterals
and the occurrence of the first reflexes. Some of the collaterals have
grown as far as the motor nerve cells and complete two-neuron reflex

ares. i ) .
The anatomical mechanism of the fore-limb reflexes consists of

Bomolateral, unisegmentat arcs. The first development occurs in the
brachial segments of the spinal cord. Collaterals come off (!orSfl! rool
fibers at this level of entrance into the cord. These synapse w_nh the
st atw St Tl ghe more wedial commissural,
tio+li . .+ nd their axons to motor nerve
ore himb of the same side. In this way three-

.cclls supplying the f
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ment first appeared at 25 days, changingtoa contralaﬁeral movement
2t 27 days. The reversals occurring earlier under the influence of as-
phyxia anticipated, as it were, the changes about to take place nor-
mally under better physiclegical conditions. Although asphyxia en-
fnced the ixritability of the neurons at first, it ultimately abolished
ofl effex activity and exerted some selective action in doing so. The
fist refleves to appear ontogenetically were not necessarily the last
to disappear during asphyxia.

Observation of reflexes and spontaneous activities throughout de-
velopment permit & limited amount of generalization. The mam-
mafian fetus is essentially & spinal or bulbospinal animal in early
stages. As gestation proceeds, higher centers in the brain reach 2
functional state, Even at the time of birth, the cerebral cortex is sm~
meture.

SUMMARY

Structaral development permits somaticmotor function to begin in
the mammatian embryo shortly before the time at which the speci-
men takes on the external morphological characteristics of the spe-
cles, T!fe timse at, which ts begin sponts ly within the
‘"?m!' is unknown, but it is probably days_or even weeks after the
first simple movement can be elicited by stimulation.

h‘g‘; eﬁ;nslar‘f‘llt:\v:ix:cnts t.tllat faln b;: obtained in an embryo is related
ingfrom the sli:;nulr;l?o:x :fs . C‘l.ﬂ s vers I\Iovemex‘lls result
growing muscle masses are possible about

:::)‘ before movements that require the presence of functional reflex

inThe first reflexes are of at least two types. Limb movements occur
Tespanse to stretching the tissues or putting pressure upon them.

i}:}l :eo::-mmls result from sup.erﬁcial tight tactile stimulation in
Vi nlg:)e]n. J’I’hc limb reflex is a local homolateral movement,
bk ¢ head reflex may be a contralateral movement. The dif-

etween these two types of reflex is clearly explained by

Htructy; i 08 1 34 o bavolved. A
73] l]h”icmﬂc n the parts of the nervons system avolved.
Qose correlat; on has been dem W

emonstrated between the tune of appear-

3 time of develo d it

A, 3 pment and completion of
¢ central nervoys systent. These refl
. a

"f‘l:‘:;fb- sad three-neuron ehains. e ores sre made
oumg t;:::nl of respiratary conditions in the embryo has a pro-
s vy :!pun The early reflexes, In the first moments of & declin-
e, A o t;\;.\g_cn to t.hc embryo, clicitation of reflexes is en-
Ph¥Mia sets i, reflexes are abolished or change their
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and I have elicited movements at the operating table in nonanesthe-
tized, nonnarcotized fetuses of about 8 weeks’ gestation. While the
fetus is receiving oxygenated blood from the intact placenta, its
neuromuscular mechanism is excitable, and individual movements
can be obtained by tapping upon the amniotic sac. During progres-
sive asphyxiation these reactions cease, but responses of the tnmk
musculature to stimulation of the nose and mouth region are elicit-
able for several minutes after detaching the placenta from the uterus.
At this time strong stimuli induce mass moventents involving neck,
trunk, arms, and legs.

Onc of the carliest reports of movements in human embryos of this
age was that of Strassmann, who observed the activity of a specimen
with placental circulation intact and apparently functioning. He saw
movements of the arms and legs. Movements in only four other hu-
man embryos smaller than 30-mm. crown-rump length have been
obscrved at the time of operation by others; asphyxia prevailed in
2ll. Most older human fetuses were asphyxiated during the period of
observation, and the mass movement was commonly scen. Only
when physiological conditions are good, when anesthesia and as-
phyxia are avoided, can all the reactions of which the human fetus
is eapable be observed and correctly interpreted.

Another study of the relation of anoxia to early reflex movements
of cat embryos has been made in my laboratory. Movements of the
head in response to stimulation of several points upon the face were
studied in nonanesthetized decerebrated eats. At first the circulation
of the fetal blood to the intact placenta was maintained while re-
sponses to stimulation of the fetus were being abserved. Later, the
umbilical cord was elamped to induce asphyxia in the fetus.

The fetuses were relatively unrespansive when first delivered, but
anovemia, setting in upon opening the uterus, led to increased ir-
ritability in & few scconds or minutes. In the early stages of(fct’v!op-
ment, reflexes appeared after a short period of impaired oxygenation,
although they had been absent a fesw seconds earlier. They were n:ore
readily eclicited by stimulating a point and activating only a fow
receptors. o

During the course of development and before the umbilieal cord
was clamped, the reflexes resulting from stimulation of receptors in
the head region changed once or twice. For example, the pre-ssphyxi-
al respanse to stimulating an area sbove the eye was a homolateral
head movement at 26 days of gestation, changing to a contralateral
movement at 86 days. During asphyxiation the homolateral move-
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ment first appeared at 25 days, changing to a contralateral movement
2t 97 days, The reversals occurring earlier under the influence of as-
phyxia anticipated, as it were, the changes ahout to take plnc? nor-
mally under better physiological conditions. Although asphyxia en-
hanced the irmitability of the at first, it ultimately aholished
all reflex activity and exerted some selective action in doing so. The
first reflexes to appenr ontogenetically were not necessarily the last
to disappear during asphyxis.

Observation of reflexes and spontaneous activities throughout de-
velopment permit a limited amount of generalization. The mam-
mafian fetus is essentially a spinal or bulbespinal animal in early
stages, As gestation proceeds, higher centers in the brain reach n

functional state. Even at the time of birth, the cerebral cortex is im-
mature,

SUMMARY

Structural development permits samaticmotor function to begin in
the mammatian embryo shortly before the time at which the speci-
wen takes on the external morphological charscteristics of the spe-
cies. The time at which Iy swithin the
werus iy unknown, but it i probably days or even weeks after the
first simple movement can be elicited by stimulation.

The first movernent that can be obtained in an embryo is related
to some maturation of its skeletal muscle fibers, Movements result-
llni(mm the stimulation of growing muscle masses are possible ahout
amy before movements that require the presence of functiona} reflex

ments begin spont

. The first reflexes are of

atleast two types. Limb movemen!
W response 4o stretching g vy

the tissues or pulting pressure upon them.

and three-neuron chains,

o él:&x::nt of Tespiratory conditions in the embryo has g pro-
tog orty ;}p:n the early reflexes. Tn the first mioments of a declin-
P v Xygen to the embryo, elicitation of reflexes is en-

+ A asphyxia sets in, reflexes are abolished or change their
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and I have elicited movements at the operating table in nonanesthe-
tized, nonnarcotized fetuses of about 8 weeks' gestation. While the
fetus Is recciving oxygenated blood froms the intact placentn, its
neuromuseular mechanism is excitable, and individual movements
can be obtained by tapping upon the amniotic sac. During progres-
sive asphyxiation these reactions cease, but responses of the trunk
musculature to stimulation of the nose and mouth region are clicit-
able for several minutes after detaching the placenta from the uterus.
At this time strong stimuli induce mass movements involving neck,
trunk, arms, and legs.

One of the earliest reports of movements in hutan embryos of this
age was that of Strassmann, who observed the activity of a specimen
with piacental eirculation intact and apparently functioning. Ife sas
movements of the arms and legs. Movements in only four other hu-
man embryos smaller than 30-mm. crown-rump Jength have been
observed at the time of operation by others; asphyxia prevailed in
all. Most older human fetuses were asphyxinted during the period of
ohservation, and the mass movement was commonly scen. Only
when physiological conditions are good, when anesthesin and as-
phyxia are avoided, can oll the reactions of which the human fetus
is capable be observed and correctly interpreted.

Another study of the relation of anoxia to eardy reflex movements
of cat embryos has been made in my laboratory. Movements of the
head in response to stimulation of several points upon the face were
studied in nonancesthetized decerebrated eats. At first the cireulation
of the fctal blood to the intact placenta was mnintained while re«
sponses to stimulation of the fetus were heing obwerved. Later, the
umbilical cord was clamped to induce asphyxin in the fetus.

The fetuses were relatively unresponsive when first delivered, but
anoxemia, setting in upon opening the uterus, Jed to increased ir-
ritability in a fow sceonds or minutes. In the early stages of (lﬂ\'cf'cp-
ment, reflexes appeared after a short period of imprired oxygenntion,
although they had been absent a few seconds earlier. They were more
readily clicited by stimulating & point and activating only a few
rcc];ﬁ?:;-; the course of devclop}ucnl and hefare ?hc umbilical cox:d
was clamped, the reflexes resulting from stimulation of receplors in
the head region changed once or twice. For example, the pre-asphyxi-
al response to stimulating an arca nl‘mve the eye was & homolm:-m:
head movement t 26 days P[ gestation, ?hm\gmg ton coutrlnlalcx:n
movement at 36 days. During asphyxiation the homolateral move-
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\TE of the basic problerms of genetic neurology is & description of
the events and mechanisms involyed in the development of the
integrative capacity throngh which the nervous systew {functions to
‘maintain the integrity of the individual by regulating (1) the chemi-
et structure of the interna} environment and (8) the intimacy of as-
sociation between the sustaining (O; and energy sources) and destruc-
tive chemical and mechanical elements of the external environment,
Of the manner in which the nervous system develops ontogenetically
the caparity to regulate the structure of the internal enviromment
wery Bittle is known at present, except for isolated studies on matm-
malian embryos and fetuses with regard to the genesis and matura-

;ion of the “respiratory centers,” the vascular reflexes, and tempera~
e seeulath N

Qur more knowledge of the develor t
of the mechanisms regulating the association of the individual with
the elements of the external envi t—the devel t of overt

behiavior—is derived primarily from the basic studies of the late
6. E. C\)gh.iﬂ on the satemander Amblystoma and secondarily from
;tudxes dm'mg the last twenty-five years inspired by Coghill on other
or::;, including fishes, amphibians, reptiles, birds, and mammals.
o 50 frequentfy bappens in a newly developed field of scientific
vestigation, }he fesults of the pioneer studies gave rise to two op-
It’ﬂsmﬁ generalxz'a!wns or descriptions of the manner in which the in-
tgfy? :‘e c.‘(xipauty of the nervous system developed. One generaliza-
blyawma; :n ('v;mced by Coghill on the basis of his studies on Am-
om0 ﬁ]ew:;s sup);xortef‘l by ﬂ?e work of his diseiples on other
troneh e effect that behs_mor develops from the beginning
pmemmdggm‘gr;ssf% expansion of a perfectly integrated total
i v ed i mdualxgu within it of partisl patterns which ac~
fmnu\a\edbg egrees of dx_screteness”; the second generalization
roulated by Windle and his co-workers o the hasie €21+ >
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character, A homolateral head movement may become a contra-
lateral movement or vice versa. Rhythmicity of movement is another
phenomenon occurring under duress. During asphyxiation all motili-
ty eventually ceases, but for some time before this occurs a mnss dis-
charge of nearly all motor units capable of functioning is easy to in-
duce or appenrs spontaneously. This mass activity during asphyxia
is what investigators sce when they examine fetuses that have been
removed from the uterus. It is the activity that hins led some to the
belief that behavior in man has its genesis in a “total pattern” Jike
that of the larval amphibian studied so extensively by Coghill.
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the asial musculsture derived from the samite and supplied by the
dorsal branches of the spinal nerves. The question at issue might be
restated: “Does the neural control of the appendicular musculature
develop in association with, or independently of, the axial system?”

The motor system of the spinal cord in all vertebrate forms thus
far studied appears to differentiate prior to, and for some time inde-
pendently of, the central processes of the sensory ganglia and the
tonducting elements of the alar plate. The differentiation of the
motar neurons appears to progress t ily in a i dal
direetion without any evidence of segmentation; those segmental
features of the cord that do develop—segmental ganglia, sensory end
mator roots—are imposed upon the newra structures by the adjacent
somites and their derivatives, the sclerotomes. The number of cells
In the basal plate at any particular level of the spinal cord appears
i;‘f;j:lgamled by the relative position of the region cunsid::rcd in
. e iong axis of the cord and independent of the peripheral

Further, though precise comparisons are not available, there ap-
Pears o be a tendency for the fimbs tq appear earlier in some forms,
“é?twe 1o the development of the central nervous system, than in
n{ ;:s, for ex; iple, the. fian fimb app earlier than that
SHtheurodele, viewed with respect to the differentiation of the nery-
:’“Sdmierfx. Whatever the stage of its appearance, the limb appenrs
0 determine the proporti'cn of the cells in the basa} plate of the as-

3
the fimb 1 Yate, relative t, o 1 the apy of
3 o the devel i i

the wrodele amphibiags, the “menvc opment of the spinal cord, as in
e growth of the b gy

2 placental mammal such as the sh

; ) eep, the
rly, relative to th
i h irly, e cord,
o P:m;ln:;r& d:ﬁeirentxauon of the motor Beurons 1o the limh appear
Hetrams h: ﬂ: the motat neurons 1o the axial musculature. Some
Proximatdly th- groups wmz%d appear to become functional at ap-
e diﬁ'erenﬁatioia:fe us)t:ge in de‘!{ek:pment. In intermediate forms
might aeuronal system 1g
rlted ::Tg;c:e;: ::egx;;c:ﬁe that ta the ppendicnlar by an interval
to epresent e phylogenetic seale—the chick appears
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combined Lo form more and more complex reactions until the final
behavior patiems are established. The value of these iwo generaliza-
tions for the development of interest in and research on the develop-
ment of the functional eapacity of the nervous system cannot be
overestimated, for science bas always been advanced by wholesome
controversy, but in some respeets the limits of thejr usefulness would
appear Lo be fast approaching, for they have served to focus attention
upon specific details rather than to further broader interest in the
general problem. After the review at the round-table discussions in
Chicago last March of the data accumulated in support of the two
oppesing views, those interested in the field appeared to be faced
with the following alternatives: (1) that Coghill’s generalization ap-
plies to Amblyrtoma and other vertebrates up o and including the
pro- and metatherizn mammals but not to placental mammals or
(2) that the basic pattern for development is the same in all verte-
brates, though modified in detail by the evolutionary contraction, in
bigher forms, of the larval state—so prominent in Amblystoma~—and
the aeeeleration in the appearance of the limbs in the higher tetra-
pods relative to other body parts. Adoption of the first alternative
requires the acceptance of the view that the prineiples upon which
the bigher nervous system is developed differ fundamentally from
those in Jower forms—a view not easily reconciled with the great body
of kuowledge illustrating the operation of common principles in the
ontogeny of the nervous system of birds, marsupials, and placental
mammals. Following the second alternative, the two theories may
have arisen as the result of emphasis upon certain aspeets of differ-
enee between the development of behavior patterns of Jower and
higher forms—differences that are prunarily a function or conse-
quence of sume other aspect of development. The following cansidc:r—
ations resulted from an exploration of that possibility; their unsatis-
factory nature is freely acknowledged, but they are recorded in the
hope that they may encourage others to similar and more successful
atlempls to resolve the controversy regarding the development of the
integrative capacity of the nervous system.

Though the issue has never been stated in precisely these tenns,
one of the basic differences between the “total-patiern” exponents
and the “isolated-reflex™ group would appear to center about the
genesis of the activity in the appendicular musculature, for all those
who have described the early aetivity of embryos—whatever their

position in the phylogenetic scale—appear to accept the principle of

the total pattern with regard to the development of the activity of
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the axial museulature derived from the somite and supplied by the
dorsal branches of the spinal nerves, The question at issue might be
zestated: “Does the neural control of the appendicular musculature
develop in association with, or independently of, the axial system?”

The motor system of the spinal cord in all vertebrate forms thus
far studied appears to differentiate prior to, and for some time inde-~
pendently of, the central processes of the sensory ganglia and the
conducting elements of the alar plate. The differentiation of the
motor eurons appears to progress temporasily in o crani dal
dueetion without any evidenee of ation; those al
features of the eord that do develop—segmenta) ganglia, sensory and
malor roots—are imposed upon the neural structures by the adjacent.
sotites and their derivatives, the selerotomes. The number of cells
xi!;edbasa! ?la!e a} any part.ir:-ular !e‘vel of the spifza! cord’ appears

e etermined by the relative position of the region considered in
gfe ;‘;.mn tothelong xis of the cord and independent of the peripheral

Further, though Pprecise comparisons are not available, there ap-
Pﬁ;lhf {0 be a tendency for the limbs to appear eatlier in some forms,
:t u?nv'efto the development of the central nervous system, than in
m;r:;r::] elxam'ple, the. mammalian limb appears earlier than that
— ele, viewed with respeet 1o the differentiation of the nerv-

system. Whatever th'e stage of its appearance, the limb appears
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The temporal relationships of the differentiation of these two sys-
tems of motor neurons, axial and appendicular, would appear to have
an important role in the determination of the character of the casliest
movements of the embryo. Paul Weiss in a series of brilliantly con-
ceived and executed experiments has shown quite conclusively that
a muscle exercises an effeet upon the associated motor neurons that
increases or delermines their central selectivity. Separated from their
associated muscles by section of their axons, the motor neurons lose
their selectivity and give rise to impnulse discharges in circumstances
in which they would not previously, when their axons were distribut~
ed to muscles, have been activated. If they are permitted to regener-
ate their axons into a muscle other than the one previously supplied,
the central selectivity gradually retums, but it is of a character de-
termined by the new muscle. In the early stages of the regeneration
process, the firing of the neurons and the activity of the assoeiated
muscle is of an indifferent or gradual character, unrelated to the role
of the muscle in development of the co-ordinated activity of the sp-
pendage. As the regeneration processes proceed, the responses of the
muscle, at first general and diffuse, are gradually restricted because
the central cells are, as Weiss expresses it, “modulated” by the
muscle until the discharges of the motor neurons are selective, ie.,
serve to integrate the activity of the associated muscle within the
unit as a whole. This same process of “modulation’ of motor neurons
by muscles takes place in normal development, though the conse-
quences of the process, because it appears to develop more stowly, the
older the animal, are more readily demonstrated by neuronal re-
generation. )

In the light of these important facts it is clear that, in those cir-
cumstances in which the neurons of the axial musculature differenti-
ate and are functionally active as the appendicular system develaps,
the motor neurons of the Iatter system might be expected to be ac-
tivated before the modulation process was completed; as a conse-
quence, the first movements of the limb would be associsted with
those of the axial musculature, and the jation of activity would
persist until the mod lation of the appendicular motor neurons was
complete. i, however, the appendicular and axial systoms developed
and differentiated at about the same time and at the saine rate, the

activation of the axial system would not be expected ?o.bc invariably
associated with the appendiculsr system, or the activity of the ap-
r system with the axial, Owing to the se'lect}w'ly of the
depending upon the characteristics of the

pendicula:
neyrons in each system,
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central excitatory conditions, the axial and appendicular systems
might act together or independent Iy.

Thus the initial association between the movements of the trunk
and the kb during the early development of Amblystoma, follawed
by the increasing dissociation, and the shorter period of association,
together with the greater degree of dissociation between the adaland
sppendicular systems described g some mammals, might have a
comman basis. If these differences in the degree of associated activity
between two systomg of musculature can be so reconciled, clearly no
2w prineiple has heen introduced with advancin 8 phylogeny, so far
#s this aspert of the development of the integrative capaeity of the
Bervous system fs concerned; behavioral differences in development

tween species would appear to he the result of variations in the
temporal sequence of the operation of mechanisms rather than to
differences i mechanism,

This Guestion of principle versys detail in development iy of fur.
ther importance with regard 1o significance of the earfiest limk,
move.me}xts in placental mammals. Opponents of the total-pattern
and individuation theory of Coghill bave pointed out, ag stated
earler, that in the fetuses of placenty) mammals under approprinte
ﬂmﬂmshmces the museulature of the limbs ean be gct; vated reflexly
:11: i]hmr intrinsie aﬁere‘nts at the same stage—or just prior 10 it~in

opent, that the limp, muscles can he activated reflexly vig of.

the moment equaﬂy' Unsatisfactory,) On this observation the op-
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The differentintion of the intrinsic afferents to the limb and the
arrival of their central processes within the central gray of the spinal
eord to complete the local reflex mechanism appear to be geared and
timed by the structures that make up the limb. The more precocious
the limb, the earlier the local reflex is established relative to the dif-
ferentiation of the longitudinal or descending systems in the cord that
are activated via the afferents to the head. Granted the evidence of
the carly development of the intrinsic reflex mechanisms of the
limbs, is the difference between the expansion in the pattem of re-
activity in the higher and lower forms one of temporal sequence or
one of the nature of mechanisms?

The arrival of the intrinsic limb afferents within the cord to com-
plete the local reflex are not enly provides for the activation of the
appendicular musculature but also determines the degree to which
its activity is isolated or segregated from all others, i.e., the degree to
which the response is loealized is a function of the inactivity of the
other somatic muscles that make up the system. The de-afferented
lYimb of a dog, for example, takes a greater part proportionaily in the
motor activity of the animal than in the normally innervated limb.
Excitation, having arisen in a particular region of the cord, irradintes
in an unlimited fashion, and the local limb efferents, in the sbsence
of their intrinsic afferents, are activated by the spreading excitation,
T the adult animal the intrinsic limb afferents limit or restrict the
activity of the associated appendicular musculature. Similarly, in
ontogeny, the arrival of aferents within the neuronal field of the
limb efferents is associated-~in the sheep, for example—with the
dissociation of the limb from activity patterns of the trunk initiated
through stimulation of the maxillary division of the trigeminal.

Clearly, inferences with regard to the principles of the develop-
ment of the integrative capacity of the nervous system based upon
observations of the activity of the embryo or fetus must be carefully
drawn and after due consideration of the specialization of the animal
type studied. In those forms with a short gestation period—the rat,
for example—the intra-uterme period of reactivity is lmited to 7
days, whereas in the sheep it is extended over 100, Discounting the
differcnces in the degree of maturity at birth, the nervous system of
the sheep appears to arrive at a stage of development equivalent to
the rat at birth 30-85 days after it first becomes reactivet Under the

circumstanees the prineiples of development are more likely to be
illustrated by the similarities in their activities than by the differ-

ences.
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A further limitation to the value of reaction patterns 85 indexes of
the development. of the integrative capacity of the nervous system
arioes frow the demonstration by Harvison and by Detwiler that
2eurons can differentiste in environments in which they cannot in-
teract a9 umits in & conducting system. This fact must be borne in
mind whenever & comparison is raade between the activities of forms
developing in different environments,

The activity of the Amblystoma Jarva can be tested in the fluid
wedium in which it §s lly developing, and this medium Is one
in which it lives when fully developed; there is therefore no reason
to suppose that the maturing neurons are in contact with an internal
environment other than that in whieh they will eventually interact
asparte of 3 eonducting system. Their interaction at any siage may,
wilh 2 considerable degree of confidence, be taken as an expression
of their full fanctional capacities. This same statement may be ex~
tended with full confidence to the activities of the “pouch young™
gpossuws and with caution to the reptile and bird on exposure by
opsuing of the shefl. Bt the studies of the late Sir Joseph Bareroft
and his 'muabmms have made it quite clear that the environment
~the circulating fetsl blood—in which the nervous system of the
;;:;Yi; :;iz:us Qf'the eutherian mammat 'develops is quite different

position of the biood after birth.
gﬂ.:z:&: fe:glesbh‘zegg ?ort;‘mmple,‘ aside Imfn the last 10 days or 5o of
nated wﬁ;} . ul(i; the c'aroud artery is abou.t 70 per cent saty-
-t B gen and that in the confluence of sinuses about 50 per

; elated to the d cnrve and ey d in terms of
grf;:v}h:h"xxgm pressure in the carotid is but 33 mm. Hg, the
e A, e o s
e pillaries of the brain is about 25-26 rom Hp {mean

pillary pressure is estimated as follows: the diff 3 1
sure of oxygen in the artery and vein is divi e e A
6 obtained is added to the pres&u:n u;sth“‘fi?d KA _ﬂBd the figure
days of gestation, by the same caleulati ). During the ‘%St o
eapillaries is 20-22 mym Hg. ition, the oxygen pressure in the
ch‘"“‘.“' Miss T. M Young, of St. Th ; ;

iocl in Landon, who N, s‘ St. Thowas Hospital Aledical
with oxygen of the blood f * mined 'the percentage saturation
rebbits (154 9, Bonds vt :;m the carotids and fontanelles of fetal
sheep, with the trend inthse p at are of much tb? same oxder as for the
Iy, there are no dussorrati o emelles st a it lower. Unfortunate-
Blood avaflable gt preent lﬂh curves of fetal and maternal rabbit

rom which to estimaia the pressures, but
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they would appear to be of the sawe order as, if nat actually lower
than, those in the sheep fetus.

According to Mossman, the rabbit has a hemo-endothelial placen-
ta—only ane layer of tissue seprrating the fetal aud maternal bloods:
the sheep has a five-layered syndesmochorial placenta. Accordingly,
the oxygen pressure found in the capillaries of the brain of the fetal
sheep is not a function of the thickness of the placenta but is, in all
probabitity, fairly characteristic of all fetuses of placental I
Moreaver, these pressures, which would appear to be faitly represent-
ative of the whole of the fetal central nervous svstem, for the blood
from the arch of the aorta via the carotids and vertebrals supplies
almost the entire fetal neuraxis, are in marked contrast to those
found in the adult. The oxygen tension in the adult carotid is about
85-80 mm. Hg, the pressure in the sinuses §5-60; accordingly, the
pressure in the capillaries is about 65~66, more than dauble thet i1
the capillaries of the fetal brain. In shomt o Ct

fetus of the nleo—? 7+ - . . v, .
ment, to fun ot s tue amphibian nerv-
ous system, ¢ . vuaer nand, differentiates in the internal environ-

ment in which it functions Simple inspection of the activity of the
mature fetus exposed by Cresarean section before and after the es-
tablishment of ventilation of the lungs and the cessation of the
placental cireulation §s sufficient to convmee the observer that some
of the conducting elements of the nervous system can develop in an
environment in which they cannot function as units in a conducting
system. I ulero, with the placenta serving as the organ of gaseons
eschange, the “near-term fetus™ hes inactive except for an occasional
sluggish movement; delivered from its membranes and using ’its
lungs to oxygenste its Wood, Une newborn arimal may, Geperding
upon its state of maturity at birth, be able to stand, walk, and fef:d
within a few minutes after being brought from the uterus. and ¥
ability to do so—in thelamb, atlepst~ - 1 7 e
ofthe rvoem=ti 07 '
ity of 1

surein :
Jivery is cleaxly not due to any sudden advance in the ol

of the nervous system but to a changa ™ .
about the =" . .

.. ' N
units. . o ‘
, w10 uniicuit to aceant .

BN ' . o st 10 the oxygen pres-
wruva icsening the bram. This change in behavior on de-
rganization
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secordance with principles that sre applicable throughout the entire
phylogenetic scale; that view may simply be partly the result of an
ndue emphasis upon minor differences in expression at the two ends
of the seale. In the physieal sciences some laws or generalizations—
Boyles is an example—are not applicable over the entire range of
circumstances which they purport to descnbe, yet the pnncxples they
enunciate are universally r ized. Coghill’s g lization with

¢

segard to the nervous system may be a parallei in biology.
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R. W. SPERRY
Depariment of Anatory, Unitersity of Chicago, Chicago, Ilinois

IN HIS Leipzig lectures of 1898, on the specific energies of the nerv-
ous system, Hering (1913) proposed that different classes of
sensory and central neurons and the excitations which they trans-
mit must differ from one another in quality. His proposal was based
on the apparent impossibility of accounting for qualitative differ-
ences in sensation with only homogeneous impulses routed over dif-
ferent pathways. The central course taken by afferent impulscs he
conceived to depend upon the quality of the impulses as well as upon
the anatomical pathways available. Much the same idea was ex-
pressed by Head (1920} and by other early neurologists on essentinlly
similar grounds.

Qualitative specification of neurons has been inferred on an en-
tirely different basis in early investigations of growing nerve fibers,
The selective manner in which various fiber types manage to aequire
their proper terminals in normal development and undes certain con-
ditions of regeneration led Langley (1898), Cajal (1928), Tello
(1915), Harrison (1985), and others to assume that the different
classes of neurons differ in their chemical makeup.

The subsequent failure, however, of clectronic methods to reveal
any important qualitative differences in the impulses conducted over
different sensory pathways resnited in a general decline of interest in
the coneept of neuronal speeificity and specific nerve energics. This
trend was furthered by the demonstration that in many cases the
apparent selectivity of nerve-fiber growth and termination could be
explained in terms of stereotropic and other mechanical factors
{Weiss and Taylor, 1944), without postulating chemotropic speci-

city.

B Ixipcrtmt new evidence of neuronal specificity was discovered by

Weiss (1822-41), in a series of experiments dealing with the homole-

gous function of supernumerary limbs in amphibians. These r'csuhs

ty extended the earlier information and demanded reconsidera-

of the entire question. Motor fibers of the limb museulature were
232
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emonstrated to differ qualitatively among themselyes according to
the particular timb muscle innervated. ?\m\}at spec\ficlw wos {m'md
to be present also in the proprioceptive mnervatx'on.oi the lm}b
muscles, Not only was the esistence of neuronal specificity proved in
{hese expesiments, but it was shown, fucthermore, to be much mate
stensive and tefined then had previously been thought, What is
more, Weiss was able to show that this myotypic specification of the
Jiah nerves Is hrought about o5 a result of the peripheral contacts
which the outgrowing fibers form with the limb musenlature. Each
muscle, it was concluded, 1 a chemieal specificity of its own
sud imposes a corresponding specificity upon both its sensory and
its motor nerve fibers. A similar capacity on the part of the cornea
1o specify its exteroceptive inmervation was also demonstrated
(Weiss, 1943; Kollros, 1943).

In addition, these experiments disclosed that the functional selee~
{ivity between central netvous system and peripheral end-organs is
determined by the qualitative specification of the peripheral nevrans,
After various developmental alterations, the timing of the central
discharge of the motoneurons regularly became sdjusted to suit the
particalar musefes with which the fibers connected. When the periph-
eral connections were changed, the central firing shifted accordingly.
With regard to the sensory nerves, likewise, the responses evoked by

their stimulation were shown to be correlated consistently with the
perinharat trto et

mee . chutwe geuaeinent, (5 RS induction by end-organ
contaets, and (¢} its influence in determining the functiona} relations
between center and periphery bave all been upheld and repeatedly
confirmed n later investigations. In the visual system, evidenee has
been obtame.d (Sperry, 1943~45a), that the optic fibers differ from
one suother in quabty according to the nartimdan foees, # 7 -

P R

- " -seouwned by the optic fibers in
?}:;mmc;:;;“ are patterned in 2 systematic manne!p on th:rgn‘.i)i:l:;;
speeificity Ana,!ngous specificity has been found Lo exist
! L : OR neurons of the visual paths d
l;t{tzxse p:mm‘rgr&;xsua\ cen}ers with the motor systgms ;ﬂgﬁ;}d::‘;
(unclia‘::xl rz.‘ > a). In this tectobulbar and tectospinal system thi
elations formed between optic tectum and the lowe:
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IN HIS Leipzig lectures of 1898, an the specific energies of the nerv-
ous system, Hering (1918) proposed that different classes of
sensory and central neurons and the excitations which they trans-
mit must differ from one another in quality. His proposal was based
on the apparent impossibility of aceounting for qualitative differ-
ences in sensation with only homogeneous impulscs routed over dif-
ferent pathways. The central course taken by afferent impulses he
conceived to depend upon the quality of the impulses as well as upon
the ansiomical pathways available. Much the same iden was ex-
pressed by Head (1920) and by other early neurologists on essentially
similar grounds.

Qualitative specification of neurons has been inferred on an en-
tirely different basis in early investigations of growing nerve fibers.
The selective manner in which various fiber types manage to sequire
their proper terminals in normal development and under certsin con-
ditions of regeneration led Langley (1898), Cajal (1825), Tcllo
(1915}, Harrison (1935), and others to assume that the different
classes of neurons differ in their chemical makeup.

The subsequent failure, however, of electronie methods to reveal
any important qualitative differences in the impulses conducted over
different sensery pathways resulted in a general decline of interest in
the concept of neuronal specificity and specific nerve cnergies. This
trend was furthered by the demonstration that in many cases the
apparent selectivity of nerve-fiber growth and termination could be
explained in terms of stereotropic and other mechaniceal factors
(Weiss and Taylor, 1944), without postulating chemotropic speci-
ficity.

I:f\portant new evidence of neuronal specificity was discovered by
Weiss (1922-41), in a series of experiments dealing with the homolo-
gous function of supernumerary limbs in amphibians. These rFsuI!s
greatly extended the earlier information and demanded reconsidera-
tion of the entire question. Motor fibers of the limb musculature were

232
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demonstrated to differ qualitatively among themselves according to
the particular imb muscle innervated, Similar specificity was found
to be present also in the proprioceptive innervation of the limb
muscles. Not only was the existence of neuronal specificity proved in
these experiments, but it was shown, furthermore, to be much more
extensive and refined than had previously been thought. What is
tore, Welss was able to show that this myotypic specification of the
imb werves fs brought about as a result of the peripheral contacts
which the outgrowing fibers form with the limb museulature. Each
mascle, it was concluded, 1 a chemieal specificity of its own
.xnd fmpases = correspanding specificity upon both its sensory and
Remator nerve fibers. A similar capacity on the part of the comea
to specly its exteroceptive inmervation was also demonstrated
(Welss, 1942; Kallros, 1018),
I oddition, these experiments disclosed that the functional selec-
vity §etween central nervous system and peripheral end-organs is
delermme_d by the qualitative specification of the peripheral neurons,
:}her vasious developmental alterations, the timing of the central
F::tm::hex mol'ogeur:ms regularly became adjusted to auit.the
mlmm\ec(io;cs: ;nt hw}uch the fibers conne_cted. .When the p?np],~
Witk regand to 1 s: :s anged, the c.efxtr:‘z\ firing shifted accordingly,
thele tiomlatin — ;J;oy ‘::r;'ez, bkewx?e, the responses evo.ked by
Berihers] tepmimatine 0 he correlated consistently with the
ingntlzse( :)e‘fv ;oncepts regarding peri;
ﬂm!ac!s,a; ’ (Eﬁ::‘i'&:::::{“?. (b its induction by end-organ
between center and et xl;‘ ctermining the funetional relations
confitned in Iagoy izxvestii] ti’.y ave all beAen upheld and repeatedly
been obtatneg Spemy, lgi. 1ons. In the visual system, evidence has
S5 angther in guatiey 3-43a), that thn.opuc fibers differ from
18 whigh th o coording to the particolar loens of tha reting
Boesa pe . ' ' under-
}:xh:ng: 'al?h Tinetigong oveton of the ganglion cells and thei Whitc‘h
3 e 1 B e aplic
brain wnter:l:c:mt relations established by the optic fibers inx:he
Patierned iy g systet.naiic manner on the basis of
 9BOUS specificity has been found 1o exist

pheral nerve specificity pertain-

iz: Tefinaf Specificity, Ana),
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IN HIS Leipzig lectures of 1898, on the specific energies of the nerv~
ous systemt, Hering (1918) proposed that different classes of
sensory and central neurons and the excitations which they trans-
mit must differ from one another in quality. His proposal was based
on the apparent impossibility of accounting for qualitative differ-
ences in sensation with only homogeneous impulses routed over dif-
ferent pathways. The central course taken by afferent impulses he
conceived to depend upon the quality of the impulses as well as upon
the anatomical pathways available. Much the same iden was ex-
pressed by Head (1920) and by other early neurologists on essentially
similar grounds,

Qualitative specification of neurons has been inferred on an en-
tirely different basis in early investigations of growing nerve fibers.
The selective manner in which various fiber types manage to nequire
their proper terminals in normal development and under certain con-
ditions of regeneration led Langley (1808), Cajal (1928), Tello
(1915), Harrison (1935), and others to assume that the different
classes of neurons differ in their chemical makeup.

The subsequent failure, however, of electronic methods to reveal
any important qualitative differences in the impulses conducted over
different sensory pathways resulted in a general decline of interest in
the concept of neuronal specificity and specific nerve cnergies. This
trend was furthered by the demonstration that in many cases the
apparent selectivity of nerve-fiber growth and termination could be
explained in terms of stereotropic and other mechanieal fnctox:s
(Weiss and Taylor, 1944), without postulating chemotropic speci-
ficity. .

Tmportant new evidence of neuronal specificity was discovered by
Weiss (1922-41), in a series of experiments dealing with the homtolo-

gous function of super merary limi{s in amphibians. These r_tsulta
greatly extended the earlicr information and d'emxmdcd reconsidera-
tion of the entire question. Motor fibers of the limb musculature were

age
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fihes (Sperry, 1048b, 1040); and study of the function of super-
puneraty fingers in a human patient (Weiss and Ruch, 1936) has
indicated the exist of similar relationships in man. Although it
isto be expected that many of the details of neuronal specification
sud its role in neurogenesis as worked out on the amphibians will be
found 1o vary in the higher vertebrates, the basie principles probably
will not be subject to any radical modification.

Further evidence of neuronal differentiation can be found in the
selective action on the nervous system of various viruses, bacteria,

and other parasites; degenerative & histological stains; hot-
mones, drugs, toxins, and other chemieals. Variations in numerous
other physiological and morphological properties are also indicative

of qualitative specificity. In general, the type of nerve specificity
demonstrated by phenomena of this kind is of a less refined order
than that demonstrated by the methods involving phenomena of
development and regeneration.

The evidence, on the whole, is now sufficiently extensive to indi-
cate the presence of refined qualitative specificity throughout the
enhr_e nervous system. The sensory fibers have heen found to be ap-
Pmt.m.la!ely as heterogeneous in character as are the elementary
q.unhlms‘ol sensation which they mediate. Where local sign proper-
ties are involved, as in vision, pain, and touch, further qualitative
dlﬁerenhati?n Is correlated with the topographic arrangement of the
;:'“tm'y ;ndmgf. As mentioned bgfcre, the motor fibers differ accord-
lhir:)ftie lpl:u't\culzu' muscles wl.ﬂch they supply (or major fractions
ﬂu!unom‘} ¢ case of muscles x.mh more than 2 single origin). In the
1605) lha‘\t i{s!em, also, there is go_od reason ta helieve (see Langley,
constation © pre- and pnst_ganghqm? fibers are as diverse in their
e !miﬁcat?z;n;:el{, function. Within the centers likewise, chemi-
eretiation. s been found to parallel closely the functional

Cell & PP
" tﬁti'?:\‘ie“;‘tﬁ;l;l&t;e ne{vtl}t:us;) system alone is as multifar.i(.)us
tothe diversity of oy es of the body taken together. In a(?dmon
Dches that of ths tg ma.ryhmot.m and sensory neurons, which ap-
ders of extey kv ssues they innervate, there exist multiple ar-
the centers city in the complex of association neurons within

Tt foll
‘hl’mical“(;isﬁte!::t!hﬁ end-argan tissues must also possess a refined
only is cach m“ml‘i li!i l:ar b.eyond what is visiblv manifest Na¢
tendons, fag . ) ' '
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level motor systems are likewise governed by the constitutional
specificity of the intra-central neurons.

The fibers of nerve VIII supplying the various vestibular endings
of the inner ear (i.e., the cristae of the three semicireular eanals; the
maeculae of utriculus, sacenlus, ete.) are also specific in character ac-
cording to the particular end-organs with which the fibers connect in
the labyrinth (Sperry, 1945b). The central reflex relations formed by
these fibers in the vestibular nuclei has been found to be regulated by
this specificity in such a way that the central associations always
match the peripheral terminals. Specificity is also indicated among
the neurens of the vestibular nuclei on which the fibers terminate.

In the genesis of cutaneous local sign it is necessary for the cutane-
ous fibers to form functional relations in the centers that are precise-
{y adjusted to the particular areas in which the fibers terminate in the
skin. It has been shown that the cutaneous fibers are subject to a re-
fined local specificity (Sperry and Miner, 1049). Experiments in
progress (Miner and Sperry, 1950; Miner, 1950) indicate that the
entire integumentum undergoes a refined fieldlike differentiation in
development and that the local specifieity of the cutaneous fibers is
induced by the particular kind of skin in which the sensory fibers
happen to terminate. When thoracic nerves are forced to terminate
in the digital skin of a transplonted mb, they form reflex connce-
tions appropriate for limb digits rather than for thorax,

Additional experiments on the motor innervation of the extrinsic
eye museles have revealed a myotypic specificity similar to that re-
ported by Weiss for the limb nerves (Sperry, 1947). The motor ocular
neurons of IV and VI, however, become specified by self-differenti-
ation, apparently, before the fibers reach their respective premuscle
masses. The oculomotor neurons of 111, on the other hand, seem to
depend for their final specification upon contact with their respeetive
mouscles. Unlike the limb nerves, though, they lose the capacity to be
respecified by foreign muscles at o very carly stage of development.
This difference between limb and ocular nerves suggests the possi-
bility that neural specificity in the course of vertebrate Fvolutl?n
may have undergone an increasing degree of central self-differentia-
tion and carly determination.

Studics on neuronal specificity have been carried out thuf far al-
most exclusively on the amy hibi bccm}sc of their recognized :‘zd-
vantages for embryol gical experimentation plus the regencrative
capacity of their central nervous system. Ho.wcvcr. results of the
same kind have recently been obtained in the visunl system of teleost
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gray. Thefinal specificity of given neuron in many instances proba-
bly represents & complex product of the two processes.

The sttsinment of differentiation through terminal contacts with
Viasues far distant from the cell bodies releases the nervous system in
same instances from certain of the limitations of differentiation to
which other tissues are subject. In the ventral columns of the cord,
for example, where there emerge in the Jimb segments as many dif-
feret types of teurans as there are muscles in the limbs, it becomes
possible for motor cells of quite diverse specificity to Yie adjacent to
and erzatically intertaingled with one another because their specifica-
tion i3 acquired via axonal ts with the lature.

Thus far the evidence indicates that the pattern of specificity on
either side of the sagittal mid-plane is a mirror image of that on the
other. The neurons of the biceps brachialis, of the dorsal quad-
rant of the retina, or of the V sensory nucleus, for example, are ap-
parently alike on right and left sides. If this holds throughout, it
eans that any given nerve cell could maintain only symmetrical re-
hfbm}s on each side of the mid-line. Wherever asymmetrical excita-
tion is initiated from unilateral stimulation, separate sets of neurons
fnustbe present to carry the impulses across the mid-line. Otherwise,
it wauld hgve 16 be assumed that a neuron on the left side and the
;!;I;upqndmg cell on the' right side, as, for example, Mauthner’s
. e;‘g:; ]l;msts:g:!h possess its own'nght—lef t §p?ciﬁcxty. Although this
o mociam " nel: sa?p;mmg evidence for it is lacking. Asymmetri-

hat thre s 8 ;Bm 2] ;‘; bel fotfned b.y a smg.le neuron, provim?ed
etwert the o, ; .“pori delay involving a shift of differentiation
To date. e m;r:t; Sym;]pse.s on one side and on t'he ohher..
the many ;’rob)ems relalfm at e esto b_as heen made in attacking
Sy, 1o & ol o 1 ing to the establishment of neuronal speci-
smedenet hoopir o ew u‘lisiance.s that we have begun to obtain
devloped systont, W"‘S‘ZS ::1 “;w it determmes.the pmpgt'\es of the
Phencmenn, no direct evideia tl:’ b UI'Iderly}xxg Shemistry of the
tatalve suggestions e ;e whatever is avall.able‘ although some
it possible natmes os een proposed (Weiss, 1947) revardine
tigle
Siter
Tlevau, gy Present gra - ot e o CETSSSULL 1nE studies meost,
e g st S
cties. Tuus e my i - iy
seem t; bold promise for Iuturee::?;si:.( Tomumechenistry would
Problems remain pomeomi ot - o

IR
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tegumentum must now be considered subject to locnl chemical speci-
fication in so far as their sensory innervation is subject to local sign
properties. Formerly it was thought that the learning and condition-
ing process was responsible for all such refined functional differentia-
tion of the nervous system, but it has now become evident that it is
built into the system by inherent developmental processes which de-
pend on Jocal differentiation of the tissues involved.

Neuron specificity is presumed to nrise by processes of cell differ-
entiation similar to these that cause developmental differentiation in
other tissues. In the nervous system, however, the result frequently
is more subtle and involves no visible distinctions. The over-al] proe-
ess of differentiation is presumed to follow n treclike pattern, as a
rule, with the gross subdivisions being set off first and these, in turn,
suceessively subdivided to produce increasing refinement. As s result,
the chemical propertics of the individual neuron clements, as finally
determined, are not haphazardly arranged but exhibit systematic
familial relationships reflecting rather closely the functional rela-
tions.

Many neurons form a wide variety of functional associations. For
example, some of the second-order vestibular cells send an ascending
axon branch into the motor ocular nuclei and also a descending
branch that fires other cell types nt various lower levels of the bulb
and cord. Similarly, many sensory fibess form a variety of functions!
associntions in different segments of the cord and medulin, Thus, al-
though the specificity of a neuron determines what other particular
cells it is able to excite, this selectivity is not restricted to a single
ccli type. Itmay encompass a variety of neurons, but always according
to & precise plan. Along with its excitatory associations, n neuron
may possibly also maintain an array of inhibitory relations with an-
tagonistic cells. In any case, the developed pattern of biochemicnl
associations within the centers is of an extremely complex and deli-
cate design. It is in neurogencsis that the develoj tal g
attain their peak of refinement and complexity.

The induction of speeificity throughout & neuron merely by the
end-organ conncction of its axon tip (Wciss.. 1941, 1942; Miner,

1950) points to some type of chain reaction which starts at the ﬁpcr
tip and passes over the whole extent of't!nc nerve cell. ?‘ln}t mducu.on
can be accomplished under such conditions may be significant with
reference to the problem of cmbryomc: mdncsxon in gcnerx_xl. This
specification of nerve cells through their terminel contacts is to be
contrasted with specification achieved thfough direet self-differenti-
e coll bodies themselves within the ganglia and central




NEURONAL SPECIFICITY 237

gray. The final specificity of a given neuron in many instances proba-
bly represents a complex product of the two processes. .

The attainment of differentiation through terminal contacts with
fissues far distant from the cell bodies releases the nervous system in
some fnstances from certain of the limitations of differentiation to
shich ofher tissues are subject. In the ventral columns of the cord,
for exsmple, where there emerge in the limb segments as many dif-
ferent types of neurons as there are muscles in the limbs, it becomes
possible for motor cells of quite diverse specificity to lie adjacent to
and erratically intermingled with one another because their specifica-
tion is acquired via axonal contacts with the musculature.

Thus far the evidence indicates that the pattern of specificity on
either side of the sagittal mid-plane is a mirror image of that on the
other. The newrons of the biceps brachialis, of the dorsal quad-
rant of the retina, or of the V sensory nucleus, for example, are ap-
parently alike on right and left sides. If this holds throughout, it
means that any given nerve cell could maintain only syrametrical re-
lglml.ls.on each side of the mid-line, Wherever asymmetrical excita-
tion is initiated from unilateral stimulation, separate sets of neurons
must be present to carry the impulses across the mid-line. Otherwise,
it would lm.ve to be assumed thet a neuron on the left side and the
zﬂﬂl‘r;mondmg cell on the‘ right si.de, as, for example, Mauthner’s
y mﬁ“r;;““ﬂ ::}h Possess its own.nght-left s:p?mﬁcit:y. Although this
e ocyi'al:io : e, s;pportmg evidence for itis lacking. Asymmetri-
that there v:a: might also be fcr.med b?v a smg}e neuron, provided
Metween tho § a tetl_nporal delay involving a shift of differentiation

Todate lit:{ma fon of synapses on one side and on the other.
Semny -p ro'ble more tbfm & beginning has been made in attacking
P ems relatmg to the establishment of neuronal speci-
wiles o!hoy ina few instances that we have begun to obtain

Wit arises and how it determines the properties of the

devel s i
“:::1 :)Sten{- Wlth.regard to the underlying chemistry of the
ot Sl.lno dlf'ect evidence whatever is available, although some
8gestions have been proposed (Weiss, 1947) regarding

s possibte naty; :
tiple dimensions :f .;_"‘“d_ f)p‘e_rlan.ou. _Ti:e tremendous range and mul-

z!ﬂ!m favar &
evant at pres, .1 o ‘ :
i ln:ig}:nm:m:):w proaoly those desling with the chemical ba-
tike SPeciﬁcitimu thy relationships, which likewise involve mul-
o 3. Thus the methods of immunochemistry would
o p‘;l) bprum\se for future analysis.
13 remain concerning the manner in which peyronal
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tegumentum must now be considered subject to local chemical speci-
fication in so far as their sensory innervation is subject to local sign
properties. Formerly it was thought that the learning and condition-
ing process was responsible for all such refined functional differentia-
tion of the nervous system, but it has now become evident that it is
built into the system by inherent developmental processes which de-
pend on loeal differentintion of the tissues involved.

Neuron specificity is presumed to arise by processes of cell differ-
entiation similar to those that cause developmental differentiation in
other tissues. In the nervous system, however, the result frequently
is more subtle and involves no visible distinctions. The over-ali proc-
ess of differentiation is presumed to follow a treelike pattem, as a
rule, with the gross subdivisions being set off first and these, in turn,
successively subdivided to produce increasing refinement. As a result,
the chemical properties of the individual neuron elements, as finally
determined, are not haphazardly arranged but exhibit systematic
{amilial relationships reflecting rather closely the functional rela-
tions.

Many neurons form a wide variety of functional assorintions. For
example, some of the second-arder vestibular cells send an ascending
axon branch into the motor ocular nuelei and also a descending
branch that fires other cell types at various lower levels of the bulb
and cord. Similarly, many sensory fibers form a variety of functional

iations in different segments of the cord and medulla. Thus, al-
though the specificity of a neuron determines what other particular
cells it is able te excite, this selectivity is not restricted to a single
colltype. It may encompass a variety of neurons, but always according
ta a precise plan. Along with its excitatory associations, a neuron
may possibly also maintain an array of inhibitory relations with an-
tagonistic cells. In any case, the developed pattern of biochemxcx}l
associations within the centers is of an extremely complex nnd deli-
cate design. It is in neurogenesis that the develoy tal pr
attain their peak of refinement and complexity.

The induction of speeificity throughout a neuron merely by the
end-organ connection of its axon lip (Weiss, 1041, 1042; Miner,
1950) points to some type of chain reaction which starts nt. the ﬁ{mr
tip and passes oveT the whole extent of t!xc nerve eell. '.I‘Iu}t mducl{on
can be accomplished under such coxldmo.ns may be. significant ml'h
reference to the problem of emhryomc" induction in gcncn}l. This

cification of nerve cells through their terminal contaets is to be
i trasted with specification achieved through direct self-differenti-
(:;;m of the ccll bodies themselves within the ganglis and central
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gray. The final specificity of a given neuron in many instances proba-
bly represents & complex produe? of the two processes. .

The attainment of differentiation through terminal countacts wit
Vissues far distant from the cell bodies releas_es the nervous system in
some instances from certain of the limitations of differentiation to
which other tissues are subject. In th}: x;entﬁal cnlumtns of the co&'r:
for example, where there emerge in the limb segments as many dif-
!:renxt tyies of neurons as there are muscles in i:he \im\.)s, \t‘becomes
possible for motor cells of quite diverse specificity to lie I‘ld)acel.’lt to
ard erratically intermingled with one anoth;r becaus«l: their specifica-
tion s scquired via axonal contacts with the musculature,

Thus f:?r the evidence indicates that the pattern of specificity on
cither side of the sagittal mid-plane is a mirror image of that on ihe
otfier. The neurons of the Liceps brachislis, of the dorsal guad-
7ant of the reting, ot of the V sensary nucleus, for example, are ap-
parently alike on right and left sides. If this holds throughout, it
weans that any given nerve cell could maintain only symmetrical re-
fations on each side of the mid-line. Wherever asymmetrical excita-~
tion s initiated from unitateral stimulation, separate sevs of neurons
must be present to carry the impulses across the mid-ine. Otherwise,
it would have to be assumed that a neuron on the left side and the
eomesponding eell on the right side, as, for example, Mauthner’s
Deuron, must each possess its own right-left specificity. Although this
isentirely possible, supporting evidence for it 3s lacking. Asymmetri-
el associations might alse be formed by o single nenron, provided
that there was a temporal delay involving a shift of differentiation
between the Jormation of synapses on one side and on the other.

To date, little more than a beginning has been made in attacking
E;“}‘S’_ﬂmﬁlﬂ'{\s relating to the establishment of neuronal speci-
wm):i d&“ only in a few fnstances that we have begun to obtain

of how it ar i N ,
developeq g ises and how it determines the propetties of the

“heton ystem. Witb.regard to the underlying chemistry of the
lm\a\;v?a’ To d:feCt evidence whatever ‘f avail‘a‘)h, although some
its possible mas.. have _bee“ opo (Weiss. 1047) ynenedin
tiplec .. o . ..
eV proseny - -

55 of antigen. o
tiple 5 l.g‘cx}.am " Dr 0 eeea sbuwise IMVOLVE Mol
Kfmlumh Hmes. :Qbus the taethods of immunochemistry would
o 0] h{nmmlse for future sualysis,
Problems remain concerning the manner in which neuronal
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specificity influences function, Although it is clear that basic func-
tional selectivity is dircetly determined by the specification of the
neurons, the exact way in which this is brought about is still in ques-
tion. Possibly the primary influenee of neuronal specification is upon
the physielogical processes of escitation and conduction (Weiss,
1986). It is also conceivable that the primary effect may be upon the
growth pracesses to cause formation of specifie structural associations
(Sperry, 1950). It is equally plausible that both the foregoing types
of influence may be operative cither separately or in some combina-
tion yet unsuspected.

Specific nerve encrgies of the sort conceived by Hering (1918) are
not ruled out merely because their presence is not revealed by elec~
tronic methods, The foregoing evidence that neurons mediating dif-
ferent sensations actually differ in their chemical constitution invites
renewed consideration of the possibility that their impulses also dif-
fer in quality and that this partly conditions the pattern of spread
through the centers. Since the days of Hering little advance has been
made in the understanding of the neural basis of sensory qualities,
and it remains as difficult as ever to account for different qualitics of
sensation with only homogencous impulses routed over different
pathways.
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