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PREFACE

BerweeN January 1950 and July 1955 the Ciba Foundation
has organized and held on its premises in London, 86 small,
international conferences. In the early days the majority of
these were on subjects within the field of endocrinology,
partly beeause the Director was a novice in his task and it was
easier to concentrate his efforts within fairly well-defined
limits, and partly b h on h entered
almost every other field of biological activity and so afforded
an opportunity for the Foundation's promotion of co-opera-
tion, not only internationally, but also, and of at least equal
importance, between workers in different disciplines.

The range of the Foundation’s confegerices has spread much
further in recent years, but at least one opportunity is found
each year to mamtam ourinterest in en;ioqr'n l ical research.
A colloquium on ** Hormonal factors in carbohydrate meta-
bolism ”, held in 1952, had defined many unsolved problems
and left an impression of advances being made to some
purpose in this field. The Director therefore readily agreed to
Prof. Young’s suggestion, partly stimulated by Prof. de Duve,
for a follow-up colloquium on * The nature and actions of the
internal secretions of the pancreas ’. Bothmn the an-angements

for the meetmg and for his chair hip of th
the Director is happy to acknowledge his real debt to Prof.
Young.

To those to whom this book serves as an introduction to the
activities of the Ciba Foundation it should be explained that it
is an international centre, which is established as an educa-
tional and scientific chanity under the laws of England. It
owes its inception and support to its founder, CIBA Ltd., of
Switzerland, but is admnistered independently and exclu-
sively by its distinguished British Trustees.

The Foundation provides dati
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vi PREFACT:

workers who visit London from abroad, organizes and holds
international conferences, conducts (in conjunction with the
Institut National d’Hygéne) a post-graduate medical ex-
change scheme between England and France, arranges
informal meetings for discussions, awards an annual lecture-
ship, has initiated a scheme to encourage basic research
relevant to the problems of ageing, assists international con-
gresses and scientific societies, is building up a library service
in special fields, and generally endeavours to give aid in all
matters that may promote international eco-operation n
scientific research.

Leading research workers from different countries and in
different disciplines are invited to attend the symposia or
colloquia. The size of the group is, however, very strictly
limited in order to obtain a free conversational manner of
discussion—although the basic time-table of the programme is
strictly observed. The smallness of the groups means the
exclusion of many workers active and interested in the sub-
jects discussed, and therefore the p dings of these confer-
ences arc published and made available throughout the world.

It is hoped that the papers and discussions in this book will
prove not only informative and stimulating, but will also give
to readers a sense of participation 1n an informal and friendly
occasion,
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CHAIRMAN'S OPENING REMARKS

Tms meeting is o misture of physicists, chemists and bio-
!OglsSs which might at first sight seem to be a somewhat
immiscible one, I am sure that we shall quickly prove the
contrary and that all of us will find interest in the subjects
diseussed by specialists in other ficlds. X hope that those who
are ?hemists or physicists will not hesitate to enter into dis-
cussions concerning biological matters, and conversely. All
may have ideas that can uscfully be discussed on an oceasion
such s this.

1 hope we are going to discuss without inhibitions, and
perhaps in some detail, the control of the secretion of some of
the hormanes with which we are concerned. This is a subject
that has developed considerably since the last Ciba Foun-
dation Colloquium on today’s topic, and some interesting
measures of disagreement m this field are foreshadowed by
the abstracts before us. Though we may not eliminate these
differences of opinion as a result of this meeting, I behieve that
we shall certainly find a great deal of fruitful discussion on
matters such as these and mdeed many others.



MORPHOLOGICAL STUDIES OF THE DESTRUC-
TION OF «-CELLS BY CHEMICAL MEANS

Hermur FERNER
Department of Anatomy, University of Ilamburg

THERE is no doubt that only the f-cells of the islets of
Langerhans produce insulin. However, as you know, we have
good reason to consider the a-cells as the source of glucagon.
Both cell types of islets are characterized by the difference in
staining ability of their granules. In adult mammals and in
adult man the «-cells amount to approximately 20 per cent
and the f-cells to 80 per cent of the islet epithelial cells. In
newborn infants the islet organ consists of approximately
equal numbers of «- and @-cells. The normal « : B-relationship
is dependent upon the age of the individual. One obtains this
relationship rather precisely in counting the «- and p-cells in
80-50 islets and taking an average. The « : B-relationship is
a significant index. A sharp shift of the « : p-relationship to
one side or the other 1s linked with blood sugar changes.
Predominance of the p-cells, for example, after destruction of
the a-cells or in f-cell adenoma, results in hypoglycaemic
conditions. In all types of permanent diabetes mellitus we
find a predominance of the a-cells. This may be a relative
or an absolute predominance of the «-celils, as, for example,
after the destruction of the f-cells by alloxan (Ferner, 1952).

In rats and rabbits, which are the subject of our studics, we
found the a-cells always in the peripheral zone of the islets.
In rats they form an incomplete covering around the B-cells
(Fig. 1). In rabbits the a-cells are founad as individual cells or
in small groups on the periphery of the islets,

An insight into the metabolic significance of the a-cells
may be gained if the a-cells can be selectively destroyed and

iminated. Such experil ts have been carried out by a
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a-CeLL Destruction py Cuemicar Mreawns 3

number of investigators with different chemicals (Campenhout
and Cornelis, 1051; Campenhout ef al., 1954; Davis, 1952;
Goldner, Volk and Lazarus, 1952; Runge, 1954; v. Holt et al.,
1035).

, Extreme care must be ised during
exnmmutmn, because often as a result of handling of tlssues
an unspecific shrinkage is found on the periphery of the islets,
where the a-cells are located. These artifacts might mmslead
one into believing that the a-cells have been destroyed.
Moreover, the entire pancreas must be exarmned. If part of
the a-cells are injured and the others remain intact, a fune-
tional impairment cannot be expected, because the islet
system has a great functional reserve. On the other hand, if
one considers the morphological picture of the actual destrue-
tion of the a-cells it is not as impressive as the destruction of
the B-cells by alloxan, because the x-cells comprise only one
fifth of the islets.

We have microscopically examined the pancreas of many
rats and rabbits whlch have been treated “nth synthslm
A or with p-ami hiodi
{IPTD). The dose of sy'nthalm admmlstered was 15 mg./kg.
intraperitoneally to rats and 6 mg./kg. intramuscularly to
rabbits. JPTD was given in doses of 1-2 g./kg. intraperi-
toneally to rats and orally to rabbits. For the differentiation
of the - and B-cells Gomori’s chromhaematoxylin-phloxin
method was used.

Both w-cytotoxic drugs act rapidly on the a-cells. In
from 1-8 hours after a single dose we observed the first changes
in the a-cells, which as a rule after 24 hours have reached a
maximum. The first indication of injury is the clumping of
the fine a-granules. The a-cells are filled with large, dirty
red-stained clumps, between which the pink cytoplasm is
visible. After approximately 3-6 hours only a few clumps are
discernible. The cytoplasm loses 1ts affimty for phloxin and
appears transparent and very clear (Fig. 2). The x-cells now
resemble vacuoles with nuclei whose cell bodies are swollen
and enlarged (Fig. 3). This 1s not a question of true




4 Hruvur FERNER

degranulation. However, it is a progressive dissolution of
the cell contents with the enlargement of the cell bodies by
absorption, apparently of water.

The nuclel of the «-cells remain unchanged for a longer
time, Then in the hydropic stage many nuclei are deformed,
their outlines are angular and the chromatin structure is
conrser and indistinet. Some of the nuclei are pycnotic.

In rats the hydropic state of the a-cells persists for many
days after a single dose. It is not evident that the a-cells
undergo necrosis and that they disappear in great numbers.
However, no signs of n regeneration of a-cells have been
observed,

Ip rabbits it is quite different, Ifthey survive, the majority
of treated animals demonstrate a resorption of the injured
a-cells, In a few rabbits the w-cells actually disappeared

pletely, If one i mieroscopically, the p
of on animal 1~2 days after treatment, one finds on the peri-
phery of the islets a cleft, where the w-cells were located
previously (Fig. 4). The cytologically intact B-cell complex
is now separnted from the exoerine parenchyma. In the clefts
are visible a few red-stained fragments and débris, which are
the remnaunts of the «-cells (Fig. 5).

Tt is surprising that sometimes 6 hours after the single dose
of synthalin or IPTD the «-cells of the rabbit pancreas can
actually be made to disappear, and it is interesting to note
that this phenomenon oceurs only in some of the treated
animals in spite of equal dosage and admimstration,

Later the gap between the exocrine parenchyma and the
B-cell complex is closed and the islets present a normel
picture in unspecifieally stained preparations,

Especially after large doses of synthalin or IPTD the
destruction of the a-cells can be demonstrated in a somewhat
different manner, which is reminiseent of the destruction of
the B-cells by slloxan. The a-cell groups break up into indivi-
dusl cells, which are separated from one another by gaps.
They become small, shrunken and hyperchromatic, They
stain intensively red or reddish violet. Even these injured




F1.1 One half of an ulet of Langethans from a normal adult rat The a-cells
on the peniphery, indicated by arrows, contain fine granules ~ Gomon's stain,

Fic 2 Islet of a rat, 28 hours after a single dose of IPTD;
dropic a-cells on the periphery. Low magnification
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degranulation. However, it is a progressive dissolution of
the eell contents with the enlargenient of the cell bodies by
absorption, apparently of water.

The nuclei of the w-cells remain unchanged for a longer
time. Then in the hydropic stage many nuclei are deformed,
their outlines are angular and the chromatin structure is
coarser and indistinet. Some of the nuclei are pyenotic.

In rats the hydropic state of the a-cells persists for many
days after a single dose. It is not evident that the w-cells
undergo necrosis and that they disappear in great numbers.
However, no signs of a regeneration of a-cells bave been
observed.

In rabbits it is quite different. If they survive, the majority
of treated animals demonstrate a resorption of the injured
w-cells, In o few rabbits the a-cells actually disappeared

pletely. If one i microscopically, the p
of an animal 1-2 days after treatment, one finds on the peri-
phery of the islets a cleft, where the a-cells were located
previously (Fig. 4). The cytologically intact p-cell complex
1s now separated from the exoerine parenchyma. In the clefts
are visible a few red-stained fragments and débris, which are
the remnants of the a-cells (Fig. 5).

It is surprising that sometimes G hours after the single dose
of synthalin or IPTD the w-cells of the rabbit pancreas can
actually be made to disappear, and it is interesting to note
that this phenomenon occurs only in some of the treated
animals in spite of equal dosage and admimstration.

Later the gap between the exocrine parenchyma and the
-cell complex 15 closed and the islets present a normal
picture in unspecifically stained preparstions,

Especially after large dases of synthalin or IPTD the
destruction of the a-cells can be demonstrated in a somewhat
different which is ini of the destruction of
the B-cells by alloxan. The «-cell groups break up into indivi-
dunl cells, which are scporated from one another by gaps.
‘They become small, shrunken and byperchromatic, They
stajn intensively red or reddish violet. Even these injured
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Fi, 7 Pancrens of o rat treated with alloxan and synthalin  Leose
connective tissue as an islet scar.
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a-¢ells disappear and in their place one finds a eleft with cell
fragments,

Concerning the 8-cells one cannot demonstrate any lesions
after administration of synthalin or IPTD. If the anitmal does
not receive glucose, the 8-cells are as a rule small, dense and
wiformly granulated. Asa q of the administration
of glucose we observed a degranulation of the §-cclls. Glucose
was given to offset hypoglyeaemic shock, which occurs alter
administration of synthalin or IPTD.

The combined use of alloxan on the onc hand and synthalin
or IPTD on the other. brings about the destruction of both
ilet cell systems with the result that the islets of Langerhans
completely disappear (Fig. 6). Such & nesectomy will be most

pletely lished by ¢t 1 substances, if one
commences with a diabetogenic dosage of allaxan and then
administers synthalin or IPTD from 5 to 10 days later,
When we speak of a complete nesectomy, we mcean that in the
entire pancreas neither intact 1slets nor intact islet cells can
be observed.

For a short period prior to the complete elimination of the
islets one finds scars (Fig. 7). These scars consist of loose
connective tissue with o rich eapillary network. They esist
for a short period of time and then they too disappenr
completely.

Frrthermore, we suppose that the metabolic differenco
between a total pancreatectomy and n chemical nesectomy,
apart from the exoerine pancreas, is rclated to the existence
of a gastro-intestinal a-cell system,

In rats plasmodial «-cell complexes develop after alloxan
treatment in the region of the islets. In the duct system, as
we know, one observes the outgrowth of a-ccll complenes,
It is surprising that these newly developed «-cells of alloxan
diabetic rats were not injured by a-cytotoxic substances
(Fig. 8). Therefore we investignted the a-cclls in young rats.

voung rats we have found another effect of synthalin on
*'7 "5 (Ferner and Runge, 1855)..Me gave one subeutancous
Yn of synthalin (10 mg. %, ats ' M Loap
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lite, 1. swivs not powsdDle to produes any Lype of Injury to U
PRI young ¥nts, Tlowever, the mitotle frequency of the
aecelly I wynthnllnerented sata won sharply reduced In coms
purivon. with nornsd anhinale of the wamo nge, At the fifth
tlay of We, for exumple, the mitotle rate fn trented rats wos
only 28 per cent of the mitetie rate of novnal anfimnds (Pig.
), In normad tats the mitotle rate of the a-cells steadily
Inerenkes feom the weeond to the Afth duy of ile, Towynthaline
trended rath of the same nga 1o eurve remalbng at o Jow Jovel,
The witotie frequenay of the f-ecls and of the exocring eells
In the ke in trented and o untreated antnls (R 0b), A
furthier resull was thnt thie extating mitosis of the e-cells in
nynthalintreated young eale was, without exeeption, pntho-
logheal, Phe ehromosamien of the prophose and the metaphinse
were elumped and wwollen, ‘The entire milotie figure wan
pyenotle (1, 10),

We conclndo that synthalin sets ns o s#eleetive mitotio
podson ot the a-cells in young ents during the fiest dnys of life
without enusing notlecuhils fnjurles 10 the a-cells which nre
uel dividing,
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runeny



Hermur FERNER

No of
Midoses

407
3o/
201

lo

Days

T16. 9a. A curve showing the mitotic rate of the a-cells in
100 islets of rats from the second to the fifth day of hfe.
= controls, A" = rats after synthahn,
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Fro. 9b A curve showing the mitotic rate of the f-cells
in 100 islets of rats from the second to the ffth day of Ife.
I = controly, B = rats after synthalin
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10 the fact that cobalt chlorlde can produee 1n the pancreatic islets of the
rabbit and the dog histological changes which are almost identical with
those shown by Prof. Ferner and produced with IPTD and with syn-
thalin, Shortly after Van Campex:holit A'mdLC‘orn‘eHs hné df’?‘i“"‘;’“fd
+ha e -~ PN IR M SO s

PURT I | Vot

most smportant difference, however, becomes evident 1f we look at the
functional changes in blood sugar homeostasis which accompany the

admimstration of cobalt chloride. There occurs immediately a transitory
by T ia, This

initially, and as we now know
hyperglycaemic factar from the

yperg was
erroneously, as evidence of release of a
oY - A

. .

ry atanis Laston LuugS 16 US 10 conclude that the a-cells do not play
a sigmficant rdle in bloed sugar homeostasis and that glucagon, if it is

produced by a-cells, has little significance for the aetiology of diabetes
(1954, Arck intern. DMed., 93, §7)

oo Holt+ We have also tried to destroy the «-cells by using cobalt



8 Discusston’

Ferner: There 15 a relative predominance of a-cells i permanent
diabetes mellitus. A ratio of «:f = 213, that means a relatne pre-
! of z-cells, 15 i it is not ly & ratwo greater

than 151,

Young: Do you know 1if the gastro-intestinal a-cell system to which
you referred is slso sensitive to your agents?

Ferner; We do not yet know, because it 15 very duficult to find the
single spread «-cell in the gastro-intestinal mucosa and to be sure that
this is one o-cell. This s only posaible by silver impregnation methods,
and we have no results on it.

Fod: In a seminar at the University of Hlnois a year or two ago, Dr.
A. A. Godlowski showed that intestinal a-cells may be destroyed by
cobalt chloride.

Goldner: I would like to raise two questions with regard to Prof.
Ferner’s observation of an «-cell preponderance 1n the pancreatic islets
of all types of diabetes. Is 1t not correct that such a-cell predominance
may be found occasionally also i the pancreatic islets of patients with
diseases other than diabetes, and that many investigators find 1t only 1
the minonty of eases with diabetes? I have in mind particularly Gomori's
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TG 1 (Goldner)
(a) Pancteatic nlet of a rabbit treated with cobalt chlonide  The areas usually
occupted by a-cells arc empty.
(b) Vancreatic islet of a dog treated with cobalt chlonde  Most a-cells have
disappeared, = few disintegrating cells are still ynible  The arrosw points to
capillary filled with blood
(c) Pancreatic sslets of an allosan diabetic rabint treated with cobalt chlorde
The B-cells show severe nuclear and protoplasmatic damage; there are no
a-cells present
(d) Pancreatic islets of an allovan diabetic dog treated with cobalt chloride,
The areas of both 1slcts are filled by cellular débns

All shdes stained by Gomon's technique.

faang page 10
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Discussion 1

e histological disgnosis was u tuntative one and was based on Gomor
mn or thc tumour. Tlmc enses were ch'\mclcnzcd by lnlrnctnh]e

re'\'mled 8 protein fraction with mobility characteristics similar to those
i H e e e ae e

Gomon in Ch\cago 1n which he states that he was unable to form an
opinion from the original slides, but when he received blocks from Dr.
Elhmn fmd pmpnrcd hls own slidcﬁ, he found that these cells cannot be

APt g

PP . .o .

Amer. T, cin. Path., 22, 1169) Of course, since nobody thought of
this aspect when these cases were reported originally, minor metabolic
may }mve

A PRI

Pt

argyrophil and stamed red with the Gomon method. By using the
Hotchkiss method, PAS-positive matenal has been shown to exist in the
tumo\u- cells, & ﬁndmg winch, nccm-dmg to our experience, appears to
be ic of a-cells. Ui neither of the
of gastric ulcer had been
army

N nor P
™ ravEy Ao eaie A0

a-cells?
Ferner; Synthalin injures the liver and the kidney epithebum, but
IPTD does not injure the liver or kudney., We have no information about

"y gther organs.
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Fie 1 (Cmnllero) Low power view of a-cell tumour; irregular arrangement
of the cells, with scanty and badly defined ey toplasm.



Discusstox 11

The histological diagnosts was s tentative one and was bused on Gomort
stan of the tumour, These
i

nAnd o s larae no st

tried to find out whether they were associated with disturbances of
carbohydrate metabolism. They did not find any evidence (1052,
Amer, J. ¢in. Path., 22, 1169). Of course, simce nobody thought of
this aspect when these cases were reported onginally, minor metabolic
disturbances may have been overlooked,

Cavallero: A case of g-cell tumour has been observed by us- the mass,
weighing about 500 g , had been slowly developing in the middle portion
of the pancreas. Histologically, as shown in Fig 1, it was composed
of small-sized, closely packed cells; the cytoplasmatic granula were
argyrophil and stamed red with the Goix\or: metl:ev.l, By using the
R e r e A LT SR

.
a-cells? P

Ferner: Synthalin injures the iver and the kudney epithelum, but
{PTD does not injure the liver or kidney. We have no information sbout
other organs.
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__von Holt: There is a dilference in the behaviour of normal rats wit
intact B-ce}ls and those wath destroyed -cclls, We have seen that i
normat auimals the damaped a-cells do not ehways dwsappear, but i
alloxan disbetic animals the disappesrance of shese cells is complete
Perhaps the altered islet structure after the action of alloxan is the cous:
of this behaviour,

Fod- Is st possible that one type of cell may change into nnother?

von flolt: It may be possible, but I am no morphologist angd I canno
angwer you,

Goldner: X have nothing to to the question of
from one type of 1slet cell to another, but I wish to mention that aftes
alloxan one an obsesve a reappearance of 8-cells 1 the islets simular te
the reappearance of «-cells after a-cytotoxic agents. There 13, however,
this difference that the «-cells reappear rather saon, after 10 days o
2 weeks, while the f-cells m alloxan dmbetic animals may appess
only after many months. This has been shown by Lazarow. X do nat
belicve that anyone can szy as yet whete these new eells come from.

Young: I would hike to take up this question of the functioning of
the Liydropic cells with respect to the B-cells, because i the edt diabetes
persisting for some tume after treatment with growth hormone may
show spentancous yemission with still & very setvere hydropsis of the
p-cells {1048, Lancet, 2, 935). In oune anumal that showed spontanecus
recovery of dmbetes without Mr. K. €. Ri found
that there was, 11 the panereas, no f-cell which was not intensely hydr-
opie. Either one must assume that these hydropic gcells were secreting
msulin, or that the spimal had somehow mansged either to do without
msuhin or to do with very much less insulin than normatly. My own view
16 that those 1ntenscly hydropic 8-cells nere secretng insulin. The fact
that hydropsis s often with an of glycogen in
the g-cells may suggest that it 13 not such a pathologieal chiange ssone
thought at one time.

Ferner: That is qute nght. The hydropie g-cells after treatment with
other hormones undergo normal d it but the is of
the a-cells after IPTD or synthalin 13 8 dissolution of their contents in
{aco, und there are no signs of degranulation, This is, in my opimnion, &
pathiologieal behaviour.

Best: We now see complete degranulation of f-cells with no extract-
able :nsulin, and degranulation with lots of smsulun. In the obese hyper-

gy misce theve 1s deg 1on of the f-eclls but the insulin con-
tent is welf above the normial level. Thus has been shown by Wrenshall
and Meyer,

Moesca~ With regard to degranulation of the islet cells, we hase per-
formed some expeniments on fish poncreas, which are only fslets without
exoerine tissue. In some fish, indeed, the two tissues are separgte, This
provides good materal for endocrnologrend purposes, both frarm the
morphologieal and biochemical points of yiew. Ve have naticed (Mosen,
1.(1955), Dok, latine,8, 1} complete degranulation of the a-cells with very
sharp blood sugar nise in fish sfter anoxia. This hypergly eaemia after
anoxia 1 fish is o well known phenomenon (McCormick, N. A., sad
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Macleod, J..J. R. (1925), Proe. roy Soc., B, 98, 1). The a-cells apparently
recover after some time, This means that this phenomenon can be
present in a-cells under certain normal functional conditions.

Young: You would argue from the fish to other animals?

Mosca: Perhaps in other animals not all the elements, but some of
them, can be degranulated though still keeping their function.

‘qvld.ne:: Dr. :\ﬂ)scﬂ. i§ it correct that the extract of the argyrophil



METABOLIC EFFECTS OF «-CELL DESTRUGTION

Craus v. Horr, LinDE v. HoLr, BARBARA KRONER
AND Joacmmy Kunnau
Department of Physwlogical Chemistry, University of Hamburg

Tae history of the discovery of the a-cell hormone seems to
be confusing. It is very closely eonnected with the names of
those research teams which, since the discovery of insulin by
Banting and Best, have tried to throw light on the patho-
physiology of diabetes. We all know the merits of Murlin,
Biirger, Sutherland, de Duve, Cori, Young, Foa, Goldner,
Staub, Sinn, Behrens, Thorogood, Candela, Cavallero and
many others, who contributed important new material to
the essence of the role which glucagon plays 1n metabolism,
Now we have tried, by means of studying the metabolic
changes which take place after destruction of the o-cells,
to confirm and extend those effects of HGF which up to now
have been proved or discussed. Following on the discovery
by Davis {1952) of the «-cell-damaging properties of deca-
methylenediguanidine (synthalin A), we have tried to produce
a photographic negative, as it were, of the function of the
a-cells, by observation of deficiency symptoms arising after
destruction of these cells. In doing this we hoped to mark
the region of effects of the «-cell hormone, In the course
of these cxperiments we found that the blood-sugar Jevel
lowering property of p b 1pt idoisopropyl-
thiodiazole (IPTD), described by Janbonm, Lazergues and
Métropolitanski (1943), is caused by an a-cell toxicity (v. Holt
el al., 1953, 1955a). Prof. Ferner has just shown you the
morphology of cell damage and disappearance (v. Holt and
Ferner, 1055). In the course of a-cell destruction by synthalin
or IPTD, rabbits as well as rats developed a severe hypo-
glycaemia and often fatal shock unless glucose was given,

1
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Tswenty to twenty-four hours after the injection of synthalin
we found a total loss of glueagon in the pancreas of rats, which
showed severe hypoglycaemis and shock, similar to those rats
in which we found widespread damage of a-cells (Table I).

Table 1
Grueasow Coxrua op RAT PANCREAS 20-24 oUns AyTER Inyscrios
Q15 M. xc. L), on PTD {1 o.fia.
INTRAPFRITONEALLY). P < O
Number of
Glucogon 1 glands used | Number of
con ’:‘ Jor the test rats
G dral) | extraction
Normal rats 23t }‘; 25 e
Synthalin-treated rats 00401 15 21
IPTD-treated rats ostdd 10 21

In the case of IPTD-treated animals there was a marked
diminution of glucagon. The difference in the glucagon
content perhaps finds its explanation in the fact that the
morphologlcal appearance of a-cells and the stage of ecll
damage in IPTD-treated animals at the time of sacrifice are
not so uniform as in synthalin-treated rats. The possibility
must also be discussed that in IPTD-treated rabbits the
hormone remaimns 1 an active extractable form in the broken
cells. The latter might explain why Prof. de Duve, who was so
kind as to test the pancreatic glucagon content of IPTD-
o v e v e e a at.la

o e .
sugar test 1n cortisone-treated adrenalectomized rats. It is
possible to determine HGF concentrations in a range up to
0-25 pg. glueagon in 0-1 mi (Fig. 1). A constant régime of
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Craus v. Hovr, Lixpe v. Hovur, Barpara KroNER
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Department of Physwlogical Chemustry, Unitersity of Hamburg

Tue history of the discovery of the a-cell hormone seems to
be confusing. It is very closely connected with the names of
those research teams which, since the discovery of insulin by
Banting and Best, have tried to throw light on the patho-
physiology of diabetes. We all know the merits of Murlin,
Riirger, Sutherland, de Duve, Cori, Young, Fo3, Goldner,
Staub, Sinn, Behrens, Thorogood, Candela, Cavallero and
many others, who contributed important new material to
the essence of the rdle which glucagon plays in metaboli
Now we have tried, by means of studying the metabolic
changes which take place after destruction of the a-cells,
to confirm and extend those effects of HGF which up to now
have heen proved or discussed. Following on the discovery
by Davis (1952} of the a-cell-damaging properties of deca-
methylenediguanidine (synthalin A), we have tried to produce
a photographic negative, as it were, of the function of the
a-cells, by observation of deficiency symptoms arising after
destruction of these cells. In doing this we hoped to mark
the region of effects of the «-cell hormone, In the course
of these experiments we fmmd that the blood- -sugar level
lowering property of p-amis idoisopropyl-
thiodiazole (IPTD), deseribed by Janbon, Lazergues and
Métropolitanski (1048), is caused by an a-cell toxiaity (v. Holt
et al., 1954, 1955a). Prof. Femer has just shown you the
morphology of cell damage and disappearance {v. Holt and
Ferner, 1955). 1n the course of z-cell destruction by synthalin
or IPTD, rabbits as well as rats developed a severe hypo-
glycaemia and often fatal shock unless glucose was given.

1
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Table It

llxsrox,ocrm. APPEARANCE or ISLETS IN JIABBITS AND BLOOD SrGir
RAL x oF DirrERENT
1:3: -leonnzoL!: DERIVATIVES

Histological
Dove | Maztmum blood sgar| appearance |Number
Substance e | changeas percentage | 23 kour of
alhe of fasting ofter start | vabats
blood sugar awcells Bcells
p-Aminobenzenc- 1o o0 —72Q2) 1* 3t 4t 73
sulphonamide- shock
S-n-propy - 10 [+ o —syam e | o
331 $-thiodiazole
p-Aminobenzene- 10 |+ O - 56(3) ko g § T4
sulphonamide-
S-sobutyl- 10 |+ o -8 |1* §| we
1:3: 4-thiodiazole
p-Aminobenzene- 10 + 0 —33(21) f2* 23| 818
sulphonamide-
3-diethylmethyl- 10 |+ 0 -—33(28) |2°* 28| 314
1:3: 4-thiodiazole
p-Aminobenzene- 10 |+ o0 —46(9) |1* 1| 301
sulphonamde-
S-hexyl- 10 [+ o —m20y | 2t | s02
1:3: 4-thiodiazole
p-Ammobenzene- 10 | - e(y—1903) | ] s6
sulphonamide-
5-heptyl- 10 {+ 0 —2407) | & §) 7
1:3: -thiodazole
-Ammcn 05 |+~ o —a1q0) |1 14} s
-isops
1-3- umodmole 10 [ +211(3)—1503) | 3% 2t 312
2-Acetylamino- 05 |+ 41 - 0 1* 1 22| o
S-sulphonamude-
1 3.4thodmzole [ 05 | + 89¢2) — o ot 2p) T2
* Stage of Increase in rize and decrease In number of the x-granules.

1 Btage of fragmentation and dmpmnnce of c-cells,

Figures In brackets = number of hours after oral mgestion.
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food and cortisone treatment is necessary to achieve good
results.

The histological localization of the cell damage as well as
the disturbance of the hormone production, together with the
finding that a lowering of the blood sugar level in the pan-
createctomized animsl ean be praduced neither by synthalin
(Rathery, Kourilsky and Gibert, 1928; Ralli and Tiber, 1929)
nor by IPTD (Loubatidres, 1944), localize the essential action

effect,
50

o

o

oty aos [ 025 pg Glucagoafo1ml.

Fic 1. HGF d P line in adi d, cortis ted rats.

Abscisya: are tg-transformation of pg HGF
(Eh Lilly Jot no. 208-158 B-197)/0 1mL

max. blood sugar snerease . og

Ordinate: - F Tood svigar vaTae

of these drugs in the o-cells of the islets of Langerhans, There-
fore 1 think we have good reason to connect the observed
metabolic changes with the loss of hormone production and
the ensuing disturbance of the hormonal equilibrium, Further
investigations seem to shaw that other compounds also which
have a thiodiazole ring in their molecule show a blood-sugar
lowering activity and an a-cell destroying property (Table IT).
As to the p-cells, only signs of functional irritation are seen.
The upsetting of the | 1 bal after the loss of func-
tian of the a-cells causes, besides the hypoglycaemia, a rapid




Metasoure Errrers oF «-Cerl DrsTrRucTiON 19

this initial blood sugar fluctuation is not attrbutable to a
hberation of glueagon from the decaying x-cells.

The metabolic changes obscrved after a-cell destruction
stress the essential importance of glueagon in maintaining
& normal blood sugar level and liver glycogen content in close
co-operation with insulin. Thercfore it scemed to be of great
interest to examine whether glucagon, whose action was not
balanced by insulin, is partly responsible for the metabolic

I'TD orally mua,. m
400 l 13 /kg) l (150 mg,/kg )
50 .I ‘I ?
[
1 Sacrificed
00 i e
1 L
250 o PRt
[ et
00 [ ¢
P
i50 [N T Sar;:';:ud
et |\ /\MI\/\___—
b A :
I
o™\
0 I je——Food . sjofasting.
0 (3 2 35 3 T R T
HOURS
Fio. 2.

nlood sugur course after alloxan injection into an IPTD-treated
bbit (—) 1 companson with a normal one (— — —;

appearance of alloxan diabetes. The latter is a metabolic
situation which is morphologically characterized by a change
in the « : B-cell ratio with a perfect predominance of «-cells
(Ferner, 1953). If the unbalanced action of HGF were onc of
the causes of alloxan diabetes, the preceding destruction of
the «-cells must inhibit the development of a typical alloxan
diabetes, and on the other hand an isolated loss of the a-cells
in alloxan diabetic animals can be gxpected to restore the
metabolic balance. We have shown that this 15 the case
(v. Holt et al., 1954, 1955b). Pretreatment with IPTD, in the

wahhit inhihite tha Jetval e cd o 71
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depletion of liver glycogen (Table III), which may be the
result of the unbalanced action of insulin. The latter causes
similar changes, according to the results of Cori (1925) and
Swenson (1945). The glucose produced by the glycogenolysis
is quickly metabolized, perhaps by the action of insulin.
This is indicated by the increase in the level of citric acid in
the blood (Martensson, 1951), the decrease in easily hydro-
lysable phosphorus, as well as by the decrease in the fraction
of } and ¥ phosphoric esters in the liver and the
unaffected extrahepatic glycogen level (Table III). Experi-

Table 111

SoMr MLTABOLIC CHANGES AFTER SYNTHALIN
(MeAN VALUES oF (X) ANTwALS)

3 hours after
wntraperitoneal .
wmyecton of Control vats | Sigmficanre
15 mg.
synthalinfhg.
Extrahepatic glycogen
mg./xgo g rat 329 (1) 32 2(10) -
Liver glycogen g./100
' dﬂ.‘vc‘i & 01 (20) 216 (21) | P<o.001
lexoses and hex, phos-
phot, esters mg./100
iv dry hves 180 (6) | 2830 (8) | P <0-001

. .{100 g,
T Ptmgl & 50 5 ) 72 6 (3) P<003

dry live

. P mg./100 i

’"ﬁ'ri h\vermg/ & n7s [()] 830 (1) P> 0-05
ments with ad lectomized rats exclude & sudden seeretion

of epinephripe by the suprarenal medulla as I.he cause of liver
glyc{;gen depletion (v. Holt, v. Holt and Krdner, 19..55.). ’I_'he
initial hyperglycaema often observed after YPTD injection
cannot be found in the adrenalectomized animal. Therefore



Muranotie Errrers ov o.Crina, Desrrocrion 2l

on tho other hinnd HEGY Injections repented over n long perlod
inereaso the Nver glycogen level (Root, 1053), simitor to the
glycosterold netlon, our resulls support the view, already
held by Vuaylteke, Cornelis and de Duve (1050), that some
wynergistio relatlon exists between the function of the e-cell
system and the adrenaly,

Fablo tv

Ntranouo Paru nw IN ALY oG 3 Artoxan Biam 1t
Ann * Inpertens ' Hiaos,

Teinar, .
, gty Utinary Dinreste Ntuwiber of
Nunber Ky ;'N’){{';y);',' b julyy wcell
Tope | before aftie 4 befure  after gronpa
aynthalin :rj;.'r{l’«l"”r’rll’: wynthalin (XU
100 150 negn | onw0 o uis [l 1 1
2 LIRS I I U0 50 2" u
211 R A I (T 43 1
uty ake | e s [ " L]
SIK ooy 1T o [ 7 .
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Vxperinents concernlng tho netlon of STH in isletless
niimals ought 1o throw light. on the gquestion of whether at
lenst w port of the dinbetogenio aetlon of growtl hornono s
mediated by sthavlatlon of MGI seeretion, Tho resnlts of
Hornstein, Reld and Young (1051) and also of Fod and co-
sorkers (1958) have revenled elose conneetione helween ST
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of the loss of f-cells (Fig. 2. The difference in the behaviour
of the blood sugar during the.initial phase of the alloxan
action may be explained by the decrease in liver glycogen due
to the loss of a-cell function. The diabetic hyperglycaemia,
too, returns to a normal level after treatment of the ammals
with IPTD or synthalin. Histologieal examination reveals a
total Joss of both types of the islet cells. Due to the drastic
changes in metabolism which take place, only a small number
of animals stay alive in the course of such experiments.
Besides the isletless rats we obtained a greater number of
more or less unaffected diabetic animals.

There was a close relationship between the decrease in
biver glycogen content and the degree of w-cell loss. The
correlation coefficient ed ta r == @-54, the measure of
certainty (4/r) to B = 0:838. This means that 53 per cent
of all causes which can diminish the hiver glycogen content
are explained by the loss of the a-cells (* = 0-01}. Inregard
to the urinary nitrogen there exists a similar correlation to the
diminution of the g-cells. About 40 per cent of al causes
which can be responsible for a decrease in urinary mitrogen
are explained by the loss of a-cells {r = ~ 0.681, B == 0-898,
P ==0-01). A direct correlation between the decrease in
glycosuria and the reduction of the w-cell count was not
significant, but in accordance with the good correlation
between the decrease n urinary nitrogen and the glycosuria
(r == 0:596, B = 0855, P == 0-05), the latter is influenced
indirectly hy the condition of the a-cell system. The decrease
in urinary mitrogen m dinbetic ammals after the loss of the
whole islet function makes it probable that the «-cell hormone
is concerned with catabolic protein metaholie processes in a
way which is not yet known. The increased liver glycogen
content in diabetic animals is normalized, too, after a-cell
destruction, These results (Table IV, Fig. 8) show that
apparently the a-cell hormone plays an important réle in the
development of ciabetic symptoms. }

Since adrenslectomy causes s normali of the alloxan
diabetic liver glycogen content (Morita and Orten, 1950} and
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HGF requircment of the organism duc to the action of STH
on the tissues, may cause the observed metabolic changes.

a5,
&4

}l Ui
I3 S
320

200

o + 2 3§ 4 5§ & 7 8§
HOURS
F16.4. Effect of STH (] = 3mg STIH350 g tat
i p.s Armour lot M 808) on the blood sugar of an isletless
( — ), an alloxan diabetic (— —), and a normal

rat (14 hours fasting).

The gain i body weight, however, shows that the growth-
promoting activity of STH can be observed also 1n the absence
of the a-cell system.

Although the elimination of both types of the islet cells
results in a nearly balanced metabolie situation—as measured
by estimations of blood sugar, exeretson of glucose and nitrogen
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aud the e-cell system in other types of experiments,  Our
results obtained by STH-administration to isletless animals
seem to indicate the importanee of the presence of an intact
a-cell system in the mamfestation of the diabetogenic activity
of growth hormone in rats. The hyperglycaemia observed
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. Glycosuna (— —-—), uripary mtrogen
(— — —), duresis (0—o), and body weight (——) of
an allosan diabetie rat before and after injection of
12 mg synthabn/hg. s p-{}).

sfter ST -njections into alloxan dmbetic rats does not take
place in isletless animals (Fig. 4). The increase, too, in the
glycosurin, which follows injection of STH into on alloxan
dinbetic rat, cannot be observed in an isletless animal {Fig. 5).
In our opinion this does not prove an a-cell trophic ﬁ}nction of
STH, beeause also an indirect effect, medinted by an increased
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metabolism. Whereas the classical experiment of Minkowski
produces diahetes, the isolated destruction of the islets by
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selatl,

and the level of liver glycogen rats are marked by
# severe disturbance of the blood sugar regulation {Fig. 6).
Though the glucose peak is very high in isletless animals,
the blood sugar returns to a normal level within the same time
nstin healthy animals, contrary to the behaviour of diabetic
rats.

We think that the latter result is important for the following
reasons: firstly, it shows that an active regutation of the blood

rot No 333 rat Ko ng

{1 P

§ Sugacin grine 6§
miurine  5g
mg N urime 39

<0

2.

#
5 change
)
sody X
weight =
ig
FEETE ST Sdoys T T 348 %7 Bdays
¢ 3 Glycosuna ( — ), urinacy nitrogen (— -—), diuresis {o--0), snd body
weight (- ) of Bn 1sletless rat (No 333) after injection of STH (§ =
3mg,/350g.88) in lin-trested antmal (No. 318),

with &
whose slloxan dishetes persisted

sugar level can be achieved in the absence of islet tissue;
secondly, it proves the existence of an intact liver function
bevause only the latter is able to effect such a regulation,
according to the results of Soskin and Levine (1952). At the
same time the ymportance of a functional co-operation of all
parts of the pancreas is stressed, In so far as it is necessary
that the internal secretion as sell as the so-called external
secretion hring about the balanced state of carbohydrate
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clude that the islet eclls afe not essential for this part of the action of
synthalin. Is that correct?

von Holt: I think that the results with synthalin in depancreatized
animals are very different in the different laboratories (Rathery, F.,
Kounibky, R., and Gibert, S, (1928), C. R. Soc. Iiol., Paris, 99, 282;
Rall, E. P, and Tiber, A. M. (1929), J. Pharmacol., 37, 431). Ther:e 1sho
clear opinion about the action of synthalin in depancreatized animals.

de“Dure' It should be recalled that the first investigation on the
manhantom of o L. Pl e pity S

1 ibility of a sti jon of the a-cells, which had not

come into the foreground at that time. Mowever, his resulls arc of
iImponance in showing that the pancreas 18 necessary for the action of
PTD,

von Holt: L ¢ the biood-sugar lowering activity in
circulstion experiments and found an increase in insulin-like activity in
the blood of animals treated with IPTD. I think this s due to Joss of the
PRI S siruntbittr bt Pt i

that thic i anle dua tadha alannea moan 5 Davnnd thas st

- ey . . . e
wn ou: ‘e nave never seen signs of damage in the adrenal cortex,
but long-t: with , we

P m long
observed an activation of the cortex.

Ferner: In other experiments we have seen an mcreased activity of
the adrenal cortex.

Randle: Rose (1951, Aust. J. exp. Biol. med. Set., 29, 469) has
obtained evidence suggesting that the adrenal cortex is overactive in
alloxan diabetes. I just wondered if a-cytotoxie drugs might alleviate
the diabetes by depressing adrenocortical activity.

Best; 1 do not know how the dosages of synthalin used in the experi-
mental animals i the recent work compare with the amounts used
climcally many years ago. There was no doubt about the injury to the
liver in the chmcal experiments—some of the hvers were practically
falling apart. There was no study of the effect of synthalm on a-cells at
that time

Goldner: T should like to go back to Prof. von Holt’s experiments in
which he was unable to induce alloxan diabetes after treating the animals
with synthalin and IPTD. Iam not fully convinced that it 15 permussible
to conclude that this phenomenon 1 due to the clfect of these agents



26 v. Horr ¢t al.

REFERENCES
Bonuz’ns-mgrga.l., Rrw, E, and Youne, F. G. (1951). Nature, Lond.,

s

Con, C. F. (1925). J. Pharmacol., 25, 1.

Davis, T. 8. (1952). J. Path. Ract., 64, 575.

FERNCR, H, (1953). Amer J, dig. Dl? 20, 301,

Foi, P. P, Wemsten, H. R., Mmm E. G., GrassmaN, M. ID,, and
Saarrm, J. Al (1953). XIXth Int. physiol, C:mgr 352,

Hour, C. voN, and FERNTR, H. (1955). 2. Zzlljorsch 42, 305.

Hovrr, C. von, Hovur, L. voN, and Krdncr, B. (1955). Disch. med.
Wschr., 80, G48.

Horr, C. vox, Hour, L. von, Kroner, B., and Kunnav, J. (1054).
Naturwissenschaften, 41, 166,

Hovr, C. von, HoLt, L. voN, Kroner, B., and Kumnav, J. (1955a).
Arch. exp. Path. Pharmah., 224, 6G.

Hourr, C. vox, Hort, L. voN, KroNER, B, and Kumvav, J. (1955b).
Arch, exp. Path. Pharmak., 224, 78,

JaNBON, M,, LAZERGUES, P., and METroroLITaNsKr, J. H. (1943). Pr.
méd., 51 37.

LounaTitnes, A. (1044). C. B. Soc. Biol., Paris, 88, 766, 830.

MARTLNSSON, J. (1951). Acta pharm. tox., Kbk., 7, 347,

Monta, Y., and OrTeN, J. M. (1950). Amer. J. Physiol., 161, 545.

Rawiws, E. P, and Tiser, A M, (1929) J. Pharmacol , 37, 451.

Ru’nmv, F., KouriLsky, R., and GiBERT, S. (1928) C. R. Soc Baol.,

718, 99, 282.

Roo’r, M A, (1954). Proc. Soc. exp. Biol., N.Y., 87, 108

SOSEIN, S., and Luving, R (1952) Carbohydrate Metabohsm, Umversity
of Chicago Press.

SwENSON, A. (1945). Acla physiol, scand., 11, Suppl 33.

VUYLSTEKE, C. A., CORNELIS, G., and pe DUVE, C. (1950) rch. int.
Physiol , 57, 4»15.

DISCUSSION

Young: Prof. von Holt, 1n your expenments in which you sho‘we(s

von Hote: No, Lue 100U wits Blven LNCULLlund, u wu., 1 v
Young: Did the food imntake rise under the mﬂuence of g\'owth

hormone?

von Holt: This was not measured. V.
e - comtante e your

= the
rtized
con-
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Concerning Dr. Goldner's last deduction, I think that it is not the
réle of the islets of Langerhans in the actiology of diabetes which must
be re-evaluated, but the limits of the contribution of the a-cell system
!ru the development of alloxan diabetic hyperglycaermia which must be
iced.

Fod: What i3 the interval of time between the njection of the two
materials? Is 1t possible that the a-cytotoxic material may destroy the
alloxan in the circulation or in vitro? Also, 1t has been implicd several
trnes that the a-cells are the site of origin of glueagon. I would Like to
ask if this is a safe foundation on which to base the discussion of the next
few papers.

von folt: 1 think my answer to Dr. Goldner has answered your
question also. 'The destruction of the a-cells proves that no nactivation
n£ alloxan in the blood by IPTD has taken place. The intersal between
Phim et bmrs T . I

With ankals L

Meravolism, 3, 449)
Fig. 2 (p. 30) shows the blood sugar curves of fastmg animals which
were given intravenously aliquots of such extracts. The extract from the

lrom the a-cells, since the histological control demonstrated that the
i!tcflls were destroyed. I have previously shown slides of the 1slets of

sy wmuAGE auo UL ULIARE LY CULAIL LIIOTIGE 1S, ROWEVET, NoL
accompanied by loss of the hyperglycaemic factor from the extract.
We have gone a step further In addition to the destruction of the islets,
¢ have tried to destroy the exocrine portion of the pancreas by duct

@iy LG Wellus Cdil De colstdered as settled,

Young- Youdo think that your hyp icsub isgh ?

b
in
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upon the a-cells. It is well known that a number of non-specific factors
may interfere with the diabetogenic action of nlloxan. There is also the
as yet unexplamed observation that clamping of the renal pedicles
prevents alloxan diabetes, and just recently Dr. Jauregui of Puebla
mformed.'me ‘thu't no diabetes will develop in the dog if the hver 1s

ly d from the for 2-3 minutes after ad-
ministration of alloxan. Could it not be that the effect on the liver which
at least is ished for in hag hing to do with Prof. von

Holt's findings? It would also be important to know in how many
wstances this inhibition of alloxan diabetes did occur, or conversely,
whether there were instances where alloxan diabetes developed in spite
of pretreatment with «-cytotoxic agents After all, the diabetogenic
dose of alloxan is defined as that amount of alloxan which will induce
diabetes in 80 per cent of the treated animals. There are always a
number of animals which will not respond at all or which will die within
the first 24 hours before diabetes becomes evident. I believe I remember
from Prof. von Holt’s published papers (1954, Arch. exp, Path. Pharmak ,
229, 66, 78), that there were quite a few animals which died early and
others which did develop diabetes If Prof. von Holt’s observations are
not due to non-specific factors or extrapancreatic effects onf hl‘s‘ sge‘nl‘ts

.- e e PR L5t 0 adllasa tha

explained by & reflex atising from the manipulation on the pedicles.
c from the manpulation o Hhe P e

that the contact of
.

ha Aanay of thace

think Dr Goldner himself has shown in earlier papers
hi roldner humself has sh o i e P e

IPTD, histological exammation of the 1slets revealed an insuuicieny
destro’ylng effect of IPTD on the a-cells, Furthermore, 1t could be shown
that treatment with IPTD or synthalmn in alloxan diabetic animals
C_ A rmataan af digheted
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Best: We Lave not donc enough to make a decision on that
pomt.

Rehrens: Dr. Goldner, have you determined whether this Liyper-
glycaemic material is sensitive to proteolytic enzymes?
Goldner: No,

Best: I wonder whether I’

. Sutherland or Prof. Cori has ever tried
[P Af ot nnman w hyae glices

"o - et ibits
Young: Have you shown in your experiments that ergotamine does
not prevent the hypergl ic action of in diabetie animals?

C. F, Cori: We have not tried that,

Best: We have done that very carefully, testing with pure glueagon
and with adrenaline, and you must satisfy the conditions that the
glucagon 1s left intact and the adrenaline obliterated by the dose you
use, before you go on to the other experiment
, Laurence: 1 did some clinical experiments many

age, vy

LT

o . N . ¢
(1032, Arch. int. Physiol, 60, 128). Since then, we have treated a few
more ammals, using larger amounts of cobalt mtrate in order to achieve
complete destruction of the a-cells. Preparations were obtaned in which
0o intact a-cells could be seen and in those extracts no glucagon could
be demonstrated

. Goldn I ‘would ‘llksa lt(') make 1t quite clear- we do not doubt that
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ljmrmonc, nr_\d a b]of:d ‘sa.mp]e was taken later from the pancreatic
vein and ly from the jugular vein; when these
—— e an A e

LS TPV DU WK R Y-t i

completely prevented in the diabetic animal when it has been treated
with the adrenergic blocking agent, dihydroergotamine, These findings

£3 0 Anoxomized
140 2% 2) Sptemic extroct
i= 3} Afloxanized - Cobalt freofed
£% 4) Acdified saline
120 §,’_‘ 5) Normat
fl: €) Cobalt treated

15 30 45 &0 75 80 105
Time in Minules
Fio. 2 (Goldner). Blood sugar response of anaesthetized fasting normal
dogs to the intravenous injection of pancreatic extracts from cobalt-treated
and/or alloxamzed dogs, of canne spleen, and of acidified normal saltne.

have stimulated us to begin a study of the liberation of adrenergic
substances from the pancreas and other tissues after administration of
growth hormone.

Fod: Was the ergotamine given to the donor anunalor to the recipient
or to both?

Best: Just to the recipient animal.

Randle: 1 should like to ask Prof. Best whether he considers that
dibydroergatamine is blocking the action of adrenergic material released
in the reciprent dog after injection of the blood sample, or whether 1t is
blocking the action of some adrenergic material present in the blood

sample.
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that the Iner of an alloxan diabetre ammal s
°

experiments for many years. I wonder whether anyone has repeated
them and whether there is any possible connection with the difference
between the a: f-cell ratio of the pancreas of the young animal and that
of the adult.

Goldner: A similar phenomenon has been seen in alloxan diabetes
Yommn 2 P R i) S -

under the other, but those findings have not yet been confirmed by
other histologists. Indeed, some have failed to confirm the histological
findings

Foa: 1 should like to ask another general question. We has e heard of
the possible oceurrence of a-cell tumours; on the other hand, L Mc-
~ Semma e e e e - .

of a-cells?
von Holt. Yes, n the pediatne chnic in Hamburg there was a case
of a child who died in severe hypoglycaemia (Bierich, J. R., and
LS A T
y altered
It'is the
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striking gical prctures. The eytoplasm, wlich is y very
rich in collord droplets, [completely Joses these droplets, and also loses
all secretory granulatiois and becomes clumped and more intensely
cosmophilie (Mosca, L. (1955), Biol. latina, 8, 1). ¥From these 1slets it 1s
impossible to extract any hyperglycaemic substance, while on the
contrary, if we make up an extract from normal fish and nactivate
insulm with p d we get an quantity of
hypi factor. (Mal: B., and Mosca, L. (1952), Rass.
Fusiopat. clin. terap., 24/1, 43). This means that most probably this

made extracts from the whole pancreas, islets and exocrne tissue 2f
fish. We have justu = ~° %7 - T N s
no attempt to avord
therr fish. This has
of a-cell secretion, tt
extracts,

Kerly: Some years ago, Dr. Audy carried out expeniments 10 my
laboratory on fish which came on ice from Plymouth and she did find
glucagon in the islet tissue, which confirms your findings. It was

assayed on hver shees.

Semeie S 3l o amtsbps n canalnsinng

do rs}_)blts. .- - . & v e T 13 10en 3 Arqwr

hitor of The SuUppUsetl ensyile Witk utsisups gausguase Soee
:;:;y‘s on the ex!xaléts of cobalt-treated animals were done under these
conditions, so that even small amounts of glucagon should have been

detected. 5 il

: al parenchyma of the liver is essenbi:
fi ot see:;S ebrae I}OIB:)f i 4 We have perfused a few
l?ers of d frogs with and with insuhm.
In these the P retamned hyperg]

activity



PITUITARY GROWTH HORMONE AND
BLOOD INSULIN ACTIVITY

P. J. RavpLe

Department of Mochemistsy, Umuersuy of Cambridge

I siALL not attempt to review the indirect evidence which
led to the belief that pituitary growth hormone exerts an
influence upon the secretion of insulin by the B-cells of the
pancreatic islets. The subject has been reviewed extensively
by Young (1953)

Attempts to demonstrate, by direct means, an influence of
growth hormone upon insulm secretion have been made by
Anderson and Long (1947, 1948), Bornstein, Reid and Young
(1951) and Foa and co-workers (1953). In these studies the
blood sugar response of smtable test ammals was utilized
for the detection of mnsulin 1n blood plasma. The experiments
of Bornstein and co-workers and of Fod and co-workers
suggested that growth hormone promotes the secretion of
an hyperglycaemic factor by the pancreatic islets of the rat,
cat and dog, but falled to provide defimte evidence for any
nfluence of growth hormone upon the secretion of insulin by
the pancreatic 1slets. Anderson and Long obtamned evidence
which suggested that growth bormone depressed the secretion
of insuhin by the isolated perfused rat pancreas when the level
of glucose 1n the perfusing fluid was abnormally lugh. Young
(1953) has suggested that the release of glucagon from the
pancreatic 1slets under the influence of growth hormone might
prevent the detection of insulin by the method which Ander-
son and Long used, and account for the apparent suppression
of insulin secretion which they observed.

Groen and co-workers (1952) described a method of insulin
assay based upon the glucose uptake of the 1solated rat
diaphragm. Since glueagon does not oppose the action of
msulin upon the glucose uptake of the solated rat diaphragm

85
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von Holt: No

Goldner: Nor glycogen storage discase?

von Holt: No.

Bekrens: Was there any reason to suspect that your islet-destroyed
animals exhibited glycogen storage disease? You state that the glycogen
is low, { think?

von Holt: Yes, the liver glycogen level after fasting corresponds to
the normal level.
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Ezperimental Design. In cach experiment 4-6 hemidia-
phragms were incubated in buffer, buffer + plasma (25 per
cent plasma) and buffer 4 insulin (2 or 4 milliunits/ml.).
The significance of any change in glucose uptake resulting
from the addition, to the buffer, of plasma or insulin was
established by the *¢* test (Chambers, 1952). In experiments
with rat plasma, the rats were studied in pairs 1 any one
experiment so that direct comparison of plasma insulin
activity between intact rats treated with growth hormone or
saline; untreated intact and hypophysectomized rats; and
hypophysectomized rats treated with growth hormone or
saline, was possible. In this type of experiment, the signi-
ficance of any difference between the mean glucose uptake of
hemidiaphragms incubated in different plasma samples was
established by the ““ ¢ test. In the majonty of experiments
with cat plasma, the cats were not studied 1n this way and
the insulin activity of the plasma under different conditions
was compared by reference to the same standard dose of
insulin {4 mmlliunits/ml.) incorporated 1n each experiment.
In this type of experiment, the sigmficance of any difference
between the mean glucose uptake of rat hemmdiaphragms
incubated in plasma + buffer, or insulin -+ buffer, was estab-
hshed by the ¢ test,

An approximate value for the insulin actinity of the plasma
caleulated as milliunits insulin/ml. of plasma was also derived
in each case (1 millunit = 10-3 unit). The insulin activity
of the plasma was caleulated from a log. dose (of insulin/
response curve previously determined, the standard dose of
insulin incorporated in each experiment being used to locate
the position of the log. dose/response curve.

Results
Response of the isolated rat diaphragm to insulin
The influence of different concentrations of insulin upon the

glucose uptake of the 1so\ated daphragm has been studied
on eighteen different The reg of

P
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(Smith, 1953; Randle, unpublished experiments) 1t was of
interest to reinvestigate the influence of growth hormone
treatment upon the insulin activity of blood plasma, using for
the detection of insulin activity in plasma the glucose uptake
of the isolated rat diaphragm (Young, 1953).

Methods and Procedure

Growth Hormone. Pituitary growth hormone was prepared
from ox pituitary anterior lobes by a modification of the
method of Wilhelmi, Fishman and Russell (1948). Solutions
for injection were prepared by dissolving the hormone in
1 per cent saline containing 1 : 10,000 merthiolate.

Animals, Intact cats (male or castrate) were fed unlimited
amounts of a meat diet (Young, 1945) and water, and injected
subcutaneously with growth hormone or saline each morning.
Depancreatized cats received raw pancreas or pancreatin in
addition to the meat diet, and their diabetes was controlled
by subcutaneous injections of soluble insulin each morning
and evening.

Intact and hypophysectomized rats {female albino wistar
rats of 150-200 g.) were fed unlimited amounts of rat cake and
water (Parkes, 1946). Growth hormone or saline was injected
intraperitoneally, once each day to intact rats, and twice each
day to hypophysectomized rats.

Collection of blood. Rat blood was taken from the inferior
vena cava and cat blood from the exposed femoral vein, under
evipan anaesthesia. Human blood was drawn from an ante-
cubital vein. In each case a little heparin was added to pre-
vent clotting and the plasma separated by centrifugation.
Unless otherwise stated, rats and cats were taken from food
and injected with growth hormone, saline or insulin 80 minutes
before blood was collected. Human blood was collected
2-2-5 hours after the oral administration of 50 g. glucose.

Detection and estimation of plasma insulin activity
Ezperimental Procedure. The procedure described else-
where (Randle, 1954¢) was followed exactly.
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and thawed). Insulin activity was detected in plasma from
four totally depancreatized cats treated with insulin and the
mean plasma insulin activity was significantly less than 16
milliunitsfml. When growth hormone was administered to
three totally depancreatized cats treated with insulin, without
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Fic 1. Insulin activity of plasma from intact and depancreatized cats

Probability that difference between glucose uptake 1n buffer + insulin

(4 mU/mL) and buffer 4+ plasma (25 per cent plasma) is due to chance.
NS means P > 0-03,

For details of treatment see Table I or text

alteration in the daily dose of mnsulin, the mean insulin activity
of the plasma was still significantly less than 16 milliunits/ml.
When a totally depancreatized cat, receiving insulin, was
treated with growth hormone and the daily dose of insulin
increased during the period of growth hormone treatment,
the insulin activity of the plasma was significantly greater
than 16 milliunits/ml. The insulin activity of plasma from
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upon dose was significant on each occasion and the relation-
ship between 1/(glucose uptake by the diaphragm) and log.
concentration of insulin in the suspending fluid did not depart
from linearity in any instance. The index of precision was of
the order of 0-85 and the mean slope 0-7489.

Earlier experiments suggested that the slope of the log.
dose/response curve was constant (Randle, 1954¢, 1955), but
more recently significant variations in slope have been demon-
strated (range of slopes I st. error = 0-5966 & 0-1080 to
1-1661 4 0-1261). The estimates of plasma insulin activity
obtained by a single standard method (Randle, 1954c) are
therefore only approximate estimates.

Influence of growth hormone on plasma insulin
activity

The insulin activity of plasma from five intact cats treated
with saline was, in every instance, significantly less than
16 milliunits/ml. A single intravenous injection of growth
hormone did not alter the insulm activity of plasma from
intact cats within five minutes of the injection. When intact
cats were treated with growth hormone for several days the
insulm activity of the plasma was increased, irrespective of
whether the animals were prediabetic (plasma sugar less than
150 mg./100 ml) or temporarily diabetic (plasma sugar
greater than 150 mg./100 ml. with glycosuria which ceased
within three days of stopping growth hormone treatment).
The mean plasma insulin activity for both prediabetic and
temporarily diabetic cats was significantly greater than
16 milliunits/ml, No insulin activity could be detected in
fresh plasma from a cat which developed permanent diabetes
after prolonged treatment with growth hormone, but insulin
activity, significantly less than 16 milliunits/ml., could be
detected in the same plasma samples after they had been
repeatedly frozen and thawed.

Insulin activity could not be detected in plasma from three
totally depancreatized cats deprived of insulin for 36-48 hours
(fresh plasma or plasma which had been repeatedly frozen
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and thawed). Insulin activity was detected in plasma from
four totally depancreatized cats treated with insulin and the
mean plasma insulin activity was significantly less than 16
milliunits/ml, When growth hormone was administered to
three totally depancreatized cats treated with insulin, without
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F16. 1. Insulm sctivity of plasma from intact and depancreatized cats.
Probability that difference between glucose uptake in buffer 4 insulin
(4 mU/ml) and buffer + plasma (25 per cent plasma) 1s due to chance.
means 3
Tor details of treatment see Table I or text

alteration in the daily dose of insulin, the mean insulin activity
of the plasma was still significantly less than 16 milliunits/ml.
When a totally depancreatized cat, receiving insuln, was
treated with growth hormone and the daily dose of insulin
mcrgased during the period of growth hormone treatment,
the insubin activity of the plasma was significantly greater
than 16 milliunits/ml. The msulin activity of plasma from
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upon dose was significant on each oceasion and the relation-
ship between {/(glucose uptake by the diaphragm) and log.
concentration of insulin in the suspending fluid did not depart
from linearity in any instance. The index of precision was of
the order of 0-85 and the mean slope 0-7439.

Earlier experiments suggested that the slope of the log.
dosefresponse curve was constant (Randle, 1954, 1955), but
more recently significant variations in slope have been demon-
strated (range of slopes =+ st. error =0-5966 4 01080 to
1-1661 4 0-1261). The estimates of plasma insulin activity
obtained by a single standard method (Randle, 1954c) are
therefore only approximate estimates.

Influence of growth hormone on plasma insulin
activity

The insulin activity of plasma from five intact cats treated
with saline was, in every instance, significantly less than
16 milliunits/ml. A single intravenous injection of growth
hormone did not alter the insulin activity of plasma from
intact cats within five minutes of the injection. When intact
cats were treated with growth hormone for several days the
insulin activity of the plasma was increased, irrespective of

whether the ) L N Yacq than
150 mg./100 ml) o sugar
greater than 150 mg - . eased

within three days of stopping growth hormone treatment).
The mean plasma msuln activity for both prediabetic and
temporarily diabetic cats was significantly greater than
16 millunits/ml. No insulin activity could be detected in
fresh plasma from a cat which developed permanent diabetes
after prolonged treatment with growth hormone, but insulin
activity, significantly less than 16 milliunits/ml., could be
detected in the same plasma samples after they had been
repeatedly frozen and thawed.

TInsulin activity could not be detected in plasma from three
totally depancreatized cats deprived of insulin for 3648 hours
(fresh plasma or plasma which had been repeatedly frozen
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intact cats treated with growth hormone or depancreatized
cats treated with insulin or insulin + growth hormone was not
altered when the plasma was repeatedly frozen and thawed.
These results are illustrated in Fig, 1 and Tables T and II.
The insulin activity of plasma from five intact rats treated
with growth hormone did not differ significantly from that of
five saline-treated controls, though the growth-hormone-
treated rats gained more weight than the saline-treated
controls. In the rat hypophysectomy was followed, always,
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by marked and significant reduction in the insulin activity
of the plasma. This change, following lxypophysectqmy,
could be prevented by growth hormone treatment, provided
it was begun immediately after hypophysectomy and the
hormone given twice daily (by intraperitoneal injection).
By contrast, growth hormone added in vitro to the plasma
of hypophysectomized rats did not restore the insulin ?Ctlvlty
to the plasma. No insulin activity could be detected in fresh
plasma from alloxan diabetic rats, but insulin activity could
be detected in the same samples of plasma after they had been
frozen and thawed repeatedly. These results are illustrated
in Fie. 2 and Tables IIT and IV.
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The insuln activity of plasma from many acromegalic
patients was found to be greater than that of plasma from
normal people (Randle, 1954) and the insulin activity of
plasma from some cases of panhypopituitarism to be less than
that of plasma from normal people (Randle, 19543).

Discussion

Relation between plasma insulin activity and plasma
insulin content

The insulin activity of blood plasma in any bioassay for
insulin results from the mean effect of factors in the plasma
which, in the bi y, have lin-like or anti-insuhn actions
(Randle, 1955). The insulin-like action of plasma from normal
animals upon the glucose uptake of rat diaphragm would
appear to depend upon the presence of msulin 1n the plasma;
since cysteine treatment (which inactivates insulin—du
Vigneaud et al., 1931) abolishes the insulin activity of normal
human plasma (Groen et al., 1952; Vallance-Owen and
Hurlock, 1954; Randle, 1954c); and after total pancreatec-
tomy in the dog (Groen e? al., 1952) or cat (Table I) insulin
activity cannot be detected in the plasma unless the animal
is treated with insulin. Si1x-point assays with plasma from nine
normal fasted rats have shown that the regression of response
upon dose is not the same for plasma as for msulin (Randle,
unpublished experiments). Thus although the insulin activity
of blood plasma, as estimated by the glucose uptake of the rat
diaphragm, is dependent upon the presence of insulin in the
plasma, it does not necessarily provide an estimate of msulm
alone in the plasma.

Bornstein and Park (1953) have suggested that the nsulin-
Iike action of normal rat plasma upon the glucose uptake of
rat diaphragm may result from a non-specific effect of plasma
protein. This seems unlikely since plasma from hypophysecto-
mized rats and from depancreatized cats and dogs deprived
of insulin, unlike that from normal animals of the same
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and this suggests the possibility that growth hormone does
not alter the amount of insulin in the plasma of the intact
rat.

Insulin activity appeared in plasma from alloxan diabetic
rats and metahypophyseal diabetic cats after the plasma had
been repeatedly frozen and thawed. Freezing and thawing
would be expected to inactivate an inhibitor of the type
described by Bornstein and Park (1953) and Bornstein (1953).
These results suggest that some insulin was present, though in
a masked form, 1n the plasma of alloxan diabetic rats and
metahypophyseal diabetic cats. This finding is consistent
with the observation that these forms of diabetes may remit
spontancously.

Relation between plasma insulin content and insulin
secretion

The msulin content of blood plasma is influenced both by
the rate at which insulin is secreted and by the rate at which
it is utilized or destroyed by the tissues. Changes in plasma
msulin content may reflect alterations in the rate of either or
both of these processes, Since insulin has been extracted only
from the pancreas (Best, Jephcott and Scott, 1932), it would
appear that nsulin secretion 1s an exclusive function of the
pancreas. Two pathways for the utilization of insulin have
been described. The extensive investigations of Stadie and
his associates (Stadie, 1951, 1954) would appear to show that
insulin is removed from the blood plasma and bound irrever-
sibly, by those tissues on which 1t acts (see also Ottaway,
1954; Chayen and Smith, 1954). The experiments of Mirsky
and his associates suggest that there 1s, in addition, an enzyme
system in many tissues, which mactivates and degrades
wsulin (Mirsky, 1958).

The observation that growth hormone treatment does not
enhance the msulin activity of plasma from insulin-treated
depancreatized cats unless the dose of msulm 1s increased
during the period of growth hormone treatment suggests that
growth hormone treatment does not reduce the rate at which
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species, has little or no influence upon the glucose uptake
of rat diaphragm.

The influence of growth hormone on plasma insulin
activity

Pituitary growth hormone has no influenee upon the glucose
uptake of the isolated rat diaphragm, under the conditions of
these experiments, when added n vitro to the suspending
fluid (Randle, 1954d). This confirms the earlier observations
of Park and co-workers (1952}, but not those of Bulbrook and
Ottaway (1955), who claim that growth hormone can either
stimulate or depress the glucose uptake of rat draphragm.
When both growth hormone and insulin are added together
to the suspending flud, under the conditions of these experi-
ments, growth hormone can enhance the action of insulin
upon the glucose uptake of rat diaphragm (Randle, 19544).
Nevertheless, growth hormone does not alter the insulin
activity of plasma from normal people (Randle, 1955) or
hypophysectomized rats (Table ILI) when added in vitro to the
plasma, nor does a single intravenous injection of growth
hormone have any influence upon the insulin activity of
plasma from intact cats within five minutes of the injection
(Table II), The enhanced msulin activity of plasma from
intact cats and hypophysectomized rats treated with growth
h e and from acr lic patients must therefore depend
upon a change in the level of some factor whose presence in
the plasma is conditioned by growth hormone. In the intact
cat, this factor may be identified with insulin, since growth
hormone treatment does not enhance the insulin activity of
plasma from depancreatized cats receiving insulin unless the
dose of insulin 1s increased during the period of growth hor-
mone treatment. In the rat the reduction in plasma insulin
activity which follaws hypophysectomy, and which may be
prevented by growth hormone treatment, may also reflect
changes in the insulin content of the plasma, but evidenee in
support of this is lacking. Growth hormone treatment does
not influerice the insulin activity of plasma from intact rats
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secretion by the pancreatic islets of the cat, and suggest, also,
that a temporary form of diabetes may appear in the cat as a
consequence of growth hormone treatraent at a time when the
plasma level of insulin is still elevated. The enhanced insulin
activity of plasma from acromegalic patients may slso reflect
an enhanced rate of insulin secretion by human pancreatic
islets in response to hypersecretion of growth hormone in
acromegaly. Bennett, by means of the pancreatic transplant
technique, obtained evidence that in the dog, too, growth
hormone promotes an enhanced rate of insulin secretion
(Bennett, 1955). Nevertheless, 1t should be emphasized that
there still lacks a direct and unequivocal demonstration that
growth hormone influences, directly or indirectly, the secre-
tion of insulin by the pancreatic islets of any species.

Studies of the influence of insulin and growth hormone
treatment upon glycogen deposition in vive in the adipose
tissue of mtact rats led Scott and Engel to conclude that
growth hormone did not increase the rate of insulin secretion
by the pancreatic islets of the rat (Scott and Engel, 1950).
Likewise, Anderson and Long (1947, 1948) concluded from
studies with the isolated perfused pancreas of normal fasted
rats that growth hormone did not enhance the rate of insulin
secretion by the pancreatic islets of the rat. Estimations of
plasma insulin activity by means of the glucose uptake of the
isolated rat diaphragm in the present investigation have
failed to provide evidence for any influence of growth hormone
treatment upon the rate of insulin seeretion by the pancreatic
islets of the intact rat.

The evidence at present available suggests that growth

promotes an en} d rate of msuhn secretion by the
pancreatic islets of the cat, dog and perhaps man, but not by
those of the intact rat. There may thus be a correlation
between the diabetogenicity of growth hormone in different
species and its ability to promote an enhanced rate of msulm
secretion; but such a possibility requires sul by

studies in further specles, and in ammals of the same species
at different ages.
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insulin is utilized by the tissues of the cat. The rise in the
insulin content of the plasma which accompanies growth
hormone treatment in the intact cat may therefore reflect an
increase in the rate of insulin secretion by the pancreatic
islets.

If the fall in plasma insulin activity which follows hypophy-
sectomy in the rat is due to a reduction in the insulin content
of the plasma, then hypophysectomy is followed by either a
diminished rate of insulin secretion or an increased rate of
insulin utilization, or by a combination of both processes.
Similarly, the action of growth hormone in preventing the fall
in plasma insulin activity which normally follows hypophy-
sectomy in the rat may be mediated through the mechanisms
of insulin secretion or insulin utilization. These two possi-
bilities cannot at present be distinguished, though the work of
Stadie and his associates has suggested that the diaphragm
muscle of hypophysectomized rats may bind more insulin
than that of normal rats and that this difference 1s annulled
when hypophysectomized rats are treated with growth hor-
mone and cortisone. The work of Stadie and his associates
has suggested also that insulin binding by rat diaphragm
muscle may be severely reduced in alloxan diabetes, and this
change could account for the presence of insulin activity in the
plasma of alloxan diabetic rats, since it is generally accepted
that little insulin is secreted by the pancreatic islets of alloxan
diabetic rats (see, for example, Anderson and Long, 1948).

The influence of growth hormone on insulin secretion

Studies of nitrogen retention in intact, depancreatized and
depancreatized-hypophysectomized cats under the influence
of growth hormone treatment led Milman, de Moor and
Lukens to conclude that growth hormone provokes the
secretion of extra insulin by the pancreatic islets of the cat
(Milman, de Moor and Lukens, 1951). Estimations of plasma
insulin activity by means of the glucose uptake of the isolated
rat diaphragm support the concept that growth hormone
promotes, directly or mndirectly, an enhanced rate of insulin
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pU VieNEAUD, V., Frren, A., Prearek, E., and Locxwoon, W, W.
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Chem., 176, 785.

Youxa, F. G, (1945). Buockem. J., 39, 515,

Young, F. G. (1953). Recent Progr, Hormone Res , 8, 471.

DISCUSSION

R.-Candela: We have studied the plasma insulin effect in a ease of
acromegaly and found a very high insulin activity of the plasma, con-
firming Dr. Randle’s theory.

Randle: This shdc illustrates the enhanced msulm nctlwty of acro-

blood samples were collected 4} hours after the morning dose of insulin,

TasLe I (Rendle)

‘THE INFLUENCE OF PLASMA FROM NORMAL AND ACROMEGALIC PEOPLE
TPON THE GLucosE UPTAEE OF THE ISoLATED RaT DIAPRRAGM

Glucose uptahe
s’m’_’ e Source of plasma P :"a:/’;':)om7§?1 mg./g Jhr. Mean
! “ | £ 8.E.of mean
la Normal person 70 2 844+ 0-15(4)
1b | Diabetic (not acromegalic)
recerving msulm 305 2-85+ 0-21 (4)
lc Dhiabetic acromegalic
receiving msulin 360 4:00£0 21 (4)
2a | Normal person 80 2-60£ 0 13(8)
2b Diabetic acromegalic
receiving wnsulin 190 3 624 0-09(8)

For (l&lb) and (15—1!) P<0 01>0 001 For (2b-2a) P<0 001
in parentheses ts number of observations.
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Young: What do pet;ple here who have had experience of this type of
work feel about this question? Is the evidcnge that growth hormone
- = thm maat*nm ok mees | gy #iefnnb ey

evidence—direct and mndirect—to indicate secretion of insulin by growth
hormone.

Young: The species provide a i that had not
been tealized before. Evidence against the view has been obtained in
rats, which now are found not to show the same response as cats.

Lawrence: I would hike to ask a simple clinical question: 1 suppose that
by now you have done a good many diabetics, and I wonder what you
found the insulin content of therr plasma to be?

Randle: All the diabetic patients that X have studied, with the excep-
tion of those in severe diabetic ketosis, have insulm activity inthe plasma.
These include examples of both of the major climceal types of diabetic.
Plasma collected from diabetics presenting with weight loss and keton-
uria before msulin treatment possessed insulin activity comparable to
that of plasma from normal people. These observations confirm those
of Groen and his co-workers with the same techmque (Groen, J., Kam-
minga, C. E., Willebrands, A. F., and Blickman, J. R. (1952), J. clin.
Inrest., 31, 97). 1 have also studied the insulin activity of plasma from
two pregnant diabetics. There the levels are higher than normal and
comparable to those seen in acromegaly. I have yet to study the msuln
activity of plasma from non-diabetic pregrancies, so that I cannot say
whether the enhanced plasma insulin activity seen in drabetic preg-
nancy 1s an abnormal feature.

' G.,Gtm': Are these people njected with mnsulm, and 1f not, for how
long

Kandle. The ordmary diabetics were not mjected with msulin, they

had mnrram hpam s am s

Park: If you have a depancreatized animal and inject a known dose of
sulin and then assay the plasma afterwards, how much of that msuhn
can you account for?

Randle: 1 have not done that.

Lawrence: We did a few untreated and found 1n the ketosed low insulin,
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as was the sample colls d from a ic diabetic who acted
as one of the controls. T have studied, to date, about twenty-five

ics, and some eight of these show definitely enhanced
Pplasma nsulin activity. The vast majority of these cases of acromegaly
are non-diabetic,

Fod: Would you comment on the parallelism between the effect of
growth hormone which you have pointed out and its diabetogemeity?
Does growth h cause hyperg] ia which 1s then
followed by an i d insubn p or does it sti the
pancreas to produce more insulin followed by “exhaustion™ diabetes?

Randle: 1 think it suggests that growth hormone stimulates insulin
secretion by causing hyperglycaemia but it does not prove this. Ishould
emphasize that my own experiments de not exclude the possibility
that growth h i th ion of insuln by the pan-

e
creatie islets of the rat. They merely show that there 1s no detectable
- R R I T T S R O

studies?

Randle: Anderson and Long added 0-08—1 mg. of growth hormone to
10 cc. of perfusing blood. In my experiments the last injection of growth
hormone was never greater than 10 mg. to a 4-kg. cat. .

FRRE | v o .

+ Yes, definutely. .
Young: Do you feel safe, Dr. Randle, in deducing that growth
hormone does stimulate secretion of insulin by the islets of Langerhans

in the cat?

Ranal



THE CONTROL OF THE SECRETORY ACTIVITY
OF THE ISLETS OF LANGERHANS*

Prero P. Foi

of Physiology and The Chicago Medical School,
"Chicago, 12

The Secretion of Insulin
1. Nervous control

Claude Bernard suggested in 1849 that nervous centres
located in the floor of the fourth ventricle regulate the hiber-
ation of glucose from the liver via the sympathetic nerves.
The observations of Bernard were confirmed and extended
by numerous investigators whose work, reviewed recently by
Anderson and co-workers (1952), led Macleod (1884) to
postulate the existence of a “diabetogenic centre”. A great
diversity of conditions can cause a temporary decrease in
carbohydrate tolerance, glycosuria, and ncreased insulin
resistance. Some of these conditions are lesions in the cere-
bellum, the bran stem or the hypothalamus, section of the
brain stem (Anderson et al., 1952), section of the hypothalamic
pathways with adrenal demedullation (Beatfie, 1954), or just
head injury (Ruesch and Bowman, 1944), brain tumours
{Paton and Petch, 1954), the outburst of emotions and sham
rage (Gellhorn et al., 1941; McCullagh, 1954), or hypothalamic
lesions with changes n food 33 and obesity
{Kennedy, 1952; Ranson et al., 1938).

The common mechanism of action of these conditions, if one
exists, is not understood, and Macleod’s centre may turn out
to be not an anatomic entity, but a number of physiological
mechanisms regulating the sympatho-adrenal system, epi-
nephrine secretion, the rate of liver glycogenolysis and,

* Auded by grants from the United States Public Heslth Service and from
Mr. Simon Solomon,

55



54 Discusston
BRA A6 snnn na e trantsd with fngedin ta ant thaw haale fa whed ama
su_ .

- ' Lo -
the "t R . . .
insulin in a subsequent test. X think that specifieity is of paramount
importanee when & bioassay is used to measure the fevel of » hormone
in a complex fluid such as blood plasma, unless pne can first extract

. the hormone from the plasma in reasonably pure form. We know very

little about the state of hormones in plasma, but they do not necessarily
exist in plasma in the form in which they bave been extracted from the
parent gland. The specificity of a bicassay, as applhied to plagma, is not
necessatily established, therefore, by studies with hormones in the form
in which they are extracted from their parent gland.

TWaugh: It you plot the Jog.dose response curve, 18 it & straight line
for plasma?

Randle: 1 have only studied three concentrations of plasma with
samples from normal fasted ats. ’I’h’ere the Jog.dose response curve for

100 : 1 one realizes most of the anti in, but at an i
Qilution thete iz @ 70 per cent drop.

Young: Your figures for the insulin content of blood, based on the
aetivity of normal plasms, are considerably higher than those found by
others,

Randle- That is so. The values which I have obtained for the insubmn
activity of normal human plasma are of the order of 10 rilliunits of
insultn per ml, which is twenty to thuty tumes greater than values
obtained for untreated plasma by methods of insulin assay based upon
the blood sugar response of suitable test animals.



SreneTory ACTIVITY OF ISLETS or LANGERUANS 57

glycaemic by continuous glucose injection, whereas it is active
in a depancreatized animal sinularly treated (Jordan, 1947).
Direct evidence of the effect of hyperglycnemia on insulin
was obtained by anast the p tic vein
of one dog with a systemic vein of another (Zunz and LaBarre,
1927b; Fod ef al., 1949), by grafting a second pancreas in the
neck of a dog and injecting glucose into the pancreatic artery
(Houssay and Deulofeu, 1939), by injecting glucose into the
artery of a pancreas left in sit (Brown et al,, 1952), and by
perfusing an isolated pancreas with glucose-containing fluid
(Anderson and Long, 1947a). The chronic intraperitoneal
administration of glucose also appears to stimulate the islets
of Langerhans in normal rats (Kinash and Haist, 1954a and b)
and to cause hypertrophy and hyperplasia of the pancreatic
remnants in rats with subtotal pancreatectomy (Houssay et
al., 1947), while high earbohydrate diets appear to accelerate
the restoration of les in B-cells inhibited by the admini:
tration of insulin or by starvation (Nerenberg, 1953a and b).
Although, under special conditions, the prolonged intravenous
administration of glucose may cause pancreatic necrosis
(Jacobs and Colwell, 1936), 1n most cases, the stimulation of
the islets of Langerhans is followed only by degeneration and
degranulation of the f-cells and, sometimes, by hypergly-
caemia and glycosuria (Dohan and Lukens, 1948; Wissler et al.,
1949; Butturini and Baronchelli, 1953; Haist, 1953). On the
other hand, caloric restriction and restriction of carbohydrate
intake reduce islet activity (Faist, 1958), and the avoidance
of hyperglycaemia by means of insulin or phlorhizin protects
the islets from the effects of excessive carbohydrate. This
work, which was reviewed by Lukens (1944) and by Ingle
(1948) suggests that ovexst:mulahon  may cause failure of the
ting pecially when the p
reserve is decreased.

(b} Effect of Other Sugars. Little is known of the effect on
insulin secretion of carbohydrates other than glucose.
Nerenberg (19584 and b) obtained evidence of B-cell stimula-
tion by galactose, fructose, sucrose, and lactose given orally,




56 Piero P. Foi

perhaps, food consumption and the secretion of ACTH (Hume
and Nelson, 1955), insulin and other hormones. The initial
stimulus for the activation of the sympatho-adrenal system
appears to be hypoglycaemia which causes secretion of
epinephrine, as indicated by depletion of the adrenal medulla
(Hokfelt, 1958), increase in the epinephrine content of the
adrenal blood (Duner, 1954) and in urinary epinephrine
excretion {(Euler and Luft, 1952). In addition the central
nervous system may influence the endocrine activity of the
pancreas by means of vagal impulses, the actions of which are
still uncertain (Phillips, 1983; Gregory et al., 1948). Thus,
according to Zunz and LaBarre (1927a, 1928), hyperglycaemia
acts on the vagal centres ing stimulation of the y

and an increase in insulin secretion, while according to others
(Gayet and Gullaumie, 1933; Foglia and Fernandez, 1935),
hyperglycaemia stimulates msulin secretion independently of
extrinsic pancreatic innervation. The conclusion of Anderson
and co-workers (1952) that a central nervous system mechan-
ism for the homeostatic control of blood sugar level may exist
still appears valid. Many details of this mechanism remain to
be clarified, although it appears probable that its function
in the adjustment of blood sugar level is an accessory and not
a necessary one. At the present time there 1s no indication
that the nervous system exerts any lasting effects on the
endocrine activity of the pancreas and that 1t is mvolved in
the pathogenesis of human or experimental diabetes,

2. Metabolic control

(@) Effect of Glucose. The slow intravenous injection of
10 per cent glucose mnto normal persons induces a rapid
removal of glucose from the bloed, so that during the latter
part of the injection the blood sugar level, instead of con-
tinuing to increase, actually decreases (Thalhimer et al., 1926).
This phenomenon, hike the hypoglycaemic phase of the glucose
tolerance curve, suggests that hyperglycaemia stimulates
insulin secretion (see references in Foa, 1949). For this reason,
insulin has very little effect in normal dogs rendered hypo-
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plasma insulin regulates insulin secretion, insulin destruction
(Mirsky, 1953; Elgee and Williams, 19552 and ) may also
contribute to the regulation of the activity of the pancreatic
islets.

(b) Effect of Glucagon. The injection of glucagon may
stimulate insulin secretion. This statement is based on the
following evidence: (1) the hyperglyeaenme effect of glucagon
is smaller in the p of the p than in its ab
{Foi et al., 1952a); (2) the injection of glucagon causes the
appearance of a blood-sugar lowering material {insulin) in the
blood of the pancreatic vein (Foa et al., 1952b); and (3) rats
with the obese-hyperglyeaemic syndrome appear to be suffer-
ing from excessive glucagon secretion (Mayer et al., 1958) and
have higher than normal quantities of insulin in their pancreas
(Wrenshall et al.,, 1955). Tt is impossible to say whether
these effects are due to a direct action of glucagon on the
pancreas or whether they are the result of the accompanying
hyperglycaemia. The fact that chronic treatment with gluca-
gon does not alter the appearance of the islets of Langerhans
(Galansmo et al., 1955) militates against the first alternative.

(¢) Effect of Growth Hormone (GH). The effect of GH on the
islets of Langerhans has been extensively reviewed (Young,
1953; Houssay et al., 1953; Campbell, 1955). GH appears to
inhibit the secretion of insulin by the isolated pancreas in
response to glucose (Anderson and Long, 19475). Prolonged
treatment with GH may act on the pancreas directly or it
may act indirectly by increasing the demand for insulin. In
some animals (rats, puppies), the pancreas responds to this
stimulus with signs of increased activity, such as hypertrophy
of the islets (Haist, 1958; Kinash et al., 1958), increased plasma
insulin (Randle, 1955), ncrease 1 glycogen deposits (Illing-
worth and Russell, 1951) and hypoglycaemia (Milman and
Russell, 1950). In other animals {adult dogs, or animals with
decreased pancreatic reserve) excessive stimulation by GH
causes degranulation of the B-cells, decrease in the insulin
content of the pancreas, and severe diabetes (Campbell e? al.,
1853; Campbell, 1955).
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a_nd by galactose and fructose given parenterally. However,
since the experiments were performed in intact animals, it is
possible that these sugars may have been converted to glucose
by the liver. The oral administration of galactose to infants
with galactosemia, whose liver 1s unable to convert galactose
to glucose, is followed by a sharp deerease in the concentration
of blood glueose (Bruck and Rapoport, 1945; Goldbloom and
Brickman, 1946), suggesting an increase in insulin secretion.
Sodium mesoxalate injected into the pancreatic artery causes
hypoglycaemia, supgesting that this compound also may
stimulate insulin secretion (Kobayashi and Ohashi, 1955).

3. Endocrine contro’

(a) Effect of Insulin. The administration of a hormone may
inhibit the activity of the gland which secretes it. Thus,
ovulation may be inhibited by oestrogen, hypothyroidism
may follow the administration of thyroxine, and glucose
tolerance may be temporarily decreased by the admnistration
of insulin (Clark et al., 1985; Looney and Cameron, 1937).
Zunz ond LaBarre (1927¢) observed that the pancreatic blood
of a donor dog in insulin hypoglyeaemia no longer lowers the
blood sugar of a depancreatized recipient and suggested that
insulin hypoglycaemia inhibits insulin secretion. This hypo-
thesis was confirmed in & more convincing fashion by the
observations that as many as three additional pancreases can
be grafted into an animal without causing hypoglycaemia
(Houssay et al., 1955), and that insulin administration is
followed by: {1) decrease in the insulin content of the pancreas
(Best and Haist, 1941); (2) inhibition of islet growth (Evans
and Haist, 1951); and (3) degranulation of the B-cells with
temporary diabetes (Barron, 1948; Nerenberg, 1953a; Bell,
1953). In this case, contrary to the situation existing after
excessive insulin demand, degranulation does not indicate
overstimulation and ext i but functional inactivity.
Under these circumstances, the administration of exogenous
insulin may allow the restoration of the §-cell granules (Copp
ond Barclav, 1023: Hausherger and Ramsay, 1952), If
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(4} Effect of ACTH and the Adrenocortical Hormones. The
hanism of the diabetogenic action of ACTH and of the
adrenocartical hormones has been reviewed recently (Long,
1‘953; DeHodo and Sinkoff, 18582) and is not fully understood.
et . oo, .
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Krahl, 1958), and increase gluconcogenesis (Long, 1953).
‘They, or the hyperglycaemin which they cause, may stimulate
the islets of Langerhans (Hausberger, 1658; Abrams et al,
1953; Bates, 1953; Haist, 1958; Kinash and Haist, 185is
and b; Hausherger and Ramsay, 1055), leading sometimes to
hypertrophy of the islets (Houssay et al,, 1954) with increased
insulin content {Wrenshall and Ritchie, 1052), and sometimes
to degranulation, d tion and disapp of the
@-cells. This diabetogenic effect bas been related to a reduction
in the supply of thiol groups necessary for the activity of many
enzymes concerned with glycolysis and phosphorylation
{Anderson et al, 1951; Conn, 1953; Bacila and Guzman-
Barron, 1954), and for the protection of the p-cells against the
damaging effects of alioxan and alloxanlike masterial
(Martinez, 1951 ; Conn, 1958; McCullagh and Alivisatas, 1054).

(¢} Effect of Prolactin. Eoxly contradictory studies an the
effect of anterior pituitary extracts containing prolactin have
been reviewed elsewhere (Fod, Galansino and Costa, 1955; Fod

no. . A LI

..... .

- e
’

and hypophysectomized-adrenalectomized dogs. On the other
hand, prolactin sppears to stimulate the growth of the islets
of Langerhans in the intact {Mount, 1951} and mn the hypophy-
sectomized animal (Hast, 1958). This stimulation may lead
to d tion of the 1i ing cells and to diabetes
(Houssay ¢f al., 1954).

The influence of prolactin on blood sugar and on the islets
of Langerhans of normal and depancreatized dogs was investi-
gated in our laboratory (Fod, Galansino and Costa, 1955;
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Foi ef al. 1055). The first intravenous injection of prolactin
(Armour lot R-401154; 20 LU./Kg.)* into normal dogs
causes a prompt and significant decrease in blood sugar (Fig.

3 iated with a profound d lation of the B-cells
(Figs. 2 and 8), Pancreatic femoral cross-circulation experi-
ments between a donor Dog D and a recipient Dog R showed
that hypoglycacmia caused by the first injection of prolactin
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Fio 5 Islet of Langerhans of a normal dog after 5 wnjections of pro-
tactin (20 1 U /hg IV ) at 2—4-day intervals, Gomon stain, x 520
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Foa et al. 1055). The first intravenous injection of prolactin
(Armour Jot R-491154; 20 LU./Kg)* into normal dogs
causes a prompt and significant decrease in blood sugar (Fig.
1), associated with a profound degranulation of the B-cells
(Figs. 2 and 8). Pancreatic femoral cross-circulation experi-
ments between a donor Dog D and a recipient Dog R showed
that hypoglycaemia caused by the first injection of prolactin

PROLAGTIN
1V ADMINISTRATION
60 O1INORMAL OGS
©8 NORMAL DOGS

b
g
8
3
3
&
<!
H
»

0T e0  s0__1o 10

MINUTES

Fi6. 1. Effect of prolactin on blood sugar of normal dogs
first injection; o: third and fourth injections

inDog D is accompnmed bya slmxlar hypoglycaemla in Dog R
{Fig. 4), & ing that the ion of the B-cells is
accompanied by liberation of insulin. Subsequent prolactin
injections cause a rise in blood sugar (Fig. 1), associated with
partial restoration of the B-granules (Fig. 5). Cross-circulation
experiments between pretreated donot dogs and untreated Te-
cipients ind: that this hypergly ia 15 not

* Guft of Drs. I. Bunding and S. R Steelman of the Armour Research
Laboratory.
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!ay the liberation of hyperglycaemic material (glucagon)
in the blood of the pancreato-duodenal vein (Fig. 6), nor

e
a 40 0 P-PROLACTIN )
D-ANIMALS  DISCON~
+20 NECTED
©-DONOR
O-RECIPIENT

CHANGES IN BLOOD GLUCOSE
o

-40
~60 [ +60 +20 +180
MNUTES
Fio 4 Effect of prolactin on blood sugar of untreated
dogs; p femoral is, 5
P [
t40 P-PROLAGTIN
D-ANIMALS
+20 DISCONNECTED
O-DONOR

©-RECIPIENT .

CHANGES IN BLOOD GLUCOSE %

~60 0 +60 t120 +180
MINUTES

Fic 6. Effect of prolactin on Blood sugar of dogs. Donor
dogs pretreated W‘xth prolactin, recipient dogs untreated
b fe is, 5

by changes in appearanee of the a-cells or in the «:p-cell
ratio. DeBodo and Sinkoff (19532 and b) did not observe a
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lowering of the blood sugar following the first intravenous
injection of prolactin into hypophysectomized dogs. This may
be due to the fact that the islets of hypophysectomized dogs
are already partially atrophied (Kinash et al., 1953) and have
a smaller insulin content. In agreement with this hypothesis,
prolactin does not cause hypoglycaemia in normal dogs after
the p-cells have been partially degranulated by repeated

PROLAGTIN
LY ADMINISTRATION
60 5 DEPANCREATIZED
OGS

u
]
8
8
3
o
8
]
a
w
]
F
3 20}
MES

40

SR VAT S YU U AU )
o 30 60 0 120 150 180
MINUTES

F1o.7 Effect of prolactin on blood sugar of untreated
depancreatized dogs.

injections or when the pancreas has been removed; on the
contrary, in the depancreatized dog a marked and sigmficant
rise in blood sugar level occurs after the first injection of
prolactin (Fig. 7). This hyperglycaemic effect 1s unexplained
at the present time; it cannot be due to the hberation of
hyperglycaemic hormones of pitmtary, adrenal or pancreatic
ongin, sinee 1t is observed also in the absence of these glands.
The possibility that pm]actm may inhibit glucose uptake by
the tissues has not been investigated, while the y
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that the results may have been duc to.the technique em-
ployed or to ACTH, GH or posterior pituitary impurities
presex.xt in the prolactin Ppreparations was ruled out by control
experiments,

(f) Effect of the Sex Hormones. The effect of the gonads on
experimental diabetes was studied recently by Houssay and
co-workers (1954). According to these investigators, the in-
cidence of diabetes following subtotal pancreatectomy is much
greater in male than in female rats, and eastration increases
the incidence in females and decreases it in males. The
administration of oestrogens to force-fed alloxan diabetie rats
at first causes an exacerbation of diabetes (Ingle et al., 1947),
but, if treatment is prolonged, the incidence and severity of
diabetes decrease, the remaining islets become hypertrophic
and as many as 47 per cent of the rats are cured. If insubn is
also given, the number of animals cured rises to 69 per cent
(Rodriguez, 1954). The antidiabetic effect of oestrogens can
be demonstrated also in the capon (Sturkie, 1955) and in
acromegalic patients in whom oestrogens correct the abnormal
glucose tolerance (McCullagh et al., 1955). This effect of
oestrogens may be due to stimulation of 1slet growth (Kerr
et al., 1952; Haist, 1953; Rodriguez, 1954) or to inhibition of
GH production by the anterior pituitary (McCullagh et al.,
1955). Progesterone and some of its derivatives aggravate
experimental diabetes (Ingle et al., 19582 and b; Houssay
el al., 1934a and b), although progesterone may stimulate islet
growth (Haist, 1958). Androgens also increase the incidence
and accelerate the onset of diabetes in rats with subtotal
pancreatectomy (Houssay et al., 1954), and perhaps for this
reason the anabolic effect of testosterone is smaller in dizbetic
than in normal dogs (Sirek and Best, 1953).

(g) Effect of Thyroid Hormone. The administration of

thyroid substance causes an increase in Weight of the islets of
< - R U AT
1

i
). Normal pancreas seems to tolerate this stimulation guite
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well; however, if the panereatic reserve is reduced by partial
pancreatectomy or by the injection of anterior pituitary
hormones the administration of thyroid hormone causes
lesions of the B-cells. These lesions are temporary at first, but
may become pe if tr is conti 1 (Houssay,
1945).

In conclusion it can be said that, although the manner in
which nervous, metabolic and hormonal factors influence the
activity of the insulin-secreting cells is not fully understood,
all these factors may have hyperglycaemia and increased
insulin demand as the common denomnator, Hypergly-
caemia and insulin demand are physiological stimuli for the
B-cells, and if they are not excessive and the pancreatic
reserve is good, they cause hypertrophy, hyperplasia and
other signs of B-cell overactivity. On the other hand, if these
stimuli become excessive or the panereatic reserve is low,
degranulation of the B-cells and reduced insulin content of
the pancreas and diabetes may result (Bell, 1958; Wrenshall
et al., 1955; Hartroft and Wrenshall, 1955).

The Secretion of Glucagon
1. Nervous control

No studies of the glucagon content of the pancreas or of the
pancreatic blood after nervous stimulation or interruption of
nervous impulses to the pancreas are available. Sergeyeva
(1943) noted that vagotomy increases and sympathectomy
decrenses the o : B-cell ratio i the cat. However, this pheno-
menon could be due to a change in the number of p- rather
than «-cells.

2. Metabolic control

Cross-circulation experiments (Foa, 1954; Foi and Galan-
sino, 1954) have shown that insulin hypoglycaemia 1s followed
by the appearance of a hyperglycaeme material {glucagon)

in the pancreatic, but not in the mesenteric blood, and
PAN ‘<
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suggested that hypoglycaemia may be a physiological stimulus
for the secretion of glucagon.

3. Endocrine control

(a) Effect of Insulin. In agreement with the hypothesns
that insulin (or hypogly ia) may sti
produchon, MacGrath and Snedecor (1953) found an increase
in the glucagon content of the panereas of insulin-treated
animals. Prolonged insulin treatment is followed by an in-
erease in the number of a-cells in the islets of Langerhans
(Hagemann, 1958); however, since insulin may eause a de-
crease in the number of p-cells and since not all investigators
agree that the «-cells are the site of origin of glucagon, the
significance of this observation cannot be evaluated at the
present time.

(b) Effect of Glucagon. Bensley and Woerner (1938)
reported that the intravenous injection of an extract of a-cells
causes histologieal signs of a-cell inactivity in the guinea pig.
However, the specificity of the extraction and histological
methods used is open to question and the results are difficult
to interpret. Involution of the x-cells after administration of
glucagon was observed by Kracht (1954), but not by Galan-
sino and co-workers (1955), who, after daily injections of
glucagon for as long as 66 days, could find no significant
changes in the appearance of the «-cells or in the value of the
o : p-cell ratio in rats. Should future work indicate that the
concentration of glucagon in the blood contributes to the regu-
lation of its own secretion, the mechamsms for glucagon
destruction (Goldner ef al.,, 1954; Van Arsdel e al, 1954)
would acquire greater significance.

(c) Effect of Growth Hormone (GH). Hypophysectomy
causes involution of the a-cells (Ferner and Tonutti, 1953).
GH corrects this involution (Kracht, 1953) and causes a
temporary increase in the « : B-cell ratio followed, after six
weeks of treatment, by degranulation of the «-cells (Volk and
Goldner, 1955). GH appears to cause an increase in size of the
a-cells in normal rats (Abrams et al., 1953) and an increase in
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the number of «-cells undergoing mitosis in normal rats
(Cavallero, 10534}, in mice with pituitary dwarfism (Cavallero,
19535) and in rats treated with colehicine (Cavallero and
Mosca, 1958), suggesting that GH may have a trophic effect
on the o-cells of the islets of Langerhans. In agreement with
this hypothesis, Bornstein and co-workers (1951) found that
the pancreatic blood of cats treated with GH causes hyper-
glycaemia in alloxan diabetic hypophysectomized-adrena-
lectomized rats, and Fod and co-workers {1958), by means of
cross-circulation experiments, found that single intravenous
injections of growth h cause the app of a
hyperglycaemic material, presumably glucagon, in the pan-
creato-duodenal blood of dogs. Glucagon seeretion may
explain n part the hyperglycaemic effects of intravenons
injections of growth hormone (Carballeira et al., 1952; Kinsell
et al., 1953; Foa et al., 1953; Raben, 1955), especla].ly smcc
this hyperglycaemla I tobe iated with an
glucose output by the hver (Kibler ef al., 1952; Engel, 1955),
which 1s a characteristic glucagon effect. In rats with the
obese-hyperglyeaemic syndrome, hypersecretion of glucagon
is believed to occur under the influence of growth hormone
(Mayer et al., 1953). On the other hand, Bennett (1955} could
find no evidence of glucagon secretion following the injection
of GH. This author studied the problem by grafting a normal
pancreas in the neck of a depancreatized dog and observing the
rate at which the blood sugar of the dog returned to normal.

Bennett’s experiment would have been more convineing if
the pancreas had been grafted into the neck of a normal rather
than a diabetic dog and had been perfused with normal rather
than hyperglycaemic blood, since hyperglycaemia tends to
promote the secretion of insulin and mask the action of
glucagon.

The relationship of GH to glucagon, like other probl of

1 pt ! d in this Colloqui
further study before the hormonal nature of this materlal
and its importance n blood sugar haemostasis can be fully
understood.
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treated animals the pancreas was secreting Insuln at a very much greater
rate than normal, and therefore the mtravenously injected insulin was

less effective than normal since 1t only a small

of

. . P e P
87, 18P, 1936, Lancet, 1, 297).

What were your time intervals when you gave repeated prolactin
injections to normal dogs and got hypoglycaemia?

Fod- One or twa days.

Randle: Have you given to the acutely dog to
see whether 1t would produce a fall n blood sugar under those conditions?

Foa_1 do not know what you mean by acutely depancreatized. These
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THE EFFECTS OF HYPOPHYSECTOMY AND OF
PROLONGED GROWTH HORMONE ADMINIS-
TRATION ON THE PANCREATIC «-GELLS
OF THE RAT

MarTiN G. GoLpNER AND Bruno W. Vorx

Isaae Albert Research Inatitute of the Jeucish Chronsc Disease Hosputal,
Brooklyn, New Yor

TuE diabetogenic effect of erude anterior pituitary extracts
and of punfied pituitary growth hormone has led repeatedly
to studes of the direct action of the hormones of the adeno-
hypophysis on the pancreatic 1slets. So far, however, no
definitive evidence of the existence of a pituitary pancreato-
tropic hormone has been presented {Best, Haist and Wrenshall,
1955).

In particular, there has been considerable diserepancy of
experimental data and of interpretations as to the existence
of a functional relationship between the pituitary and the
pancreatic a-cells. While some authors postulate an a-cyto-
tropic pituitary action based on direct or indirect expen-
mental evidence, other investigators have been unable to come
to sumilar conclusions (Volk, Lazarus and Goldner, 1954).
These contradictory observations may at least in part be due
to one or all of three factors: (1) species variation in response
to growth hormone; (2} differences m the activity of various
growth h and (8) technical difficul in the differ-
ential stains of the islet cells, The Gros-Schultze stain, for
nstance, which is widely used for the silver impregnation of
the a-cells, 1s known to produce different results in the hands
of various investigators. The capriciousness of this method
causes such variability of the demonstrable silver cells that
different counts may be obtained even in the same fissue
block, depending on minor changes in the timing of the silver
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of the animals were fixed in Bouin’s solution. Serial sections
cut at ¥ microns were stained alternately by Gomori’s chrome
alum haematoxylin and phloxin technique (Gomori, 1051)
and by a modification of Davenport’s silver impregnation.
This latter modification, developed 1n our laboratory, does not
depend on subjective factors as the Gros-Schultze technique
does and gives reproducible results. It permits the use of
Bouin-fixed material and thus the alternate staimng of serial
sections by this and by the Gomori technique. The procedure,
described m detail elsewhere {Volk, Goldner and Frank-
Crowley, 1955), 1s as follows:

1. Deparaflimze by runming sections through xylene (2 jars, each
15 minutes) followed by the alechols and by distilled water.

2, Refix in Boum's fluid for 18-24 hours.

. Wash under the tap for 1-5 hours.

4. Oxidize sections 1n the following mixture for one minute: potas-
sium Ke.rmnnganale 0 8 g, distilled water 100 ml,, sulphuric acid
03 ph.

5. Decolourize with 3% solution of sodwum bisulphate. Wash under
tap for 30 minutes.

6. Run section back to 959 aleohol and immerse m Davenport's
silver solution consisting of 10 g. of silver mtrate dissolved in
10 ml of distilled water, 90 ml. of 959, alcohol and O 5 ml. of
y-mmc acid, Tmmerse sections ab room temperature for 4048

10. Debydrate with absolute aleohol, and xylol and mount 1n balsam.
Results: silver cells appear black, B-cells—pale brown, the exocrine
portion—dark brown.

Results

Group 1. In the pancreatic islets of the normal rat stained
with the Gomon technique, the «-cells are located at the
periphery while the B-cells occupy the rest of the slet. In
corresponding sections stained with the Davenport modifica-
tion, the silver-impregnated cells have a penpheral distribu-
tion within the islets similar 1o the x-cells visualized by the

* The oxidation process s that used for Gomory’s chrome alum haematoxylin
and phlovn method
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impregnation (Creutzfeldt, 1958). The histological observa-
tions, therefore, cannot reliably be compared with the results
obtained by the use of other techniques for the demonstration
of the pancreatic islet cells.

Because of the discrepancies in morphological and physio-
logical findings, and because of the considerable importance
of the question of a possible functional relationship between
the anterior pituitary and the pancreatic a-cells, we undertook
to study the o : B-cell relationship in pancreatic islets of normal
and hypophysectomized rats and in a series of such animals
subjected to prolonged treatment with growth hormone.

Material and Methods

For this study adult white rats of either sex of the Sprague-
Dawley and Wistar strains were used, weighing 200-250 g
The animals were divided into three groups. Group 1 con-
sisted of 20 hypophysectomized rats which were allowed to
live for 4-5 months after operation. Ten normal animals
served as controls. Group 2 consisted of 4 normal and %
hypophysectomized rats which received daily subcutancous
injections of growth hormone for periods up to 8 weeks.
Group 8 consisted of 7 hypophysectomized and 2 normal rats
recerving growth hormone as Group 2 but being treated
daily for periods up to 6 and 10 weeks.

The growth hormone used was Somar Growth Hormone.®
The diabetogenic action of this preparation had been confirmed
in previous work on dogs by Volk, Lazarus and Co Tui
(1952). The daily dose was 1 mg./200 g. body weight. The
animals were weighed at regular mtervals and blood sugar
determinations were done at the same time. Individual
animals of the growth-hormone treated groups were sacrificed
at weekly intervals and the remaining animals at the end of
the 8-week or 10-week periods. Completeness of the hypophy-
sectomy was checked m each operated animal.

The pancreatie glands removed immediately after sacrifice

* Lot M-308, kindly supplied by Armour and Company through the courtesy
of Dr. Irby Bunding.
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of 26 per cent of all islet cells was identified as a-cells with a
range from 23-81 per cent. The overall average of the corre-
sponding silver-impregnated cells was only 7 per eent, with an
individual range fluctuating between 5 and 8 per cent (TableI).

It might be stated that the hypophysectomized animals
showed the same minor fluctuations in weight as the control
nmmuls nml that the blood sugar values were well within the

physiol 1 range t} hout the 4-5 th period.

Gruup 2. The islets of gmwth -hormone treated normal and
hypophyseetomized rats showed no changes from the controls
for the first two weeks. At the 8-week period, however, an
increased cellularity of the islets with a relative increase of
the a-cells could be observed in both types of animals, In
the hypophysectomized rats 86 per cent and 42 per cent
Tespectively of the pancreatic 1slet cells were a-cells, in the
normal animals 33 per cent and 84 per cent respectively.
These values are beyond the range found in the larger groups
of untreated normal and hypophysectomized rats, as shown
in Table II.

Fig. 2 shows the p 1¢ islets of a hypophy ized
rat treated with growth hormone for 3 weeks, and demon-
strates that the islets are not only larger than normal but
contain a relatively greater number of a-cells. The comparison
of serial sections stained by Gomon stain and by silver impreg-
nation also shows that not all «-cells visuahzed by the phloxin
stain can be impregnated with silver.

Group 8. With d daily administration of growth
hormone for 6 weeks and longer, neither the normal nor the
hypophysectomized ammals showed any sigmficant change in
weight or in blood sugar homeostasis, but new and significant
changes became noticeable in the islets. There developed a
marked deerease in the number of e-cells, both absolute and
relative. Consequently the o : f-cell ratio declined (Table
III). Although the B-cells did not appear to be decreased n
their number, they showed freq ly
lation of the cytoplasm. Degranulation could be ohserved also

in some of the remaming ¢-cells. This is demonstrated in
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Gomori stain, However, not all a-cells can be impregnated
with silver salts, This observation, which was made in all our
specimens, is true also for the Gros-Schultze technique and
raises the question whether the Gomori technique identifies
two different cell types of which only one type can be silver *
impregnated. From the serial slides 1t is evident that the cells

Table I
PERCENTAGE OF ALPHA CELLS IN PANCREATIC ISLETS
OF NORMAL AND HYPOPHYSECTOMIZED RATS, AS
VISUALIZED IN GOMORI~STAINED AND
SILVER IMPREGNATED SECTIONS.

NORMAL
STAIN
Noof rats |  Mean Range
Gomori Stan 10 26% j23%-3t%

Silver Impregnation 7% 5%-8%

HYPOPHYSECTOMIZED*
sTaN
Noofrats |  Mean Range
Gemori Stain 20 27% | 24%-3\%
Silver Impregnation l 7% 5%-8%

"Sacrificed 4% months affer hypophysectomy

identified by the modified D port technique belong to the
group of Gomori’s a-cells {Fig. 1a, ).

A comparison of the « : p-cell ratio of the pancreas of
hypophyscctomized rats surviving the operation for 4-5
months and of normal control animals did not show any
appreciable difference by either the Gomori or the modified
Davenport technique. In Gomori-stained sections an average
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‘Table 11

PERCENTAGE OF ALPHA CELLS IN PANCREATIC I(SLETS OF
NORMAL AND HYPOPHYSECTOMIZED RATS AFTER DAILY

ADMINISTRATION OF GH FOR VARIOUS PERIODS OF TIME.
AS VISUALIZED IN GOMORI -~ STAINED AND SIVER (MPREG-
NATED SECTIONS

NORMAL ,GH-TREATED

No.of
STAN e Socrificed ofter

Fwk, 2wks. 3wks
Gomorn Stan 4

28% 27% | 33%.34%
Silver Impregnation 7% 8% | g%

HYPOPHYSECTOMZED |
GH-TREATED

Noof
STAN ,gﬁ Sacrificed after
twk. Swks. Jwks.
Gomor Stan a 28% , 0% | 36%42%
Silver Impregnation 8% [ 8% jon.12%
-
Table 111

PERCENTAGE OF ALPHA CELLS IN PANCREATIC ISLETS OF NORMAL

AND HYPOPHYSECTOMIZED RATS AFI'E DALY ADMINISTRATION OF

GH FOR 6-10 WEERS. AS VISUALIZED IN GOMOR!- STAINED AND
SILVER IMPREGNATED SECTIONS

NORMALJ HYPOPHYSECTOMZED
STAIN Mo of Sacrificed ofter

6ws | 6w | 8wk [mm

9 | f1m20% ;’:g’g’; zox,zax’ 6%

2%,3%
Siver Impregnotion 9 jamsx| Ui

Gomar Stain

5%.6% [ 3%
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() modified Uave siver g there are but
few silver impreguable cclls present. X 210
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Fig. 3, which shows corresponding sections, stained with the
Gomori and the modified Davenport technique, of the pancreas
of a rat treated with growth hormone for G weeks. In the
Gomori stain there are hardly any «-cells noticeable, while
the Davenport modification d trates a few peripherally
located silver cells. The same can be scen on the Gomori
stained section in Fig. 4. Here the islets seem to consist of
B-cells only. Occasionally, the islets of this group of long-
term treatment with growth hormone showed extensive
necrosis in the presence of an intact exocrine portion. Both
- and B-cells in thesc islets have lost their staiming character-
istics, In view of this finding, 1t is noteworthy that none of
the animals became diabetic. The functional reserve of the

ining islets was apparently sufficient to maintain blood
sugar homeostasis.

Conclusions and comment

The observation that adult hypophysectomized rats remain
alive for long periods of time (4-5 months) without appreciable
changes in their blood sugar level and in the morphology of
the pancreatic islets, seems to indicate that in the rat the
pituitary is not essential for blood sugar homeostasis and for
the endocrine function of the pancreas, at least as far as
carbohydrate metabolism is concerned. We have not been
able to confirm the cellular changes in the pancreas of hypo-
physectomized rats as seen by other investigators. Thus,
Ferner and Tonutti (1958) observed a decrease in the number
of x-cells without any changes in the p-cells, and Kracht
(1953) found pyknosis of both cell types. Differences in
staining techmques or in the develop 1 stage of the rats
may be resp ble for these disp e find While young
rats after hypophysectomy show retarded general growth
and retarded growth of the pancreas (Bryans et al., 1952), the
adult animals in our sertes showed no differences in their body
weight. We did notcheck theweight of their pancreatic glands.

A word should be said here about the difference in the num-
ber of 1dentifiable «-cells depending on the staining technique




Fic 4 Pancreatic islet of a hypophysectomized rat, treated with
GH for 6 weeks There 1s marked degranulation and necrosts of the -
and -cells present Gomeon st x 120,
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mass as deseribed by Kinash and eo-workers (1953) may be
reflected in the increase in the individual islets during the
hyperplastic phase in our animals. These findings raise the
question of their physiological significance. Here four factors
must be taken into consideration and should make us cautious
in our interpretation: (1) The dosage of growth hormonc used
was unphysiologically large. (2) The same response was ob-
tained from normal and hypophysectomized rats. (3) The
response occun-ed only after rather prolonged treatment.
{4) The morphol 1 ges were not ) d by any

- iable functional ck ges as far as the carbohydrate
metabolism is concerned.

The large dosage of growth h may be r bl
for the similar reaction of the islet cels of the normal and the
hypophysectomized animals; that is to say, that whatever
physiological hormone action was present in the normal rats
was wiped out or overshadowed by the overwhelming dose
of exogenous hormone. This, then, may suggest at the same
time that a physiological dose of growth hormone would be
without any effect on the islet cells and would correlate our
findings in the untreated normal and hypophyscetomized
animals with those n the treated group,

The delayed morphological response of the islet cells to the
stimulation of growth hormone seems to indicate that this
response is not a primary but an indirect one and is mediated
by some metabolic changes which secondanly affect the islets.
For the absence of any disturbance of blood sugar homeostasis,
two alternative explanations can be offered. On the one hand,
the posmibility exists that the functional capacity of the
remaining non-affected 1slet cells was sufficient to maintain a
normat blood sugar level. The f-cells of the rat are well
known to have such a high functional rescrve. On the other
hand, consideration must be given to the possibility that the
late morphologncal changes 1 the islets are secondary to
metabolic effects of the growth hormone not related to
carbohydrate metabolism,

Several Investigators have been sble to demonstrate a
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employed. Our observation that only a small part of the
a-cells identified with Gomori’s technique can be impregnated
with silver holds true not only for the Davenport technique
and our modifieation. Even with the Gros-Schultze stain,
in spite of its unreliability, generally smaller -cell counts are
obtained than with the Gomori technique (Grobety, 1947).
Hultquist, Dahlen and Helander (1948) found with their silver
stain 7 per cent a-cells in the islets of the rat. From these
different staining characteristics it seems likely that we
describe as a-cells a group of different cells which may also
have different functions. This problem deserves further
investigation.

Our findings after growth hormone administration are not
easily reconciled with the observation on the untreated
hypophysectomized rats. Here indeed we saw a significant
éffect of the pituitary hormone on the pancreatic islets. The
effect was identical in the hypophysectomized and the normal
rat. In both groups there occurred a biphasic morphological
reaction, although no changes in the blood sugar were
observed. This morphological reaction is characterized by
(1) 1ts late onset, occurring only after 8 weeks of daily treat-
ment, and (2) a transitory phase of cellular hypertrophy in
which the a-cells participate more than the p-cells and
resulting in an increase in the islet size, and (3) after 6-10
weeks of daily treatment, a phase of cellular exhaustion with
marked hypoy” s Tt Tretien of ha
«-eells and to
in agreement
variance with others. Thiemer (1953), for instance, saw no
changes in the « : B-cell ratio after growth hormone admin-
istration to the hypophysectomized rat, while Kracht (1953)
saw a recovery of the «-cells with shrinkage of the nuclei of
the @-cells, and Cavallero and Mosca (1954), using the karyo-
clastic action of colchicine, observed a marked increase in
mitotic figures in the a-cells. All these latter findings are in
line with one or the other phase of the islet cell changes in
our series. Also the increase n total weight of the islet cell
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DISGUSSION

Ferner: We too found that silver in rats is not
for the indication of a-cells, but this 15 not so 1n man and in other animals.
‘We have also studied a-cclls after hypophysectomy. Three years ago
we found that in the rat, for the preater part, there are no changes, n
some of the rats we found atrophy and a numencal decrease of the
a~cells. This is quite different in guinea pigs. In guinea pigs the a-cells
have large oval nucles, the p-cells have small round nucler. In guinea
pigs we always found atrophy and a numencal decrease of the a-cells,

ginning 46 weeks after hypophysectomy (Ferner, H., and Tonutti, E.
(1933), Z. Zellforsch., 38, 267).

Best: In the older expeniments earmied out i rats by Dr. Haist and his

5

significant decrease in the insulin extractable from the pancreas of the
dog after hypophysectomy.

Young- In 1941 Mervyn Griffiths, who had been working with me,
published the statement (1941, J. Physiol., 100, 104) that the insulin
content of the pancreas of the 80-g. rat 15 sigmficantly increased by
hypophysectomy, but that the panereatic insultn content of older animals

* is duninished.

Best: Do you remember whether this increase in insuln content had
the same time relationships as the general growth of hypophysectomized
young rats?

Young: Yes, that is so With our rats hypophysectomized ammals
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hyperglycaemic factor appearing in the blood of the pancreatic
vein after growth hormone administration (Bornstein, Reid
and Young, 1951; Fod, Weinstein and Smith, 1949) and have
implied that this factor originates from the pancreatic a-cells.
Likewise, the x-cells have been implicated in the disappeat-
ance of hyperglycacmia after hypophysectomy in mice of the
hereditary hyperglycaemic and obese strain (Mayer, 1953).
These functional changes are said to occur almost immediately
after pituitary extirpation or growth hormone administration.
They have not as yet been observed in the rat. Merely
the lack of time relationship between them and the morpho-
logical alterations seen in our experiments would rule out any
possible causal connection. Moreover, these experiments, as
did our previous studies m which cobaltous chloride was used
to destroy the «-cells (Volk et al., 1954), fail to establish any
relationship between the pancreatic a-cells and the hyper-
glycaemic glycogenolytic factor of the pancreas, glucagon.
Further studies will have to elucidate the sigmificance of the
d trated morphol 1 changes 1n the pancreatic islets

of the rat induced by growth hormone.
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very confusing. For instance, the hypophysectomized guinea pig fails
to respond to growth hormone. Marks and I found many years ago
that although the guinea pig has 8-cells with large granules
which respond to changes in the blood sugar level, the amount of insulin
extractable and assayed by normal methods is very much smaller than
1t is in the rat or other laboratory animals (1940, Nature, Lond., 146, 31)
We have never been quute satisfied with the reason for that.

de Dute; 1 would hike to recall observations which have been made
onbirds. Atleast ten times as much glucagon can be extracted from the
gancr‘elus of birds as from the‘pan \ Best
et hmrrond om a1 - e

the physiological state but are abnormal. )

Desaulles- Do you think there could be antibody formation after such
a long time?

Goldner: I do not know.

Young: We now have a few minutes in which to consider further any

....... aa
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hypophysectomized unimals with growth hormone does not change
tha w s A aall emate O 4b- ae o2 D < Eaa R

e essw whpupnges, sna lue IOWUL hormone treatment does not

. . et g sar st £y pUp LAY
mized rats even after growth hormone mjectio?\, provided the food mntake
is always at the same level as it is m hypophysectomized untreated

controls.

Moreaver. the & furall ratin in narmnl mate falle ol 2T % ane oo
reache
tion. © .

Gold ™ : . i
diabetogenic action of growth hormone. We hoped thus to avoid

ndirect influences resulting from an effect of the growth hormone on the
B-cells and their msulin content. We were therefore so much more sur-
prised to find these late changes in a- and B-cells which could not be
related to changes in the blood sugar level.

Foa: It seems to me that if destruction of the a-cells were accompanied
by changes in blood sugar or glucose tolerance 1t would be very sigmfi-
cant, but the fact that they are not does not necessanly mean that we
are not dealing with ‘We tend to compare this sil tothat
which exists 1n respect to insulmn, forgetting that while there is only one
insulin, there are several blood-sugar raismg hormones In the absence
of glucagon, epinephrine or anterior pituitary may take over and there-
fore we may not see the deficiency of glueagon as readily as we see the
deficiency of insulm. .

Pt At - -

* Sutherland: Certainly it is as an intact ammal and T presume that the
liver slice is more sensitive too
-.' W

glucago'n 1n blood, we were using an assay system which could almost
measure glucagon in blood. Perhaps an imcreased sensitivity of tenfold
would allow measurement of glucagon in plasma.

ng: These species differences are interesting and no doubt they

Yo
will oy‘i‘el% something significant in the long run, but at present they are
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Eucixe FrODERICQ
Inshiute of Phynical Chemistry, University of Lidge

CRYSTALLINE samples of insulin now used in many labora-
tories possess a high biological activity and have been purified
in several ways. They can be considered as pure as most
other commonly known proteins, but this does not mean that
they satisfy all the eniteria of a pure chemical substance. In
the past few years it has been recognized that none of the best
samples gave a perfect purity test, if they were tested under
appropriate conditions. Most of the physicochemnical studies
were first carried out 1n acid media, where insulin has the
highest stability, and in such solutions the protein seems very
satisfactorily homogeneous, as shown by solubility, electro-
phoresis or ultracentrifugation experiments.

The beautiful study of Harferust and Craig (1952) using
countercurrent distribution showed that all samples are
composed of two main components in variable proportions
and a few ill defined “impunties”. On the contrary, Porter
(1953) did not find indications of heterogeneity by the
sensitive method of partition chromatography. Timasheff,
Brown and Kirkwood (1953) have found evidence that insulin
is electrophoretically heterogeneous, 1n particular at neutra-
lity and between pH 38 and 4. We reported preliminary
results of ultracentrifugation of insulin at pH 8 in chloride
solution: the patterns showed the presence of at least two
components in several cases (Fredericq, 1953b). The solubility
curves between pH 4 and 5 were characteristic of a pure
substance or of a quite heterogeneous one, according to the
buffer used or to the treatment of the erystals (Lens, 1948;
Fredericq and Neurath, 1950). Waugh and co-workers,
{1958) found that insuln samples from different lots show

8
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cobalt in alloxan dabetic animals and did not find a destruction of the
a-cells (Holt, C. v., and Holt, L. v. (1954), Naturf., 9b, 310). In our
experience the metabolic changes observed in rabbits after cobalt
chloride mjection amse as a result of an enzyme intovication in the
liver and an alteration of the adrenals. There is some evidence in the
literature that tha marnhalncieal chanmae fn $ho Slabe A T awea E

¢

; ' .
G., and de Duve, C. (1952), Arch. wnt. Physiol., 60, 128) can be explained
as signs of ext due to an i of glucagon
The hyperplasia of the same cell type in rabbits after repeated cobalt
chloride njecti could be t on this i As to
YPTD, Loubatiéres has shown that this drug ean only act in the presence
of the pancreas, and our own results (p. 14) point to the destruction
of the a-cells as a cause of the metabohe changes ansing after IPTD
mjection,

Young. So far we have had no indication of what could be seen with
the electron microscope 1n the pancreas of ammals which had received
these various treatments. I wonder whether something has been done
in this direction. At the moment there seems to be a gap Dbetween
visible microscopy, which we have been dealing with, and electron

. Tan movtTeros Tomnm Amcn bl & S o

...... i e

UL wsun

Mosca: In the field of normal morphology there are the experiments
of Hartroft (Hartroft, W. S. (1050), J. clin. Endocrin., 10/7, 828) on
anbunm v mmncdnne | Ha chowad o dffanansn fn tha chana and sira

bolic demand and hormonal function of the islets i these seasons
(Mosea, L. (1955), Monzt. zo0l. ital , 63/1, 1.)

von Holt: In connection with this, may I mention the work of Dr.
Maske on the zinc content of the granules of the f-cells (Maske, I,
(1058), Z. Natuzf., 8b, 96) He has some evidence that the granules of
the 8-cells are a depdt form of insulin attached to zine.
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variations in fibril formation, e1 ystallization and absorption
spectra.

In general it can be said that heterogeneity is most evident
from pH 4 to 8. In practice, between 4 and 6-5 the very low
solubility precludes a physicochemical examination,

Few attempts at purification have been reported. The most

ful was that of Harfenist and Craig (1952), who isolated
by a great number of transfers in countercurrent distribution
the so-called A and B components; they seem to differ by
only one amide group (Harfenist, 1958). However, Harfenist
and Craig (1952) have recognized the presence of at least a
third active component. Timasheff, Brown and Kirkwood
(1953), using electrophoresis convection of insulin and insulin-
protamine complexes, have obtained fractions richer in some
of the original components, but they were by no means pure.
We have very few details on the work of Ellenbogen (1958},
who announced the 1solation of five different fractions, in
liquid ammonia, with strikingly different molecular weights,
solubilities and biological activities.

In fact, one can say that it has so far been impossible to
prepare an insulin fraction behaving as a single component.
Moreover, it is generally recognized that when an optimal
point has been reached, repeated crystallizations of .the
samples increase the heterogeneity by some mysterious
deteriorating effect.

In this paper we describe some more experimental studies
on insulin heterogeneity and several attempts at fractionation
based on solubility properties.

The heterogeneity of insulin

Fig. 1 shows a few sedimentation patterns of various insulin
samples. They were photographed in a Spinco analytical
ultracentrifuge on 1 per cent protein solutions in 0-1 N-KCI
at pH 8, after about two hours of centrifugation at 60,000
r.pm. At that pH the protein is still stable and has a rela-
tively high molecular weight; dissociation occurs at a higher
-—r Tk mmnm mIT 10O (Tradoarina 1Q0294Y
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are not the same for all the particles present in the solution,
but that all of them nevertheless reach a complete dissociation
with molecular units of the same size, at least in alkaline
solutions,

Spectral modifications

Neutral or acid insulin solutions have an absorption spec-
trum with a maximum at 276 my and & minimum at 250 my
(Fig. 2). Data from the literature reveal marked discrepancies
for the molecular extinction near the minimum. We took as
charactenistic value the ratio of optical densities at 276 my
and 250 my, which we call B. In Table I are shown E values
measured on 0-1 per cent insulin solutions in dilute phosphoric
acid, after 30 minutes of centrifugation at 14,000 r.p.m.

Table 1
VaLue oF R For VARIOUS Sampres oF InsuLry
(R = matio of optical densities at 276 myx: 250 mp)

Sample r
Lilly T-2354 2 36
488008 225
535664 2-82
Boots 2 20
Nordisk 2 33
Novo 2-25

Dilution of these samples 15 always accompanied by a
decrease 1n the value of B. No reversibility is observed when
reprecipitating or [yophilizing the samples. In Table II are
reported the B values for several concentrations of the
Nordisk sample.

The value observed in the more concentrated solution corre-
sponds to the molecul inction that can be calculated from
the amino acid content: the mixture of 6 moles of cystine, 8 of
tyrosine and 6 of phenylalanine gives a value of R equal to
2-50 (caleulated from the data of Beaven and Holiday, 1952).
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The Lilly* samples show the presence of a minor heavier
component with a sedimentation constant of about 5 Sved.
bergs, in proportions varying between 5 and 20 per eent,
After two recrystallizations of lot 200-1B-15 the heavier
eomponent disappears but a spreading tendency on the left
of the peak still shows some heterogeneity (Fig. 1 4, ¢, d).

In the Boots}, Novof, and Nordisk§ samples there is no
appearance of a second peak; but in all of them there
is a marked spreading tendency or a tail of the boundary
(Fig. 1 ¢, f).

This heterogeneity can be semiquantitatively compared by
determining an apparent diffusion constant of the protein,
Dyyps using the variation of the maximum height of the
sedimentation boundaries with time. In the case of a mono-
disperse solute this apparent constant should coincide with
the true diffusion constant under the same conditions of
temperature and solvent. We found for Nordisk, Dy ==
16-2 X 10-7; for Boots, 15-1 X 10-7; and for Lilly recry-
stallized, 11-6 X 10-7. The true diffusion constant deter-
mined by Creeth (1953) on a Boots sample under similar
conditions is D = §-8 X 10-7. Even the most heterogeneous
sample (Lilly-T-2344), when examined under conditions of
strong dissociation, i.e, at pH 2-7 or at pH 10, gives patterns
characteristic of a single component. For a 0-25 per cent
solution at pH 10, values of D and D,,, were respectively
15 and 15-8 X 10-7

Moreover, at pH 8 the shape of the boundary depends upon
the salt medium: it looks more symmetrical in phosphate than
in chloride (Fig. 1 4, 3). Since in insulin solutions there could
he molecules with different degrees of association, it is perhaps
not surprising that at pH 8 polydispersity occurs. However,
it is quite abnormal that this dispersity varies with the sample.
It must be luded that the dissociation constants at pH 8

- < ommnn - -t 2rel A T Doheapg,
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marked at higher pII. It has already heen shown tlu\l the
oxidation of tyrosine by per te or by ty has
similar spectral effects (Haas, Sizer and Loofbourow, 1951).
However, tyrosinase has very little action on insulin itself,

1t is very likely that the decrease in the value of R is due to
some oxidation of the tyrosyl residues by dissolved oxygen.
The stirring of insulin solutions in the presence of air, parti-
cularly at pH 7, produces a strong decrease; R falls to 187
after one day and 1-4 after two days.

Inthep of ant d like diphenols in very small
quantities, the decrease in the value of R is strongly inhibited
(Table II1).

Table III

VALUC oF R FOR AN 0-02 TEr CENT B0OTS SAMPLE, IN THL
TRESENCE OF Drenenots

(R = ratio of optical densities at 276 my :250 mu}

Diphenat B (1 acrd) I (at pH T)
None 19 1-75
© 0002 per cent Hydroqumone 225

0-0002 per cent Pyrocatechol
0 0002 per cent Resoremol

0
@i

One part by weight of diphenol per 100 parts of insulin was
necessary. Similarly, in 20 per cent dioxan solutions there
was no decrease in the value of R.

Solubility

In acetate solutions at pH 5, Lens (1948) obtained solubility
curves typical of several components. This author thought
that dilute acetic acid produces a slight decomposition of
insulin. A purified batch gave a horizontal curve when the
crystals were directly suspended in the acetate solution.
Frederieq and Neurath (1950), using sodium chloride, also
obtained horizontal solubility curves with a Lilly sample,
lot T-2344.



94 EvcENE FREDERICQ

The passage from acid solution to neutrality produces also
a marked and irreversible decrease in the value of R. This

Table IT
VALUE oF R ror NoRrpisk SAMPLE AT VARious CONCENTRATIONS
(B = ratio of optical densities at 276 my 1250 my)

{ Percentage r
concentration
0z 2.48
01 2-38
6-05 2-25
0-01 19

decrease is stronger in dilute solution (Fig. 2, curve 1), Ina
0-05 per cent solution, B changes from 2-25 (at pH 8+5) to

o
o

Optical Density

L
220 250 300  mp R
Fic 2 Absorption spectra of insulin solutions.

2.10 (at pH 6-7); after 24 hours standing at that pH it fell
to 2+0. The decrease is greater at pH?7 and becomes less
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all-glass tubes for 6 hours. A small amount of pyrocatechol
(00002 per cent) was added to the buffer. After 30 minutes
of centrifugation at 14,000 r.p.m., the concentrations of the
supernatants were estimated from the optical densities at
276 mp. The curves obtained with Boots, Lilly and Nordisk
samples are shown in Fig. 8. Al are typical of several com-
ponents with miscibility in the solid phase. No plateau could
be reached in the range investigated. The Nordisk sample
was markedly more soluble.

For a given sample the solubility depends very much upon
the nature of the salt medium. In Table IV are shown the
solubilities of a Lilly sample at pH7-5, the total insulin
content being 2 g. per litre, and the salt 0-1 x.

Table IV
SovvBmrTy oF LiLLy Sawrie ar pH 7-5

Salt medium Solubility
Sodwm phosphate soluble
Sodium thigcyanate soluble
© 08 N-potasstum chlonde and

0 02 N-phosphates 0-15 per cent
Ammonium sulphate 0 12 per cent
Ammonuum acetate ©0 08 per cent
Sodium pyroborate 0 02 per cent

These results indicate specific interactions of insulin with
anions, which are unexpected at this pH.

Fractionation of insulin

We think that a fractionation based on solubility should
take into account the following rules:

1. Since the components are certainly very similar and
capable of mutual interactions, it should be ecarried out
at low protem concentration. Extraction procedures
will be better than precipitation because in the former
the most soluble molecules are first eliminated from the
system.

rax 5
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According 1o our present data, acid media nre not the most
suitable for differentiating closely refated components m
insulin; it scems that solubilities are more spread on the
alkaline side of the jsoclectric point. On the other hand, the
erystalline state of the solid phase is of paramount importanee,
For instance, msulin crystals are practically insoluble at pH
73 even at pH 8 a considerable t is insoluble, and
remains so when again equilibrated with new amounts of

25
grsit
g
3
2
Nf [
3
3
3
w
M

t 2 3 4
Totol Insutia

Fio. 8. Sotubflsties of insulin samples as a function of the total msulin,

@ Lally 535864 pH 6 7

O Lally 533664 pIE7-1

A Batts PHT-1

¥ Nordwk  pH7 1

solvent. A fractionation based on that property has been
deseribed previously (Frederieg, 1054}, f the msulin erystals
have first been dissolved in acid and reprecipitated, they will
dissolve easily when brought to a pH greater than 6. In .ull
solubility studies it is very important to cheek the ery’stallmc
nature of the solid phase under the microscope, partxculfirly
in samples that have first been completely dissolved. Since
crystals are more readily obtained between pH 5+5 and 7.-5.
this range is the most suitable for the setting of solubility
Dufferent amounts of insulin erystals were suspended

res. e
i phate buffers and rocked in o thermostat at 25° in

in phos
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The following is a typical fractionation process: 100 mg.
of insulin erystals are suspended in 25 ml. of buffer at pH 7-1,
at 25°. The suspension is rocked in a glass tube for two hours.
It is centrifuged for thirty minutes at 14,000 r.p.m. The
precipitate is suspended in fresh buffer; the supernatant 1s
adjusted to pH 5-5 and dialysed without stirring against
distilled water. After two days the dioxan is totally elimi-

nated and insulin is precipitated for the most part. It is
cenmfuged and dissolved in dilute acetic acid; a small
luble residue is di Finally, it is recrystallized by
the method of Romans, Scott and Fisher {1940). In some
instances it was necessary to add some zine in order to get
crystallization.

This procedure gives very low yields due to the dilution of
the insulm solutions snd to the residual solubility of the
protein at the pH of precipitation. It must be
more for its theoretlcal results than for its possibilities of
practical application.

We distinguish three main fractions: (I) extracted at pH
7-1, (1) extracted at pH 7-4-7-6, and (III) the residue. All
of them are identical with the original sample with respect to
the erystalline shape.

The solubilities in 0+1 N-phosphate buffers at pH 6-8 were
determined on fractions isolated from two different samples,

Table V
SoLurrLrTy OF LILLY AND BoOTS SasLES AT *H 6 8
Solubility 1n g. per Ltre

l ‘ Lelty Boots
Crude sample 0-06 015
Fraction 1 0-4 0 35

0-2 024
1t 0 06 015

Lally and Boots, and are given in Table V, 1n g. per litre; the
total protein content was 0-4 g. per htre.
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2. The most favourable pH range will be on the alkaline
side of the isoelectric point b solubility li
are more marked there. Practically, this will restrict
working between pH 6 and 8 because of the risk of
degradation at higher pH.

8. Care should be taken to avoid inducing in insulin the
spectral modifications described above, since we do not
know to what extent they change the protein molecules.

Since the last condition is best fulfilled in acid media, we
tried an extraction in acetate buffers starting from pH 4-7
to pH 4-2. We did not get fractions with significantly
different solubilities and we decided to work in the neutral
range in conformity with the second rule.

Several extractions of insulin crystals in 0-02 N- and 0-1
~-phosphate buffers were undertaken, Unfortunately this
procedure, in which insulin is stirred for a long time at
neutral pH, produces a strong decrease in the absorption ratio
R, even when working in a cold room. We could, however,
obtain by this procedure fractions with different solubilities.
In some instances one of them had a lower sedimentation
constant in acid phosphate than the ongimal sample. But the
reproducibility was not good and we abandoned this pro-
cedure in view of the risk of degradation and oxidatjon. An
interesting feature of this fractionation 1s that from a Lilly
sample we obtained after ten suceessive extractions a residual
fraction which retained the crystalline form of msulin but
had a completely different spectrum, as is shown in Fig. 2,
curve 3. The yield was too low for the charactenzation of this
fraction in other respects,

Finally, we adopted a 20 per cent dioxan solution, 0-05
n-phosphate, as a solvent for extraction. In this medium the
spectral transformation is almost completely inhibited. On
the other hand, it was hoped to take advantage of the lowering
of the dielectric constant for the separations. We have already
shown (Fredericq, 1953a) that dioxan promotes the rever-
sible dissociation of insulin. The protein is quite stable in
those solutions and can easily be recrystallized from them.
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pH 2-7. This corresponds to a molecular weight approaching
6,000. Since that time all samples investigated under those
conditions gave higher values of Sy, generally around 1-6.
Our Boots sample has Sy = 1-65; for Fraction I, S0 =14,
whereas for IT and III it is 1-6. With the Lilly sample
there is no lowering of &, in any fraction, but the value for
the crude sample is already low (1-45). These findings prove
that part of the insulin molecules can undergo a dissociation
1nto sub-units of molecular weight 6,000 1n acid solution but
that the dissociation constants vary according to the nature of
the sample, the way in which 1t has been treated, ete.

Conclusions

Insulin presents a typical case of what has been named
microheterogeneity (Synge, 1948; Colvin, Smith and Cook,
1954). There is no doubt that the particles of our insulin
solutions are not 1dentical chemical individuals. It is well
established that they differ in size, 1n consequence of the
reversible equilibrium of dissociation. But it appears also that
the equilibrium constants are not the same for all the particles,
and, therefore, that the elementary sub-units are different.

It is clear from Sanger’s work (Sanger, 1952) that the
differences do not concern the nature of the amino acids or
their sequence in the polypeptide chains. They could arise
from ( 1) slxghtly different physlcal configurations of the chains;
2)d in the ch i or {3) strongly bound
impurities. An answer to the first hypothesis will be glven
by the study of the molecular models of insulin which is now in
progress in several laboratories and about which we shall hear
more at this Colloquium. The existence of heterogeneity due
to the second hypothesis has been proved by the work of
Harfenist and Craig (1952). Finally we must consider the
interactions of msulin with ions in solution, with particular
reference to the réle played by zine.

The ease with which changes are induced in the physical
propertes of insulin during mild purification processes shows
that only very superficial modifications are involved. e
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I.n view of the marked differences in solubility, rough
estimations of the zinc content were made by dithizone, It
was found that Fraction T had a very low zine content {about
0-1 per cent), IT a slightly higher one, and I1I had practically
the same zine content as the original sample (043 to 06 per
cent), Cohn and co-workers (1941) have shown that, below
pH 6, insulin crystals have a zine content which is quite
constant and independent of the amount of zinc in solution;
above pH 6, the zine content increases only slightly, On the
contrary, Hallas-Meller, Petersen and Schlichtkrull (1952)
claim to have isolated erystals with widely differing zinc
content between pH 5 and 7, depending on the total zine in
solution. We confirm here the finding of the latter authors
that higher zinc percentages are associated with lower solubi-
lities; but contrary to them, all our fractions were erystallized
at the same pH, i.e. between 5-8 and 6. Craig (1953) found
no difference in the zine content of the A and B components.
The possibility of an uneven distribution of zinc in insulin
molecules certainly deserves further investigation.

The sedimentation patterns of Fractions IT and III of the
Boots sample are shown in Fig, 1 g, k. Fraction IT is essentially
depleted of the heavy component but still has a considerable
spreading tendency; IIT is much more heterogeneous and
enriched in heavy component; I is similar to I, although
a little more heterogeneous. Other results from the Lilly
sample confirm the finding that IT has the most symmetrical
boundary. It seems relatively easy to get rid of the heavy
components by recrystallization or fractionation. But these
procedures increase the proportions of light components. The
sedimentation constant at pH 8 is 3-1 for the two original
samples. It rises to 335 for II, and to 3-5 for I. Values of
8,0 ranging from 8-1 to 8-5 have actually been reported in the
literature (see Creeth, 1953).

Marked discrepancies exist in the values of the molecular
weight of insulin in acid solution (reviewed by Li, 1054).
Using a Lilly sample, we found a few years ago a value of Sy

— 1-3 for 0-25 per cent insulin in 0-1 N-phosphate buffer at
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DISCUSSION

Sanger: X wonder if these differences could be due to the differences in
aggrepation of the molecule, and whether the dimer and the monomer
conld separate from one another ‘That mght happen if there is a rather
slow equlibrium

Fredericq: It 15 true that the existence ot particles at d:frerent states of

will produce an
tion patterns But if the samples were. pure, the pattems should be
identical in all cases investigated. On the other hand, they should not
vary from one fraction to another.

It seems that for at least part of “the msulin molecules, the equilibrrum
is rapid, since in some samples there is only one sedimentation peak.
In other cases two peaks are observed; so we may have two kinds of
particles, one with a rapid ethbnum and one with a slow one. As
regards the supposed oxidation of tyrosine, we never got a reversibility
of the spectral modifications, nerther in the dilution effects nor in the
PH changes,
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favour the view that the heterogeneity is due to differences
in the nature of a few chemical groupings (for instance, in
amide groups, as found by Harfenist, or in tyrosyl residues
as evidenced by spectra). Such differences will bring about
variations in the charge and in the bonds between protein mole-
cules and small ions. It isimpossible to say now whether these
variations occur during the preparation process or whether
they pre-exist in the cells, in conformity with the general
conclusion that Colvin, Smith and Cook (1954) drew from
their critical study of the microheterogeneity of proteins.

As regards the prospects for fractionation, we think that
there is only a slight possibility that great improvements could
be made in the activity of insulin samples. We have not yet
assayed our fractions, but from all the data which we have at
present it seems that the high value now reached of 27 units
per mg. will hardly be increased by further purification, From
the physical chemist’s point of view, it is nevertheless very
important to pursue the study of insulin purification, From
the experiments described in this work, we must conclude
that the ordinary methods of fractionation based on precipi-
tation or extraction are insufficient and that new and refined
methods will be needed, together with a thorough knowledge
of the stability conditions.
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710 transfers. Obviously the further the distnbution proceeded the
more nearly a homogenous band of the main component was approached.
Material from the mam band was called the A component, that from the
next most abundant band was called the B component.

A fair number of insulin preparations from other sources have been
simlarly studied. Allshowed the main component and varying amounts
of the B component. In addition there were ather components present
m smaller proportions. We do not know the nature of these fractions
but some of them had ical activity. P hey
other insulins or insulin transformation products present in small
proportions The A and B components crystallized readily and showed
similar biological activity.

VWhen Dr Harfenist (Harfensst, E. J. (1953), J. Awmer. chem. Soc., 75,
5528) made complete amino acid analyses on the purified fractions she
found them to differ only as regards the amide groups. The A component
showed six amide groups per molecular weight of 6000, while the B
component showed five. Moreover, these analytical results were entirely
consistent for the first time with a molecular weight as low as 6000.
The previous analytical work from various laboratories had not been
consistent for every amino acid residue with this molecular weight,

Insulms from swine and sheep gave similar distnbution patterns and
both were found to contain A and B components. Amino acid analyses
showed distinet specxes differences but the same relationship of the A

and B Again whole Tatios consistent with the
smaller molecular weight were found.

1t is well recognized that punty studies are of fundamental signific-
ance and essential for any reliable structural study. Degradation studies
do have a bearing on the final concept of pusity, but they are at best

anle o POty

p wesght of 6000 atatime when there
was geneml ngreement trom other sources that the molecular weight
was 12,000.

[ LA D R I
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the other? This would help to answer the question as to whether a
configurational change might hamper part of the reaction. There 1s a
possibility that one would have molecules which were relatively stable,
say at pH 7, but if one were to take these and put them through an

d-aleohiol or 2n acidic , one would change the structural
distribution. On going back again to pEH 7 there would emerge two
different kinds of molecules which srould differ in their three-dimensional
structure.

Craig* I would like to discuss briefly some purity studies of ours made
during the past few years by countercurrent distnibution. These studies
show 2 number of impurities in every sample of msulin studied. From
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main right-hand band, the solute crystallized directly. There has not
been time to finish this work, but the crystals amounted to at least
25 per cent of the band.
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respectively are shown. The starting mixture was made from 150 mg.
each of swine and beef insulins. The purity of each starting sample was
in the range of 90-95 per cent and it was not expected that only two
completely pure bands would be obtained. The divergence from the

is about that expected. Ir ive of this it 1s obvious that
the two insulins are separable by countercurrent distribution.
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constant or whether there is a specific union with the dioxan in the
solution or any other component of the solution.

Fredericq: We do not know, but we can expect that only by the lower-
ing of the diclectric constant will there be an increase m dissociation,
since we suppose the dissociation to be due to electric repulsion between
patticles, and the coulomb forces are stronger when the dielectric con-
stant is decreased.

Crarg: My point is that this effect could be due to the fact that insulin
prefers to form a complex, msulin-dioxan, rather than an insulin-
sulin complex.

Waugh: 1 one were to mix beef and pork insulin, and hold the mixture
at a pH of 15, where the equilibria are rather rapid, then one should
get about one-quarter of the dimers—this is the 12,000 umts—as pork
dimers, a quarter as beef dimers, and 8 half as a mixture of the two.
I‘f now, going bac!( to pH7 ﬁ)‘ced the s%ructu_re of }:? system, then on

Waugh* That1s quite true, The physical studies under these conditions
have not been catned out, this is part of the problem
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Hodghin: 1 am particularly mterested in the fuct that the B chain
s\\Puld crystallize in this way. Concerning the curves shown for the
mlthre ?f pork and beef insulin, perhaps under these conditrons you

conversion of a monomer to a dimer to a trimer may be a function of the

system, and n fact such could be an explanation of some of the hetero-

geneity that Dr. Fredericq had observed. I do not think there is any
S A O P N it T - EPRR

aLh

the dissociation.

Young- I was wondering about Dr. Craig’s pomnt as to whether you
would expect equilibrium to be quickly established under conditions of
dimenization or polymenization of the 6000 unit?

Craig. T would expect it to be very quickly established, because
reasoning fram the rale of establishment of an equilibrium from the
sma]ler‘ peptide molecule there is no indication mn all the wodg we'h_a\.e

established very quicKly.
T

solutions. We found a complete dissociation into G000 units near
pH4, under sinular a; in water insulin is dl.

ted. )
ﬂgg‘::ﬁ;: Of course, one does not know whether it is due to the dielectric -
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from enzymic hydrolysates in which these groups remained
intact (Sanger, Thompson and Kitai, 1955). Their position is
also shown in Table I by the symbols I\IIH,.

The Disulphide Bonds

The were determined on the ser d poly-
peptide chains after breaking the disulphide bridges by oxida-
tion, the cystine residues being converted to cysteic acid
residues. The remaining problem was then to determine the
distribution of the disulphide bridges in the onginal insulin.
To do this 1t was necessary to subject intact insulin to partial
hydrolysis and to isolate cystine-contaiming peptides, in which
another amino acid was linked to each half-cystine residue.
Such peptides could then be converted to two cysteic acid
peptides by oxidation:

A.Cy
4 A.CySO,H
H.COOOH
| R +
? B.CySO.H
B.Cy

The cysteic acid peptides had already been encountered
in the work with partial hydrolysates of the oxidized fractions,
and their positions of origin in the polypeptide chains were
known. It was thus possible to determine which half-cystine
residues were joined together.

Imtially the insulin was hydrolysed with concentrated
hydrochloric acid, the standard reagent for partial hydrolysis
and after rather extensive fractlonahon several cystine-
containing peptides were ol d. Th ically it was only
necessary to identify two switable peptides to determine the
distribution of the three disulphide bridges, and from the first
two peptides detected a structure could be deduced. How-
ever, when further results were obtained they did not fit in
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Prrvious work (Sanger, 1945, 1919a) has shown that cattle
insulin (molecular weight 5784) is composed of two poly-
peptide chains joined together by the disulphide bonds of three
cystine residues, The amino acid sequences in these two chains
were determined by end-group studies and by partial hydro-
lysis methods (Sanger 1949h; Sanger and Tuppy, 1951;
Sanger and Thompson, 1953) and are shown in Table I. The

Table I
Ton STRUCTURE OF FRACTIONS A AVD B o Oxiprzep INSULIN
NH,
Glyeyl chain or CGly Tleu Val.Glu.Glu.CySOH.CySOH.-
Fraction A I 2 38 4 5 6 7
{Sanger and Thompson, Ala Ser.Val.CySO,H.Ser.Leu.Tyr.-
1033} 8 9 10 11 12 13 13
NI, NH, NH,

aJ;lu.Leu.Glu. sp.Tyr CySO,H.Asp
15 16 17 18 19 20 21

NH, NH,

Phenylalanyl cham or  Phe, Val sp.J}lu.llxa Leu CySO,H.Gly -
Fraction 1 2 3 4 5 6 7 8
(Sanger and Tuppy, Ser His Leu.Val.Glu.Ala Leu.Tyr.-
1951) 9 10 11 Iz 13 14 15 i6
Leu.Val.CySO,H.Gly.Glu.Arg.Gly.-
17 18 19 20 =1 22 23

Phe.Phe Tyr.Thr.Pro.Lys.Ala
2. 25 26 27 28 29 30

distribution of the six amide groups on the glutamic and
aspartic acid residues was determined by studying the
jonophoretic mobility and amide content of peptides obtained
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glycyl chain (positions A6, 7). It was therefore necessary to
reinvestigate the possibility of carrying out hydrolysis in acid
without disulphide interchange occurring, and it was even-
tually found that the reaction in acid solution could be inhi-
bited by —SH compounds in marked contrast to the neutral
reaction which was catalysed by —SH compounds. Thus
under special conditions it was possible to obtain an acid
hydrolysate of insulin containing cystine peptides which were
in fact unaltered fragments of the original molecule. Although
there were relatively few cysteic acid peptides obtained from
the isolated chains, there were considerably more cystine
peptides, especially of the type containing the CyS.CyS

since such peptides contained fi of three
sequences, each of which could vary. It was thus necessary
to carry out rather extensive fractionations, mostly by paper

horesis, before sufficient peptides of the “right type”

could be obtamed. Only a limited number of the peptides
were in fact of the right type, for neither those containing the
CyS.CyS sequence nor those giving a free cysteic acid residue
on oxidation gave the required information about the distri-
bution of —S—S— bonds. The only useful ones were those
that gave two cysteic acid peptides on oxidation. In Table IT

Table 11
CysTINE PePTIDES IpENTIFIED IN PARTIAL AClD Hynzovvaate
oF InsULIN
Tyr €y val Gy Ser.Val Cy Cy Gly
s s s sT
E] s s 5
Leu.Val.Cy Glu.Cy Glu Cy Cy.Ala
Leu.Cy Leu Cy.Gl His Leu.Cy.Gl
¢ Cy-Gly .6ty
s 5 5
Cy Ala Cy.Ala Cy.Ala

are histed some of the cystine peptides obtained in this way.
From their structure it can be seen that a disulphide bond
joins the two chains together by the half-cystine residues in
posttions A7 and B7 and that there is an internal disulphide-
contammng ring in the glycyl chan hetween positions A6 and
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with this structure, and in fact it seemed that every half-
cystine residue was joined to every other half-cystine residue.
This effect was shown to be due to a reaction causing = re-
arrang of the —S—S— bridges which may be formu-

lated as follows:
RISSR! + R2SSR? == 2RISSR?

Considerable difficulty was encountered in finding condi-
tions for hydrolysis of insulin and fractionation of the resulting
peptides under which this reaction did not take place, since it
occurred both in acid and neutral solution (Ryle and Sanger,
1955).

The neutral reaction proved to be an —SH catalysed re-
action and could be prevented by the addition of —SH
inhibitors. It was thus possible to carry out hydrolyses with
enzymes under conditions where the —S—S— bonds remained
intact. Separation of the peptides was carried out by high-
voltage ionophoresis on paper (Michl, 1951), which was found
to be a very effective and mild method for fractionation of the
relatively large peptides produced.

In this way a peptide was obtained from & chymotryptic
hydrolysate of insulin which after oxidation gave rise to two
cysterc acid peptides. These could be identifted from their
composition since they had been encountered in the chymo-
tryptic hydrolysate of the separated chains. They were
CySO;H.AspNH, and Leu. Val.CySO,H.Gly.Glu. Arg.Gly.-
~Phe.Phe. The former is the C-terminal dipeptide of the glyeyl
or A chain and contains the cysteic acid residues from position
A20 and the latter contains the cysteic acid residue from
position B19 of the phenylalanyl or B cham. Thus 1t was_
shown that a disulphide bond connects these two positions and
holds the two chains together. Further evidence for this bond
was obtained from several other peptides from both enzymic
and acid hydrolysates. However, it was not possible to locate
the remaining two —S—S— bonds using enzymic hydro-
lysates since no enzyme could be found that would split the
hond between the two adjacent cysteic acid residues in the
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found will be in parts of the molecule that are not concerned
with the activity.

All the above work was carried out on cattle insulin. When
insulin from pig or sheep was oxidized the products could
be separated into a phenylalanyl and a glyeyl chain with
similar properties to those obtained from the cattle material,
indicating a similar overall general structure for the three
insulins. However, there were certain qualitative differences
in the amino acid composition of the glyeyl chains. The most
obvious of these was the presence of threonine in the pig
material compared with its absence in cattle and sheep glyeyl
chains {Sanger, 1949d). Harfenist and Craig {1952) carried out
complete amino acid analyses of the three insulins and showed
differences in their contents of serme, threonine, glycine,
alanine, valime and isoleucine, which are 1zed in Table
III. The values for the other amino acids were identical.

Table IIX
Amino ACTD CosrosiTioN oF DirrERENT INsuring
(Harfenist and Craig, 1952)

Results are given to the nearest whole number as ammo acid residues per
molecule of insulin

dmno gard Cattle snsulin Pig insubin Sheep tnsulin
Senne 3 3 2
"Threomne 1 2 1
Glycine 4 4 5
Alanme 3 2 3
Valne 5 4 5
Tsoleucine 1 2 1

In order to determimne in which positions in the polypeptide
chains these differences occurred the oxidized fractions from
the two insulins were subjected to partial hydrolysis and the
peptides produced compared with those obtained from cattle
matenal (Brown, Sanger and Kitai, 1955). In this work it
was not considered necessary to determine the whole of the
sequences unequivoeally, but rather to 1dentify characteristic
small peptides representing each position in the protein chains,
‘Where these were the same as those from cattle insulin 1t could
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All'. This structure is summarized in Fig. 1 (Ryle, Sanger,
Smith and Kitai, 1955). The disulphide ring is of particular

§—-§-
Gly- Cy.Cy AI:.Ser.Val.ly—Tyr,Cy.AxpNH,
|
4 4
Ph 'eu.(l:y‘C', V: I.Cly-r', Al

Fic. 1. The distribution of the disulphide brdges in insuln.

interest since it is of the same size as that found in the posterior
pituitary hormones oxytocin and vasopressin.

Species Differences

The most interesting and important feature of insulin and,
in fact, of most proteins is their unique physiological activity,
and it must be assumed that this activity is dependent on
their chemical structure. Studies on the effects of various
chermical reagents on insulin (see Sanger, 1949¢) have indi-
cated that methods which bring about a definite disruption
of the molecule, such as hydrolysis or reduction, lead to loss
of biological activity, whereas certain other reagents which
cause substitution or blocking of particular groupings such as
amino groups frequently do not affect the activity., It would
thus seem probable that insulin activity is determined by the
specific arrangement of some amino acid side chains on the
molecule to form an *““active centre ”, that the intact structure
of polypeptide chains and disulphide bonds is y to
hold these groupings in their specific configuration, but that
many of the side chains are not in fact involved in determining
the activity.

One approach to the problem of the relationship between
structure and activity is to investigate the insuli btained
from different animal species. These show the same biological
activity (Scott and Fisher, 1940), so that any differences
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and the amino acids present identified by paper chromato-
graphy. Agsin the results werc the same for the pig and
sheep as for the cattle material. Peptide 18, for instance,
contains the amino acids [Thr,Ala, Tyr,Pro,Lys], and clearly
corresponds to the peptide Tyr.Thr.Pro.Lys. Ala (positions
B26-80) found in cattle material, since three of the amino
acids, threonine, proline and lysine, occur only once in the
molecule. This is a charactenstic small peptide contaming
one residue of each of five amino acids, so 1t could be concluded
that the five positions B26-30 are occupied by the same
residues in cattle, pig and sheep msulin. Peptide 7 from the
peptie hydrolysate (Fig 2) also contamned the same amino
acids as the corresponding peptide Tyr.Leu.Val.CySO,H.-
-Gly.Glu.Arg.Gly.Phe from cattle insulin, but since it was
relatively large it was considered necessary to subject it to
partial acid hydrolysis and to 1dentify small peptides in order
to show that it also had the above structure. The peptides
identified 1n this way are hsted in Table IV. All of them fit

Table IV
Saarn PEpTIDES OBTAINED FRow PARTIAL Acip
IyDROLYSATE OF Peprior 7 (Fig. 2)

Structure of peptide ¥ from  Tyr.Leu.Val.CySO,H.Gly.Glu Arg Gly Phe
cattle msulin

. Val CySO,JI  Glu Arg
Peplides abtained from CySO,H.Gly  Arg Gly
partial acid hydrolysate of Gly Glu Gly FPhe
peptide 7 from pig and sheep Leu.Val CySO,1

insuling Val CySOH Gly

1
Tyr.Len, Val.CySO,H

into this structure, and since each position 1s represented by
a small peptide 1t could be concluded that the sequence 1s
present in all three insulins, From the study of further
peptides from the peptic and from a tryptic hydrolysate m
this way 1t was shown that in fact the complete sequence of
the phenylalanyl chains is the same in cattle, pig and sheep
wsulin,

‘When the oxidized glyeyl chain is hydrolysed with pepsin,
splitting occurs at the Leu.Tyr bond (position A15, 16). All
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be conchided that the position concerned was occupied by the )
same residue. Similarly, differences in the peptides indicated
differences in the sequences which could be studied further.

Structure of corresponding peptide
from cattle insulin.

Val Glu
Val Glu Ala

Val Glu Ala teu.

Leu Val CySOK.Gly. Glu. Arg.Gly. Phe
o Lo G S B At B e

Puo

?  Mixture

10 His Lew. CySOH.Cly Sex His. Leu.
VI 11 PheNal Asp Glu His Leu CySO.Gly Sechis.Lew

Bistance (em) from origin,

13 TyrThe Pro.lys Ala.

6.2 of peptic N drolysate of

Prantion T aary O g

In the ease of the phenylalanyl chain, the oxidized fraction
B was first subjected to hydrolysis with pepsin and ?he
peptides separated by paper jonophoresis. The resulting
distribution of peptides (Fig. 2) was the same for all three
species, suggesting that these chamns were at least very
s?milar if not identical. Each of the peptides was hydrolysed
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DISCUSSION

y
gI“‘r“zimcq Is there not a posslblllty of an equilibrium between 6000
and 12,000 o the folk scheme?
S-S S-S S-S S-S
S S S-S
1+ 1 =
S s S-S
S-S S-S $-$ 5-5

‘This would be an interchange reaction of disulphide groups sumlar to

what you describe 1n your hydrolysis experiments, We would have to

assume that according to the nature of the solution, the equlibrium could

be shl!!cd m elther way-
@
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peptides derived from the C-terminal side of this bond
(positions 16-21) were the same for all three species, but differ-
ences were found in the peptide Ap5, which in the case of cattle
insulin has the structure Gly.Ileu.Val.Glu.Glu.CySO,H.-
-CySO,H. Ala.Ser.Val.CySO,H.Ser.Leu. A characteristic
peptide, obtained in high yield by partial hydrolysis of cattle
ApS5, is Ser.Val.CySO,H. This was virtually absent from the
pig material and in its place was found Ser.lleu.CySO;H,
indicating that the valine residue found in position A10 in
cattle insulin is replaced by an isoleucine residue in the pig
insulin, Similarly, that the alanine residue in position A8 1s
replaced by a threonine residue in the pig material was shown
by the absence of CySO,H. Ala and the presence of CySO,H.-
-Thr and Thr.Ser.Jleu.CySO,H in the pig Ap5. In this way
1t was shown that the only differcnces in the three insulins
were found in the residues in the sequence A8-10, which in the
cattle insulin 1s Ala.Ser.Val, in the pig Thr,Ser.lleu, and in
the sheep Ala.Gly.Val. The rest of the molecule is identical
in all three species. It is interesting that these differences are
found in the residues that are included in the disulphide ring
and that therefore the exact structure of this part of the
molecule is not essential to the physiological activity of
insulin.

This work was carried out n collaboration with A. P. Ryle,
L. F. Smith, R, Kitai and H. Brown, and will be published
in detail elsewhere (Ryle and Sanger, 1955; Ryle, Sanger,
Smith and Kitai, 1955; Brown, Sanger and Kitai, 1955).
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Discussion

F P N LTy

: . 1
do not think you could get an intelligent answer, making these simple
assumptions.

Craig: With some of the bonds you could.

Sanger: 1 agree with Dr. Cmig that we must consider these possibi-
hities. The spectrum changes might suggest something of that type.

Porter: Do you think that the who]e structure is necessary foractivity ?
Ts there any evidence of activity surviving partial degradation?

Sanger: So far 1t has been almost impossible to hydrolyse insulin
without destruction of wts actwity. The ouly thing which has been
possible 1s to split off the alanine from the C-termunal end of the phenyl-
alanyl chain, That appears to give, according to Harris and Li, an
ﬁeh\'e substance, but any further treatment with proteolytic enzymes
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is no evidence of any binding of the coloured substance to the insulin,
and if that disulphide bond were reactive it should react with the bis-
DNP cystine. Cystine itself does react very rapidly, but insulin does not,
5o that the disulphide bonds do seem to be very stable to this interchange
reaction.

weight has been estab” * ™~ : A "
chloride (Kupke, D. " .
Fanhor mnin 12 TEON

formula we have deduced (the upper one in Fredericq’s diagtam).

Craig: You mean the interchange would be rapid enough to fit in with
these findmgs? I think the possibility a little far-fetched.

Sanger: So do L.

Taugh- T hope to show shortly that simple dilution at pH 2 will
dissociate insulin into the 6000 unit.

Fredericg: Have you ever found in your hydsolysates any evidence for
the presence of oxidzed tyrosine? ,
There ii evidence derived from the perfonx‘l;c‘acid oxndanor
SRR S R it v ot B Tk aemname b0

PR )

Fredericg- Do you find also the same type of spectra with an increasc at
the nhinimum absorption?

eliminated
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evidence that the unit of 6,000 was most probable lay in the
dissociation observed by Harfenist and Craig (1952) and by
Kupke and Linderstrom-Lang (1954). Since either chemically
modified insulins or insulins placed in high concentrations of
guanidinium ion were used in these experiments, it is of some
interest to report that Dr. David Yphantis and I, using a
separation cell technique which allows us to make molecular

© i
16
14
12 -
1)
© 10
8
SF L
4
o B2 05 J0 o2 &
Tnsuin Concentration, %
Fic. 1., Scdimentation coeflicient versus concentration of insulin

N

weight determinations at very low concentrations (to be
published), have found that, at pH 2-5 and I'/2 =0-1, insulin
dissociates into units less than 12,000, the predicted minimum
bei‘r'lg 6,000. The situation is shown in Fig. 1, which plots
versus ion

The sub-units of M ~ 6,000 combine strongly to form
stable dimers, which are the smallest units ordinarily observed,
as for example in the experiments of Gutfreund (1952),
Fredericq (1958), Tietze and Neurath (1952, 1953), Oncley
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CONSIDERABLE attention has been given within the last few
years to the geometrical arrangement of the main chain of
proteins. To an extent the advances which have been made
in this direction owe their origins not only to the fact that the .
sequence of atoms —CHNHCO— repeats in large measure
in a stencally uniform manner, but also to the fact that the
NHCO group is coplanar (Corey and Pauling, 1958). When
coupled with the assumption that a maximum number of
appropriate hydrogen bonds must form, there emerge, as have’
been described by Pauling and Corey (1958), a limited number
of folds, several in the form of helices.

We can have Lttle doubt that the side chains also play an
mmportant part in determining the structure and properties
of proteins. At the same time their diversity of size, structure,
and chermical properties suggests that the set of rules govern-
ing the side-chain behaviour will be more complicated than the
set related to the main chain. For purposes of examining the
role which side chains play in defining structure, insulin offers
an unusual opportunity.

We have found, in the preceding discussion, answers to
questions concerning the sequences of amino acids in the A
and B chains of insulm. Dr. Sanger and his colleagues have
also specified the positions of the amides of glutamic and
aspartic acids and have given 1n detail the positions of the
disulphide links, It was, of course, possible that linkages
through the same sequences of amino acids might lead to
covalently bonded units of 12,000.rather than 6,000; the
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and co-workers {1952), Doty and co-workers (1952, 1953) and
Steiner (1052, 1958}, In these experiments it was found that
a set of readily yeversible equilibria exist between the M =
12,000 units {the effective monomer, which will be referred
to as M12) and dimers, trimers, and quadrimers. The equili-
bria are sensitive to pH and ionic strength in such a way asto
suggest that dissociation 15 due to electrostatic repulsion
between similarly charged particles, The energy required to
accomplish assoeration is probably due to short-range forces
such as electronic Van der Waals forces and hydrogen bend, o
situation which will be diseussed below. Tt is significant that
Doty and Myers (1958) and Steiner (1953) observe an entropy
decrease on dimerization which, according to Doty and Myers,
is about 110 E.U. smaller than the entropy decrease predicted
on the basis that two structureless evlinders are associating.
They suggest that the simultancous freeing of 24 molecules of
water of hydration would be sufficient to account for the
entropy change ohserved.

When heated in solution at pH values below ~ 8-5 native
insulin spontancously aggregates to form sub-microscopic
fibrils. These are shown in Fig. 2. Insulin fibrils have, in
contrast to the association systems just described, 8 remark-
able stability, being stable at least from pHO to pH 10
{Waugh, 1948). The kinetics of fibril formation (Waugh et al.,
1958) suggest that a fibril is initiated by a nucleation reaction
in which three or four perate in ing a group
as indieated diagramatically in Fig. 8 (based on an analysis
by Koltun and co-workers, 1954). Not only does this group
have the requisite stability but it provides a surface structure
which can induce a single entering monomer to bond in 2
wanner which conforms to and perpetuates the unusual
structure of the group. The consequences of the co-oper-
ative effect are seen readily in the following seeding experi-
ment. Fibrils formed at higher temperature are seeded into
a solution of native insulin at a low temperature and st low
pH. The fibrils will grow in length and diameter and remove
ol native insulin {Waugh, Thompson, and Weimer, 1950}
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in the absence of the sceding fibrils the solution of native
insulin would have been stable essentially for an indefinite
time. We note that seeding conditions are similar to those in
which reversible associations appear; yet the fibril perpetuates
its own stable structure.

‘The structure of the insulin molecule in the fibril, although
it may not be that of the molceule in solution, is preserved in

¥i6. 3, Schematic Tepresentation of

the way in_which four effective

monomers (M12) may establish a
stable insulin fibn! nucleus

its essential aspects, for fibrils will disaggregate at pH values
near 12 (Waugh, 1948) and all of the protein can be recovered
in a form identical with that of native insulin.

Questions concerning the compactness of the fibril will arise
shortly. Momentarily, it is desirable to examine the nature
of the interinsulin linkage.

This question has been approa_ched in two ways (Waugh ¢t
al., 1958). Pt *he Rhmlforming nranevtios of o e

e
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proline and tyrosine, all of which are non-polar in character
and considerably larger than average. Each large non-polar
side chain has the equivalent of 48 CH, groups. Debye (1949)
1n his examination of the formation of soap and detergent
micelles finds that each CH, group contributes an attractive
interaction energy of 1:18 keal. per moale. The energy
differential arises from the formation of new hydrogen bonds
through the disappearance of hydrocarbon-water interface
{see Waugh, 1954). Thus the complete nteraction of an
average non-polar side chain with similar groups would yield
an energy of 5-1 keal. per mole residues. Each mole of insulin
(M12) contains 43 moles of non-polar side chains. An inter-
action energy totalling over 200 keal. per mole protein appears
to be available. It is seen at once that the interactions of
appropriate fractions of the large non-polar residues will lend
considerable stability both to the structure of the monomer
and to vanious types of interactions into which the monomer
may enter.

Since an interaction of AF = — 10 to 20 keal. per mole
leads to linkages which are stable with respect to thermal
agitation, we see that our problem is not one of seeking an
appropriate source of linking groups but of accounting
adequately for the fact that insulip, and incidentally most
other corpuseular proteins, can exast in forms which are soluble
even at pH values removed from their isoelectric points.

‘We may choose to approximate the structure of the effective
monomer as indicated in Fig. 4. Here the small circles are
the equivalent of the domamn of the main chain, assumed
to be an «-helix, and the large circles represent the average
fully extended side chamn. The main chain centre-to-centre
distance is 10A, as suggested by crystallographie data (Low,
1952, 1953). Clearly on this basis the larger side chains are
bent, positioned and packed in some “accommodating”
fashion. The wavy hne of Fig. 4 suggests & demarcation
between an internal volume and accessible surface regions.
The nature and structure of the internal volume are of
particular interest.
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chemically modified insulins have been examined. These
include completely esterified and acetylated insulins, and
insulins coupled with diazonium salts in which azotolyl,
azobenzene sulphonic acid, and azobenzoie acid groups were
added. All of these chemically modified insulins form insulin
fibrils. On the other hand, the disulphide bonds of insulin
must remain intact to obtamn fibrils. The second approach
involved the use of solvents containing compounds capable
of forming strong hydrogen bonds. It was found that fibril
growth will proceed to completion in the presence of §-8 N
acetic aeid, in simular concentrations of other organic acids,
and in 5-3 to 6-0 3 urea at pH 1-6 or pH 7-0, In the absence
of urea, fibril growth will not take place at pH 7-0.

The eircumstances of growth at low temperatures and in the
presence of organie acids and urea, the fact that chemically
modified insulins readily form insulin fibrils, and the fact that
fibril formation is accelerated as the pH is decreased from
~pH3-5, taken together effectively eliminate covalent
bonds, electrostatic interactions, and hydrogen bonds as
being the primary contributors to interinsulin linkage. The
characteristics of fibril formation suggest that interactions
on the part of the non-polar side chains of insulin would pro-
vide a linkage having the requisite properties; for example, a
linkage stable in itself with respect to changes in pH and ioni.c
strength. This conclusion is strengthened by some experi-
ments with Dr. Walter Koltun (unpublished). The introduc-
tion of ten essentially non-polar azotolyl groups per M12
renders the insulin insoluble. The intreduction of five groups
leads to a protein having a sedimentation coeflicient of ~ 10-0
at 0+5 per cent 1n 01 N-HCI; a peak having S ~ 2-4, charac-
teristic of M12, appears only on extensive dilution. Also,
this modified insulin yields fibrils which are not disaggregated
in alkaline solution as are fibrils from native insulin.

Ve may use this information to approach the problem of
structure. An ination of the side-chain position of
insulin reveals immediately that 43 per cent of the side chains
are represented in the group valine, leucine, phenylalanine,
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of the apparent molal volume, may represent the extent of
unoccupied space. A similar small excess volume is clearly
indicated from the enzymatic digestion of insulin (and other
proteins) as detailed by Linderstrom-Lang (1949). The cleav-
age of the first few peptide bonds Jeads to a volume decrement
in excess of that expected from the electrostriction of water
by the charged groups which appear. This decrement is also
about 8 per cent of the apparent molal volume. Linderstrom-
Lang suggests that the protein molecule has some forced
structure which makes it occupy slightly more space than
the unfolded elements,

If we assume that all unoccupied space 1s 1n the region of the
internal volume, the internal volume will have only about
10 per cent of voids. We see in this way that the side chains
are closely packed in the internal volume. The fact that at
least one end of each side chain is fixed by the structure of the
main chain suggests two further important observations.
First, the larger than average side chains must in general be
fitted in with smaller than average side chains on neighbouring
rods, and second, the non-cylindneal side chains must have
little freedom to rotate around most of their single covalent
bonds. We therefore expect a high degree of orgamzation in
the packing of the side chains and a low entropy.

The msulin fibnl is also found to be a close-packed structure.
By flotation in solvent mixtures of different density a value
of 1-85-1-4 1s obtamed. This value is close to the reciprocal
of the partial specific volume of insulin and suggests that
the protein elements, includ all spaces ible to the
solvent used in flotation, are close-packed—almost to the
limits imposed by the Van der Waals radii of the atoms. Close
packing, at least in regions including certain of the histidine
side chains, 15 shown by the experiments of Porter (1950), who
found that 8-6-3-7 out of 4 histidine residues in native
insulin were reactive to 1:2:4-fluorodinitrobenzene, while,
in the fibni, only 2-2 out of 4 were similarly reactive,

e situation may be hat diffe forinsulin erystals.
Here hinking through charge interactions is indicated by the
nx
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The «-helix is the most compact form in which the main
chain may be arranged, as is readily indicated by comparing
the density calculated from the o-helix with that obtained
by applying Traube’s rule, in which we sum the volumes of the
constituent groups and divide the mass by this volume. In
both cases a density of 1469 is obtained (see Waugh, 1954).

As side chains are interdigitated in the internal volume,
unless packing is nearly perfect, we expect to find spaces.
These spaces may be large enough to accommodate one or

- ~- P simh s an af Ay alFpattin amposhe manamar (V] A

more water molecules, and will be filled with water if they are
accessible to the solvent. If they are smaller than water

lecules, or are not ible to water, they will represent
voids or unoccupied space. McMeekin and Marshall (1952)
have made an examination of a variety of proteins, including
insulin, and find that the partial specific volumes, V, as
caleulated from Traube’s rule, agree excellently with the
measured values. One would expect, of course, that electro-
striction of solvent molecules around polar groups would
make the measured V smaller than that calculated from
Pranbe’s rule. The difference, amounting to sbout 8 per cent
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small changes in the confi ions of thé interacting units
may lead to large changes in interaction energy.

The purpose of the present discussion has been to outline
the importance to be assigned to the side chains as compo-
nents which establish structure and stability in the monomer
and its association and aggregation products. Attention has
been directed specifically to the larger non-polar side chains,
which constitute one-third to one-half the side chamns of
globular proteins. Other side chains have been neglected for
reason of time. For example, the side chain of tyrosine, when
ionized, appears to play an important rfle in decreasing the
stability of the insulin fibril,

Since the insulin molecule appears to be a relatively compact
structure, the requirement that all space be essentially
occupxed suggests that large and small side chains occur 1 an

e thr 1 pattern, which is dictated
step-mse by the sequence in the polypeptide chain, the
disulphide cross-links, and the folding or coiling of the chain,
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intervention in all cases of an additional interactant (zine or
sulphate) which has a charge opposite to that of insuln, At
the same time we must suppose that the introduction of the
additional interactant prevents close approach of the surfaces
of small associations of the effective monomeric units of
Mi2.

Our present view suggests that the structure of the (effec-
tive) monomer is stablized partly through the positioning of
non-polar residues so that they may interact effectively. On
the other hand, a frequency of occurrence of 0-43 for large
non-polar residues suggests that a highly efficient interaction
of even a small fraction of the total number (at any stage of
association or aggregation) will lead to an entirely stable
linkage. For a two-rod structure of M6 it appears unlikely
that more than a small fraction of the non-polar side chains
are effectively utilized, and are therefore made unavailable
far further interaction. VWhere we observe readily reversible
associations the interactions of the larger non-polar residues
must be made less energetic, either through steric effects
which prevent close approximation or through endothermic
side reactions (such as the removal of water of hydration)
which occur concomitant to interaction. The stable aggre-
gate represented by the fibril on this basis would require
either a more effective mteraction of groups normally respon-
sible for reversible associations or in addition the recruiting
of a few additional side chains.

We may now examimne briefly the extent of structural alter-
ation which will materially decrease the electronic Van der
Waals nteractions of non-polar or other similar types of
bonds, In systems stabilized by a series of secondary valence
forces the interaction energy decreases with the inverse sixth
power of the distance of group separation. The distance of
close approach corresponds to the sum of the Van der Wn_als
radii, the average Van der Waals radius for most of the side
chain groups being about 2-0A. If the groups are separated
hy only one additional Angstrém unit, the interaction energy
decreases by approximately 75 per cent. Thus, relatively
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Dr. Saxcer’s deduction of the complete amino acid
sequence in insulin (Sanger and Tuppy, 1951; Sanger and
Thompson, 1953) and of the position of the disulphide bridges
(Sanger, Smith and Kitai, 1954) invites speculation on the
detailed configuration of the peptide chains. This speculation
is helped by evidence, firstly, of the geometrical character of
cystine; secondly, of both chemical and erystal
studies of small peptides, and thirdly, of the X-ray cry: stallo-

graphy of rhombohedral zinc insulin, acid insulin sulphate
and fibrous insulin.

The molecule of cystine itself has in the crystal structure
{Bernal, 1981) a twofold axis of symmetry, and this symmetry
is shown also in the erystal structure of diglycyl cystine
(Yakel and Hughes, 1954). If peptide chains have to be joined
by disulphide bridges, two relative orientations, (a) and (b),
are possible (Fig.1) in which the full twofold symmetry of the
disulphide bridge is preserved. Chains situated in (a) are so
arranged that they are hydrogen-bonded together, while in
(b) the hydrogen-bonding direction is at right angles to that of
the cystine bridge. It is possible, in both cases, to arrange that
the two separate chains become part of one chain by turning
one residue at X at right angles to the main chain direction.
Then, in both eases, eystine bridges could form easily between
residues exactly 5 apart in the amino acid sequence. This is
the interval found in insulin, where residues numbers 6 and 11
are linked together in the A chain, and also in oxytecin (du
Vigneaud, Ressler and Trippett, 1953; Tuppy, 1958) and
vasopressin (Acher and Chauvet, 1954),

Sofaronlyth jealform of eystine bridgerer d
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by (b) has actually been observed—in diglyeyl eystine (Fig. 2);
but that represented by (a) has certain definite advantages
for disulphide bridge appearance within a single peptide chain
since its formation might well be encouraged by the internal
hydrogen bond system drawing the chains together.

We were first led to consider folding peptide chains in this
way by observations on gramicidin S, which has been shown

\

Fi6 2 A view of the arrangement of the peptide units found
in diglycyl cystme. Compare Figure 15

by a number of measurements to be a cyclic deeapeptide
(Consden et al., 1947; Battersby and Craig, 1951; Belogorsky
and Paskhina, 1945; Pederson and Synge, 1948). From a
study of the rather complicated erystal structures shown by
its derivatives, two facts emerge: firstly, that the molecule
appears to have a twofold axis of symmetry, and secondly,
that the atoms in the molecule tend to be concentrated in
layers 4-8A apart, at right angles to this axis. It is possible



F1o. 1. Two, possnble arrangements of peptide chains linked by disulphide
idges. X, reaiduc placed ta hink chains together.
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Tined t h

as a coherent unit of mol weight
6000' and two such units may easily fit, side by side, to build
t mol of molecular weight 12,000. Fig. 4 shows

a possxble model.

This may be too simple and unsubtle a form of molecule to
suggest for insulin, but it has certain features which commend
it. It is compact, of dimensions that would fit into the unit
cells of both thombohedral zine insulin (Crowfoot and Riley,
1939} and acid insulin sulphate (Low, 1952). In zinc insulin
the sheets would probably lie in a general direction perhaps
parallel to the plane (1432). In acid insuhn sulphate the
strength of the (042) reflection suggests that this is the plane
of the sheet and that the appearance of rod-like structures
in the Patterson series caleulated for the dry crystal might,
at least n part, be an artifact of the limited X-ray data used.
The most striking feature of the fibrous insulin pattern, the
very strong 4-8A meridional reflection (Waugh, 1951)
(strongly reminiscent to us of the characterstic reflections
observed in gramicidin 8), could be explained as the distance
between hydrogen-bonded chains within the sheets. It is
noticeable that strong reflections of this spacing are also
observable for zine insulin.

In a formal way this insubn model can be derived from the
antiparallel pleated sheet configuration proposed by Pauling
and Corey (1951) for B-type protems. The characteristic
distance of about 4-8A between chains is essentially the same
as the backbone spacing of p-proteins usually quoted as
4-67A—the slight lengthening, if real, may easily be accounted

Of this, probably the most important is the spectroscopic
evidence that the frequencies of the CO- and NH-stretching
modes are those characteristic of a-folded proteins (Ambrose
and Elliott, 1951). However, it is notable that these frequen-
cies shift to the §-type in fibrous insuhn, although Waugh and
his co-workers are convinced that no major configurational



186 Dororny Crowroor HopGKIN aND BERYL OuanToN

to bui‘ld various peptide models which conform to these
conditions; one of these (Fig. 8) contains the postulated fold,
here formed by the proline residues known to be present in
the molecule. This type of cyclic molecule can be constructed
with six, ten or fourteen, i.e. 6 -+ 4 n, residues in the ring. It
may be the merest coincidence that another cyelic peptide,
phalloidin (Melrun, Keil and Sorm, 1954), on the chemical

]
'
|

2y
a

F16. 3, Possible configuration of peptide chains in gramicidin S.

structure of which considerable evidence has accumulated,
has a six-residue ring, and so belongs to this series,

The simplest way it which to use the (a) type of fold in
constructing a model for insulin is to form separate sheets of
the A chain apd the B chain. These must be folded in such a
way that the cysteyl residues at 7 and 20 come out on the
same side of the A sheet, and residues 7 and 19 on the same
side of the B sheet, at distances apart which would enable
them to be linked together by disulphide bridges, This can be
done in several ways if one of the two disulphide bridges is
allowed to form in s stercochemically not unry ble way
But withont full twofold symmetry. The two sheets are then
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change within the molecule is associated with the transform-
ation to fibrous insulin. One may therefore suggest that the
frequency shifts are iated with some modification of the
CO and NH bonds which oceurs without major changes in
the chain configuration. This modification should then also
be present in gramicidin S, which, like insulin, has a-type
spectroscopic characteristics (Abbott and Ambrose, 1958).
The evidence may at least be judged conflicting.

It is also, most justifiably, arguable that in building a model
of this sort we have followed far too rigidly the consequences
of a piece of formal geometry. The stereochemical conditions
determining the likely distribution of atoms in space are
actually much less rigid than is suggested by the formal
geometry of cystine. It is not particularly difficult to build
a number of other models for insulin conforming, at least
partially, to the conditions of other suggested modes of chain
folding. For example, though it is not possible to form the
disulphide bridge between residues at 6 and 11 within the
o-helix fold of Pauling, Branson and Corey (Pauhng and
Corey, 1950; Pauling, Corey and Branson, 1951), it is quite
conceivable that a major part of the insulin molecule conforms
to the «-helix pattern. Detailed models have been built in
several Inboratories, and one, devised by Dr. Lindley and Dr.
Rollett, is shortly to be published (Lindley and Rollett,
1955) In this model the «-helix sequence in chain B is broken

idues 6 and 11 hat in the manner illustrated
m Fig. 5. Above and below the break the a-helix is wound mn
opposite directions, left-handed and right-handed respectively.
The A chein, if wound left-handed in the z-helix form, can
then be attached to the B chain by the remaming disulphide
brdges. The two-chain model that results can readily be
packed with the two chains of a second molecule to form a
four-chain structure, the 12,000 unit, which it is possible to
fit into the various crystals examined.

Model-building for insulin seems to us at present a pastime
which, while interesting and suggestive, is unlikely to lead to
definite conclusions for some time to come. It does give us,

e,
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. 4. Dis m to illustrate a possible method
gl}oﬁimg :ﬁ?A lnth chalns of insulin into
[y
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of chain folding that it could lead us, step by step, to the
precise distribution in space of all the atoms in the molecule.
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DISCUSSION

Hodghwin+ Have you any explanation for the differences m your
observations on fibnl formation and reversal? \What do you mmagine
happened to prevent the reversal to fibril formation under certain
conditions?

Waugh, One can effectively prevent the reversion of a fibril, by
methylating the carboxyl groups, for example. Here, as one increases
the pH, no negative charges appear, so that repulsive forces are ahsent
and the fibnl reraans quite stable under conditions where the native
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however, one impression which is encouraging, that the
molecule is quite small and, in a crystallographic sense,
mgnageable, given the existence of Sanger’s detailed chemical
e.vxdcnce. Insulin in the crystals so far examined is eight
times larger in molecular weight than any molecule of which

Fio. 5. Insulphide bridge within peptide chain coiled
above and below the ink in a-helices of opposite sense.

the crystal structure has yet been solved, but this means that,
in each dimension, it is only about twice as great. If we could
examine a series of derivatives of insulin in which different
Jknown residues were marked with heavy atoms we ought to
be able to find the relative positions of thesc residues quite
exactly. This information should so limit the possible modes
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charged group which e "
of water-molecules in this local region produces a rather dramatic
volume expansion. To speculate further, this volume expansion just
forces the surfaces of the proteins f: o‘ugh apart 50 ihat tzxe interaction
ERERC A St b Bny e -

o meen Ampn e

TPaugh: The mtervention of the zine atom in the zine insulin erystal
or the sulphate lgroup in nsulin sulphate crystals rmght produce two
effects: first, to define very precisely the positions where the monomers

cent, thus represents an approximately 10 per cent change in the average
group separation. This may not be big enough to let any water-mole.
cules in, and yet in performing this expansion one must invest the Van
der Waals attractive energy

Craig. There is one very interesting observation which Prof. Waugh
has reported If insulin 13 converted to fibrils, then reconverted by
‘bringing up the pH and erystallizing, st seems ta be more easily converted
to fibnls. If the conversion is repeated five or six times the crystallme
insulin seems to be more unstable and goes easily over to fibnls, Is this
correct ?

Waugh. Yes.

Crmg How does this behaviour fit in with our concepts? Is1t as if the
substance has a memory, or 131t just that some seeds reman? Could the
latter explain the phenomenon?

TWaugh Yes On heating, msulin will go into the fibrous form in a
matter of 3 bours, Now, if one introduces just a few seeds into this
solution at the same temperature, the fibrous form will develop in a
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insulin fibril is unstable. The second system is to add to the tyrosine
Tomnaenl a1 = o0 e s A .

rarng

down, the liberated msulin molecules break down.

Sanger: Prof, Waugh, have you any idea which particular groups they
might be which are mvolved in forming the fibrls? It 13 a very speaific
reaction, isn't it? .

Waugh- It 1s specific in some respects and not in others, e.g. 1t is
specific in the sense that if one alters the disulphide groups, one no
longer gets insulin fibrils, Apparently one disulphide hinkage per mole-
cule of 12,000 is sufficient to do this.” Perhaps this represents some sort
of interference effect between native and reduced units of 6000; but,
remarkably enough, fibrl formation is not specific with respect to

e.g. in introdi say ten azotolyl or azobenzene
- . \
-
. ) withiter |
LR |
' * to pget an

v augn: 1f this 1s a non-polar linkage there is rather a wide opportunity
for interaction, I think possibly this accounts for the diffuseness of the
X-ray diffraction patterns. For example, if one were to have specified
points on_each molecule which had to come together, the resulting
pattern of molecules should have a rather perfect three-dimensional
Tegulanty. On the other hand, If the surfaces have a complexion of
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the fibril. But phenol has a further most interesting effect. If one takes
a system of insulin fibnils and adds phenol to give about 10-20 per cent

alkaline Hough again the of this new seft ‘?f

e v uvtn A . SO VA W

" @. Con: Prof. Waugh, dud You say that fibrinogen forms fibrils? How
does this compare with fibrin?

Taugh: 1 wish that I could answer this important question. YWe have
been studying the transformation of fibrinogen into fibnn through
thrombin and we had a brief look at the fibnils which form under the
influence of heat, and also under the mfluence of acid. We have not come
to the pomt where e can {nnl‘(‘e any comparison ns to what 15 holding

point, 15 that possible? ot

Waugh. It 1s possible, This 15 the very line that we hope to pursue
0Te.
C. F. Con Prof. Waugh, how did you arnive at the precise structure

three or fmn' m

ers (we think 1t ‘must be four monomers). The
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. Sutherland: At one time we followed Prof. Waugh's instructions for
N padisie - e ERE SRR

the conditions identical?

Behrens: We have not had extensive experience with eross-seeding,
but certainly under the conditions that produce insulin fibrils glucagon
fibrils are also formed very well,

Craig: There is no sulphur, no cystine, in glucagon?

Behrens: Yes there is sulphur, but as methonine, not cystine.

Sanger: Does this come out with insulin?
n\lkhrcns. Partially, but this has not been done as carefully as we would

ike.
von Holt: Ts it possible to form fibrils in the absence of zine? N

Waugh: Yes, all our studies on fibnls were carried out with insulin
which has been electrodialysed to the point where dithizone does not
detect the presence of zmne. It 1s for ths reason also that I think that the
12,000 units 1s probably not stabilized by the intervention of the zin¢
atom.

Best: Prof. Waugh, are there any other protein hormones which
form fibrils?

Waugh+ We have not examined other protemn hormones. We have
exammed serum albumin and 1t will form fibnls which can be taken
apart again to grve serum albumn or something which looks very much
Iike serum albumin, We know this can be done also with fibrinogen.

Lens: When the termmal alanme group 1s removed from insulin by
carboxypeptidase, one product 1s obtamed which no longer gives fibrils.
This proves that your method is very specific indeed. How does this
fit into the preture? By just removing one single alanine a molecule is
obtained which no longer forms fibrils.

Taugh: Chymotrypsinogen behaves as a monomene system under
certain conditions (references :n Waugh, 1954). One activation product,
a-chymotrypsin, under the same conditions exhibits a reversible
dumerization. I feel that we require additional information, particularly
information concerning the structural changes shich follow removal of

structire.
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Development of glucagon research,

About thirty years ago, after the successful experiments of

Banting and Best, there was good hope that not only all the
therapeutic, but also the pathogenetic problems of diabetes
had been cleared up satisfactorily. The regulating influence
of the pancreas on the carbohydrate metabolism seemed to
be restricted to the action of a single antidiabetic hormone,
and, accordingly, diabetes was at first thought to be due
exclusively to defiment insulin production.
Yet, as early as 1n the next ten years, the study of the
physiological action of tic extracts and of insulin
preparations, although still rather crude, yielded some find-
ings which did not fit in with the classic theory of diabetes.

TIn 1923 Murlin and co-workers described a biphasic reaction
of blood sugar in animals after injection of pancreatic extracts.
Murlin interpreted the imtial hyperglycaemic phase as an
effect of an additional and hitherto hypothetical hormone of
the pancreas, which he called “glucagon”. Subsequently,
that dualistic theory of the pancreatie incretion went un-
noticed by the physiologists and was not followed up
systematically even by Murlin himself.

In 1928 and the following years Buirger became aware of the
glucagon problem when studymg the physiology of insulin,
and came independently to the same conclusions as did
Murlin In view of the pioneer work of Biirger and his
associates I should hike in my presentation to review the course
of his investigations. Biirger, as a disciple of Hofmeister, had
obtained his biochemieal training in the same laboratories as
Mehring and Minkoswski.

4T
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Fredericq: If we adopt any of the models for the insulin molecules,

not know.
Fredericq: From X-ray data could you not distinguish between these
possibilities?
A ar SR .- . B pato
v

from the pat.tcr:n of reflections. One can see whether some kind of model
roughly begins to fit; this does not mean that the model 13 correct at all,
far from it. But this is not to say that we may not know precisely one

day.
i T T At ke Rt o sl an tha hiag
. .
N
. A
'
'
i
. ' '
1
models suggested.

Hodghkwn: I think 1t would be very interesting to do this
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he had repeatedly observed the contrary effect, i.e. a progres-
sive depletion of the hepatic glycogen store.

Burger agreed with Macleod that the skeletal muscles were
the real site of insulin action, and thought that the specific
physiological purpose of insulin was to promote sugar utiliza-
tion in the penphery. That 1dea was based on his observation,
with Kramer, of an abolition of the hypoglycaemic insulin
effect following ligature of the large pempheral arteries in
dogs. Figure 2 shows that the typical insulin effect does not
appear during interruption of the peripheral circulation,
whilst it reappears immediately the circulation is restored in
the extremities,

Biirger's supposition proved correct in view of the favour-
able influence of insulin therapy on the uneconomical work of
muscles in diabetics, which was confirmed in later investi-
gations (see p. 260).

“Initial insulin hyperglycaemia” as the starting-point
of Burger’s glucagon research
The studies mentioned above led Biirger to the discovery in
1928 that intravenous admini ion of msulin prod an
initial rise m blood sugar in dogs (Fig. 2). It was that seem-
ingly paradoxical side effect that induced Burger to examine

Jnsubin Jnsubin
Bisdsugar 00w 1810w
9% 1

1

1
iganue ot

VHuscutar creulation  oscvieNgrviston |
done resnhied H

0594 —— L e
#7897 97 g g7 pT T g pT R 2 1R R % e

Fio. 2, Clugacon effect after ligature of the preater muscular
srtenes (pinching off the Aa. iacae and subclaviae).
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Burger's studies on the physiology of insulin

Following on his earlier observations of a biphasic blood
sugar response in healthy individuals folloning physical
cxertion, Birger, in 1920, had demonstrated a long-lasting
hyperglycaemia on effort as a striking reaction in untreated
diabetics (Fig. 1, 4, B).

On the other hand, he found the hyperglycaemie effect of
intravenous injections of dextrose to be moderated and
shortened by muscular exercise. The occupational therapy,

tontgur J":m q"’:m smcug.m 6% August
& work
L4 Dittashary | 10TV msia i
an 20gm cacdolydrates || 20gm carbohydrates
o

Wk D1

Lt

20000 0%6

08
aaﬂ!ll#arl!# 123 %0t 23 b e
F1a. 1. Long-lasting hyp on effort and t of h‘wtg
glyeaemue nsulin action by work 1 o icall, 74
diabetic,

in diabetes, propagated by Biirger definitely potentiates the
blood-sugar lowering effect of insulin, sometimes inducing &
real hypoglycaemia, and thus exerts an insulin-sparing action
(Fig. 1, C, D). Besides its practical consequences for tlfe
metabolic stabilization of disbetics in everyday life, this
finding was the reason for Burger’s making further eﬂ'or.ts to
clear up theoretically the proper site of action of insulin in
the organism. At that time the theory was generally accepfcd
that the accumulation of glycogen was the principal function
of instlin, Burger regarded that idea as erroneous, for nflfr
intravenous injection of commercial preparations of insulin
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Separation of glucagon from insulin

In 1980, Abel and Best were kind enough to supply Biirger
with special preparations of erystalline insulin. This enabled
him to explore the subject thoroughly under controlled condi-
tions. By studying the effect of fourteen different preparations
of insulin on fifty rabbits he established the following facts:
(1) the mtmvenous injection of 0:1 mg. of dry insulin (any
an mitial hyperglycaemia,
varying in degree, Wlthm the first fifteen minutes; (2) on the
other hand, the phenomenon is absent following the adminis-
tration of erystalline insulins of the Abel and Best types, even
when injected intraportally; (8) following treatment with
boiling 0-02 ~-sodium bicarbonate for thirty munutes, the
hyperglycaemic effect is unaltered, whereas the blood-sugar
lowering action of insulin is completely abolished; (4) the
hyperglycaemic prmciple is found 1n the first munatic frac-
tions of alcoholic extracts from the pancreas, and 1s probably
preformed in the pancreatic gland itself, It is regarded as an
independent physiological substance acting as a synergist of
insulin,

By these statements Burger 1n 1931 had already outhned the
‘ * 7 reinactiva-

\ suggested

For some

years Biirger and his co-workers devoted themselves to this
task,

The aim of his experiments was to show whether the
hyperglycaemic principle (1) really represented a pancreatic
hormone acting in the range of a few g /kg. body weight, like
the known action of insulin, or (2) was merely an impurity or a
secondary degradation product of insubm; (8) whether it
acted as a specific antagonist or as a physiological synergist of
msulm, and (4) whether by any means it might be separated
in a pure form from technical preparations of insulin,

The purification of the crude substance was, of course, the
principal task. As a basic material Burger used a dry sample
of Wellcome insulin; a dose of 20 yg./kg. of this caused, in
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systematically, for similar action, all the commercial insulin
preparations then available. He found the initial hyper-
glycaemia due to intravenous insulin injections to be a fairly
constant phenomenon. The different preparations showed
some differences in hyperglycaemic effect, the intensity and
duration of which depended upon the actual dosage as well
as on the mode of injection and on the glycogen content of the
liver, respectively.

Following & diet rich in carbohydrates, and after intraportal
injection of insulin, the effect was of particular intensity.
On the other hand, it was absent in patients suffering from
hepatic cirrhosis, jaundice and thyrotoxicosis, as well as
after interruption of the liver circulation. The phenomenon
was not absent after bilateral adrenalectomy in dogs nor after
denervation of the hepatic hilum and intraportal insertion of
a glass tube. Hence, it could not be due to a counter-regula-
tory release of adrenalifie nor to a neurohepatic reflex mechan-
ism. Furthermore, the interruption of muscular eirculation
did not influence it. Since, finally, continued chemical
analyses of hiver tissue proved a progressive glycogen depletion
following intraportal injection of msulin, it was evident that
only hepatic glycogenolysis could be the source of the initial
hyperglycaemia.

At first, Burger explained the “initial insulin hypergly-
caemia” as a paradoxical effect of the hormone itself. The
observation was confirmed in prineiple in numerous investi-
gations by other writers later on. This original mterpretation
accounts for the difficulty of carrying out research work on
insulin physiology at that time resulting from lack of pure
preparations of insulin. Yet, from the beginning he was
struck by those very differences between the paradoxical
hyperglycaemic efficiency and the sometimes relatxvely low
reducing power of ial insulin pref This
contrast led him to the question of whether the initial hyper-
glycaemia was not an cﬂ‘ect of insulm itself, but rather was
due to a itant physiological substance, or to an

artifact of the special extraction procedu.l'e
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Separation of glucagon from insulin

In 1980, Abel and Best were kind enough to supply Biirger
with special preparations of crystalline insubn. This enabled
him to explore the subject thoroughly under controlled condi-
tions. By studying the effect of fourteen different preparations
of insulin on fifty rabbits he established the following facts:
(1) the intravenous injection of 0-1 mg. of dry insulin (any
commercial specimen) produces an initial hyperglycaemia,
varying in degree, within the first fifteen minutes; (2) on the
other hand, the phenomenon is absent following the adminis-
tration of erystalline insulins of the Abel and Best types, even
when injected intraportally; (3) followmng treatment with
boiling 0-02 n-sodium bicarbonate for thirty minutes, the
hyperglyeaemic effect is unaltered, whereas the blood-sugar
lowering action of insulin is completely abolished; (4) the
hyperglycaemic principle is found in the first muriatic frac-
tions of alcoholic extracts from the pancreas, and 1s probably
preformed in the pancreahc gland itself. It is regarded as an
independent phy i acting as & synergist of
msuhn

By these statements Birger 1n 1931 had already outlined the
physiological significance of glucagon. The exclusive inactiva-
tion of insulin by bmlmg in weaL alkaline solution suggested
the possibility of from insulin. For some
years Burger and hls CO-TY orkers devoted themselves to this
task,

The aim of his experiments was to show whether the
hyperglycaemic principle (1) really represented a pancreatie
hormone acting in the range of a few pp.fkg. body weight, like
the known action of msulin, or (2) was merely an impurity or a
secondary degradation produet of insulin; (8) whether it
acted as a specific antagomst or as a physiological synergist of
insulin, and (4) whether by any means it might be separated
in a pure form from technical preparations of insuhn.

The purification of the crude substance was, of course, the
principal task. As a basic material Burger used a dry sample
of Wellcome insulin; a dose of 20 pg./kg. of this caused, in

| —
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rabbits, an initial hyperglycaemia of 13-24 per cent above the
starting level, Inactivated and active insulin, as well as the
supposed concomitant substance, failed to pass the collodium
membrane. His attempts at purification by adsorption onto
charcoal, aluminium oxide and Fuller’s carth, and by chroma-
tographic analysis using benzoic acid, were unsuccessful.
At 88° the hyperglycaemic effect of Welleome insulin could

Bondruger
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Aqo (glucagon) in a rabbit (dosage: 20 yg. gven
intravenously)

be enhanced markedly by treating for several hours with
93 per cent nlcohol. By repeated fractionations and titration
with pyridine, Buirger and Brandt finally, in 1935, obtaincd‘n
highly effective substance from Wellcome insulin in an acetic
acid solution, pH 4-38. This fraction was called A, and &
dose of 20 ug./kg. of this caused, in rabbits, a 50 per cent rise
in the blood sugar level, lasting about one hour (Fig. 8a).
Tt was not yet entirely free from traces of insulin, as was
evidenced by the abolition of the final hypoglycaemic phase
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due to additional inactivation by alkaline solution (Fig. 8b).
Nevertheless, Burger had obtained a substance so highly
purified that its effectiveness surpassed that of most of the
samples obtained later on by other workers. At an interna-
tional meeting in 1931, Biirger noted the previous findings of
Murlin, and from then on ealled the hyperglycaemic principle

Bloodsuger
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Fic 8b. Hyperglycaemic effect of substance A,,

(glucagon) in a rabut (20 yg. given intravenously)

after mactivation of contammating traces of msulin
by boiling 1 0 02 N-bicarbonate sohution

enriched in Fraction A,, “glucagon”, too. He computed its
effective dose, active under physiological conditions, at least,
as low as 5-10 pg./kg.

Chemical composition and identification of glucagon

Biirger’s glucagon fraction proved insoluble in water,
alcohol and other organic solvents, yet 1its salts were soluble
1n water as well as 1n dilute alechol and acetone. The elemen-
tary analysis of the substance (Table I) revealed no marked
differences from the values of various dry preparations of
msulin with the exception of its somewhat lower sulphur
content.

This finding is not so surprising, because the analytical
results with substances of such high molecular weight will,
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Table ¥

ELEMENTARY ANALYTIC VALUES OF GLUCAGON (FRACTION Ag)
AND VaR0US CRYSTALLINE INSyLINS

c i g N 5 Residue
per cent | per cent | per cent | per cent | per cent

Fraction Ay, (Glucagon) | 52 03 | 642 | 14-38 | 2.71

Crystalline Insulin
Abel

490 91 7-16 14 41 2.04
Bonn, * §* Bruch 4864 7-03 14 02 3-08 0 49
Bonn, Stallmann 51-99 6-63 15-18 3-40 023

evidently, be influenced by shifts of their elementary composi-
tion only 1if there exist great differences. In accordance with
later electrophoretic results it may be concluded from the
microanalyses that glucagon is rather similar to insulin in its
physicochemical properties. Both must be protechormones
responding positively to Millon’s and biuret tests and giving
a colour reaction to 1-2 nitrosonaphthol.

The only outstanding feature which distinguished glucagon
from insulin biochemically was that glucagon reduced
potasstum ferricyanide solution less readily than did insulin
(Table IT).

Table I
RFDUCTION oF PoTAsSIUM FERRICYANIDE BY INSULIN AND GLUCAGON

Amount of potassium
ferneyamade reduced

1 g erystalline mnsulin (* Best *) 2005 g
1 g. glucagon (Fraction Aw) - 1-287 g,

During inactivation by boiling in alkaline solution insulin
splits off labile sulphur, whereas glucagon, which contains
less sulphur, retains its activity in spite of this procedure;
glucagon might therefore be considered as being only a
cleavage-product of insulin. Obviously, this is not correct,
as further hydrolytic treatment of inactivated insuln never

yielded glucagon.
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Meanwhile, Cori and Sutherland succeeded in separating
glucagon from insulin electrophoretically. The mgration
speed of glueagon is slightly less than that of mnsulin, the
isoelectric points lying close together. This may explain the
difficulty in separating the two hormones chemically.

In 1953, Steigerwald and Schiitte isolated glucagon by
means of paper chromatography. In the same year, Staub,
Sinn and Behrens isolated a crystalline substance from insulin
which, in the very small dosage of 0-15 pg./kg. produced a
marked hyperglycaemic reaction.

In spite of all this progress the chemical itution of the
hypergly ic factor, or gl has not yet been clearly
defined.

g

Action, biological identification and physiological
importance of glucagon
From the investigations of Cor: and Sutherland we have
learned that with the ption of a few prep ions the
hyperglycaemic factor is still present even in most of the
crystalline insulins. Biirger’s missing the factor in the dry
preparations tested by him has been explained by Weitzel as
due to the fact that the zine salts included 1n insulin crystals
are attached to pyridine when subjected to Abel’s original
method of preparation. In 1953 Weitzel reported a correla-
tion between the glucagon-like effect and the zine content of
crystailine insulins. The zine salts as a complex organic
compound may be extracted from the insulin erystals in vitro
by means of transerystallization in the presence of zincaffine
acids and by suspension in analogous buffer solutions,
respectively. If by those means one decreases the zine content
below 0-5 per cent, the glucagon effect of insulin can be
abolished. The zinc protein compounds obtained by Weitzel
from the buffer solutions were so effective that they raised the
blood sugar kedly when administered intr Iy to
rabbits in a dose of 1 pg./kg.
- Glucagon is very active when admimstered intravencusly,
but far less active when given subcutaneously It appears to
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be destroyed by the enzymes of bload and tissues, like insulin,
as was shown many years ago by Freudenberg, Karelitz and
Biirger, It remains to be shown whether the intensity of thisde-
stroying power of the blood is related to the process of ageing,
and whether it differs in healthy and diabetic individuals, as
was established by Bitrger with respect to insulin (Fig. 4).

Diobetics (27} Healthy tndwidunts (40)

Number of persons

o bBNRBBIBDRNIE I s
Time of incubatron ef insulin i blovd samples necessary
{or abalishing the hypogiyeoentic &ffect
Fia 4 Dufference in the enzymatsc insulin-
destroylng power of bload between diabetics
and healthy individuals.

As Sutherland, Cori and others have demonstrated, gluca-
gon exerts o direct nfluence on enzymatie glycogenolysis
entailing conversion of glycogen to Cori-gster by activation of
the hepatic phosphorylase system. This entirely conﬁrme.d
Buirger’s previgus conception of an immediate glycogenolytic
action of the hyperglycaemie principle on the liver cells. The
hyperglycaemic efficacy of glucagon is, therefore, deper}f!ent
on the glycogen content of the liver, as was shown by Birger

twenty years ngo.
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Lack of chemical micromethods for identification of gluca-
gon in the blood and difficulties in the isolation of the pure
substance in a stable form and in sufficient amounts added to
the difficulty of studying the physiology of glucagon. There-
fore, in the post-war years, Burger attempted to demonstrate
the presence of insulin and glueagon n the bloodstream by
indirect biological methods {Burger, 1947). His conception
was based on the pattern of biphasic fluctuation of the blood
sugar level after oral administration of dextrose. The final
hypoglycaemic depression following sugar uptake is generally
regarded as an effect of insulin. On the other hand, there is &
difference of opinion on the mechanism of the initial hyper-
glycaemie phase. While this effect is partly attributed to a
direct influx of sugar from the intestinal lymphatics, some
authors are inclined to explain it i terms of a reflex mobiliza-
tion of hepatic glycogen. Burger, following the latter theory,
believed that dissimilation might be due to a reflex release
of glucagon.

In order to investigate this problem he studied the effect of
blood transfusion on the blood sugar regulation. In ten
preliminary test series it was shown that a transfusion of about
100 ml. of blood taken from healthy donors before breakfast
will not eause any marked alteration 1n the blood sugar level
in healthy fasting recipients. In the subsequent main experi-
ments the blood was taken from the donors after admimstra-
tion of 100 g of dextrose, and in three different stages of
alimentary hyperglycaemia. The transfusions produced
typical reactions of the blood sugar level in the fasting
recipients, these reactions evidently differing in course from
each other within the different groups in a characteristic way.

The blood taken at the height of ahmentary hyperglycaemia
caused a considerable rise in blood sugar when transfused
to the recipients. About thirty minutes after the transfusion
the elevation reached its maximum of 35-48 mg. per cent
?Fhlave ;hc inutial value and lasted for about fifty-four minutes

ig. 5).
Tf the venenuncture was performed at the beginning of the
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alimentary hyperglycaemia of the donor the effect was a very
slight one, and the average increase in blood sugar was 9 mg.
per cent,

The recipient’s response of an initial hyperglycaemia was
entirely absent when the blood had been let in the declining
stage of the alimentary hyperglycaemia of the donor, In this
case, instead of a hyperglycaemic slope there resulted a

Biood tening (K00 mi}
sl i A dones)

to 8 rciueor) Feeprent (81

Th % @ 0 B @ A B
Fi10. 5 Transfusion of a glucagon effect from donor
(height of ahmentary hyperglycaemia) to recipient.

marked decrease of blood sugar appearing as an insulin effect
(Fig. 6).

Figure 7 shows the different types of reaction in relation to
the venepuncture carned out at different stages of alimentary
hyperglycaemia.

On comparison of these results with the different effects
produced by nfusion of 50-100 ug. of adrenalme, Burger is
inclined to regard the transfusable hyperglycaemic reaction as
being due to glucagon but not to an interaction of adrenaline.

Because of the contrasting influences of insulin and glucagon
on the blood sugar level, some authors suggested that these
hormones act as antagonists. Biirger disagrees \vith.this from
the physiologicul point of view and maintains that in general
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insulin and glucagon should be regarded as synergists, afld
that in the mutual metabolic action of glucagon and insulin,

"
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the specific function of glucagon is to provide the peripheral
muscles with sugar when necessary, by sphtting off hepatic
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¥16 7. Buological demonstration of glucagon and msulin_actions as proved
by blood transfusions in different stages of almentary hyperglycaemia
glycogen, the oxidation of which may then be helped by
insulin. In any case, this conception of A suceessive release of
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the two hormones is based on the phasic postponement of the
blood sugar regulation as demonstrated by transfusion
experiments.

Under physiological conditions the phasic separation of the
reactions will probably not be so marked as might be deduced
from those experiments. The reactive release of insulin will
rather overlap the glucagon action and set in before the
glucagon effect has expired. In addition to acute changes due
to alimentary and physical stimuli the blood sugar level may
be controlled by alternative release of the two hormones as 2
mutual trigger-mechanism depending on the actual blood
sugar level and according to the glycogen supply in the liver
and to the glucose demand of the muscle cells.

The final trend of the two pancreatic hormones is to
accelerate the carbohydrate metabolism according to the
requirements of the periphery, and for this purpose they are
probably co-operative.

As was shown by Klotzbiicher (1947, unpublished), in
previous transfusion studies in Burger's laboratory, the blood
of donors after physical exertion is apt to produce analogous
reactions of blood sugar 1n resting hcalthy recipients, This
might suggest that not only alimentary impulses but also
physical effort 1s adequate to stimulate the release of
glucagon.

Due to the methodological difficulties of an immediate
determination it 1s not yet known how far adrenaline is in
fact interfering with the mutual actions of the two pancreatic
hormones. The influence of adrenaline on the regulation of
blood sugar might be restricted to emergency reactions only,
as conceived by Cannon.

Glucagon and diabetogenesis

Regarding pathogenesis and clinical aspects of dialfctgs
mellitus, Biirger as early as 1935 outlined the potential signi-
ficance of an excessive production of glucagon. He pomf:cd
out that probably a continuous hypersecretion of that kind
might cause o deficiency of hepatic glycogen, and other
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symptoms related to diabetes, even if the produetion of
insulin were normal.

Some of the arguments 1n favour of this theory obtained by
anatomical and experimental findings were described yester-
day. I would hke to add only that Klotzbucher (1953)
reported glueagon-like reactions in healthy recipients after
blood transfusions from diabetic donors.

Finally, most significant results werc obtained by total
pancreatectomy performed both under experimental end
clinical conditions. We know that complete removal of the
pancreas may improve the metabolic condttion in alloxan
diabetic rats. When carried out in human bemngs total
pancreatectomy may involve an unexpected low substitu-
tional need of insuln. The disturbance of the hormonal
balance within the msulin-glucagon system, which by
unilateral elimination of the lin-producing cells gives rise
to diabetes mellitus, may be compensated for by secondary or
simultaneous remcval of the tissue where glueagon 1s formed.

As far as I know, a permanent diabetes has not yet actually
been produced by continued admmistration of glucagon.
The facts discussed yesterday and mentioned before, however,
might yield indirect arguments n favour of the existence of a
“glucagon diabetes”.

In some respects, the present stage of glucagon research
resembles that of msulin durng the years following the
successful experiments of Banting and Best. There 1s clear
evidence that glucagon 1s a physiological product of the
pancreas, and experimental work yielded most important
facts about the physiology and pathology of glucagon action.
But technical difficulties have been delaying further progress
1 ths field of research and have been hampering experimental
studies on the pure substance under controlled conditions.
Yet, we may be quitc confident that when the technical
difficulties are overcome the theoretical advance will involve
practical consequences for the treatment of diabetes and other
disturbances of the carbohydrate metabolism, and particu-
larly the treatment of msuloma and Von Gierke’s disease.

raw 7
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DISCUSSION

Fog+ Have you tried the transfusion of postprandial but not hyper.
glycaemie blood, such as blood obtained after a meal of fat, whieh would
contain a number of assorted matenals but no excessive amounts of
glacase?

Schulze: No The experiments performed by Burger and Klotzbucher
did not nclude f t effects of di
hy"‘pcrhpemxc blood They were restricted to the study of transfusion
nifanbe nf Rlaad ammmelan £0oam fa Shn me el 81 1 . ER

weLion 15 due to adrenahne,
C. F. Cori, Dr. Schulze, did you say that when blood was taken from
the donor after exercise and mnjected mto the recipent, that this pro-
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squeezing the fist once. It might be that there 1s a reflex mechanism
that acts in resp to physical i

Ferner: There is no evidence that one will be able to produce &
diabetes with injections of glucagon, but I think that in the phystological
process glucagon 1s secreted nerther sub nor int) I3
but intraportally, I think that it has not been proved that diabetes
mellitus can be produced by intraportal injections of glucagon

Schulze: As far as I know, no one has been able to produce glucagon
diabetes of that kind, neither by intraportal nor by intraperitoneal
1njection.

Ferner: The physiological output of gl is nto the portal vein,
and the hormone is very rapidly destroyed by enzymes. It has also been
found that implantation of §-cell adenoma does not cause a decrease 1n
blood sugar.

Schulze: I only mentioned that as far as I know po one has succeede
m s diabetes by dmemistration of gl n,
wherever it is injected.

Ferner: Has 1t been injected into the portal vein?

Schulze: No,

Ferner- It must be proved.

Schulze: Of course.
Young: But, Prof Ferner, insulin js secreted also into the portal ven

but one gets perfectly good effects by mjecting insulin peripherally.
Ferner But it 1s not so rapadly destroyed.
pA A e P e e e “

hame mmoduced
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Weitzel incubated

;. In this way the
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2inc salts were extracted from the insulin crystals as protein compounds.
e Dwrespiivn bats thd i

o mmmbaIntam e ainn wenbain anmenlageg wera ¥ A

extremely smal effective dosage.

de Duve. Yes, but have you or has Dr. Weitzel any comment on the
fact that the purest samples of glueagon contain no zinc?

Schulze. Until recently, I had no information about those data
clearly obtaned with the new ecrystalline preparations of glucagon.

glucagon from wmsulin dunng récrystallization. {n this case Weitzel
prepared some complexes of zine with very sunple amme acids and
showed that these complexes were blood-sugar raising at very low
dosages.

Schulzer Weitzel's experiments which I mentioned i my presentation
were not based on synthetic complexes of zinc with simple amino acids;
he used znc-proten extracts from crystallne nsubn as a starting
materal.

Best: I think I dud send Dr. Burger samples of msulim on one or twvo
occasiops. This was made by Dr. D. A. Scott 10 my department. Dr.
Secott introduced the use of zinc in the crystallization of msulin, I can

Slun gel Le salng euect. UL J. Suller aid A4 ¥ Lermilzen have been
studying for some time the failure of the blood sugar to show a greater
change after huge doses of glucagon-free msulin than 1t does after small
doses.

) Goldner. We too were mterested in Dr. Weitzel's work with orgamie
zine c.ompou&d: Qur biocherist, Mr Saifer, prepared zine glycine

effect, furthermore, zinc glycine failed to give a hyperglycaemuc effect.
He then wrote to us and essentially agreed with our report.
Fod+ The words ‘insulin antagomst” and *insulin synergist® Nave been
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Young: Dr. Drury’s experiments were with musele?

Foa: Drury’s were with eviscerated rabbits; Pincus’s with liver snd
muscle of depancreatized dogs.

Goldner: To complicate matters further tl\er;z is the paper gf‘gén
o S e 0 el L eR mor roass gbeediad in



CHEMICAL AND BIOLOGICAL CHARACTERISTICS
OF GLUCAGON

Orto K. Benrexs, A. Staus, Mary A, RoOT AND
W. W. BroMeER
The Lilly Research Laborataries, Indwanapolis, Indiana

THE purification and crystallization of glucagon have been
reported by Staub, Sinn, and Behrens (1953). Various studies
have been undertaken to secure evidence concerning the
purity of the crystalline protein. Zone electrophoresis experi-
ments provided information indicating that the crystals were
of high purity (Staub, Sinn, and Behrens, 1955). Similarly,
amino end-group analyses yielded evidence of only one ter-
minal amino acid. Upon repeated recrystallization no increase
in biological potency was observed, and the specific biological
activity of the residual protein in the mother hquor was as
great as that of the crystals,

Elementary analyses are typically those expected of o
protein (Table I). The low sulphur content sharply differen-
tiates glucagon from insuln, A minimum molecular weight

Table I
CHEMICAL ANALYSIS OF GLUCAGON

[ H N )
5011% | 648% | 17 5% | 0 779}

HIS METH LYS ARG TYR TRY
3 7% 5 T% 5 3% 10:8% ® 3% 8-3%
AMINO N AMIDE N
0 83% 1409

187
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caleulated from the sulphur content, or the histrdine and
methionine values, is about 4,200. Preliminary ultracentri-
fugal studies and determinations of partial specific volume
performed by Dr, E. O. Davisson and Mr. H. W. Fisher
provided support for this figure.

Amino end-group analysis according to Sanger’s dinitro-
phenylation procedure {Sanger, 1915) yielded only one N-ter-
minal residue, namely, di-dinitrophenyl-histidine. Experi-
ments were also undertaken to determine the C-terminal
amino acid(s). The Akabori hydrazinolysis method (Akabor,
Ohno, and Narita, 1952) clearly led to the release of threonine
(Staub, Sinn, and Behrens, 1954). In contrast, the application *
of the carboxypeptidase technique (Harris and Knight, 1952)
led to the liberation of a number of ammo acids, and at least
two of these, valine and leucine, were released as rapidly as
threonine and may have preceded it. These methods have not
led to unequivocal identification of the C-terminal group.

Following the characterization of glucagon as & small
protein of high purity and consisting of a single peptide chain,
attention was directed toward the possibility of determim:ng
the amno acid sequence of this substance. The quantitative
amino acid composition 1s being determmed. Studies have
also been undertaken to determine the peptide fragments that
are obtained following hydrolysis with enzymes or with mild
acid. Trypsin appears to split glucagon into five fragments
The resulting peptides have been dimtrophenylated and
separated on silicic acid partition columns; also the free
peptides were separated on Dowex-50 columns. A peptide
with tyrosme as the N-terminal amino acid has been isolated
in essentially pure form. Its structure has been determned
to be:; Tyr-(Leu-Asp)-Scr-Arg. The structure studies are
continuing.

Following the discovery of methods suitable for ?he
purification of glucagon, studies on biological characterization
were undertaken. The presence of glucagon in some commer-
cial preparations of insubn has been x:eco{;nized for many
years, and has led to speculation regarding its effect on both
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the biological assay and the hypoglycaemic action of insulin.
This problem was studied in mice, using solutions of glueagon-
free insulin and adding erystalline glucagon in amounts vary-
ing from 1-5 to 100 per cent by weight. There was no effect
on the mouse convulsion test even when the ratio of insulin
to glucagon was 1:1 (Root, Ellis, and Staub, 1954). When
the blood sugar response of mice treated in this way was
determined, it was obscrved that the curves were different
during the first 30 minutes. In the presence of 50 per cent by
weight of glucagon the blood sugar did not fall as rapidly as
when insulin alone was injected, but the level reached at
30 minutes was the same. Apparently the glucagon hyper-
glycaemia is so brief that it is without effect during the period
between 30 and 90 minutes in which the convulsions occur.

Similar results were obtained 1n rabhits. Upon addition of
1 or 10 per cent of glueagon, the hyperglycaemic effect was
noted during the first 30-60 minutes, but the maximum
hypoglyeaemic response of the msulin was still observed.

The glueagon content of a number of samples of crystalline
msulin has been determined on a guantitative basis (Staub
and Behrens, 1954). The method for measuring the biological
activity is an adaptation of the procedure for observing the
hyperglycaemic response n cats described by Olsen and Klein
{1947). Interference in the bioassay by the hypoglycaemic
action of insulin was avoided by incubating the samples with
cysteine, The crystalline zine insulin preparations were found
to contain 0-8-0-5 per cent of the factor. In view of the lack
of effect of much larger quantities of glucagon on the insulin
assay in mice and rabbits, it appears unlikely that these small
quantities could significantly influence the clinical hypo-
glycaemie response.

Additional studies were undertaken to determine whether
chronie admunistration of glucagon to normal amimals may
have a diabetogenic or any other effect (Root, 1954). Rabbits
and rats were treated with glucagon daily for 6 months. The
rats were mjected intraperitoneally and the rabbits intra-
venously once a day with a dose of amorphous glucagon
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equivalent to 140 pg. of the crystalline preparation, There was
no indication of & permanent alteration of blood sugar, and no
histological alterations of the pancreatic islets or other tissues
were observed. The only effect that was observed was an
inerease in liver glycogen concentration (Fig. 1). The increase

'”" RABEITS RATS

MG 7GRAM
. =
3 2 3 H
T 7 T T

LIVER GLYCOGEN

3
T

to1ves
ustasery
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wodosnn

Fre 1. Effect of daily administration of glucagon
(140 pg) for 6 months dcn Liver glycogen of rabbits
nd rats,

was greater m rabbit liver than in rat liver but was statisti-
cally significant in both species.

Since glucagon stimulates increased glycogenolysis, it
seemed likely that the mereased liver glycogen stores in
animals that had received repeated doses of glucagon might
also lead to an increased hyperglycaemia response to a single
Jose of glucagon. Rabbits were injected subcutaneously twice
deily with nmorph?:ls gll:caﬂnn 2 uivn]cx:t to 100 pg. of
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Blood sugar responses to the morning injection were measured
at various intervals, A typical response for one of the gluca-
gon-treated rabbits is illustrated in Fig. 2. A striking increase
in the hyperplycoemia is readily apparent.

Additional studies in rats were undertaken to investigate
further this increase in liver glycogen concentration. To elim-

2
HOURS

Fic 2. Blood sugar Tesponse to administration of 100 pg
of glucagon.
‘The rabbit recerved 100 pg of glucagon twice daily. The
number under each curve indicates the day of the expen
ment on which the blood sugar response to the morning dose
was deternmed.

mate variations in food consumption as a factor in liver
glycogen concentration, rats were force-fed twice daily with
the medium carbohydrate diet described by Ingle (1953).
The animals received twice dafly a subcutancous dose of
amorphous glucagon equivalent to 100 pg. of the crystalline
substance. The results of the experiment are shown m Fig, 8.
Within 8 days the liver glycogen concentration was increased
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several fold; the effect was still greater at 7 days, but did not
continue to increase at 14 days. The number of rats in each
group was small, usually 5 saline controls and 10 glueagon-
treated animals. -

In a similar experiment alloxan diabetic rats were treated
with glueagon or with insulin, and the hver glycogen was
determined after 8 weeks, The response of the diabetic
animals to glueagon was definite (Fig. 4), but not as great

e NORMAL ADRENALEX

LIVER GLYCOGEN =—— MG /GRAM

OTCEE]

upboan)9
1014490

vaboond

¥16. 5 Liver glycogen of force-fed rats after twice daily

subcutaneous adrunstration of 100 yg of glucagon for 7 days

Column height represents mean value; bars indicate standard
rror of the mean

as in normal animals. The diabetes in the glucagon-treated
animals was not changed; urinary excretion of sugar was
similar to the contml group. Lwer glycogen of the insulin-
treated ls was i , in these animals the
urinary excretion of sugar was decreased markedly, and the
animals gained weight.

Experiments were undertaken to ascertain whether the
adrenal gland played any rdle in the increase in liver glycogen
produced by glueagon. Earher work has shown that ACTH

e
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caused an increase in liver weight and total liver glycogen but
did not increase glycogen concentration (Helmer and Root,
1954), In contrast, glucagon caused no increase in liver
weight, but did increase glycogen concentration. Adrenal:
ectomized rats were treated twice daily with glucagon for
1 week. When they were killed for glycogen determinations,
animals showing residual adrenal tissue were discarded. The
glucagon-treated animals showed a significant increase 1
liver glycogen although not as great as that of non-operated
animals receiving similar treatment (Fig. 5). The results
suggest that the adrenals are not essential for the action of
glucagon in promoting liver glycogen storage although they
may be a factor in the large increases seen in normal animals.

REFERENCES
ARABoRI, 8., O1mvo, K., and NaRITA, K. (1952). Bull. chem. Soc. Japan,

Harnis, J. I, and Knent, C. A, (1952). Nature, Lond., 170, 613
HELMER, O. M., and RooT, M. (1954) Endocrinology, 54, 338.

Incee, D. J. (1958), dmer, J. Physiol., 172, 115,

OusEN, N. S., and Keem, J. R. (1947), Proc. Soc. ezp. Biol., N.X., 66,

6.
Roor, M. A. (1954). Proc. Soc. exp. Bl , N.Y., 87, 108 .
Roor, M A., Ellis, J., and Staun, A, (1954) Proc. Soc. exp. Biol , N.Xu
5, 507.
SANGER, F. (1945). Biachem. J., 39, 507.
StAURB, A., and Beagrens, 0. K. (1954). J. clin Invest., 33, 1629.
StAUB, A., SINN, L., and Benress, O. K. (1053). Science, 117, 628
StaUR, A, SINN, L., and BERrens, O. K. (1954). Fed. Proc., 13, 303
STAUB, A., SINN, L., and Benrens, O. K. (1955). " J. biol. Chem., 214, 619

DISCUSSION



DiscussioN 175
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that bear on the point.
Foa: We have just concluded a series of experiments (Galansino, G.,
Weinstein, H R., Magill, A. M., and Foa, P. P. (1055), Amer. J. Physiol.,
180, 27} simular to_those presented by Dr. Behrens and winch mght
ctmetion of alnanoon,
y
ki
15
1.
Ly
N.¥. 85, 507) and ours, we found (Costa, ., Gatanswo, L., aua rud,
- amn fenme inimum offentive hynerslve

of msulin secretion through hyperglymem:a.
von_Holt: We were interested in the effect of repeated glucagon
AAAAAAAA DT When glurponn s piven at intervals of

treated to destroy insulin?

Behrens: Our highly punfied glucagon is substantially devoid of
insulin. It has not been treated with alkali or cysteine.

Young: What are your criteria of freedom from msulin?

Brhrens: We have depended upon the mouse convulsion test and upon
blood sugar determinations in mice to detect residual msulin  In addi-
tron we have tried to detect the presence of eystine, an amino acid that

o haya alen sant




176 DiscussIoN

attributed to insulm in the gl then the ination would be
of the order of 8 per cent. These observations confirm those made by
R. H. Smth in our laboratory some years ago, I would not be prepared
to say there 1s that much insulin there. VWe have some evidence that
glucagon may enhance the action of insulin when both are added to-
gether 1n 12470, so that the rat dizaphragm does not necessarily provide a
true estimate of the amount of insulin present in samples of glicagon

Behrens: This might then indicate an upper Liumt ?

Randle- Yes.

Foa: I should add that our glucagon was inactivated by alkaline
incubation.

Best: We s‘ha‘u‘Id remember that some of the earlier Lilly samples of

rule out a cofx}ent_ of :‘3 few tenths of one per cent of insuhn.

o

particularly since glucagon does not appear to increase the glycosuna
of alloxan diabetic rats? Has glucagon been studied in depancreatize
animals?

Bekrens. We have not done 1t,

Foé: According to our experience the hyperglycaemic effect of fxggle

i intl inth: og.

R.-Candela: 1 can only refer to my early expeniments, I studied the
nsulin requirement of alloxan diabefic dogs. After that I tied down the
ducts of the pancreas and two months later we removed the pancreas.
Within 24 hours the mnsulin i of the dogs d.

Best. 1 suppose care wag taken to ensure that the amount of food
absorbed was the same.

R.-Candela Yes. We fed the amimals with raw pancreas and bread

e made 2~ careful comparison of the msulin 1equirement of these
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R.-Candela; No, only pancreatectomy.

Randle: Have the effects of duct ligation actually been earried out on
nsulin requirements of alloxan diabetic animals?

R.-C'an.dtlu‘ * Yes, first ina normnl'n imal, the

fter alloxan dinbetes
A o and

safe.
Best: 1 have seen diabetes result from higation of the pancreatic ducts,
after many weeks. N

de Duve: YWith regard to the antagonism of msulin by glucagon, 1
think it is necessary to take into account the type of glueagon prepara-
tion used and the way 1t is admistered. Certanly, when jected in-

which was described by Sutherland and Com some years ago and
according to present criteria should be about 10 per cent pure at the
most. That preparation affected the blood sugar curve by wmsulin during
§ hours, instead of 30 minutes to 1 hour as described by.Dr Behrens

data indicated that 1t is destroyed overnight, In the hver 1t 1s destroyed
extremely rapidly. YWhen we i_nh!blt the destruction in the in vitro assay,

wonder whether we have any furiher mnformation on the amounts of
glucagon necessary, when given constantly intravenously, to prevent
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THE ACTION OF GLUCAGON ON LIVER
PHOSPHORYLASE

E. W. SuTuerLaND, W, D. YWoSILAYT AND
T. W. RaLL

Department of Pharmacology, School of Med:cine, Western Reserre
Umniversity, Cleteland, Ghro

THE concentration of phosphorylase in liver slices represents
a balance between inactivation and resynthesis of the active
form (Sutherland, 1950, 1951, 1952; Sutherland and Cori,
1951). Inactivation of phosphorylase 1s catalysed by an
enzyme earlier designated liver phosphorylase inactivating
enzyme, The synthetic aspect of the balance, i.e. the reactiva-
tion of the inactive liver phosphorylase, is influenced by gluca-
gon {and epinephrine) so that resynthesis of the active form
is promoted.

The change from the inactive form to the active form was
very rapid and the amount of active enzyme in slices was
doubled within a few minutes following the addition of
glucagon or epinephrine. In earlier studies the reactivation
process could be demonstrated only in intact tissue; although
once reactivation within the slice had occurred, the increased
amounts of active enzyme could be demonstrated in homo-
genates, extracts, or in fractions of extracts obtained by
ammonum sulphate precipitation. In order to study the
nature of the changes in the phosphorylase molecule, it seemed
advisable to purify the Liver phosphorylase and the enzym
which 1activated 1t, since the inactivation reaction did occur
in homogenates and could be studied m cell extracts.*

* The results summarized
in detail to the I, biol, Chem,
1. E. W Sutherland and W. D, Wosilait (1956).
I1. . D. Wosiait and E. W, Sutherland (1956}
IIL T. W. Rall, E. W. Sutherland, and W, D. Wosilait (1056).
179

10 this report have been submitted previously
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Enzymatic Inactivation of Liver Phosphorylase

Enzymes used in these studies were prepared from dog liver.
It was shown that the response of dog liver slices to addition
ot: the hormones was similar to that seen when rabbit lver
slices were used. Fig. 1 shows the effect on the concentration
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indicated times and Lr ucuviLy was deternuned (falt, Sulherisng
and Wosilait, 1956).

of phosphorylase of meubating dog lrver slices at 87°. Phos-
phorylase was measured in homogenates prepared from the
slices. The concentration fell rapidly on ineubation, reaching
a low value 1 15-20 minutes. Subsequent addition of
glucagon or epinephrine resulted m an extremely rapid rise
in the phosphorylase level. It should be noted that the dog
liver phosphorylase had fallen appreciably during the slicing
procedure; the true liver value was higher than the zero slice

value riven here.
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Liver phosphorylase and the enzyme inactivating it were
prepared 1 purified form from dog Lvers. Purified liver
phosphorylase was inactivated enzymatically and a search
was made for small fragments which might be released during
the reaction. Inorgame phosphate was found to be a product
of the reaction and was determined chemically by the method
of Fiske and SubbaRow or by the Lowry-Lopez method. The
cnzymmtlc Tiberation of phosphate was determined not only by

s but by radioactivity when radioactive
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o 20 a
5
8
g
£
9 50 ES) 160
MINUTES
Fic.2 ronce ot organ phosphate n th t fluid of

Tiver pl
wn.h enz)mrmc nactivation (Suthzrland and Woulmt, 1055)

liver phosphorylase was used as a substrate prepared as
described in a later section. Formation of inorganic phosphate
paralleled the formation of inactive hiver phosphorylase as
shown mn Fig. 2 (Sutherland and Wosilait, 1955; Waosilait,
1955). The phosphate present in the molecule of hiver phos-
phorylase was very firmly attached to the protein molety and
remamed with the protein on precipitation with trichloro-
acetic ucld, after enzymatic inactivation, the phosphate
appeared in trichloroacetic acid supernatants. In -this
expeniment 1 mole of inorganic phosphate was formed per
120,000 grams of protemn, or approximately 2 moles of
phosphate per mole of enzyme. No production of pentose
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compounds, phenolic type compounds, peptides or ultraviolet
absorbing materials was detected. Furthermore, no proteo.
Iytic activity was observed when the inactivating enzyme was
incubated with several proteins. The inactive form of the
enzyme sedimented in the analytical ultracentrifuge at the
same rate as the active form; in either case only a single peak
was noted, as shown in Fig. a,

No phosphatase activity was noted when inactivating
enzyme was incubated with a number of simple organic

hosphorus-containing T ds or with some phospho-
;rotéins (Table I), but small amounts of phosphate were
liberated from certain other phosphoproteins, namely phos-
vitin and «-casein. The activity of the enzyme on phosvitin
and on liver phosphorylase paralleled one m}othcr when the
enzyme preparation was subjected to various tfe{\tments
as shown in Table II. Both activitics were mh.xbxled b.y
0-01 3-NaF and, for example, 0-15 3-NaCl, and neither acti-
L - Ry i

A Y e nctrirn trne The artiv
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. Table I
Possiny Sunstrates Incusstes wirn TE

P released No P released

Liver phosphorylase | Proteins

Casein
a-Casein B-Casein
Gratbumin
Phosvitin

Non-protens
a-Glycerophosphate
p-Natrophenyl phosphate
5-AMI

ATP
Creatme phosphate
Phosphocnolpyruvate
Glucose-1-phosphate
Fructose-1:6-diphosphate
Tbose-5-phosphate

Table IT
CoMpanisox or 1E Activity ox LP axn Pmosvrrry

A companson was made of effects on phosphate hberation from phosvitin
with effects on enzymatic inagtivation of LP, The extent of inactivation had
been correfated earlicr with the amount of phosphate refeased from LP.

Treatment Effect on aetivity foward.
r Phosvatin
1. 0-013-NaF in RMY 959 inhibition | 70% inhibution
2. 0 155-NaCl 1 RM.* 78% wnhibition | 78°, inhibition
3. 0 0025-MgCl, 1n TLML* No effect No effeet
4. Pretreated for 15 minutes at Complete Complete
PH 4 0 and 37° mactivation mactivation
5. Pretreated for 15 minutes at | 60-85% recovery | 60-85%, recovery
pIL 8 0 and 50°

* Teaction mixture is deseribed fn text,
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parallel following heat treatment; i.c. at pH 4 for 15 minutes
at 87° all the activity was lost, while at pH § for 15 minutes
at 50° most of the activity was retained. Only & small pereen-
tage of the total phosphate of phosvitin was released on long
ineubation, so it was not clear that phosphoserine proteins
were the necessary substrates. The organic phosphate portion
of liver phosphorylase is currently under investigation. The
inretivation reaction at present may be written in the follow-
ing form:

Liver Phosphorylase LY Phowphatary

Liver Dephosphophosphorylase -+ Inorganic Phosphate.

Effects of Glucagon and Epinephrine on Incorporation
of Phosphate into Liver Slice Phosphorylase
Sinee inorganic phosphate was released during enzymatic
ipactivation of phosphorylase, it seemed probable that the
conversion of dephosphophosph h

phosphophosphorylase to phosphorylas
consisted of a phosphorylation of the inactive form. Liver
slices were known to incorporate inorganic phosphate rapidly
into varwous esters (which might be capable of donating
phosphate to the acceptor group of the sactive form) and on
this basis experiments were designed to see if slices were able
to incorporate phosphate into the inactive enzyme during the
process of activation.

The following experiment, summarized in ¥ig. 4, demon-
strated that 32P-orthophosphate was incorporated rapidly
into phosphorylase and that the amount of labetled phosphate
present m the shee phosphorylase was much greater when
slices were incubated with glueagon or epinephrine. Dog Jiver
slices were preincubated for 15 minutes with buffer containing
33P-orthophosphate to permit inactivation of phosphoryle
and also entry of the labelled phosphate, then were further
incubated for 5 minutes without and with the 9dditior_\ of
glncagon {G)or epinephirine (E}. At the end of the incubation,
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the medium was decanted and the slices were homogenized in
the presence of carrier liver phosphorylase. The bars at theleft
indicate the level of phosphorylase activity in the slices before
carrier addition, and the bars at the right indicate radio-
activity of the pumfied phosphorylase prepared from the
h tes. Purified ples from homogenates E and G

Par)
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©I10 pin)
33
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s
o (7]
%6 e
o
§4 EJ
5 o

contamned five to six times as many counts as the control
sample. The cross-hatched portion of the bars represents the
portion of the radioactivity that became TCA-soluble after
enzymatiec inactivation of the samples The phosphate
present i hiver phosphorylase did not exchange with sub-
strate phosphate as the enzyme acted catalytically; this was

;huwn by a series of experiments which will not be detailed
eTe.
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Comnparison of Glucagon and Epinephrine with an
Inhibitor of Inactivating Enzyme
With the additional knowledge and techniques now avail
able, it was possible to study whether glucagon and epi-
nephrine exerted thew action by stimulation of the kinase

140
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Sutherfand and Wosiait, 1936)

systemresponsible for the donation of phosphate to dephospho-
phosphorylase in stices.

The incorporation of radicactive phosphate into phosphory-
lase during incubation with glueagon or epinephrine was
compared to incorporation in the presence of fluaride, a known
inhibitor of the inactivating enzyme whase addition to slices
also results in an increased level of phosphorylase, Results of
one such experiment are summarized in Fig, 5. The bars to
the left represent phosphorylase activity of the slices at the
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end of the experiment; the bars to the right represent the
radioactivity of phosphorylase purified from the slices as
determined by release of phosphate on enzymatic inactiva-
tion. Fluoride maintained phosphorylase concentration at a
high level during incubation, and during this time very little
radioactive phosphate entered the phosphorylase protein.
Epinephrine and plucagon likewise maintained the level
moderately well, but in these cases the radioactive phosphate
was incorporated readily into the phosphorylase protein. This
indicated that fluoride inhibited the inactivating enzyme,
thereby preventing the removal of phosphate from the existing
phosphorylase; consequently the added radioactive phosphate
could not be incorporated in phosphorylase. Glucagon and
epinephrine, on the other hand, acted by a different mechan-
1sm which indieated the effects resulted from a stimulation of -
the phosphate donor system.

Subsequent experiments supported this interpretation
(Sutherland, Wosilait and Rall, 1955}, as shown by an example
summarized m Fig. 6. In this case the same experimental
procedure was employed with only slight variation. In one
flask (8rd bar) the slices were mcubated with NaCl for 10
minutes, then both NaF and radioactive phosphate were
added simulfaneously. At this time the concentration of
active phosphorylase in the slices had fallen to a low level.
Addition of fluoride for the final 7-5 mnutes increased the
concentration of active phosphorylase very substantially, and
during this period radioactive phosphate was readily incor-
porated into phosphorylase protein, as can be seen from the
third cross-hatched bar. It was concluded that dephospho-
phosphorylase had been formed during incubation with NaCl
and the addition of fluoride resulted in reformation of active
enzyme, since the inactivating system was now inhibited and
limiting, thus permitting the kinase action to become pre-
dominant. As this net formation of active enzyme proceeded
in the presence of fluoride, radioactive phosphate was incor-
porated. Thus it appeared that the presence of dephospho-
phosphorylase was required forthe incorporation of radioactive
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phosphate into phosphorylnse. The fourth pair of bars
indicate that when the innctivating enzyme was inhibited by
fluoride, the incorporation of phosphate was inhibited even
in the presence of epinephrine, since only small amounts of
dephosphophosphorylase had been formed,

0 g
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NaF £ NaCl NaF+ NoF £ NaC~ NoF+

NoF E N E
Pia, 6. Effect of addimpg P and NaF sinultancously oa ins
corporation of 33 into hiver shee phosphorylase Fous portions
of shees were incubated 17 5 munutes under the conditions of
Fig. 5. Ome me, of PP was adde to each portion 7 5 minutes
hefore the end of incubation; 2t the same time the NaCl medum
of one¢ portian was decanted and replaced with NaF-containing
medium, Cross-batehed bars at nght refer fo radivactinty
made tricklorascetic aaid solulite alter enzymatic mactivation
of final preparations

Conversion of Deph hophosphorylase to Pt hory-
lase with Soluble Kinase Preparations

It was deduced from the experiments suramanzed above
that & kinase was involved in the conversion of dephospho-
phosphorylase to phospherylase. The protein-phosphate
bond was firm and was not broken by precipitation with
trichloroacetic acid nor by short incubation with hot dilute
HC1 or hot dilute NaOH, and the phosphate did not exchange

FARETL TN
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when incubated for prolonged periods with inorganic
phosphate.

Studies on the reactivation process in broken cell prepar-
ations led to the finding of a phosphokmasc* capable of
t phate to d ylase. This
enzyme “as punﬁed more th:m fifty- -fold followmg the pro-
cedure summarized in Table 111, Early fractionation steps

Table 11T
Scueye on P oy Liver P
Dog Liver Jomogenate

I‘nm;mon

T LPm 11. IC on Gel I Phosphokusase
Supernatant in Precipitate
(Cake)

ash sud clute

baw
RAmm S

$3hacn and zna Amn\ Sulphate
Dualvsls and

2rd Ama smpnm

Bk tatim
..,

separated the three enzymes rather well and perrutted the
preparation of the three enzymes from one homogenate.
Dephosphophosphorylase kinase required adenosmetriphos-
phate and magnesium 10ns for the conversion of its substrate
to the active enzyme. Requirement for ATP and Mg++
became evident simply by diuting the homogenate into a
range suitable for assay.

The assay system which was adopted contaned (as final
concentrations) 1 X 10-3 »-ATP, 2-3 x 10-2 M-Mg™*, 2-0
X 102 x-NaF, buffer, and punfied liver dephosphophos-
phorylase. From results 1n this assay system, it was possible
to calculate that there was enough phosphokinase in liver to

¢ This enzyme has been named hm dephospnophosphuryme Linase, thus

15 s

an abbreviation. Tt 13 pomted out nm The sse of the tarm Minase alsa conformns
to nn early deﬁm\wt\ where & kinase was & stbstance which transformed o
AT TOTY £ Drrn s
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activate all the phosphorylase in liver in a very short time—
probably in one minute. This degree of activity is sufficient
to implicate this enzyme in the rapid response of slice phos-
phorylase concentration to glucagon and epinephrine.

During the progress of this work, Fischer and Krebs (1955)
reported the presence of an enzyme from rabbit muscle which
catalysed the conversion of rabbit muscle phosphorylase & to
phosphorylase a in the presence of ATP and manganous fons.
A recent report from the Cori laboratory has described the
PR enzyme action as a phosphorylase-rupturing action
(Keller and Cori, 1955). It seems possible that the intercon-
versions of phosphorylase in liver and muscle have some
similar features, although the several enzymes involved
differ physically or in other respects. The three enzymes dis-
cussed above have been purified from dog heart muscle to
varying degrees in this laboratory. Highly purified inactiva-
ting enzyme from heart appears similar to the one from lrver,
and the very active phosphokinase from heart readily converts
liver dephosphophosphorylase to the active form in the
presence of ATP and magnesium ions.

Effects of glucagon and epinephrine on soluble phospho-
kinase have been obtained under certain conditions but have
been vamable. The work is too recent to present a clear
picture, espeaally since cofactor requirements are present
and inhibitory factors or processes also are operative in
broken cell preparations. Results with slices, however, have
supported the idea that some portion of the phosphokmase

system is simulated by gl and ep
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DISCUSSION

G. Con: I should like to mention our knowledge of muscle phos-
phorylase as compared ta liver phosphorylase. When Prof. Sutherland
was 1 our laboratory he centnfuged his highly purified Iiver phos-
phorylase and fmmd a sedimentation cons!ant whmh was very close to
muscle ph: ylase c, i e. the half- ylas whereas
the cryslallme phosphorylase a has twice the mulecu!ar weight. So liver
phosphorylase either occurs only m this form or there Is a species
dufference, becsuse we have been worlung with rabbit muscle and Prof.
Sutherland has used dog hiver. Our PR enzyme, which Prof. Sutherland
calls mactivating enzyme, does split pbosphor}]ase a, the dimer, in
half; whether worgame phosphate is released in the process has not yet
been determined. There 1s some phosphate released, but whether it is
morganie remains to be shown. It may be that the inactivating enzyme
m liver and the PR enzyme in muscle are identical. The PR enzyme of
muscle has been hnown to release organic phosphate from the dumex
when 1t iz sphit t0 two monomers, 0 1t 18 quite possible that some of the
contradictory or different findings can be brought under one heading.
I would also like to say that we have tried our PR enzyme, which is
Iighly purified, on a-casein. This enzyme 1s obtameq from muscle which
contatns no monoestererases, Whereas liver does, and our PR enzyme does
not split phosphate from a-casemn

Sutherland- We have not studied casemn very much, phosvitin yes.

Now if you apply this enzyme (IE) to whole casem 3t does not relcase
RIS Al 26 Ao s

Young: What glueagon did you use in thesc experiments?

plex syslgm so far.

C.F Cori: shnuld Iike to say a few words about muscle, which we
have c)ueﬂy studied. The systems of inactivation and reactivation of
phosphorylase are extremely dynamic. In order to preserve the stafus
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quo one has to [rcefe the muscle in sife, aad then homogenize 1t in
that the Y that act on phosphorylase. If
ane does that one finds that within 10 seconds of stimulation af a rate of
20 per second 1he active form of phosphorylase increases. When muscle
is fatigued the achive form decrenses markedly. A greatly inereased
glycogen breahdown takes place during contraction and it has always
Leen & question hoyw this could be brought about, It seems to be due to
actnation of phosphorylase, and that requires only 16 seconds. The
punfied system of Krebs converts mactive muscle phosphorylase to the
active form, No effect has been demonstrated on this system in 1,
whereas 3t 15 well known that epineplirine does sct on the intact muscle,
presumably influencing the enzyme that converts the fnactive to the
actve form. This effect disappears entirely when the cell strycture fs
destrayed, it may be o q of the right 1 ions,
or there may be no hormone action on & cell-free, structureless system.
G, Core: T have done quite a few experiments on frog muscle, meubat-
ing it with epincphnine or other substances whch also increase lactic
acid production and glycogen breakdown, such as caffeine, dmitro-
phenol; only epinephrine and norepmephrine screase the active form of
phosphorylase  Dimtrophenol and ¢affesne do sncrease glycogen break-
down to an even larger extent than emnephrine does. "IWe find that
the active form is not increased by these poisans, The amaunt of actise
form which is alway s present sulfices to permit a considerable increase in
lactie aed and glycog K . This break 1, of
eourse, very miuch slower than the glycogen breakdown duting stmnla-
=1 - ot of netn e phosphorylase 1+ needed to make possible

. Aweine gontraction.
on the speoficity of adrenaline

dersvatives snd epuy ,

G, Cor; 1 think Sutherland dud suuae work op that which has been
p b N 18 iy active, I do not know if st is as
actave as epimephnine, hut it certmnly 1 st actve at 1119 mithon,
wheyens, peshaps, epmephrine stilt acts at 3+ 30 to 1 : 100 million.

Sutherland  We did hitrate five or six different sympathomimetic
araisies by the hiver shice techmque. I think we published these rcsul_u in
1049, In coriparing the amues, if you take the hall-maximal stimu-
Iation point and relate one to 100 per cent actvity, you find that
l-epinephring 1s about six times more active than Lnorepiephrine; the
d-form of epinephrine has shout the same activity as Lrnorepinephrine;
d- pinephrinie has A y Jess activity, and benzedrine is
janctwe. If you compare these vesults with the results published by
MeChesney and co-workers there 15 very good agreement. They studied
these effects sn the intact ammal, and right down the hne the paraliehsm
15 almast exact (McChesney, B W, MeAwhr, 1. P, and Bhfmberg, I
(1049, Proe. Soe. exp. Biok, N.Y., 71, 220}

C. F. Cori+ In the case of muscle, an action of glucagon on the phos-
phorylase system has not been demonstrated, while eqnm:phrme does
act. “Now that one can d i y approj . ’tlhc
actual concentration of the acitve and inzctive form, one finds that
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normal rat muscle contains about 80 per cent of the active form, the
remainder being the inactive form of phosphorylase. When one injects
epinephrine into normal intact rats one finds, a few minutes after in-
Jection, an almost complete conversion of the inactive to the active form,
while the total enzyme content remains the same, Norepinephrine in
the same test on the intact rat 1s very much less active than epmeplinine.
Glucagon does not influence this system, either because 1t does not get
into muscle or perhaps because it does not act in muscle.

Sutherland: These results are in good agreement with the work that
has béen publ on the (1950, Proc. L ian Hormone
Conf., N.Y., 5, 411; 1951, Ann. N.Y. Acad. Seci, 54, 693). T might
add that while recent developments have not solved the evact
mechanism of action of epineph possibi can now
be explored. It is possible that in some tissues phosphorylase is not
ﬂ‘\e only enzyme affected. The phos}:hate donor systs‘m or the dephos-
R /it A S S bl St PR A {

fluoride causes a rapid reacinvation of the enzyme and this. I believe
You have shown, goes together with a corresponding uptake of P, It
seems to me that this experiment shows that mere inhibition of the
inactivating enzyme is enough to allow the kinase step to become pre-
Ponderant and that the turnover of phesphorylase must indeed be very

are with such an interp for we usually find a higher
phosphorylase level i fluonide-treated shices than i those exposed
1o glucagon,

Sutherlan 1: We have made calculations of the specific activity of the
phosphory lase *P in slices Perhaps our caleulations are not exact and
we have not published them. We determine the specific actnity of the
inorganic phosphate and the speeific activity of the phosphate from
phosphorvlase  We find about 100 per cent equilibration during short
times of incubation (5 minutes) If half of the phosphorylase were
protected from dephosphorylation, we might expect the incorparation
tobe slowed considerably The equhbration, how ever, may be extremely
rapid and the pomt you make 1s 8 good one. Some effects of epmephrime
‘were 5-minute effects, i e. only 5 munutes of incubation time with radio-
active phosphate was allowed.

nx 3



INHIBITORY EFFECT OF GLUCAGON ON THE
INSULIN GLUCOSE UPTAKE OF THE ISOLATED
DIAPHRAGM OF THE RAT

J. L. R.-CanpELA AND R. R.-CANDELA
Instutute of Metaboham and Nutnition, Madnd

REsuLTs obtained from previous investigations (Candela,
1958; Candela and Candela, 1954) carried out with pancreatie
extracts, and a few others carried out with rather impure
glucagon, have motivated these experiments. We were
interested in attempting to confirm these results and to es-
tablish whether glucagon has an mbhibitory effect on msulin
in vitro as studied in the isolated muscle. This inhibitory effect
has been confirmed m studies on iver and muscle by Pincus
and co-workers (1955).

Method

The experiments reported here were carried out, using a
slightly modified form of the method already published
(Candela, 1953), with Lilly samples of insulin, lot 208-108-B50,
and of glucagon, lot 208-108-B234. Constant doses of glucagon
(500 pg.) and varying doses of insulin were used.

Results .
The results obtained are summarized in Tables I-1V, and

are illustrated by Figs. 1 and 2.

104
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Table I

“InsuLIN GLucose UPTAKE OF TRE ISOLATED RAT DIAPHBAGH

Insulin effect
Number of | Insulin 1.U.[100
coperiments | mg BN | cose uplahe | Standard deviation
12 0 0099 o o052 +0 019
2 0-1010 0 106 +0-010
12 0 8002 0128 +0 013
24 o 5001 0-208 +0 025
16 0-7002 0-249 10 031
12 0 0137 0 313 +0 019
12 11055 0 325 10-023
12 1 2968 0 357 +0 016
Table II
IvFLuENeE oF GLUCAGON ON e INsULty Grucost UPTAREL
oF THE IsoLATED RAT DIAPORAGM
TInsultn effect
Number of | Insulin I U.j100
experiments | mg. diaphragm
Glucose uptake | Standard devation
12 0 0100 0 042 +0 007
12 01000 —0 070 +0 008
12 0 3007 —0 109 +0 012
20 0 4971 —0 195 +0 030
12 0 6994 —0 121 +0 021
2 0 8076 —0 077 +0 017
28 1 3095 -0 028 40 022
12 1-2818 0:028 +0 025
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‘Table 111
INwuLIN Gtycoary SYNTNTRIS oF THE ISOLATED RAT DIAPmRAGH

—
Insuhn effect
Number of Insulin 1.U.J100
experunents mg. diaphragm
Glucose uptahe | Standard deviation
18 0 0009 0 0237 20 0013
16 0-0994 0-0333 +£0-0049
12 0-3017 0-0451 +0 0104
12 0 4983 0-0563 040039
18 0 6916 0-0594 10-0103
16 0-9013 0 0769 400032
20 1-107T 0 0019 +£0-0068
16 1 2888 0 1059 +0:018%
Table IV

INFLUENCE OF GLUCAGON oN TiE INSULIN GLYCoGEX
Syvruesia OF THE ISOLATFR RAT Diapuracs

Insulin effect

Number of Ineutin LU(100

espermenis | mg. diaphrogrs Glucose uptake | Standard devsation
12 o 0100 0-0816 +0-0025
12 0 0998 0-0630 +0-0051
1z 0-3023 —~0 0250 +0-0018
12 0 4966 —~0 0604 40 0026
10 0 7008 —0:1347 £0:0134

1 08936 ~0-1040 £0-0107
16 31 —-0:0711 40-0178
19878 ~0 0508 10.0170
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‘We conclude from the foregoing experiments and from their
statistical interpretation that glucagon has an inhibitory
effect on insulin 4n vitro, in the isolated diaphragm of the rat.

Figs. 1 and 2 show that the inhibitory effect of glucagon
does not decrease proportionately to the increasing doses of
insulin. If it did decrease proportionately, the maximum
inhibitory action should be obtained with a minimum dose of
insulin. This may explain why Young (1953) has not been
able to demonstrate the inhibitory effect demonstrated above.

The continuous infusion of glueagon has been shown to
inhibit insulin hypoglycaemia in vivo in the eviscerated and
nephrectomized rabbit (Drury et al., 1954). The administra-
tion of glucagon dimimshes the transfer rate of glucose from
the extracellular to the intracellular compartment. We have
confirmed these results (Candela, 1955, unpublished).

These effects seem to be the specific property of glucagon, as
a protein such as ACTH (Candela, 1955, unpublished) does not
produce any effect whatever.
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DISCUSSION
Young. What was the dose of glucagon used in the experiments shown

in your ﬂgu,res;?)
R.-Candela: One mg.
Young: Yhat was the effect of the glaeagon alenel .
Tt -Cendela: Tt diminishes slightly the glucose uptake in some cases.
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In other cases there scems to be a slight increase in glucose uptake;
there is no constant effect.
Tance X1 (Randle)

Influence of glucagon upon the glucose uptake of rat diaphragm
and 1ts Tesponse o msulin.

Glucose uptake
.o Concentration of
Addition to buffer mg [g.fhr.
& hormone Mean 458 of mean

None -~ a1 09 £ 0-14(6)
Glucagon (1) 20 pg fml. 3-97 4 0-19 (6}
Insulin 6+4 mU./ml b 3-48 £ 0 23 (6)
CGlucagon (1} {20 pg fml. 4 87 & 0.25(6)
+ Insuln 8-4 mU,/ml

(b ) difference not. signidcant, other differences significant (minimum level of
significance P <0 01)

None - a 1 44 4 0-09 (5)
Glucagon {2) 180 pig,jm! § 238 £0:15(6)
Insulhn 1-8 mU./ml. 274 £ 018 (5)
Glucagon (2) {xso pg.jml. 4:20 X 0-28 (5)
+ insulin 1-8 mU,/ml.

(b —3) ditference not significant,, for o1 other difterences P <0 601

Glueagon {1)—batch 208-1588-197 (Lilly}—smorphous
Glucagon (2)—batch 208-1588-220 (Lilly)—crystalline
Figure 1n parentheses f3 nusober of obsersations

Thus slide(Table IT) summanzes two experiments we have done
LIS ) sui s b IS A b St Aot

the glucose uptake response to insulin, This figure for the glucose uptake
—if one calculates the equivalent insulin activity of the mixture it would
be compatible with the addition of the two effects of glucagon and msuln

In the second experiment, using 180 pg /rl. glucagon, there was agan
significant stimulation of glucose uptake with ghicagon, 1 8 mflwmits

.
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of insulin again produced signil ti of glucose uptake,
‘When both hormones were present together, again there was no evnidence
i i 1 f one cal i msubin

of any ibil y € €q’
activ_lty of this, th_en the recovery of insulin from this mixture is_x some

experiments confirm the earlier observations that were made in our
laboratory by R. H. Smith and which were reported here by Prof.
Young three years ago (Young, F. G. (1958), Ciba Foundation Coll
Endocrin., 6, 241).

Young: It 1s true that in our laboratory we have never used such a
high dose of glucagon as Prof. Candela has. What was the dose of insuhn
at the bettom of your curve?

R.-Candela: 0-1-1 unit.

Young: That 15, 0-1-1 unit of insulin/0-5 mg. glucagon gives the
maximum inhibition.

Randle: What incubation medium did you use?

R.-Candela: That used by Groen and Kaminga.

Randle: Did you dissolve your glueagon directly in the buffer?

R.-Candela: Yes. .

Randle: In the expeniments which we did it was dissolved in glyeine
buffer at pH 9-5 and then diluted with Gey's bicarbonate buffer.

Young: 1 think between R. H. Smith and yourself all sorts of methods
have been used.

Randle: Yes.

Park: In a recent conference Dr. Wick ponted out that there is ‘x_l'(‘lw
- TN . o T e L e W A e

T NN

C. F. Cori: Other tissues, e.g. kidney, contain very little glycogen;
adipose tissue does contain some. I was just wondermng, if 20 pg. O
glucagon stimulate the glucose uptake in the diaphragm—where 13 the
specificity with respect to the effect of insulin? This is a bit disturbing

to me. — R

tee arn

et 3l

1 svonder wite1e wo uics
tw;’oaﬂo.' 1 think, Prof. Cori, you are inclined to doubt the specificity
of insulin action on glucose uptake by the isolated diaphragm?
C. F. Cori: I do not doubt 1t, X just noticed that another protein in
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mt mvnnrinbn maguemahly fraa Af inenlin dnag hawa a fairly anhetantial

s R )
180 pg., and that was the erystalline one, and it was less effective,
1 have not done, and this will have to be done, a response curve for
glucagon to see what relationship it bears to the response curve for
msulm.
de Duve: T wonder if anyone has ever tried treating the glucagon with
alkali or cysteine to inactivate whatever insulin might have remained.
Randle: I have not tried that anqil"q\ust be .do.ne' Certainly th'e ogher

LN . -

@. Cori: Do you think that erystalline preparations of albumin con-
tain insulin?
msumr

B S A B R R
impunity be detected? . -
Randle. Thave not tried a very ot insulin with a

small amount of glucagan.
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Ve e AT AT Mkt el MLfLtatan A8 mpnlin anbinn

R.-Candela: T tried only with ACTH,
L] .
using now.

Sutherland: At a previous meeting we heard that glucagon might
protect msulin from insulinase activity, so that addition of glucagon
might potentiate any traces of insuln either bound or added in the
preparation. N

C. F. Cori; One will have to look for insulin unti! proved otherwise.

R.-Candela: What is the work of Pincus? .

Foa: Essentially the work was as follows: depancrcatiz?d a;’n'{malf



THE HEPATIC ACTION OF INSULIN

CurisTIAN DE Duve
Department o] Phynologieal Chemisiry, Umversity of Lowcomn

‘I'nE hepatic action of msulin has been for many years a
subject of controversy amongst physiologists. While there is
no doubt that the diabetic state is accompanied by profound
disturbances of liver metabolism which can be largely cor-
rected by insulin treatment, the numerous negative or para-
doxical results obtained on normal animals and on 1solated
liver preparations have led many authors to conclude that the
effects observed on diabeties are due essentially to mndirect
mechanisms. As shown in previous reviews (de Duve, 1945;
Bouckaert and de Duve, 1847), much of the work performed
prior to 1945 has been vitiated by inadequate control of the
blood sugar level in the experimental ammals and by the

of glucagon in the les of nsulin used. Since
then, several investigators have been able to demonstrate a
direct action of msulin on the hver, and the reality of this
action has gained wider acceptance, More recently, however,
new doubts have been raised by several investigators, whereas
additional evidence 1n favour of a hepatic action of insulin has
been obtained in this laboratory. It seems approprate, there-
fore, to re-examine the problem in a entical manner.

Studies on Hepatectomized and Eviscerated Animals

As shown by Bouckaert, De Nayer and Krekels (1929),
msulinized animals can be kept at 8 normal blood sugar level
by the of an appropriate
quantity of glucose. The amount of sugar necessary to achieve
this result, termed the “compensation dose”, is fairly repro-
ducible within a given species, but varies from one species to

203
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snother, It is determined empirically, small variations in
blood sugar level above or below the normal value being cor-
rected for mathematically (de Duve and Bouckaert, 1944).
With this technique, the pensation dose was d
over g period of 80 minutes an normal fasted dogs and on
hepatectomized or eviscerated animals receiving & supra-
maximal amount of insulin (de Duve, De Nayer, Van Oost-
veldt and Bouckaert, 194%a; de Duve, De Nayer, De Keyser
and Bouckaert, 19456}, The main results obtained are
summarized in Table 1. From the considerable reduction in
glucose requirement which follows removal of the liver, an
organ which actually produces glucose in the fasting animal,
it was concluded that insulin strongly promotes the hepatic
uptake of glucose,

Table I
or Hi axp Ev ox GLUCOSE
RequinemeNT o Insvunizen Doas

Results from de Duve and co-workers {1945, 1945b).

Compensation dose: amount of glucose necessary to keep the snimals at a
blood sugar level of 87 mg. per cent during 80 min, following the intravenous
infection of a large amount of insuhn.

Animal No.of cap. | Sompersellis : chee
Intact dogs 7 157 & 0+08
Intact dogs snaesthetized and
ventilated artificially 8 0-87 £ 0°I1
Hepatectomazed dogs [ 080 40 03
Eviscerated dogs I3 0-30 £ 0 05

Recently, these experiments have been repeated under
slightly different conditions in two separate laboratories.
Lundsgaard (1954) has compared the glucose requirement of
jntact with that of hepatectomized or eviscerated cats, given
8 large dose of insulin, and has found no difference. Iis values
for the Liverless preparations are comparable with ours and
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the main difference lies in the compensatian dose of the intact

“ animals. These results, therefore, appear to indicate that the
hepatic action of insulin is of much smaller importance in the
cat than in the dog. It should, however, be pomted out that
the intact animals were anaesthetized in Lundsgaard's
experiment, This factor may decrease the compensation dose
to quite an extent (Table I), probably by selectively aflecting
the hepatic uptake of glucose (de Duve et al., 1945h). Also,
since no increase in glucose requirement was observed
following hepatectomy, the possibility that insulin inhibited
the hepatic output of glucose in the intact cat still remains
to be considered.

Lang, Goldstein and Levine (195%) have determined the
peripheral uptake of glucose in intact and eviscerated dogs,
by simultaneous measurement of bloud-flow rates and of the
arterio-venous blood glucose differences. Their values for the
maximal uptake in the presence of insulin are 1-5 g./kg./hr.
for the intact and 0-6 g./kg./hr. for the eviscerated prepara-
tions. The authors point out that these figures are very similar
to the values of total glucose consumption obtained by the
compensation technique (Table I} and conclude that the
reduction in glucose requi t of the insulinized dog
following hepatectomy is due, not to the removal of a site of
active glucose metabolism, but to the suppression of a humoral
influence exerted by the liver on the utilization of glurose by
the museles. In support of the existence of an influence of this
sort, they cite cross-circulation experiments, in which the
impaired peripheral glucose uptake of an eviscerated dog was
raised to a normal value by & vascular connection with an
intact animal,

The agreement between the values of Lang and co-workers
(1954) and those of de Duve and co-workers (19454) is decep-
tive, for the two groups of experiments were run at very
different blood sugar levels. This is made clear by Fig. 1, in
which both sets of data are plotted aganst the blood sugar
level, as in the original papers. In order to accept the conclu-
sion of Lang and co-workers (1954), one bas to assume that
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ail the values obtained on intact animals by both groups of
" investigators define a single saturation ecurve, appheable to
the peripheral as well as to the total glucose consumption,
and reaching an identical maximum of 1-5 g.fkg./br. at &

IGLUCOSE UTILIZATION
G ING FHR
[
o o o
s T WIACT
o AC
.
o, o
]
19] .T
o
[«
0,-0f5 [N PL  BE
o EVISCERATED
Y AND HEPATECTOMIZED
Iy
YoPee °
BLOOD-SUGAR LEVEL, MG %
705 ) 5]

F10. Y. Influence of hepatectomy or evisceration on
utihization of glucose by insulinized dogs.
Dogs treated with & supramaximal smount of
insubn and recewving A continuous intravenous

infusion of glucose.

Black symbols; total utihzation, results from de

Dute and co-workers (1945a).

‘White symbols; utilization of hind-legs, results from
Lang and co-workers (1954).

blood sugar level as low as 100 mg. per cent. Against this
., assumption may be quoted the results of VWierzuchowski
(2086), who found that the glucose consumption of intact dogs
becomes maximal only at very high levels of glycaemia and
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nay then reach 8 g./kg./br., i.e. twice the value found at a
1ormal blood sugar level. It must be pointed out also that in
heir ¢ ts on imals, Lang and co-
vorkers (1954) have found that the influence of the liver on
he peripheral utilization of glucase becomes manifest only
it blood sugar levels higher than 800 mg. per cent, a value far
\bove that maintained 1n our animals. It may therefore be
oncluded from the present evidence that the interesting
shenomenon brought to light by Lang and co-workers (1954)
loes not necessarily account for the difference in total glucose
onsumption of intact and liverless dogs, injected with insulin
nd kept at a normal blood sugar level.

Studies on Hepatic Glycogen Formation
in Whole Animals

Glucagon and hypoglycaemia have been rendered respon-
sible for the fall in liver glycogen observed by many authors
to follow the injection of insulin (de Duve, Hers and Bouck-
nert, 1946). Consequently, the influence of insulin on the
formation of liver glycogen has been reinvestigated in Prof.
Bouckaert’s laboratory, using glucagon-free insulin and a
compensation technique whereby the animals were protected
agamst hypoglycaemia. The results of these experiments,
some of which have been published in condensed form
(Legrand et al, 1948; Hoet and Tyberghein, 1951), are
summarized in Table II. They indicate that treatment of
fasting rabbits with insulin, together with sufficient glucose to
maintain an app ely normal l,. y ia for a period of
8 hours, causes a significant increase in the glycogen content
of the liver as well as of the muscles. It has also been shown
that insulin protects rabbits against the fall of liver glycogen
induced by adrenaline or gl {Tybergh 1952).
Similar results had already been obtained with adrenaline
by Cori, Con1 and Buchswald (1930).

In some of the experiments described in Table IT the mean
blood sugar level of the insulinized animals was varied by
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giving them amounts of glucose above or below the compen-
sation dose.* As illustrated in Fig. 2, a significant correlation
was observed between the quantity of glycogen deposited in
the liver and the mean blood sugar level at which the animals

UNVER GLYCOGEN, 9 %

°
3 °
F$+POOLED CONTROLS & SEM 130 animaia)
©
L BLOOD-SUGAR LEVEL, Mg %
E 05 = 763

Fia. 2. Influence of blood sugar level on deposition of liver glycogen in
insulinized rabbits.
Results from Legrand and co-worhers (1048) and unpublished data of De
Mayer aod Nys (see Table I1).
Ot Animals fasted 24 hours, snaesthetized with chloralose
tumals fasted 48 hours, anaesthetired with chloraloss
mmals fasted 24 hours, unanaesthetized.

were m intained. From the calculated regression line it can
be d that the administration of msulin and glucose
caused a mean increase in hepatic glycogen of 1-09 g. per
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lactate or pyruvate formed in the muscles from circulating
glucose. In order to investigate this possibility, Dr. Hers has
recently conducted a compensation experxment using [1-%C)
glucose. A fasting rabbit was first given a priming dose of
carrier-free sugar, calculated to bring the specific activity of
the glucose in the blood and extracellular find to a desired
{evel, and then injected with 80 units insulin and sufficient
labelled glucose to keep the blood glucose and radioactivity
approximately constant. A control animal, receiving no
insulin, was rendered comparable by the infusion of carrier-
free glucose. The evolution of the blood picture in the two
animals is 1llustrated in Fig. 8. At the end of one hour, both
rabbits were killed; the glycogen was extracted from the liver
and muscles and degraded by means of the technique de-
scribed by Hers (1955).

As shown in Table ITI, both the hiver and muscle glycogens
obtained from the insul d animal were iderably more
radioactive than those of the control animal and contained
most of the label in carbon atom 1, indicating that they were

‘Table I1J
ANALYSIS OF GLYCOGEN FROM RABBITS TREATED Wit [1:%C] GLUCOSE
Unpubhshed data of Hers. For details of expenment, see Fiy 3.

I Control Insubnized =
] Muscle | Liver | Muscle | Luer
Spectfic acticat
‘ ¢ fmn fmg. gljcogen 0 33 35 kR
Percentage duatribution of 4C
743 98 5 835
C: — —
c o - - }as
& - - - a7
G - — — 3.2
Co - - - 32
\ d - - 250
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cent in animals maintained at the same mean blood sugar
level as that of the controls (102 mg. per cent) and that the
administration of excess glucose leading to a glycaemic in-
crease of 100 mg. per cent brought about an additional
glycogen deposition of 1-26 g. per cent. In both cases, the
total amount of glycogen stored in the liver corresponded

Blood Sugar tevel
m3 % etentmt

CONTROL INSULINIZED
A 8

- ] l 5 I 7
\/_'p—- S
150 P - N
2 /\_Espl',iﬂ""' 22

200

[aco

. Y

Ve Foma
o

Minutes
£ &0 EE) o 30 60 80
Fi6 3. Evolution of blood glucose and blood radioactivity in rabbits treated
with [1-4C] glucose.
Unpubhshed data of Hers.
Experiment performed on 8 kg rabbits, fasted 24 hours.
Control: A. Primung dose of carrier-free ghicose, 270,000 ¢ /min.
B. Continuous infusion of carrier-free glucose, 270,000 ¢ jrun./hr
C. Killed
Insulmized: A, Primmng dose of carrier-free glucose, 270,000 c./min
. 3 units of insuli + continuous mfuswon of labelled glucose, 2 7 g fhr.
and 810,000 ¢ fmun /hr
€ Killed.

to about 15-20 per cent of the admmistered glucose. Roughly
the same proportion was converted into muscle glycogen.
The evidence described above, although arguing strongly
in favour of the existence of a direct action of insulin on liver
tissue, is not, however, entirely demonstrative, sinee the
newly formed hepatic glycogen could have originated, by &
process independent of insulin, from intermediates such as
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in a prel y jon (Berthet et al,
19r54), o reproducible activation by added insulin of the
synthesis of radioactive glycogen from umiformly labelled
glucose was observed, These experiments have now been
extended and stimulations ranging between 12 and 140 per

tod H

[FCREASE N GLYGGGEN FORMATION DU TO INSULIN
U OF CONTROL

MEAN

F16, 4. Influence of insuln on hver glycogen formation 15 vitro

Results from Rerthet and co-worhers (1951), Berthet and Jacques (1935,
unpublisheg).

Measurements are of Tadicactive glycogen formed by hiver shees from fed
Tabbuts, incubated 20 mn. at 87° 10 medim B of Hastings and co-workers
(1952) contaning umformly labelled [14C] glucose, Insulin was added at the

concentration of 1 Unit/ral.

cent have been cbserved in fifteen out of eighteen measure-
ments (Fig, 4). On an average, insulin promoted the formation
of labelled glycogen by 41 + 9 per cent (P < 0-001).

Other Metabolic Studies on Isolated Liver Slices

As first shown by Bloch and Kramer (1948), and later con-
firmed by Brady and Gurin (1950), Brady, Lukens and Gurin
(1951), and Masri, Lyon and Chaikoff (1952), insulin added
in vilro stimulates the incorporation of radioactive acetate
into fatty acids by isodated ras diver skices. Similar observa~
tions have been made in this laboratory by Berthet and
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formed directly from gl , without a preliminary splitting
of the molecule into smaller fragments. The same conclusion
has been reached previously by Stetten and Klein (1946),
from results obtained on animals given heavy water.

Studies on Hepatic Glycogen Formation in vitro

One of the strongest objections against the acceptance of &
hepatic action of insulin has been the repeated failure to
demonstrate an effect of the hormone on the formation of
glycogen in isolated Jiver preparations. Three years ago,
Hastings, Teng, Nesbett and Rencld (1952) reported some
preliminary observations indieating that insulin added in
vitro promotes the incorporation of radicactive glucose into
the glycogen of normal and diabetic rat liver slices. In a
detailed account of these and other experiments, which has
recently appeared, Renold, Hastings, Nesbett and Ashmore
(1955) now state that they have been unable to reproduce this
effect. Not only was added insulin inactive on liver slices
*from normal or diabetic rats, but it was necessary to treat the
diabetic animals with insulin during a minimum of 24 hours
in order to restore the capacity of the liver to convert glucose
into glycogen, carbon dioxide and fatty acids. In contrast the
metabolic defects of the isolated diaphragm from diabetic
rats were repaired almost immediately following insulin treat-
ment. In their discussion, the authors stress the scanty
evidence supporting the existence of direct insulin effects on
the liver and put forward the hypothesis that the slow hepatic
changes brought by the hormone either are the result of
special type of action, different from the immediate activation
of glucose uptake which insulin exerts on muscle tissue, or
represent adaptation to changes in substrate concentrations
resulting from the changes in peripheral metabolism.

In this laboratory, similar experiments were performed on
liver slices from fed rabbits, using the incubation conditions
first recommended by Hastings and co-workers (1952) for the
demonstration of an insulin effect on rat liver, As has been
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opinions of the authors. An attempt to investigate this
problem experimentally has recently been made by Berthet
and Jacques (1955). Rabbit liver slices were incubated in the

{orereat gosorelma’a
{Externsl glucase] masmi

20|
3
« Without msuin
0 win insuis
3|
1ol
o
. GLUCOSE
°
o ._n . °
o ¢ ]
RADIOACTIVE GLUGOSE
thtes

3 B 35 aa E] )
Flo. 5. Glucose exchanges between 1solated hiver slices and
surrounding mediu;

m.

presence of radioactive glucose, taken out after varying times
of exposure, blotted and analysed for free glucose and radio-
activity. The results of an expersment of this type, performed
with and without insulin, are shown 1n Fig. 5. At the start,



214 CurisTIan pE Duve

Jacques (1955, unpublished), using liver slices from fed rabbits
and labelled fructose as precursor. As shown by Masri and
co-workers (1952), insulin is without effect on fatty scid
synthesis from acetate in liver slices from rats fasted 18 hours,
but stimulates this process if the slices are incubated in the
presence of glucose, & strong indication that the effect is an
indirect one, mediated by an increased uptake of glucose.
Similarly, Krahl (1953) has observed a favourable effeet of
insulin on peptide synthesis in liver shees from diabetic rats,
the effect being demonstrable only if glucose was present in
the incubation medium. According to Bornstein (1958),
insulin added to normal rat lver slices reverses the inhibition
of peptide synthesis caused by a @-lipoprotein fraction
extracted from diabetic plasma.

Liver slices from diabettc rats show a strong impairment in
fatty ncid synthesis from a variety of precursors, but in this
case msulin is without cffect, whether added alone, with
glucose, or with another intermediary metabolite (Brady and
Gurin, 1950; Brady et al., 1951), As with glycogen formation,
it is nccessary to treat the animals with insulin during 1-3
days, in order to restore the lipogenie function fully (Chernick
¢t al., 1950; Chernick and Chaikoff, 1950, 1951; Felts, Chaikoff
and Osborn, 1951a, 19515; Osborn, Chaikofl and Felts, 1951;
Lyon, Masri and Chaikoff, 1952; Osborn, Felts and Chaikoff,
1953; Renold e al., 1955). Krahl (1958) has also obtained
some cvidence of a delayed action of insulin on the restoration
of the capacity for peptide synthesis in diabetic liver.

Permeability Studies

Many authors believe that insulin exerts its metabolic
effcets on musele tissue by promoting the transfer of glucose
across the cell membrane. Sinee the liver always contains
glucosc, often st a higher concentration than in the blood, it
seems unlikely, a priori, that a similar mechanism could
account for the hepatic action of the hormone, and this objec-
tion has in fact been raised cither against the existence of such
an action or against the permeability theory, depending on the
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opinions of the authors. An attempt to investigate this
problem experimentally has recently been made by B.erthet
and Jacques (1055). Rabbit liver slices were incubated in the

Tnternal glueose] marg
TExtyrnat giucoae] marmt
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° » Without msutin
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)
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Fia 5. Glucose exchanges between isolated Liver slices and
urrounding medsum

presence of radioactive glucose, taken out after varying times
of exposure, blotted and analysed for free glucose and radio-
activity. The results of an experiment of this type, performed
with and without insulin, are shown in Fig. 5. At the start,
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Jacques (1955, unpublished), using liver slices from fed rabbits
and labelled fructose as precursor. As shown by Masri and
co-workers (1952), insulin is without effect on fatty acid
synthesis from acetate in liver slices from rats fasted 18 hours,
but stimulates this process if the slices are incubated in the
presence of glucose, a strong indication that the effect is an
indirect one, mediated by an increased uptake of glucose,
Similarly, Krahl (1953) has observed a favourable effect of_
insulin on peptide synthesis in liver slices from diabetic rats,
the effect being demonstrable only if glucose was present in
the incubation medmum. According to Bornstein (1958),
insulin added to normal rat iver slices reverses the inhibition
of peptide synthesis caused by a B-lipoprotein fraction
extracted from diabetic plasma.

Liver slices from diabetic rats show a strong impairment in
fatty acid synthesis from a variety of precursors, but in this
case insulin is without effect, whether added alone, with
glucose, or with another intermediary metabolite (Brady and
Gurin, 1950; Brady et al., 1951). As with glycogen formation,
it is necessary to treat the animals with insulin during 1~8
days, in order to restore the lipogenic function fully (Chernick
et al., 1950; Chernick and Chaikoff, 1950, 1951; Felts, Chaikoff
and Osborn, 1951a, 1951b; Osborn, Chaikoff and Felts, 1951;
Lyon, Masri and Chaikoff, 1952; Osborn, Felts and Chaikoff,
1953; Renold et al,, 1955). Krahl (1958) has also obtained
some evidence of a delayed action of insulin on the restoration
of the capacity for peptide synthesis in diabetic liver,

Permeability Studies

Many authors believe that insulin exerts its metabolie
effects on muscle tissue by promoting the transfer of glucose
across the cell membrane. Since the liver always contains
glucose, often at a higher concentration than in the blood, it
seems unlikely, a priori, that a similar mechanism eould
account for the hepatic action of the hormone, and this objec~
tion has in fact been raised either against the existence of such
an action or against the permeability theory, depending on the
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output of human subjects by simultaneous determination of
blood-flow rates and arterio-venous blood glucose differences.
They found that the intravenous injection of glucagon-free
insulin results in an immediate depression of the glucose
output of the liver, lasting approximately 30 minutes .an_d
followed later by an increased production of glucose, coinci-
dentsl with the recovery from hypoglycaemia. In a number
of cases negative output values were observed, indicating that
the liver was actually taking up glucose from the bloodstream.

In normal subjects, the response was very constant,
accounting for approximately 40 per cent of the total disap-
pearance of glucose induced by insulin. Diabetic patients
could be classified in two groups. The hepatic-sensitive
disbetics showed an exaggerated liver response to insuln,
representing up to three times the upper normal hmit.
These patients had a juvenile unstable type of diabetes.
The hepatic-insensitive diabetics, who responded badly to
insulin, were mostly elderly overweight patients, with a more
stable type of diabetes and a tendency towards fatty change
of the liver. Subjects of the hepatic-sensitive group were found
to become hepatic-insensitive when severely ketotic.

Discussion

The response to insulin of the liver in situ has been esti~
mated in three different ways: by the difference between
intact and hep ized animals, by the i in hepatic
glycogen content, and by direct measurements of hepatic
glucose output. The three approaches lead to the same con~
clusion, namely, that insulin increases the glucose uptake of
the liver in the jntact animal and that this process accounts
for a sigmficant part of the total glucose disappearance
induced by the hormone. The relative importance of this .
effect, however, seems to vary from one species to another.
It appears to be greatest 1o dogs and possibly humans, small-
est in cats; rabbits pymg an int i i
Data on rats, unfortunately, are not available.
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the slices are loaded with endogenous glucose. This leaks out
but is partly replaced by further glycogenolysis, resulting ina
fairly slow decrease of the internal glucose concentration,
which approaches equilibrium with the external medium only
after 80-60 minutes. At the same time, the external, radio-
active glucose enters the slices rapidly, reaching equilibrium
within less than 10 minutes, The two curves tend towards the
same value, corresponding to a glucose space of the order of
0:5 ml/g.

At first sight, the results of Fig. 5 would seem to indicate
that reversible exchanges of glucose between the liver cell and
the external medium occur readily and are not affected by
insulin. However, a space of 0-5 ml./g. represents distinctly
less than the total free water of the tissue, and it appears
therefore that part of the liver cell is not accessible to glucose.
Consequently, the results obtained, though furnishing no
positive evidence, show at least that some kind of transfer
phenomenon could be involved in the hepatic action of
insulin, provided the glucose-utilizing and insulin-sensitive
systems of the liver cell are located in the glucose-free region.
There are, indeed, indications that Jiver hexokinase, hike the
muscle enzyme, is not free to act in the intact tissue as it does
in extracts, since both organs respond to changes in blood
glucose concentration in a range far superior to the probable
Michaelis constant of their hexckinases.* In both cases, the
nature of the block remains to be established, a finding which
would probably provide a definite clue as to the true mode of
action of insulin.

Clinical Studies

Using hepatic vein catheterization, Bearn, Billing and
Sherlock (1953) have been able to measure the hepatic glucose
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us to distinguish between the hypotheses which have been
proposed.

There remain, however, several facts which are not easily
explained by the above theory and which indicate that the
insulin-sensitive systems in the liver possess some peculiar
properties, the significance of which is not yet understood.
In the first place, there is a sharp contrast between the ease
with which the action of insulin can be evidenced on isolated
muscles and the great difficulties which have been experienced
by most workers who have attempted to demonstrate a
similar action on the isolated liver. Even where positive
effects have been observed, their magnitude seems to be far
below what could be expected from the results obtained in
vive. Also puzzling is the fact that insuhn promotes fatty
acid synthesis in rat liver slices, presumably by a mechanism
involving an increased uptake of glucose, but that an in-
creased glycogen formation could not be demonstrated on the
same system. Most intnguing of all are the insulin-insensi-
tivity of the diabetic liver in vitro and the slowness with which
this organ regains its normal properties following insulin
treatment.

In evaluating these discrepancies, it must be kept in mmnd
that the liver occupies a unique position in metabolic regula-
tions, being equally important in effecting the storage of
foodstuffs as glycogen, fat and protein during the absorptive
period, as it is in making body reserves again available to the
tissues in the form of glucose and ketone bodies, in the post-
absorptive state. How these antagonistic functions are
prevented from competing with each other and allowed to
become slternatively domnant is still a matter for specula-
tion. Undoubtedly, hormonal effects play an important part

in these t but it seems ble to assume that
the liver cell itself possesses some self- regulatory properhcs,
ding on its hol 1 and fi

Of possxb!e significance in this respect is the fact that glucose-
6-phosphatase, a key enzyme in the production of glucose, is
attached to microsomal particles (Hers ef ol., 1949) which
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These results were obtained with glucagon-frec insulin.
Undoubtedly, they would have been very different if the
hotmonal preparations used had contained the hypergly-
caemic factor. The new data also serve to emphasize the
importance of the blood sugar level. The danger of hypo-
glycaemia as a stimulus for the discharge of glycogenolytic
agents has been stressed repeatedly and is again illustrated in
the work of Bearn and co-workers (1953), who found the
hepatic glucose output of the liver to increase as the result of
hypoglycaemia. Independently of this indirect mechani
there exists a direct relationship, almost of straight propor-
tionality, between the glucose uptake of the liver and the
blood sugar level. First demonstrated by Cori and Cori (1929),
the sensitivity of the liver to fluctuations in blood glucese
concentration has been well evidenced by Soskin and co-
workers (1988). It is illustrated here by the steepness of the
curve relating the glucose consumption of the intact animal
to the blood sugar level (Fig. 1) and by the results on liver
glycogen (Fig. 2). The ncreased liver reaction to insulin
observed by Bearn and co-workers (1958) in the hepatic-
sensitive diabetics could also be explained by the existence of
hyperglycaemia in these patients,

Both by its promptness and by its nature, the response of
the liver to insulin resembles that of the peripheral tissues
and may be similarly explained on the basis of an accelerated
conversion of glucose into hexose-phosphate, with the differ-
ence that, with the liver, one is dealing with an organ which
spontaneously produces glucose. It is therefore reasonable
to suppose that the observed effects are the result of a direct
action of the hormone on the hepatic tissuc itself and not of
some indirect process, involving other endocrine glands or the
nervous system. Supporting this conclusion are the data
summarized above, showing that effects of added insulin ean,
under certain conditions, be demonstrated on isolated liver
slices from normal animals. As already pointed out, the basic
mechanisms involved in the action of insulin could be similar
in liver and muscle tissue, but the available data do not allow
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glucokinase activity in the liver requires the presence, at
frequent intervals, of high concentrations of glucose in the
portal blood. These observations afford some support to the
hypothesis that liver glucokinase may have the character of
an inducible enzyme and further suggest that the glucose
formed in the liver docs not have the same effect on the forma-
tion of the enzyme as the glucose entering the organ by way
of the portal vemn. This point is of interest with respect to
the possible compartmentation of the liver cell, referred to
shove. It should however, be noted that insulin did not
prevent the imp t of glucose tol observed by Hill
and co-workers (1954) following fructose feeding.
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have been shown to be débris of a delicate intraecllular net-
work forming the endoplasmic reticulum (Palade and
Siekevitz, 1055).
If the assumption is made that some kind of intracellular
partmentation is "y for a normal hepatic reaction
to insulin, it becomes conceivable that small structural altera-
tions brought about by suppressing innervation and a normsl
blood supply, isolating the tissue and exposing it to an un-
ngtural medium, suffice to lower considerably its capacity to
take up glucose and to react normally to insulin, In addition,
the influence of metabolic changes must also be taken into
account, in view of the results of Bearn and co-workers {1953),
who showed that the liver of ketotic patients hecomes
resistant to insulin.

Possibly, these interfering alterations occur more readily
in the liver isolated from untreated diabetic animals. That
such may be the case is suggested by the contrast which exists
between the slow recovery following insulin treatment, of the
diabetic hver, when tested in vitro, and the experimental ob-
servation that in many instances diabetic animals or patients
exhibit & fairly rapid and normal liver response to injected
insulin. Other factors which may have to be considered are
possible liver damage caused by alloxan and the existence of
hormonal imbalances, since properties characteristic of the
disbetic liver may be induced, in vivo and, in some cases, n
vitro, by means of growth h cortisone, ad line or
glucagon (Brady et al., 1951; Haugaard and Stadie, 1953;
Haugaard and Haugaard, 1954; Berthet ¢t al., 1954; Berthet
and Jacques, 1955, unpublished). Finally, the possibility,
considered by several authors, that insuiin deprivation causes
the loss of one or more essential enzymes, is one of great
interest, deserving further study. Full Baker and Chatkolf
{1954) have recently shown on rats that the replacement of

" glucose by fructose in the diet during as httle as three days
causes a decrease of the glucose tolerance, apparently re-
lated to an impaired utilization of glucose by the liver. The
authors put forward theview that the maintenance of a normal
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DISCUSSION

Best: We did some work on this timing of the appearance of glycogen
after the administration of insulin and certamnly within a few hours you
can see the increase of glycogen.

G. Cori- We had the same result some years 8g0.

Young: Have you determined the position within the glycogen
molecule of the radioactive glucose taken up either n the intact ammal
or in liver slices? )

Duge: Yes, we have in a way, although not in as elegant a way as

IR T I § LN

G. Cori: T was very nterested 1n Prof. de Duve’s reference to this
disturbing information about the enzyme glucose-6-phosphatase.
Why does glucose-6-phosphatase not always act on its substrate, pre-
venting &t _from being transformed to glycogen by way of glucose-1-

central vemn, while the opposite 1s true for glycogen

Best- Dr. A. Rappaport in my laboratory has been working for some
years on the liver lobule, and all his evidence suggests the view that the
periphery of the lobule 1s the area near the central vemn, from the physto-
logical point of view. He has demonstrated a system of hiver acinit which

he can outline very cleatly. 1t 1s true that m 2noxia you see the st
61208 of damace in the arane nanm tho anmtonT ot -2 B

atlutved thal dubiwus honour )
Kerly: T would Iike to ask Prof. de Duve if the shde showing the
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no detectable production of ketone bodies by the Iiner until after 2-3

days of fasting, In the dog.

N f-myrmcz: Tt takes 36 hours of starvation of normal man to produce
etosis,
o i S U S

five to detect physiologieal variations in the production of ketone bodies

Young: Many expeniments of this sort can be criticized technically on
the basts of lack of blood-flow measurements. It is very dilficult to be
certain in this matter.

Best: 1 think probably there is quite a species difference here again
One would expect an earlier appearance of ketos:s in the cat than mn the
dog. In support of Prof. de Duve’s conception, there might be some
Intrease 1n the rate of utilization of the ketone bodies when they are
Presented in larger amounts. ‘This would delay the appearance of ketosis.

I,w;ngl: U(lh‘zatmn in the liver?

"here are several
. . % ang has quoted,
ketosts I am

’;‘nd co-workers (Deane H. W., Nesbett ¥ B, Buchanan, J M, and
xﬁf,‘"i" :}.n (1947), J. ccll comp Physuol., 30, 255) have shown that
o hiast mumasiies. oM Y T I N e

ytucose-1-phasphate as substrate,
e fand- T ic ph n shces It appears
Sivy rapidly no matter how earefully you handle these shces, § have
n wondered where that phosphate comes from I wonder whether
unz'one here has information on that.
ol F. Coni: Tt may come from phospholipids There are not enough
fnoomae acid-soluble phosphate esters present to produce as much
organic phosphate as one gets during incubation of a liver homogenate.

9

Ay
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increase, due €o insulin, in the glycogen content of the liver slices was
based on of radi ivity or on estimations of glycogen
con!ent.mLast year, after reading a report of Hastings and his co-

-y N = [

AT v L

have used, whereas we, and I think most other people investigating
glycogen synthesis, had always used fasted apimals. We repeated expens
ments in which insulin was added to the incubation medwm, using
slices from fed rats. In the first group of experiments we got an in-
creased g!y,mgen synthesis, thot is the inerease in glycogen cen\embwas
mnmenm e e e e - =N ¢ been
. erfect
. . . I wag
(KR . . s, like

8 weeks, but our impression was that this was excessive and perhaps 2
days would have been enough. I think 1t 1s possible that it takes the
liver an appreciable time to alter its enzyme pattern.

. de Duve: There are undoubtedly & number of pownts which remain to

types of diet. .

Lazwrence: Clinically, the change produced by insulin as presumed in
the diabetic hiver from & state of fat catabolism with khetosis to freedorn
from that 13 very short, 4 hours.

Young: Prof, de Duve, you assume that during normal post-sbsorp-
tive periods the liver is releasing ketone bodies into the circulation. Is
that quite certain? '

N ¥
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SOME PROBLEMS OF PERMEABILITY OF TISSUE
CELLS TO SUGARS

Ernst Hewmreicn ann Cart F. Corr

Department of Brological Chemstry, Washinglon University School
of Medicine, Sand Lowtts, Missourt

It 1s comparatively easy to deal experimentally with the
permeability of single cell preparations. Erythrocytes have
been studied extensively in the past, and a great deal is known
about the kinetics of sugar uptake, about the selectivity of the
erythrocyte membrane toward various sugars, and about
mutual mhibition of the penetration of two different sugars
{LeFevre, 1954). Other cells have been studied less extensively,
but enough is known to arrive at the conclusion that one can-
not safely transfer the results obtained with one type of cell
preparation to another,

Ascites Tumour Cells

In the past two years a study has been undertaken of the
characteristics of permeability of the Ehrlich ascites tumour
cell. Of these largely unpublshed experiments, carried out by
Drs. Crane, Field and Heimberg, only a few results will be
mentioned. Equihibration between sugar concentration out-
side and imside the cells 1s reached so rapidly at 37° that one
cannot measure 1t, and even at 20° equilibration is approached
within a few minutes. The rate of penctration is not widely
different for utilizable and non-utihzable sugars, including
various pentoses, and pairs of sugars show mutnal inhibition
of uptake (Crane, 1955). The tumour cells differ from those of
the human erythrocyte, intestinal mucosa and kidney tubule
where glucose penetrates very much faster than do the
pentoses.

227
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. Schulze: Has any experimental work been done to elucidate the
influence of ketone bodies on the activity of the hepatic phosphorylase
system? From climeal aspects it is our impression that ketosis 1 human

. PR . .
Ketusts a0 s Lus unpairng the Deldvbune shuauon,

C. F. Cori: Perhaps one should talk about ketosis, because one of the
prominent effects of Iack of insulin in the liver is the fact that fatty acids
nstead of bemng synthesized are being broken down One knows now
that the same enzymes are required for fatty acid synthesis and
breakdown, and it seems that a certain amount of glucose catabolism s
necessary for fatty acids to be synthesized, and we may readily connect
this with the level of reduced DPN,

Fatty acid synthesis may be an indicator for glucose uptake; the
same has been shown by JKrahl for peptide synthesis, We have secondary
and tertiary effects of the lack of insulin and they need not be corrected
immediately, They certainly need not be corrected in hiver slices where
the repair mechamsms are apt to be slovw.,

Randle Qne has to remember, too, that the severely diabetic animal
is not merely deficient 1n insulin. In man, in severe diabetes, there is
evidence for hypersecretion of adrenal steroid S (McArthur, J. W.,
Sprague, R. G., and Mason, H. L. (1850), J. clin. Endocrin., 10, 807 ;
Stowers, J. M. (1951), Chin. Sci., 10, 487), There is evidence also of
inceased adrenocortical activity in the alloxan diabetic rat (Rose, S.
(1951), Aust. J. exp. Biol. med. S¢i., 29, 469).
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cent plasma sugar, fall on this line, which means that if the
extracellular space were 15 per cent of the fluid volume of
muscle, no measurable amount of sugar could be detected
within the muscle cell. As a general and rather important
point it should be mentioned here that the sugar concen-
trations inside the cell which would have a strong effect on

ke
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1, Relationstup between fermentable sugar n plasma and muscle.

the rate of the hexokinase reaction fall within a range which
cannot be measured with accuracy by present methods. The
K, of hexokinase for glucose, determined by Crane and Sols
(1954} for various tissues, is of the order of I X 10-53. A
ten-times higher concentration inside the cell, which should
give a nearly maximal rate of hexokinase activity, would
correspond to only 2 mg. of sugar per 100 g. of tissue. It is
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The uptake of sugars by the tumour cells as well as the
mutual inhibition of sugar uptake of pairs of sugars was found
to obey Michaelis-Menten kinetics; it should be emphasized,
however, that this does not permit any conclusions to be
drawn about the mechanism of sugar uptake, except to say
that it is probably not a process of free diffusion. It was also
found that the Michaelis constant for glucose was of the same
order when determined with intact tumour cells or with
hexokinase extracted from the cells, that is, K,, was close to
1 X 10-53 1n both cases. A barrier to the penetration of
glucose should give a greater K,, value for the intact cells
than for the isolated enzyme. Although the tumour cells
have one of the highest rates of carbohydrate metabolism
known for mammalian cells (equivalent to a glucose uptake
of 40 mg. per g. wet weight per hour at 37°), the rate of
penetration 1s obviously adjusted to the rate of metabolism.
In fact, 1t would appear that in these cells the activity of the
intracellular enzymes rather than the permeability through
the cell membrane dcetermines the rate of glucose metabolism
Other single cell preparations are currently being tested in a
similar manner.

Intact Animals

The question of the rate of penetration of sugar into the
tissues of the intact animal is not so easily analysed. A study
carried out previously on normal rats is pertinent in this
respect (Cori, Closs and Cori, 1933). The fermentable sugar
was determined in muscle and in plasma, In Fig. 1 the indivi-
dual values previously published have been averaged (number
of cases in parentheses) and recalculated in terms of concentra-
tion in the fluid volume of plasma and muscle, it being
assumed that plasma eontains 6 per cent and muscle 12 per
cent solids. The straight line shown is a theoretical one for
an equilibrium of plasma sugar concentration with 15 per cent
of the fluid volume of muscle.

Referring to the key, it may be seen that four points,
marked I, ¥, NF and G, covering a range of 60-290 mg. per
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1951; Crane and Sols, 1054), and it is believed that this can
cause an accumulation of free glucose inside the musele cell.
At least, this is the interpretation given to the experiments in
Fig. 1, and other experiments, which will be reported in a
later - paper.

S in Fig. 1 refers to tetanic stimulation of muscle (threc
10-second tetani), which caused a marked accumulation of
free glucose inside the muscle cell. One of the reasons why
these experiments were undertaken was the finding that heart
muscle and diaph two conti ly active ]
were much more permeable to glucose than resting skeletal
muscle. In Table I, previously published values for heart

Table I
FCRMENTASLE SucAR IN HEART MUscLE

Recalenlated from published data (Can Closs and Comn, 1933) Figures in
brachets refer to number of weraged, C are gnen
per 100 ml of water in plasma and iscle, respectively,

Fermentable sugar (mg per 100 ml.)

Plasma JIeart muscle Intracellular*
Insulin (5) 68 26 12 .
Non-fasting (6) 161 66 34
Clucose (£} 508 193 158

* Calculated for an extracellular space of 23 per cent of heart muscle yolume.

mausele have been recaleulated in the same manner as in the
experiments in Fig. 1. At a plasma glucose concentration of
160 mg. per cent, there was a measurable amount of free sugar
mside the cell, even if one allowed for an extracellular space
of 25 per cent of the flud volume of heart musele, and at
higher plasma sugar levels the intracellular sugar concentra-
tion increased rapidly to about 50 per cent of equilibrium.
This is in marked contrast to resting skeletal muscle, but can
be imitated in skeletal muscle by subjecting it to stimulation.
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impossible to determine with certainty whether such small
amounts of glucose are inside the cell or not, because of the
difficulty of measuring the extracellular space of muscle with
such a degree of accuracy.

The point marked R in Fig. 1 refers to recent experiments in
which raffinose (100 mg. per 100 g. rat) was injected intraven-
ously into nephrectomized rats, Analyses were carried out
2 hours after injeetion. At this time an apparent equilibrium
had been reached between sugar concentration in plasma and
in tissue fluids, as judged by a steady level of raffinose in
plasma between 2 and 4 hours after injection. It may be seen
in Fig. 1 that raffinose distributed itself in a space correspond-
ing to 15 per cent of the fluid volume of muscle, which is
assumed to represent the extracellular space. In several of the
experiments to be reported later raffinose was injected
together with other sugars i order to have an independent
measure of the extracellular space, based on the distribution
of raflinose.*

It will be apparent that any pomt falling above the straight
line n Fig. 1 represents an ntracellular distribution of sugar.
There were two conditions found which led to an accumulation
of glucose ins:de the muscle cell. These are marked E and S,
respectively. E refers to the subcutaneous injection of epi-
nephrine, which has been shown to cause a marked increase
in the hexosemonophosphate content of muscle. Severe
insulin hypoglycaemia had a similar effect on hexosephos-
phate content, provided the adrenals were intact, which
pointed to a secondary output of epinephrine (Cori and Cori,
1931). The accumulation of free glucose inside the muscle
cell in severely hypoglycaemie animals disappeared when the
adrenals were removed (see points marked I and IA in Fig. 1),
and was therefore attributed to cpmephrine sceretion.
Glucose-6-phosphate has since been shown to be a potent
inhibitor of mammalian hexokinase (Weil-Malherbe and Bone,

* Note added In proof s Since this twas written, additional experiments with
raffinose have given a somewhat larger value for the extracellular space of
husele than that repatted abote. of the order of 20 per cent.
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impossible to determine with certainty whether such small
amounts of glucose are inside the cell or not, because of the
difficulty of measuring the extracellular space of muscle with
such a degree of accuracy.

The point marked R in Fig. 1 refers to recent experiments in
which raffinose (100 mg. per 100 g. rat) was injected intraven-
ously into nephrectomized rats. Analyses were carried out
2 hours after injection. At this time an apparent equilibrium
had been reached between sugar concentration in plasma and
in tissue fluids, as judged by a steady level of raffinose in
plasma between 2 and 4 hours after injection. It may be seen
in Fig. 1 that raffinose distributed itself in a space correspond-
ing to 15 per cent of the fluid volume of muscle, which is
assumed to represent the extracellular space. In several of the
experiments to be reported later raffinose was injected
together with other sugars in order to have an independent
measure of the extracellular space, based on the distribution
of raflinose.*

It will be apparent that any pomnt falling above the straight
line 1 Fig. 1 represents an intracellular distribution of sugar.
There were two conditions found which led to an accumulation
of glucose inside the muscle cell. These are marked E and §,
respectively. E refers to the subeutaneous injection of epi-
nephrine, which has been shown to cause a marked increase
in the hexosemonophosphate content of muscle, Severe
insulin hypoglycaemia had a similar effect on hexosephos-
phate content, provided the adrenals were intact, which
pointed to & secondary output of epinephrme (Cor: and Cori,
1931). The accumulation of free glucose mside the muscle

R L R

.(‘;lucose»(}vphosphnte has since been shown to be a potent
inhibitor of lian hexok: {Weil-Malherbe and Bone,

« Note added in proof: Since this was written, ndditional experiments swith
roffinose have givea & sgmewhat Jarger value for the extracellular space of
inusele than that repoerted ahove, of the order of 20 per cent.

P
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In heart muscle, on the other hand, the rate of penetration
was obviously greater than the rate of utilization, and intra-
cellular glucose concentrations were reached which were far
higher than the saturating concentration for hexokinase and
hence of no significance for the rate of glucose utilization.
Here again no answer is obtained beyond the fact that the
rate of penetration is not rate-limiting for the glucose meta-
bolism of heart muscle.

Penetration of Pentoses

The use of pentoses for the study of these problems offered
a number of advantages. They are utilized at a slow rate and
they can be determined by a specific method, We chose that
of Roe and Rice (1948) rather than an orcinol method, because
the former gives no blank in blood and tissue extracts depro-
teinized with barium and zine and is not interfered with by
other sugars, except when they are present in very large
concentration, The pentoses used were D-xylose, p-lyxose,
and L-arabi related figurationally to D-gl
D-mannose and p-galactose respectively. In addition, experi-
ments were carried out with D-arabinose related to p-altrose,
and p-ribose related to p-allose. The kidneys were removed
by a dorsal approach in animals anaesthetized with amytal.
The sugars were injected into the femoral vein. At the
termination of the experiments a gastrocnermus muscle was
dissected free and cut at its insertion, and blood was drawn
from the vena cava with a heparinized syrmge.

In preliminary experiments the whole body of nephrecto-
xlniz_ed rats was extracted with hot water, deproteimzed with

cen_t for L-arabinose, 15 per cent for D-lyxose, 40 per cent for
p-ribose and 20 per cent for n-xylose. D-Raffinose did not
d}sappear at all, while glucose di d about twenty-fiv

times more rapidly than xylose. Injection of insulin {1-1-5
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In the experiments ilfustrated in Fig. 1, the rates of glucose
utilization and hence of glucose uptake must have varied
considerably between the fasted and the glucose-injected
animal, but this is not reflected in the sugar concentration in
muscle. The same point is ilfusteated in experiments on rat
diaphragm shown in Table IL. The hemidiaphragm with

‘Table 1I
RELATIONSRIP OF GLucost CONCENTRATION IN ISOLATID Rat DIArHEAGM
10 BATE OF GLucose UTiwizaTion
Data from Bornstein and Park (1953). The glucose concentration in the
medum was 11 py per m). and the temperature of meubation 37°,

Time of Glucose content Glucose uishzed
wncubation of diaphragm by draphragm
minutes Pt per g (M per B
[ 12 —
5 3 -
60 32 14
60 31 20*

* With msulin in medum

insulin in the medium utilized nearly twice as much glucose
as the corresponding hemidiaphragm without insulin, without
there being a significant ehange in the free sugar concentration
in the diaphragm. One would be inclined to reason that
facilitated transport across the eell membrane should increase
the steady state of concentration of free sugar in the tissues,
while increased activity of intracelfular enzymes which
utilize sugar should have the opposite effect. When this
reasoning is apphed-fo an actual experimental situation, c.g.
the £wo examples Just given, it can be seen that although ane
or the other mechanism may have been in operation, ne
decisive answer is obtained, This supports the contention
prev’)ously made that the intraceliolar glacose toncentrations
which arc of significance for the activity of hexokinase fall
within a range which cannot be measured.
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dehydrogenase reaction). The fall in the pentose level was
partly due to increased utilization, and the column marked
“calculated” refers to what the pentose level would have
been 1f this had been the only effeet of insulin. A companson
of the columns marked “ calculated” and *‘found” shows that
insulin has some additional effect, which 1f it were due to

CxCONTROL 13 INSULIN $=STIMULATED

80

B E
3

- 858888

MG PER 100 ML. INTRACELLULAR WATER

D-ARABINOSE L-ARABINOSE D-LYXOSE  D-RIBOSE D-XYLOSE

Fic.2 The mtracellular distribution of pentoses in muscle The extracellulat

space was assumed to be equal to the raffinose space (15 per cent of muscle

volume)  The amount of pentose present 1 the extracellular space was

deducted from the total amount of pentose present 1n muscle In order to

caleulate the intracellular concentration per 100 ml of water. The dashed

hines represent the concentration of pentose per 100 ml of water i plasma
Values obtaimed 2 houss after injection

increased distribution of the pentoses would give the changes
recorded 1n the last two columns,

The question was whether one could actually detect such an
altered distribution by analysing varnous tissues, So far
muscle has been analysed. In Fig. 2 are shown average values
for the intracellular concentration of various pentoses in
muscle 2 hours after injection. The dashed lines indicate the
plasma sugar concentration, which if it were reached in the



234 Ennst Hermeercnn Anp Cart F, Corr

units per 100 g.) inereased the disappearance of all the pen-
toses except D-arabinose, and an even greater effect was
achieved by stimulating both hind legs for 2 hours. It is as yet
unknown what kind of enzymes act on these pentoses in
mammalian tissues. In lower organisms various kinases have
been found which phosphorylate pentoses m position § with
ATP as phosphate donor. This position is available only in
the furanose form of the pentoses, which is a form of fow
abundance in the mutarotation equilibrium mixture.

‘Table IIT
CONCENTRATION OF SUGARS IN PLaswy

Values obtained 2 hours after injection of 100 mg, of sugar per 100 g.
nephrectomized rat and expressed in myg per 100 ml. of plasma water.

. Per cent drstri~
Concentration in plasma bution in body®
Sugar mjected
Insulin
Control Contrel Insultn
Cale, Tound

p-Arabinose 87 233 202 38 44
r-Arabinose 210 178 137 38 50
p-Lyxose 208 183 156 41 48
p-Ribose 107 85 70 54 6i
D-Xylose 197 1066 131 41 52
p-RafMnose 565 - — 1 -

* Correeted for utthzation of sugars,

In Table IIT are shown average values for plasma sugar
- P A T

1 .
;)er 100 g.) caused a decrease in the plasma Tevel of the pen-
toses, in addition to a decrease in the glucose concentration
(measuted by means of the hexokinase-glucose-6-phosphate
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. Discussion

The transpor{ mechanism for sugars, as far as it has been
studied with various single cell preparations, seems to have
the following characteristics. The effect of sugar concentra-
tion on the rate of penetration (or rate of exit) is described by
a Michaelis-Menten type of equation rather than by an equa-
tion for a simple diffusion process. An apparent K,, (and K;)
can be evaluated for different sugars, and when two sugars are
present they inhibit each other competitively 1n accordance
with their affimty for a common transport process In a
diffusion process, e.g. tk a one
sugar would not inhibit the diffusion of another and the rate
would not reach a maximum with increasing concentration.
The @y, for the transport process is between 2 and 38, i.e.
the energy of activation is similar to that of an enzymatic
reaction.

In intestine glucose, 3-methyl glucose and galactose are
absorbed rapidly by an “active” process which requires
cnergy, while the pentoses are absorbed slowly, apparently
by a process of diffusion. Glucose and galactose show mutual
inhbition of absorption (Cor, 1926}, but 1t is not known (as
far as the wnters are aware) whether this is also true fora
mixture of glucose and pentose.

In the experiments reported in this paper the following
possibility had to be considered. If glucose were to inhibit
the penetration of the pentoses into muscle, the msulin effect
on the distribution of pentoses could have been due to a
lowering of the extracellular glucose concentration, which
undoubtedly took place as judged by a marked fall in the
blood glucose level. In this case 1t should be possible to pre-
vent the isulin effect on the distribution of pentoses by in-
jecting enough glucose to prevent hypoglycaemia., It was
found, however, that neither the insulin effect nor that pro-
duced by stimul could be ted by the injection
of large amounts of glucose or 8-methyl glucose.* This suggests

* Note added in proof: Sumlar results have since been obtained with
golactose. The mereased penetration of this sugar mto muscle under the
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intracellular water of muscle, would indicate an equal con-
centration of sugar inside and outside the cell,

Penetration of the pentoses into muscle is a slow process
which is measured in hours, while penetration of glucose is
measured in minutes, At comparable plasma sugar levels,
n-lyxose and p-arabinose seemed to enter the muscle cell
more rapidly than r-arabinose and p-xylose, but in no case
was the equilibration greater than 30 per cent, On oceasion
a hematocrit determination was carried out and pentose
determined in whole blood and plasma, from which the con-
centration in the erythrocytes could be calculated. The pen-
toses penetrated somewhat more rapidly into the erythrocytes
than into muscle, but had not reached an equilibrium distribu-
tion 3 hours after injection.

Insulin increased the rate of penetration of the pentoses
into muscle. An even greater effect was obtained by stimula-
ting one gastroenemius muscle through its nerve at a rate of
3 per second for 30-120 minutes, as compared to an unstimu-
lated control muscle in the same animal. Onece the pentose
had entered the muscle, it remained there for long periods
owing to the slow rate of utiization. Thus, 90 mmutes of
rest, after the injection, followed by 80 minutes of work gave
a concentration of p-xylose of 120 mg. per 100 ml. of intra-
eellular water, as compared to 38 mg. for the resting control
muscle, at a plasma level of 198 mg. per cent. When the
conditions were reversed, i.e. 30 minutes of work followed by
90 minutes of rest, the D-xylose concentration was 102 mg. per
100 ml. of intracellular water, at a plasma level of 196 mg. per
cent. When one musclewas lated inaninsulinized animal,
it contained a lugher intracellular g tion than
the resting control muscle, Since insulin lowered the plasma
pentose Jevel, the ratio of internal to external pentose con-
centration often reached unityinthe stimulated muscle. These
and other experiments will be reported in detail elsewhere.*

- R PR A Loea Tasn
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glucose {1 X 10% to 1 X 10-431) fall within a range which
cannot be determined analytically. On the basis of an
analysis of the effect of stimulation and of insulin on the
penetration of pentoses into muscle, an additional mechanism
has been discussed, namely, an increased rate of diffusion
through a membrane rendered more permeable by intra-
cellular metabolic changes. As yet no decisive answer appears
to have been obtained as to which of these mechamsms is
in operation in cells which respond to the administration of
insulin with an increased glucose utilization.
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either that muscle has a separate transport system for pen-
toses, or (what seems more likely in view of the slowness of
penetration) that the pentoses enter muscle by diffusion
through a relatively impermeable membrane, Moreover, the
insulin effect is not specific for any particular configuration
of the pentose molecule and is duplicated by stimulation of
muscle.* Muscular activity is also known to increase the
glucose consumption in diabetic muscle (Ingle et al., 1951).
There are thus a number of similarities between the effects of
museular work and of insulin on the earbohydrate metabolism
of muscle.

It should be emphasized that the cell membrane is known
to be affected by an altered metabolism within the cell. Thus
muscular work might make the cell membrane more per-
meable to a ber of suk which Ily diffuse
slowly into the muscle cell. These and other questions need
further investigation, since in the opinion of the writers it
has not been established with certainty how insulin produces
its effect.

Summary

Two mechanisms have been proposed to explamn the in-
creased glucose consumption 1n skeletal muscle under the
influence of insulin. In one case it is assumed that the
activity of an intracellular enzyme (hexokinase) is increased,
in the presence of a sufficiency of substrate, while in the other
a specific transport mechanism is supposed to operate at an
increased rate, providing more substrate to an as yet incom-
pletely saturated hexokinase. It has been pointed out that in
both cases the fi intracellular rations of

nfiuence of insulin was not counteracted by the injection of large amounts
of glucose, resulting in & glucose level in the blood 3°6 tunes higher than that

of gal
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respects the earlier procedures of Levine and co-workers
(1950), Drury and Wick (1951), and Wick and Drury (1953).
These modifications introduce the following advantages:
(1) the hormone effect can be localized to the cells of specific
tissues; (2) the effect on transport can be observed with
metabolizable as well as non-metabolizable sugars; (8) the
i lular preduct of t transport can be deter-
mined; and (4) greater sensitivity is obtained.

In general outline, the procedure used was as follows.
The sugar to be studied was infused intravenously inte
eviseerated-nephrectomized rats for a period of one to two
hours, The concentration of sugar was then determined in the
water of the blood serum, muscle and brain tissues. An effect
of insulin on port through the cell k could be
ascertained from the change in ratio of the free sugar concen-
tration in the tissue to the concentration in the blood serum.
If the sugar ined in the extracellular water, ratios of
0-15-0-25 would be expected on the basis of the space avail-
able for distribution (Manery and Hastings, 1939; Nichols et
al., 1953; Nichols, 1954, personal communication). However,
if the sugar entered the relatively large volume of intra-
cellular water, these ratios would rise. Values as high as 1-0

might be reached with free passage of the substance into the
cells.

Insulin effect on the transport of glucose analogues in
muscle

Several hexoses and pentoses other than glucose were tested
by this procedure. In Figs. 1 and 2 are shown the muscle to
serum concentration ratios obtained for each sugar in the
presence and absence of insulin. These ratios, shown by the
height of the columns, should be compared to the broken
lines across each pair of columns. These lines show similar
determinations for mannitol, 2 substance which remains in
the extracellular water and whose distribution is not affected
by the hormone. In the absence of insulin the ratios for all
sugars were the same or smaller than for manmitol, indicating



THE TRANSPORT OF GLUCOSE AND OTHER
SUGARS ACROSS CELL MEMBRANES AND THE
EFFECT OF INSULIN*

C. B. Parxk, R. L. Post, C. F. Kaunax, J. H. Wricnt, Jr.,
L. H. JouxsoN, anp H, E. Moreax

Department of Physwlogy, Vanderbilt Unieersity School of
Medicine, Nashuille, Tennessee

THI1s paper reviews our recent studies concerned with
action of insulin. Two subjects in particular will be presented:
(1) the action of insulin on the transport of glucose and other
sugars into the cells of muscle and brain, and (2) the mechan-
ism of transport in the cell membrane of the erythrocyte.
No attempt will be made here to review the background of
these topics, Discussions pertinent to the present work on
msulin will be found in the papers of Cori (1945, 1949), Krahl
(1951), Park (1952), Levine and Goldstemn (1952), and parti-
cularly in the comprehensive review of Stadie (1954). Dis-
cussions relevant to glucose transport will be found in Davson
and Daniell: (1952), Ponder (1948), Ross (1951, 1952),
LeFevre (1954), and Widdas (1952, 1954). Preliminary
reports of the work reviewed here have appeared earlier (Park,
1953, 1954, 1955; Park and Johnson, 1953; Morgan ef al.,
1955) and will be presented with more detail in forthcoming
papers (Patk ¢t al., 1955; Park and Johnson, 1955).

The Effect of Insulin on the Membrane Transport of
Glucose and Other Sugars in Muscle and Brain
General description of the experimental procedure
In order to determine the effect of insulin on the transport
of sugars across cell membranes, we have modified in several

* k was supported wn part by grants from the Nutional Serence
Four:l:!‘;ltsio:?ru.s. l‘uhlfep?lealth Service, and Eh Llly and Company.
240
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and diaphragm. These factors promote diffusion and thus
make more sugar available at the cell surface for transport
through the membrane. It should also be noted that the
ratios varied somewhat with the sugar studied,* being
somewhat lower in the case of ribose.

CONTROL €73 wsuun O3
oa MANNITOL SPACE —
©,, ©F
s o4

il

D~ RIBOSE D-MANNOSE __D-FRUCTOSE

Fic 2, The effect of insulin on the distnbution of p-ribose,
p-mannose and p-fructose in the muscles of eviscerated rats
(for abbreviations and procedure, see Fig. 1)

In each parr of eolumans the ratio with insulin is sigmficantly
different from the control (P < 0 1 per cent), except for
xylose 1n the gastrocnemius.

Effect of insulin on glucose transport in muscle

The experiments shown mn Fig, 8 are concerned with the
transport of glucose, the sugar of principal physiological
interest, The procedure was as described, except that the
infusion period was only one hour in some experiments, as
indicated on the chart. In the absence of insulin the ratios
of the tissue to serum glucose concentrations, [Gly/[Gls.
ndicated that the sugar had an extracellular distribution. In
the presence of the hormone, however, free sugar was present
in large amounts in the intracellular water of the diaphragm
and heart. In both the control and msulimzed series these
distrit ns were not 1nfl d by the level of the blood
sugar over the range of 50-1000 mg. per cent (Park and

*# We have recently obtained data showing that insulin also promotes the
entrance of the methyl pentose, L-fucose.
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an extracellular distribution. In the presence of insulin the
ratios were increased well beyond the limits of an extracellular
distribution, Since these sugars do not arise by intracellular
reactions, insulin must have accelerated their transport into

10 .
CONTROL INSULN (3
o8 MANNITOL SPACE ~=-=-
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D-GALACTOSE _ L-ARABINQOSE D-XYLOSE

Fic 1. The effect of insulin on the distribution of p-galactose
r-arabinose and D-xylose 10 the muscles of eviscerated rats.

Abbreviations [S]y/[Sks, the ratio of the con

o

trations of

the cell from the interstitial water. It can be scen that insulin
caused a higher distribution in the diaphragm and heart than
in the gastrocnemius. This difference is probably duc to the
grenter blood supply and the mechanical motion of the heart
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insubn in intact rats (Fig. 8, left panel). In the control
animals the ratios were determined only at normal blood
glucose concentrations, since higher levels might cause insulin
secretion. The control ratios indicated an extraceliular
distribution of the sugar. As seen previously, with insulin
administration higher ratios were observed in the diaphragm
and heart, indicating the presence of free intracellular
glucose,

In the experiments shown at the extreme nght of Fig. 8,
glucose was infused into alloxan diabetic rats. The ratios
mdicated little or no intracellular free glucose in the absence
of insulin. With admimstration of the hormone, intracellular
glucose appeared in the diaphragm and heart, although to a
lesser extent than in the eviscerated series. No effect was
observed in the gastrocnemius.

We have interpreted the action of insulin on glucose as
follows, The free glucose content of the muscle ccll will be
a function of three processes, as illustrated by the following
diagram:

Extraceflular glucose Intracellular metabolites

(1) transport " (2) glucose production

Intracellufar
free gluzose

(3) glucase phospharylation
glucose.6-phosphate

ete.

A nise 1n glucose eontent could be the result of one or more
changes.: (1) acceleration of transport, (2) increased glucose
production, andfor (8) reduced phosphorylation. As regards
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Johnson, 1955). The effect of insulin was relatively small in
the gastrocnemius but was statistically significant (P < 1-0).
It seems probable that extracellular factors limit the supply of
glucose to the cells of this muscle and thus reduce the magni-
tude of the insulijn effect.*

10
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F16. 8 The effect of insulin on the distribution of free glucose in the muscle
of normal, eviscerated and alloxan dabetic rats.
Abbrenations- [Gluf[G]s, the ratio of the concentration of free glucose in the

muscle water to the concentration in the blood serum water (see text for
uscle . He e L R mver at

WU Lo e g .
01, heart < 0-1, gastroenemus > 10.

Since evisceration can cause extensive circulatory and
metabolic changes, it was important to test the effect of
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utilization rises. With full insulinization and abundant
substrate, the glucokinase reaction may become the rate-
limiting step.

In alloxan diabetes, it was concluded earlier (Cori, 1946;
Colowick et al., 1947; Krahl and Cori, 1947) that inhibition
of the hexokinase system is the cause of the reduced glucose
uptake by muscle characteristic of this condition. The present
observations suggest, howcver, that the immediate cause is an
inhibition of glucose transport. With glucokinase inhibition,
glucose entering the cell would accumulate as the free sugar in
the absence of insulin. The present data, however, show that
little or no intracellular sugar 1s present. This absence of
intracellular glucose, as & d earlier, is an indication that
transport is the rate-limiting step for glucose uptake. The
reduced uptake in diabetes must be due, therefore, to inhibi-
tion of this step. With insulin admimistration, transport is
accelerated, as shown by the nise in intracellular free sugar.
1t has been shown earlier that diabetic muscle is somewhat
resistant to insulin with respect to glucose uptake (Krahl and
Cori, 1947; Villee and Hastings, 1919; Park, 1952). This could
be ascribed to the smaller effect of the hormone on the trans-
port process. It could possibly be due to a lstent inlubition of
glucose phosphorylation which could then restrict glucose

utilization when the free sugar became available withm the
cell,

Effect of insulin on monosaccharide transport in the
brain

In the case of the brain, insulin did not affect the distribu-
tion of any of the sugars tested, including glucose (Fig. 4).
The mannitol space of the brain was very small, indicating
that this alcohol probably does not pass the blood-brain
barrier. Fruetose and ribose had the same distribution and
thus apparently also pass this barrier slowly, if at all. This
would explain the observation that fructose is utilized poorly
by the itact brain although it is an excellent substrate for
brain hexokinase (Slein ¢f al., 1950) Al the other sugars
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insulin action, there are good reasons for excluding the last
two. Firstly, glucose production by muscle is slight, due to the
absence of glucose phosphatase and because the glucokinase
equilibrium strongly favours glucose-6-phosphate formation.
Secondly, in experiments with the isolated rat diaphragm
(Park, 1953; Park et al., 1955), we could find no effect of insu-
lin on glucose production. The muscle was incubated in a
medium contaming MC-labelled glucose and, after an appro-
priate time, the free sugar in the tissuc was estimated and
counted. Insulin caused an increase in the quantity of glucose
but did not reduce its specific activity. Thus the extra free
glucose must have originated in the medium and not in
unlabelled intracellular precursors, Thirdly, the possibality
that phosphorylation would be reduced contradicts the well
established fact that insulin increases glucose utiization,
which necessarily goes through the glucokinase step. On these
grounds, therefore, it seems reasonable to conclude that insulin
accelerates transport of glicose through the membrane. This
is consistent with the earlier conclusions in regard to galactose,
mannose, fructose, rL-arabinose, xylose and rikose.

The present studies indicate that this action of insulin 1s
distinet from any effect on the glucokinase system, as postu-
lated earlier (Cori, 1946; Colowick et al., 1947). Firstly, insulin
accelerates the transport of such sugars as galactose, L-arabin-
ose and xylosc which are phosphorylated very slowly, if at all,
by this enzyme. Secondly, in the case of glucose, the intra-
cellular frec sugar would fall rather than nse if the primary
action of the hormone were on the glucokinase system. It
also follows, on the same grounds, that glucokinase is not an
integral part of the transport mechanism. It would further
appear that membrane transport is the rate-limiting step for
glucose uptake and utilization by the non-insulinized musele.
This follows from the observation that no intracellular
hutose is found {n the absence af the horraaune, The intea-
cellular enzyme systems arc therefore limited by the rate at
which the transport step provides substrate, With accelera-
tion of transport, more glucose becomes available and its
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A model of membrane transport

LeFevre (1048, 1058, 1954), LeFevre and LeFevre (1952),
and Widdas (1952, 1951) have shown that the entrance of
glucose into the human erythrocyte is not a process of simple
diffusion. They have proposed that glucose is transported
through the cell membrane combined with a “carrier” mole-
cule. This proposal, in somewhat modified form, is illustrated
in Fug. 5.

Glucose, represented by G, 1s postulated to form a complex
with some “carrier” molecule, X, at the outer surface of the
cell. The complex, GX, passcs through the membrane, a
distance of 100-200 Angstroms (sec Ponder, 1948}, by thermal
agitation or diffusion and releases free glucose at the inner
surface. The process is reversible and may or may not involve
enzyme catalysis. The rate of transport will always be limited
by certain fixed properties of the system, such as the total
number of carriers and their speed of movement through the
membrane. Within these limits, however, transport will vary
with the concentration of glucose, since this will determune
the extent of complex formation,

From these postulates, the equations shown under Fig. 5
have been developed to predict the kineties of transport.
‘When the glucose concentration is appreciable on one side of
the membrane and negligible on the other, transport is
unidirectional and is described by Equations 6 and 7, which
have the form of the Michaelis-Menten expression for enzyme-
catalysed reactions

These equations predict that transport, T, will increase in
non-linear fashion as the plucose concentration 1s raised.
When the glucose concentration becomes high relative to the
di i of the carrer plex, Ky, transport will
approach an upper hmit, T,,. By comparison, an equation
based on simple diffusion would predict a lnear relationship

between concentration and rate. When glucose is present on
Lt e - —
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passed the blood-brain barrier, and i some cases reached
high enough distributions to indicate penetration of tissue
cells. In no case, however, did insuln accelerate their transfer.
This probably accounts for the fact that the hormone does
not increase glucose utilization by brain tissue (see Himwich,
1951).
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F1o. 4 The effect of msulin on the distnibution of several hexoses and
pentoses i the brain of eviscerated rats,
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Procedures: These data were obtained from the experiments out-

Iined under Figs 1, 2, and 3.
In no ease was the effect of msuln statistically significant.

Membrane Transport of Glucose in the Rabbit
Erythrocyte

The localization of an effect of insulin to the transport of
glucose across the membrane of the muscle cell has led us to
nvestigate more closely the nature of the transport process.
Tor technical reasons, which will become apparent later, we
have used the rabbit erythrocyte for these studies although
transport in this cell is probably not sensitive to-hormones.
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Inward and outward transport as a function of glucose
concentration

We have measured transport as a function of glucose
concentration and have compared these kineties with those
based on the above model. Our observations confirm and
extend the earlicr results of LeFevre and Widdas.

In the rabbit erythrocyte is was possible to measure '!m\'nrd
and outward transport scparately, To measure inward
transport, advantage was taken of the fact that the hexo-
kinase activity is high in this cell relative to the transport rate
and ordinarily maintains o low level of intracellular glucose.
In the presence of methylene blue, hexokinase activity is
increased still further, and the intracellular glucose is reduced
to a negligible level even with near-maximal transport,
Under these conditions transport is the rate-limiting step for
glucose utilization, Inward transport could be measured,
therefore, by determining glucose disapp when the cells
were incubated at various external glucose concentrations
with methylene blue. The curve obtained (Fig. 6) has the
form expected with kinetics of the Michaehs-Menten type.

To measure outward transport, the cells were prepared
as follows, A preliminary incubation was carried out mn a
high concentration of glucose and 5 x 10~3 x-fluoride. The
erythrocytes now accumulated intracellular glucose, since the
fluoride completely stopped glucose utilization but did not
interfere with transport. The cells were then washed at 0°
until free of external glucose with no appreciable loss of
intracellular sugar because of the high temperature coefficient
for transport, about 2-5 per 10°. They were then placed in a
large volume of glucose-free medium containing yeast hexo-
kinase and ATP to trap glucose appearing on the outside.
When the suspension was warmed to 87°, transport outward
became active and was measured as a function of the internal
glucose concentration. As shown in Fig. 6, the relationship
of v transport to ion was essentially the
same as in the case of inward transport.

The constants for these curves, which correspond to the
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Tre. 5. A model of glucose trﬂnspon across the erythrocyte membrane (see
ext for discussion).
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K; of the postulated glucose-carrier complex and the Traxs
were determined from the Lineweaver-Burk (see Lardy, 19:19)
plot shown in Fig. 7. It should be noted that n di{rusxo.n
process would also give a straight line when plotted in this
manner, but the line would pass through the origin, R
The model was then tested in the more complex situation
m which glucose is transported in both directions simul-
taneously. This is the case when cells ineubated in glucose
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Tic. 7. Inward glucose transport 1n the erythrocyte plotted
according to Lineweaver and Durk (see Lardy, 1919)
The nterpretation 1s given in the text,

and fluoride accumulate ntracellular sugar, Using the
constants determined above, the time eurve of accumulation
could be predicted by integration of Equation 5. YWhen the
course of glucose accumulation was determined directly, the
predicted and experimental curves were in good agreement,
as seen in Fig. 8. These curves are helpful in explaining the
well known delayed osmotic haemolysis of erythroeytes in
high concentrations of glucose. With a high external glucose
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F10. 8 Xnward and outward glucese transport mn the rabbit
erythrocyte as & function of the glicose concentration (see text
for mterpretation).

Inward transport 1s shown as a function of the external glucose
concentration when the Internal concentration 1s negligible
(< 2mg per cent)
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this type, we determined the transport of a number o_f sugars
and sorhitol into fluoride-treated cells. As shown in Fig. 9, all
sugars tested entered more rapidly than glucose. It should be

p , that a )t of transport rates

(EXTERNAL CONCENTRATION
S00MG %)
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INTERNAL CONCENTRATION MG.%

20 SORBITOLA,,
d 30 60 90 120
MINUTES

Tic. 9. The of several
sorbutol in fluoride-treated rabbit erythrocytes
A 10 per cent (v/v) suspension of cells was incubated at 877

and pH 7 4 with the substance indicated at a concentration of
500 mg per cent

and

might show quite different results at other external sugar

concentrations * The aleohol sorbitol, which is similar to these

sugars in size and solubility, did not enter the cell at all. This *
* According to the present kinetic analysis, it would be predicted that the

sugar whose carfier dissociation constant was Rearest the value of the external
sugar concentration would approach equiibrum aeross the membrane most
rapudly.
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tration, inward transport is near a maximum rate.
After only a moderate rise in internal concentration, ontward
transport will approach closely the same maximum. The net
transfer of glucose across the membrane will then be small
although a large ration gradient still

EXTERNAL GLUCOSE

MEAS’JRED\

400 e
INTERNAL (,/
320 GLUCQSE g /‘—2’;{‘5‘“

480

#° cARRER
L

2404 -

160

GLUCOSE CONCENTRATION MGY

HOURS

F18. 8. The scoumulation of glucose in fluoride-treated rabbit erythrocytes
(see text for interpretation).

Competition among sugars for the transport system
LeFevre (1954) and Widdas (1854), by showing that cc{tuin
sugars compete for entry into the human crythmcytc, nbtmn'ed
substantial support for the pastulate th‘ut'chcmmnl combin-
stion is requisite to transport. As a preliminary 1o studies of
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of the cell, although this movement took place mminst o
concentration gradient. Similar results were obtained when
glucose was added to cells equilbrated with galactowe, Thiv
*“pumping out of xylose can be explamned as follows, M the
external surface of the cell, glucose competes succestully
for transport and reduces the mward movenent of ayluse,
Inside the cell, however, glucose is metabolizal and does not
compete., Outwnard xylose transport therefore continues ot

ax w
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is further evidence that the membrane does not have physical
openings through which these substances can pass.

As shown in Fig. 10, glucose and galactose were competitive
with respect to membrane transport. Glucose was the more
effective competitor, indicating that it had a higher affinity

™
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Fic 10 The competition between glicose and galactose
for transport tn rabbit erythrocytes treated with fluoride.
The intracellular accumulation of the sugar is a measure

of the transport rate.
The external concentrations of the sugars were 200 mg

per cent or multiples of thus figure as indicated.

for some binding site m a common transport system. Similar
data were obtained for glucose v. xylose, but not for glucose v.
fructose.

Widdas (1952) predicted that competition for & *“carrier”
would result under certain conditions in the transport of a
sugar against & concentration gradient. An experimental
verification of this proposal is presented in Fig. 11. Fresh cells
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were first incubated in 5 low concentration of xylose which is
metabolized slowly, if at all. At the end of two howrs the
nternad xylose concentration closely approached the exteranl
Yevel, TWhen, at this point, glucose was ndded 1o the external
medum, the interal xylose fell rapidly to o lower level.
. Sineethe xylose was not metabolized, it must have moved out
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Zi the cell: althuug\\ this movement took place against a

[ncentmtmn gradient, Similar results wers oblained when

¢ ;‘c‘nse'was ad(,ledf to cells cquilibrated with galactose. This
MPping out” of xylase can be explai

e vl Xplained as follows, At the

e se transport thercfore eontinues at
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the original rate and exceeds inward transport until a new
equilibrium is reached. The energy for moving xylose against
a gradient is supplied to the transport system by the transport
of glucose from 2 region of higher to lower concentration.
The metabolism of glucose serves to maintain this concentra-
tion gradient but does not supply energy directly,

Concluding Remarks

From the present studies certain differences are apparent
in the transport of monosaccharides among cells from various
tissues. In muscle, all sugars exarmned entered the cell at
appreciable rates, and therr transport was accelerated by
insulin in all cases. In the brain, presumably at the blood-
bran barrier, fructose and ribose were transported very
slowly, if at all, wherecas several other sugars passed this
barrier readily. Transport into the brain was not effected by
the hormene, In the erythrocyte, all sugars studied were
transported into the cell, but at apparently different rates than
in the musele or bramn. No eflect of insulin was observed in
this cell.

It is apparent, from our own and other studies, that glucose
transport may vary widely 1n relationship to the rate at which
the sugar 15 utihzed by mntracellular enzymes In the human
erythrocyte, transport 1s so fast that the intracellular and
extracellular glucose concentrations are virtually equal at all
times. Here the activity of the intracellular enzymes is rate-
limiting for glucose utilization. On the other hand, in the
non-insulinized muscle, transport is slow relative to utiliza-
t1on, and the concentration of intracellular glucose is negh-
gible. In this case transport 1s the rate-limiting step for
glucose utilization and as such 1s an appropriate site for the
acceleratory action of insulin. Furthermore, the transport
process is presumably accessible to insulin without penetration
of the cell.

There are indications, on the oth.er hand, that the transport
process has certain similar properties in all the cells examined
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in this study. It is clear that transport is not a process of
simple diffusion but involves a physmochcmxcal combination
of the sugar with some p t of the cell t The
product of transport, however, is the free sugar, and phos-
phorylation in the usual sense is not involved. The energy for
transport is derived from the concentration difference across
the membrane and not from intracellular metabolism directly.
Intracellular metabolism, however, may serve to maintain a
concentration gradient. In this way, furthermore, it can
make transport virtually a unidirectional process by rapid
removal of the transport product.
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DISCUSSION
Schulze: The ism of leration of the port and the
penetration of glucose through the cell membrane is obviously an essen-
tial part of the le i the peripheral sugar utilization and
the work economy of muscles m drabetics when treated with insulin. I
Pips S S S AN M PP bl SR
1 [ " v . v
. 1 *

treated with insulin therr Testitutiona? quotient gets closer to the age
norm of healthy individuals, as shown by Fig. 2.

Ross: I am really an interloper in this field as I approaclied it from an
entirely different aspect. At the Institute of Ophthalmology we were
interested in the rates at which various n'xbsmnccs, especially nnﬂ"
HEEU T O
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the exception of glucose [Fig, 1). Now glucose is very water-soluble
bu‘t very cylet-lnsoluble fnd in theory should have a very slow rate of

. .

barrier between the blood and the intraccular fluids is a very specific
ope. Urea, for example, a very small moleeule, has 2 slow rate of entry ;
in other words, entry is obviausly not through pores, The barrier is not
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F10. 1 (Ross) The rate of penetration of non-electralytes from the blood
iato the aqueous humour in rabbits

(Ross, F. J. (1951). J. Physéal., 112, 220}

just a capillary wall but js a very selective membrane. So here is a
system where the ility of a cell b can be readily




Discussion 268

words, Insulin had very considerably accelerated the entry of glucose
into the eye, To obtain further proof of this, I took alloxan dmbet:c
rabbits, and in these the rate of cntry ranged from 0-74 to 1-37,
I e, there was a reduced rate of entry in these animals. An Interesting
point is that in the alloxan diabetic animal during the hypoglycaemic
“haca $hnb allaemy allagnm adminictratinn the transfer constant was

JAIZE UUSES Bave B UBLINCL TEUUCTION UL Lug Ihi, sucot weit amace
ammals,

Young: And this was so even though the insulin was believed to be
free from glucagon. 1 think that is important

Ross: 1 used Novo msulin, completely free from glueagon.

DD Pty Ap #hame ot sk e o nm nm e 19

devas, Nu.

Lawrence- That remains to be done.
. Young: Prof Candela, have you not some evidence about high blood
insulin values in the hypoglycaemic phase after the admmstration of
alloxan?

R.-Candela: Yes, 1 have some results. Dunng the hypoglycaemic
phase after administration of alloxan we found more plasma-insulin
povr g calig npptic g S
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T have done some work with lenses and found that insulin increased the
rate of uptake (‘7!' glucose}y allout 350 per cent. With galactose there
POUANTRURRE- SRR ). S St el Sl S M DA Y

glucose, shows a relatively high temperature coefficient, appears to be
enzymic in character in that it follows the Michaelis-Menten law, and
has & large Michaelis constant for the two hexoses. In addition, there
was a small influence of msulin on the penetration of free sugar into the
tissue, but this could be demonstrated equally at 0°, 10° and 387°, and
appeared to be an increase in the diffusion of the external sugar into the
available space of the muscle. This effcct scemed of Little importanee in
determining the increased uptake of sugar caused by insulin. We were
tempted to identify the msulin-sensitive process with the hexokinase
reaction, mainly because of the results obtained with fructose. As
first shown by Mackler and Guest (1953, Proc Soc, exp. Biol , N.Y"., 83,
927), the uptake of this sugar by the diaphragm 1s partly nhibited and
its i by insulin hibited, b; ient amounts of
glucose, suggesting the existence of two pathways: one via hexohinase
and insulin-sensitive, the other via fructokinase and unaffected by insulin.
An active transfer process of the type postulated by Prof. Park could of
course er%ually be involved, provided 1t possessed similar kinetic pm;
= oS M e Sy R
On
f. for
N . as¢
. hat

hexokimnase is bound mn the intact tissuc 1 o manner which lowers its

affinity for its substrates. Qbviously it will require more experiments to
scttle this matter,

Park: The idea that wnsulin may accelerate a process of physical
diffusion, as suggested by Profs. Cor1 and de Duve, does not seem to me
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C. P. Cori: We have found that pentoses go into muscle at & very slow
rate, I do not know whether they are transported by an active process,
but in general if there is an active process that 13 one that makes the sub-
stance go m rapidly, T do know that insulin and museular work have the
same effect on the of pent This ion is not com-
petitively inhibited by other sugars, and 1t does not have the chatacter
of an active transport, or else there are two distinct transport systems,
one for glucose and one for the pentoses, The cell membrane is not
static but presumably adapts all the time to the metabolism that is
gomng on inside the cell, Muscular work, thmugh a ehange in the meta-
bolism mslde, may the Insulin
may set in a similar manner with respect to the pentoses, that is, a
changed metabolism inside may change the property of the membrane,




PANCREATIC ISLETS AND GROWTH

Crsare CAVALLERO
Institute of Pathological Anatomy, University of Milan

In RECENT years, good evidence has been obtained that
pancreatic islets are concerned not only with the production
and secretion of insulin, but also of another hormonally active
substance, called glucagon in the early literature and de-
seribed as hyperglycaemic-glycogenolytic factor (HGF) in most
of the recent papers.

Today, the existence of two pancreatic internal secretions
seems to be well established; it is generally accepted that
insulin is secreted by the B-cells of the islets, whereas there
is good reason to believe that glucagon is a product of the
a-cells. Since glueagon can be extracted from fish insular
corpuscles showing only endocrine structures (Malandra and
Mosca, 1952), and from the mammalian duct-ligated pancreas
with atrophic acinar tissue (Sutherland and de Duve, 1948;
Cavallero and Malandra, 1951), as well as from the alloxanized
and duct-ligated pancreas (Gaede, Ferner and Kastrup, 1950),
its origin in exocrine tissue or in insular p-cells seems to be
hardly maintainable.

The research work of the Lilly group (Staub, Sinn and
Behrens, 1958) has firmly established the chemical indivi-
duality of this new principle, besides making it available in
pure crystalline form for biological study.

Two main properties have been attributed to glueagon,
namely, a regulatory effect on the earbohydrate metabolism,
and o general effect on the processes of growth. As regards
the first point, it was claimed that this second pancreatic
hormone might play an important réle in the disturbances of
carbohydrate metabolism and particularly in the pathogenesis
of human diabetes mellitus. Undoubtedly, glucagon is a very

208
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active glycogenolytic and hyperglycaemic substance, and, in
this way, it might counteract some effects of insulin; however,
this fact does not necessarily imply that it should be con-
sidered as a diabetogenic factor,

Our experimental work on this particular aspect has given
rather disappointing results, since neither in rats fed ad lib.,
nor in rats force-fed a carbohydrate-rich diet, has glucagon
shown any evident diabetogenic activity. We could only
demonstrate that this pancreatic principle is able to potentiate
the effects elicited by the so-called diabetogenic factors, such
as cortisone, corticotrophic and somatotrophic hormones;
combined treatment of glucagon and either of the above-
mentioned h if given at subdiab. ic dose levels,
resulted in a temporary diabetes with insulin resistance
{Cavallero and Malandra, 1953; Cavallero, Malandra and
Galansino, 1954).

Similarly, Ingle, Beary and Purmalis (1954) could not
obtain glycosuria in normal rats even by continuous admin-
instration of glucagon, and Galansino and co-workers (1955}
were unable to cause glycosuria or alter the glucose tolerance
of chronically treated rats.

A relationship between pituitary somatotrophic hormone
and glucagon has also been indicated and it has been suggested
that the growth-promoting effect of the pituitary hormone
could be mediated through glucagon (Bornstein, Reid and
Young, 1951; Cavallero and Moseca, 1853; Foi et al., 1958).
It has been claimed that this pancreatic factor can increase
the width of the epiphyseal line in hypophysectomized rats
(Elrick, 1953), but this statement was not confirmed by other
investigators (Geschwind and Staub, 1953; Mitchell, Rice and
Girerd, 1954). On the other hand, skeletal growth and weight
increase have been reported by Salter and Best (1953) in
hypophysectomized rats fed ad lib, and receiving gradually
increasing doses of protamine zine insulin, and similar results
have been obtained by Smith, quoted by Young (1953),
giving insulin plus glucagon.

Since most preparations of insulin are known to be
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contaminated by glueagon, 1t has been objected that the
effects on growth of the hypoglycaemic hormone might be
ascribed to this contamination; reciprocally, an alleged
activity of glucagon on growth has been attributed to
insulin contamination,

The morphological approach to this important problem has
given contrasting results, since neither hypophysectomy nor
administration of somatotrophic hormone appears to be able
to produce any definite and constant change of the islets.
If given to hypophysectomized rats or to pituitary dwarf mice
with frec access to food, the pituitary hormone increases the
area and the volume of the islet tissue, but this does not seem
to be the case if it 15 given to animals on restricted food intake
(Cavaliero and Dova, 1954; Mosca, 1954). The somatotrophic
hormone appears also to be unable to affect the relative
percentage of «- and B-cells, both in young and adult hypophy-
sectonuzed rats (Mosca, 1951).

The best morphological evid that glucagon might be
concerned with the processes of growth is given by the fact
that the a-cells, which are allegedly the site of production of
this hormone, are present m high numbers in the islets, both
of man and other mammals, during foctal and early life,
when the growth is very active, whercas their number
decreases consistently as soon as the body growth stops or

slows down.

Effect of Glucagon on Body Growth of the
Chick Embryo

Qur first experimental approach to the possible effcct of
glucagon on growth was carried out on Leghorn chick
embryos, using a preparation of amorphous glucagon (Lalty
Laboratories, lot 208-108 B-234) which, according to the
manufacturer, contained 0-005 unit of insulin per mg. Two

groups of eggs were injected in the chorio-
5

experimental
5

allantoic membrane at the nith day of incubnti?n, with
and 25 pg. of glucagon respectively, dissolved in Tyrode
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solution at pH 8-5; two control groups were respectively
injected with Tyrode alone and with 1-25 X 10-4 units of
regular Novo insulin, free from hyperglycaemic activity, i.c.
with the dose of insulin contaminating 25 pg. of glucagon.
The eggs were sacrificed in groups at the fourth, seventh and
ninth day after the injection and the fresh embryos weighed.

Table I

Mran Bopy Weicnt v G, of Frrsne Curck ExBryo TrraTrD
wITE DIFFERENT HonMONES AT TuL 972 DAY OF INCUBATION

Glucagon-treated
Number { Day of Insnlin-
of embryas | incubation | CoPTOB | frictea
5. 25 pg.
40 13th 6 3333 5 1223 7 0873 7 1185
10 16th 117213 | 10 9018 | 14 2542 | 14 g02¢
a0 18th 163643 | 15028 | 195051 | 18 9632

From the results, summarized in Table I, it appears that
both doses of glucagon have been effective in stimulating the
growth of the chick embryo. On the contrary, pure insulin has
falled to obtain any such effect. Biochemical determinations
of the humidity, total fat and mtrogen content of the whole
embryos have given inconstant results; in general, there was
some tendency towards an increase of protem and water
content of glucagon-treated embryos, but the statistical
analysis of the data showed no sigmficant differences.

Effect of Glucagon,Insulin and Somatotrophic Hormone
on the Growth of Pituitary Dwarf Mice

1t has been claimed that pituitary dwarf mice constitute a
useful amimal materal for experimental investigations con-
cerning the function of the pituitary as a superior centre
of growth processes. The stram of black-siiver dwarf mice
studied by Snell (1929) is mainly characterized by a hereditary
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hypoplasia of the anterior pituitary; it showld be underlined
that in these animals there is a pure growth-promoting insuffi-
ciency, whereas, uniike the hypophysectomized animals, the
pituitary corticotrophic function appears to be unaffected.
Investigations into the reactions of dwarfs to the treatment
with hormanes from the pituitary and other endocrine glands
have shown the extreme sensitivity of this animal to several
growth-stimulating preparations, such as pituitary somato-
irophic and thyrotrophic hormones, prolactin and thyroxine
(Kemp and Marx, 1937; Fanss-Bech, 1947).

In previous comparative studies between dwarf and normal
mace of the same strain, we have observed that the anterior
pituitary hypoplasia of dwarfs is associated with some islet
abnormalities, such as a lower ahsolute amount of endocrine
tissue, a numerical predominance of small islands, and s higher
percentage of z-cells. Moreover, hypotrophic changes, both
of «- and B-cells, are evident and have been considered as
a morphological sign of a deficient insulin and glueagon
secretion.

Prolonged administration of pituitary somatotrophic hor-
mone (STH) is very active in producing an increase of weight
and length in pituitary dwarfs; concurrently, there is an
absolute inerement of the islets, associated with hypertrophic
changes of the eclls and 2 tendency for the « : p-cell ratio to
reach normal values (Cavallero and Dova, 1954},

The main morphological gdifferences between dwarf and
normal mice concern the weight and size of the body, as
well as the tail Jength; in dwarfs, all organs are distinctively
underdeveloped. Besides, we have heen able to ascertain by
hiochemical studies other important differences in body com-
position, which appear to duplicate, at least in part, those
seen in hypophysectomized animals.

In fact, the empty carcasy of the pituitary dwarf mousc

- . . - PR A B Y T N LRt i af

whereas fat is present m low amount (Table L. sms o
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- Table 11

Averaoe CowposITION, IV Pen CENT of Tresn TissuE, o Exrry CArcasIes
axo Livers or Dwanr Avp Nomyar Mice Fep ad libitum

Number of determinations in parentheses

Carcass Lacer
Duarf Normal Duarf Normal
(10) 10} 0) (10)
Water 60 82 61-12 68 27 6725
Fat 17-08 14 21 304 702
Protemn 19 75 22 71 16-12 19 78

chemical pattern is quite similar to the one we observe in
hypophysectomized animals. However, dwarfs, when fasting,
do not behave like hypophysectomized animals, as they show
a tendency to maintain high glycogen levels, both in liver
and muscle, and to increase to a lesser degree the liver fat
(Table ITI). This discrepancy might be accounted for by the
normal adrenal function or by the above-mentioned 1nsular
deficiency 1n pitwitary dwarfs.

Table IIT

INPLUENCE oF FasTING ON Liver aND MuscLe GLYCOGEN AnD ox Liven Far
or Dwary AND NORMAL MicE; AVERAGE VALUES IN G, Per CENT oF
Frresy Tissve

Number of determmations in parentheses

Duarf Normal
Fed Pasted Fed Fasted
a0 ®) a0 ®
Laver glycogen 8 951 0 560 2 368 o 440
Liver fat 3 040 10 300 7 020 19 380
Museular glycogen 0-826 0 410 0 648 0-229
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In summary, the general metabolism in these animals
appears to be clearly disturbed, mainly with regard to the
mobilization of fat from peripheral depéts and the utilization
of the stored glycogen.

In a first experimental series, the effect of a preparation of
amorphous glucagon (Lilly Laboratories, lot 208-158B-197)
on the body weight of pituitary dwarfs was investigated. The
preparation employed was contaminated by insulin, 0-005-
0-05 unit per mg., and its purity, based on the potency of

4SS 7o

JF $TH . % Clucagon - any
] g

s i

4|3 g 4|2 4p

3 3 2ug

2 2

ing
el
" time of trratment weel

time of tregtment weeks
3

0 2 3 4 5 6 7 8 r 2 3 4 5 &8 7
Frc 1. Mean weight increase of dwarf mice treated with vanous doses of
STH and glucagon.

crystallme glucagon, was approximately 50 per cent. The
substance, prepared m buffer solution at pH 9-5, was injected
daily subcutaneously in dwarf mice, 6-8 weeks old and
weighing 4-6 g. The animals had free access to a carbo-
hydrate-rich diet.

During treatment a consistent and gradual increase in
weight was observed, a well defined effect being alrcady
evident with a dosage of 0+5 ug. per day (Fig. 1). Over the
range studied, body-weight increase bore an approximately
linear relationship to the amount of glucagon given (Fig. 2).

Similar experiments have been undertaken with purified
STH (Armour, lot R285-183) and protamine zinc insulin
(PZI, Lilly). Dose levels of STH similar to those of the gluca-
gon group were assayed; the daily dose of PZI was, at the
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start, 0:05 unit and was then increased to 0+1 unit. Since
insulm appeared to be fairly well tolerated by the hypo-
pituitary animals, the effect of regular Novo insulin, free from
hyperglycaemic activity, was salso investigated at a dose of
0:005 unit, increased later to 0-01 unit once daily.

Obviously, STH treatment caused body-weight increase,
the minimal effective dose being 2 pg. daily; the relative
potency of STH was found to be approximately a third of that
of the glucagon preparation employed (Fig. 1).

Werght increase g

Log (dose 10%)

20 23 28 29

Fig. 2 Dose-effect response of pitwitary
dwarf mice treated for 5 weeks with dufferent
doses of ghicagon.

Both regular msulin and PZI raised the weight of dwarfs,
but this effect was clear-cut only at the beginning of treatment
and later with increasing doses; thus, this effect did not appear
to be proportional to both dose and time of treatment (Fig. 8).

Comparison of the effect of the three preparations tested
shows that the gain in weight and length was evidently
higher in STH- and glucagon-treated dwarfs than in the

" insulin group. Besides, 1n the former groups the tail growth,
compared to the body growth, was relatively higher than in
the latter.

At necropsy, 1t was observed that STH and glucagon treat-
ment results in a tendency of all organs studied, except the
adrenals, to reach the normal weight values. Similar changes,
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but to a lesser degree, have been observed in the liver and
testicles of the insulin group, whereas the spleen, thymus,
pancreas and kidney weights were within the normal range
and the adrenals were consistently increased (Table IV).

At the histological examination, the main changes observed
concern the endocrine pancreas, the interscapular adipose
tissue and particularly the bones. Full maturity of the islet

u

o— e Glucagon i5pg
— i TH 32

e P2 m3ulin 2-4p

T antead S

Increase in weight g of dwarf mice

3 4 5 6 7 &
Fia. 8 Representative growth curves
of untreated and of hormone-treated
dwarf muce.

apparatus was remarked in STH and glucagon groups; on the
contrary, insulin-treated amimals showed hypotrophic islets
and a high number of a-cells, like untreated dwarf mice. The
interscapular adipose tissue was found to be modified only in
the insulin group, where the granular and finely vacuolated
pattern of the cell was lost and replaced by large vacuolar
eytoplasmic structures (Fig. 4).

- - o B R Bt N L1 ery
el X.
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but to a lesser degree, have been observed in the liver and
testicles of the insulin group, whereas the spleen, thymus,
pancreas and kidney weights were within the normal range
and the adrenals were consistently increased (Table IV).

At the histological examination, the main changes observed
concern the endocrine pancreas, the interscapular adipose
tissue and particularly the bones. Full maturity of the islet

4

é
s o—e Glucagon ispg
—+ STH 32 g
P — P2ty Zapg
= —— Lontral

~ -
Increase 1 weight g of dwarf mice

—
_j;’éf——ﬁ;,_‘

23 4 5 & 7 8

Fio. 8 Representative growth curves
of untreated and of hormone-treated
dwarf mice.

apparatus was remarked in STH and glucagon groups; on the

contrary, insulin-treated animals showed hypotrophic islets

and a high number of «-cells, like untreated dwarf mice. The

interscapular adipose tissue was found to be modified only in

the insulin group, where the g lar and finely lated

pattern of the cell was lost and replaced by large vacuolar
4 celanmain chrinbiree (Fio 4}
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and diaphysis associnted with a good differentiation of the
epiphyseal cartilage was evident. The insulin-treated dwarfs
bebaved quite differently, showing only minor or no changes
(Fig. 5).

Finally, important biochemical changes in carcass and liver
composition of the three experimental groups have been
ascertained. In this investigation the total fat has been deter-
mined on aliquots of dry tissues by the grasimetric method

Table IV
OreAN WeiGHTS, 1v PER CENT OF BopYy WEIGHAT, OF NORMAL, UNTREATED
AnD TREATED DWARF MICE OF Tz SAME AGE; TREATMENT WITH HORMONES
LasTeD 8 WEEKXS; 10 ANIMALS PER GrOUP

Treated dwarfs
e Untreated
Organ Normals
dwarfs Glucagon l:’Z omsu.lllu
165g [day| 8 pg-day | 1 1 1y

Liver mg. 5063 3116 4909 4865 4495
Kadney my. 1453 1154 1181 1285 10035
Spleen mg 356 161 450 408 190
Thymus mg. 187 153 244 182 156
Heart mg. 559 616 523 517 403
Pancreas mg. 507 203 274 a13 23
Testicles mg. 652 209 366 296 308
Adrenals mg 20 30 21-10 | 2110 | 22-70 25 10
Body weight g 17-52 441 | 1015 | 1198 7 32
Body length em | 16 48 907 | 1210 { 177 10-87
Tail length cm. 775 3 86 558 583 461

and the total nitrogen content on defatted and digested tissues
by the micro-Kjeldah! techmque; the glycogen content has
been evaluated on fresh tissues by the Good, Kramer and
Somogyi method.

In fed animals, the main biochemical changes elicited on
body position by gl appear to duplicate exactly
those determined by STH. Actually, the mean composition
of the empty carcass showed a higher water and protein
content snd a signifi loss of fat; i

ly, the liver
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fat was increased in both groups. Besides, chronic treatment
with glucagon resulted in an increase of liver glycogen, which
was lacking in the STH group., The gain in weight of the
animals treated with glucagon or STH appears, therefore,
to be due prevalently to an increase of protein and water.

The biochemical ct det, d by nsulin have been
quite different; the water content was consistently reduced
and, correspondingly, we have observed an increase of fat and
protein, both in carcass and hiver. The glycogen content of the
liver was lowered (Table V).

In fasted animals, the effects of glucagon and STH have not
been identical, sinee STH increased the liver fat, whereas
glucagon diminished 1t. As far as liver and muscle glycogen
are concerned, these two hormones behaved accordingly and
failed to give patterns dissimilar from those of the control
fasted dwarfs (Table VI).

Table VI

Errecr or Fasting oN LIVER AND MuscLe GLYCOGEN AND oN Liver Far
0¥ UNTREATED AND TRCATLD DWARF MICE, AVERAGE VALUES IN G Per
CenT oF Frusn Tissue

Number of determinations i parentheses

Liver Muscular
Group glycogen glycogen Laver fat
Controls fed (10) 3 051 0 826 304
fasted (9) 0 560 0 410 10 30
Glucagon fed (13) 5 530 0 703 6 08
fasted (8) 0 518 0 858 444
STH  fed (10) 3 611 0 936 6 08
fasted (8) 0 401 0 335 1211
Comment .

Under the conditions of our investigations, glucagon has
been shown to be an active growth-stimulating factor. In
embryonic life, as well as in pituitary dwarfism caused by a
pure deficiency of pituitary growth hormone, 1t can induce &
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view that this hormone should be considered as a growth
factor, However, owing to the fact that insulin causes
modifications of the water and fat content of the body, unlike
the effects elicited by somatotrophic hormene and glueagon,
the problem arises whether growth might be accomplished
through different mechanisms.
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well sustained growth. This is a “true growth”, since not‘
only are the body and organ weights concerned, but also an
inerease in body length and skeletal changes indicative of an
active bone growth.

Furthermore, glucagon appears to have a high metabolic
activity, since in pituitary dwarfs it has effected marked
changes in body composition, similar to the ones elicited
by pituitary somatotrophic hormone. This fact gives further
support to the view of a close relationship between these two
hormones.

Our research suggests that the main biochemical activity of
glucagon concerns fat metabolism, namely, the mobilization
of fat from the peripheral depdts and its oxidation in the
liver; in agreement with other investigators (Payne, 1954;
Haugaard and Haugaard, 1954), we have found that this
principle appears to be an active fat-mobilizing factor and
possibly increases fat oxidation in the liver during fasting.
From these points of view, its action is opposite to that of
insuhin.

It is noteworthy that the growth-promoting effect of
glucagon has been seen in animals in which the corticotrophic
activity is unaffected. This fact might possibly explain how,
in other tests, glucagon has been found to be inactive, and,
on the other hand, the question arises of a possible supporting
or ‘“permissive” action of the cortical secretions on the
glucagon activity.

As far as the effect of insulin on growth is concerned, both
regular glucagon-free insulin and protamine zine insulin, at

L St At 1

- beeam ~klabn anhanna tha

accompanied by any clear-cut bone

hormone, and not

proliferation. . . .
The well demonstrated activity of insulin on nitrogen-

retention of the hypophysectomized rat (Lawrence, Salterand
Best, 1954), as well as our observations that in dwarf mice it
can increase the nitrogen content of the body, support the
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to observe any effect \Avhatsoe.\'er of hig!ﬁ}: purified glueagon on growth in
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about many i 2 metabolic effects of gl from Suthefland,
Candela, de Duve and Cavallero The conditions under which these
varjous studies have been conducted are, of course, quite different and
the results of each one have eventually to be related to physiological
cox:dxhons.
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ditions, The mouse, as Dr. Cavallero said, 15 quite a different prepara-

tion from Lhe hypophysectomized animal
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DISGUSSION

Best: There are, of course, many different aspects of growth and all
of them are interesting. The question is nftex{ asked: is it true g\:o“lth?
. \

there are other very useful ones.

. 2
motes growth in hypophysectomized alloxan diabetic rats but w1 taese
Houssay ammals somatotrophin has no effect on body weight. However,
Houssay rats treated with both gromhkhormonc and 'i'nlsu!m g;z'x‘n
L AL S tn e At alan o dnm fmantad wabh ronslin nlama Tha srnvethie

'
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Randle: Prof. Best, were the animals receiving thyroxine given extra
thiamin?

Best: In Salter’s work a synthet:c diet was used. We thought that it
was complete but jt apparently lacked some component of the stock
diet since with the Iatter the thyroxine effect was ly obtained,

Sutherland: Dr. Cavallero, did the glycogen which was formed after

9% .Freatec‘

" Divaarfs
%
10
6 ~
2

Fic 2 (Cavallero), Mean fat content of the lver, ing per cent of fresh tissue,
in fasted and untreated normal and dwarf mice, and in fasted and STH- or
glucagon-treated dwarf mice.

still remaing above normal values. ‘This fact may be observed both in
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STH and gl on treatment result in a similar effect,

namely, d, a of a car dise,
.N'ow, may I ask, Professor Best, wh_ether you have studied the effect
~ - .:‘.:.‘ ooty L.-T—sl.-A--:-__ o3 :.-..n i i
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physectomized rats?
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also.
Young: You have not given ACTH?
est: No.
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extensive st‘udy of the question and we had some data too on the same
subject. We have studied the sensitivity to steroids ‘ot the oss:fﬂcntmn
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CHAIRMAN'S CLOSING REMARKS

suré that many of us have found that much interesting ‘and perhaps
valuable mformation has come from the work with which we were not
particulatly famuhar,

Ppresent time.

Dr. Fod's of innto the was an interest-
ing one. Prolactin has lamn fallow for a good many years, but I think
many of us have felt all the time that it had some metabolic effect
which was awaiting elumdation, I think Dr Foa will agree with me
that much remans to be elucidated, but a start has been made on a
matter of great interest, and I imagine that 1n the next year or two
prolactin will become much more fashionable than it has been during
the past few years.

I, in particular, was very glad to hear Dr. Goldner's views expressed
50 ably by him. He does not agree with some others, but I think the
epporiunity of hearmg the discussion ancl learning more about his
1deas has been extremely valuable to us all,
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Jerner: From a morphological point of view we can propose a relation-
PG Y e .
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activity of blood col imull ly from the ical cord of

nfants at birth and from the mother, No insulin activity was detected

in the cord blood, but there was insulin activity in the maternal blood

(l);‘cCance, R. A, Santos, R. I, and Randle, P. J {1935), Nature, Lond.,
, 115).

@. Cori: Prof. Ferner, how long does this preponderance of a-cells
persist m extra-uterine life?

Ferner: This was a picture of an islet typical of the second half of
foetal life After birth there is a slow duminution of a-cells so that the
normal pieture 1s reached 1n adolescence,

Best: Prof. Ferner's slide would make a striking contrast with one
showing the islets of an mfant born of a diabetie mother, where you have

a preponderance of B-cells.
‘e , 1n the islets from the foetus of a diabetic mother there
aln B T e D LT
.. . . . .
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The possibility of explaining the action of hormones in terms of in-
fluences on enzyme systems is one that has seemed to recede into the
background at times. Prof. Sutherland put this matter right in the fore.
ground with respect to one system, but in many instances we are being
dniven back into experiments with intact cells, and even with the intact
ammal, in order to obtain a lead 1n the elucidation of the mechamsm of
bormone action.

— - ‘e
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Aamas
. .

Tong since passed, and this very confusing overlap of actions of hormones
seems unlikely to be merely the result of the contamination of one
hormone by another. The ly si
amounts of hormones lurk 1n tissues to be released under the influence of
other hormones 13 one that may have to be considered here  We also
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So far, all these observations have not led us closer to understanding
the basis of the biologienl activity of insulin, and here is obviously &
most important fleld to be explored in the next few years. I think we
can say that the biological activity of insulin in relation to its structure
is o field that is hardly touched upon as yet.

Dr, Schulze’s paper on the history of glucagon and Prof. Burger's
early work we greatly enjoyed, and to have Dr. Behren's important paper
after that which dealt with glucagon as a subject for chemical investi-
gation was very appropriate. Dr, Behrens emphssized that his paper
Was o progress report, and I am sure we are going to have a good deal
of progress on this subject reported in the next year.

Prof. Sutherland introduced a subject that many of us :’stieclLemists
bl P RERA AR Rt S
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without coming 1o a definite conclusion. I thought Prof. de Duve made
an llent case for the of a signil action of insulin on the
Liver, which has been one of his loves for many years and which he bas

never deserted,
— St am a1 M i Teef Aeatord Dese Pocloan tha
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Acromegaly, plasma insulim actvity
1, 4

ACTH, effect on insulin secretion,
60-64

Adrenaline. See Epinephrine

Adrenals, fanction of a-cell system
and, 21

Beta-cells, destruction by alloxan, 4
ratio to a-cells, 2, 7, 8
Blood, hyperglycaerme, transfusion
of, 161, 163
Blood sugar, after «-cell destruc-
tion, 14
after mgestion of thiodiazole
17

effect
on insulin secretion, 00,
Alloxan, destruction of B-cells by, 4
use with synthalin or IPTD, &
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mhibition by IPTD, 19, 20
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