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Foreword

‘This book constitutes the report of a conference on neuroendocrinology
held in May, 1936, at Columbza University’s Arden House on the Hudson.
Twelve papers were presented on aspects of neuroendocrinology during
the two-day meetings Each paper was followed by informal discussion

Recent years have shown a renaissance of interest in neuropharmacol-
ogy resulting in large measure from the discovery of new drugs, es-
pecially lysergic acid diethylamide, that produce experimental psychotic
episodes 1n man. The discovery of the value of tranquihzing drugs m
relation to mental disorders has also added impetus to studies of bio-
chemcal determmants of conduct. The hormones are endogenously
produced drugs regulating the internal environment of the cells and
modifying many aspects of behavior,

Communication between cells and between organs may be classified
roughly into two major categories: (1) icahon by nerve im-
pulses which are efficient discrete messages in the form of waves of
electrochemical change coursing over speafic fibers from sensory recep-
tors to cells of the central nervous system, from cell to cell withm ths
ntegrating system, and thence out to effector organs, (2) intercellular
and interorgan commumcation either by short-distance diffusion of
metabolites from cell to cell or by transportation by the blood stream to
remote organs of metabolites such as CO; as well as the special metab-
olites of endocrine glands.

Such metabolic messengers which mclude the hormones have been
referred to by Norbert Wiener as “to whom 1t may concern™ messages
Formed 1 glands of internal secretion and released into the blood stream,
the hormones may be carried to all the tissues of the body before be-
coming wnactive metabolites Relatively few of the malecules so broad-
cast reach target organs where they react with appropriate chemrcal re-
ceptors and so act as regulating messengers affecting tissue and organ
function The papers and discussions of this symposium are aimed at
elucidating selected aspects of hormone actions in relation to brain func-
tion and behavior.

The symposium was made possible by generous aid from the G. D.
Searle Company of Clucago. We are especially mdebted to Dr. I C.




Winter, Director of Clinical Research of the Searle Company, and his
staff for assistance in organizing the conference

As chairman of the conference, I wish to express my sincere apprecia-
tion not only to the contributors of the papers but also to those par-
ticipants whose lively and spontaneous discussion did so much to make
the meetings profitable to all who attended.

Hupsox Hoacraxp

Shrewsbury, Massachusctts
November 1936
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EFFECTS OF STEROID HORMONES ON THE
NERVOUS SYSTEM






Steroid Hormones in Relation to
Neuropsychiatric Disorders

R. A CLEGHORN

Allan Memonal Institute of Psychuatry, McGill Unioersity,
Montreal, Quebec, Canada

I INTRODUCTION

The more one pries mto the bewildering complex of interactions be-
tween mind and bodily functions the less one feels able to name precise
mechanisms responsible for any one disturbance. This has been said
in many ways, many times, but perhaps not more aptly than in the per-
plexed words of Dr William Buchan of Edinburgh in hs treatise on
disease, i 1779 (12) In thus he says, “The passions have great influence
both in the cause and cure of diseases How mind acts upon matter wall,
1 all probability, ever remain a secret It is sufficient for us to know
that there 15 established a remiprocal influence betwixt the mental and
corporeal parts, and that whatever disorders the one, hikewse affects the
other.”

The history of man 1s, however, illuminated with repeated examples
of refusal to accept obscurity as the answer to his endeavors to fathom
and control his environment and himself So we see the gradual accretion
of knowledge bringing more and more of the umiverse within his ken
‘The development of endoernology, which arnved rather late on the
biological scene, 1s now contributing to an understanding of man himself

(18) As it develops, 1t 15 b 1y app that the
endocrmes are almost inextricably assoctated m function with that other
major | ic regulator, the nervous system, i both cen-

tral and peripheral activities (19) But as Mirsky (61) has said, “The
paucity of information that is available concermng the speaific role of
humoral agents 1 the regulation of behaviour 1s due, primanly, to the
fact that 1t 1s impossible to distingwish where one regulatory mechamsm
stops and another starts.” Consequently, 1n this paper attention will be
given to certan neurogenic functions which might, at first sight, be con-
sidered irrelevant to steroids and mental disorder. Old, as well as newer,
data will also be reviewed, in the hope that they may suggest fresh points
of departure for investigation in this field which promises so much but
presently seems to yield so lttle of a defimti e nature

3



4 R A. CLEGHORN

IIL. NATURAL ALTERATIONS IN CEREBRAL FUNCTION
ELICITED BY STEROIDS

Estrogens contribute to certain regulatory functions of the hypothala-
mus (20). For example, the release of lutinizing hormone (LH) by the
adenchypophysis can be advanced 24 hours in the 5-day eyclic rat by
giving progesterone on the third day of diestrus, this being signified by
ovulation, In the pregnant rat, precocious ovulation, which reflects LH
release, can be precipitated by estrogen given on the fourth day of preg-
nancy, ovulation occurring 36 hours later. These experiments of Markee
et al. (60) show that these steroids facilitate LH release by lowering
the threshold of a sex center which appears to lead to the liberation of
an adrenergic neurchumor which suitable blocking agents inhibit.

The above experiments represent steroid influence on discrete hy-
pothalamic mechanisms. Relatively precise information also exists in
support of the view that steroid hormones influence the participation of
the hypothalamus in the control of more complex acts associated with
mating For example, progesterone, in a dose well below the sub-
cutaneously effective level, if placed in the lateral ventricle leads to
estrous behavior in a castrate hamster {55). Further, 1t has been shown
that lesions in the posterior hypothalamus of the guinea pig preclnde
mating resp clicited by gens, pre bly because the integrat.
ing area for estral behavior has been disturbed (28).

Androgens have not been so defimtively studied, but in the young dog
the mictuntion pattern has been observed in relationship to sex and
testicular function. Berg (7) observed that the adult male act of leg
elevation while urinating did not appear tll 19 weeks, but could be
prevented by castration or advanced to 8 weeks by androgen injections.
This is an nstance of activation of an inate pattern.

Courtship and mating Is has d much plex in-
tegrated behavior that has been desenibed often, but in particular con-
nection with hormones 1n the monograph by Beach (5). In these acts,
steroids play an essential role in developing the pattern which, once
established, can be very resistant to extmetion 1 certain species, and es-
pecially in the male, despite gonadectomy In man, the strength of the
sexval drive of the adult is £ i by gonadal fofl but the
Qirection is not. It is not possible to correct homosexual behavior by
hormones, for instance The detailed morphologic and psychoanalytic

studies of Benedek and Rubinstem (6) have demonstrated the delicate
dependence of sex drives and les, at jous and i
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levels, on ovarian secretion and their inter-dependence on psychological
factors. In the human, hormones definitely play a less defined role in
sexuality. Castration in adults does not always lead to a Joss of interest
in sex (87), though it leads to an altered endopsychic concept of the
self (88). Psychotherapy alone may enk sexual expression in cas-
trates (27), though this does not deny the validity of a similar result
achieved by testosterone.

Aggression is of 1o less importance in man and animals than sexuality
as a major dnve, but, if anything, it is less well understood. Without
explonng the well-documented interrelationships between the two, at-
tenton will now be paid to some observations which bear more par-
ticularly on generalized aggression, which has been reviewed in some
detail by Beach (5). One experiment which seems most pertinent for
mention here is that conducted by Clark and Birch (16) on dominance
1n adult male chimpanzees Using a food-reward situation, it was found
that methyl i 1 d m the hoird male,
while estrogen led to a subordinate status

Estrogens have been used in humans for the suppression of assaultive-
ness d with | 1 offenses or both h ual
trends, stilbestrol being used as a rule. It is apparently capable of con-
trolling the aggression and, unlike castration, appears to abolish Iibido
during the period of admunistration (30, 82, 83, 86). While testosterone
may ncrease aggression in castrates, it has not been extensively exploited
for this purpose in intact males In the last few years, several reports
have appeared nd: g the useful of epi-dehydro-1soandrosterone
{diandrone), an adrenal cortical steroid. This substance allegedly
comprises 8-15% of the 17-ketosteroids Studses 1n schizophrenic patients
by Reiss et al. (73), led to its use. Trials of diandrone on a few adult
schizophrenics and schizord psychopaths showing a low beta excretion,
by Strauss (86), gave a few favorable responses. More deaisive results
were obtained by others (83, 96) in immature adolescents. Sands (82)
gwes as indications the presence of timidsty, lack of confidence, apathy,
mn young, madequate psychopathic types. Aggression 1s promoted, but
sex effects are not apparent. More definitive studies will have to be
made 1n order to establish the vahdity of these claims, which have both
theoretical and practical importance. ‘The substance would secem to
supplement a lack which has wide psychological repercussions

Genetic factors would seem to be operative in the control of what may
liberally be termed aggressive behavior, 1n lower forms at least. For ex-
ample, the behavior of the laboratory Norway rat is one of compliance,
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within reason, but in the short space of a hundred years since it was
first utilized for experimental purposes, it has changed mightily. Tts wild
cousin, as collected in Baltimore and studied by Richter (76), is a differ-
ent animal. Untamable, vicious, and suspicious, it would appear to bear
these characteristics in 1ts germ plasm, for the young, foster-mothered
by tame laboratory types, grow up true to their wild forebears. En-
docrinological characteristics of the wild strain include small pituitaries
and enormous adrenals, While not endeavoring to suggest that the
glandular morphology affects the behavior, the association is worth not
mg. The genetics has been neglected, and only now receives revived
attention. It is of current interest that a recent paper provides evidence
that the adrenogenital syndrome represents ah inborn error of metabo-
lism (15). In extension of this theme, it should be noted that it is tacitly
assumed in endocrine studies that, despite a certain deviation consistent
with biological results, a umt of hormone produces the same unit of
response. This is apparently not so, for careful expeniments by Young
and his assocates with different strains of guinea pigs show very con-
siderable quantitative chff in the resp to injected

(77, 90) This result, too, should cause us to be less rigid m making
distinctions between certan differences in hormone levels.

III. ALTERED STEROID SECRETION IN ENDOCRINOPATHIES
WITH MENTAL DISORDERS

The first assoctation of endocrine dysfunction with mental disorder was
probably Plattner’s recognition of mental def in creting m 1600
The adult form was not 1dentficd for another 270 years, and the high
incidence of psychoses clearly indicated in 1888 by the Committee of the
Clinical Society of London (18) Tlus association, neglected for many
years, has been reemphasized by Asher (4) and well defined by Lidz
(58). While the thyroid secrctions are not of a steroid nature, being
denved in part at least from tyrosme, thyroid deficiency 1s associated
with a marked decrease in the excretion of 17-ketosteroids (1). It is not
imphed that this is the cause of the mental aberrations, but it indicates
an association betwveen thyroid function and steroid metabolism that has
not been fully explored

The decereased steroid output m Addison’s discase is clearly a direct
consequence of the deficient adrenal cortex  Electroencephalographie
records show bran function is altered m that abnormally slow EEG
waves oceur (33, 34, 54, 89) A similar slowing of the EEG pattern
has been found in adrenalectomized rats (8). Cortisone restores the
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slow activity to normal (54, 89). In rats there can also be demonstrated
a decrease in the electne shock serzure threshold following injections of
cortisone, and an mcrease after deoxycorti {48, 95). Clinically,
there are frequent alterations in the personality (19, 33, 34, 85). Apathy
and negativism are prominent in three-quarters of the cases, seclusive-
ness, depression, and imtability in about one-half, while paranoid states
are seen in 5 to 10%. Without gong mto great detail, further salient
points can be made The incidence of psychopathy shifts from a pre-
morhid rate of 25 to 60% after the development of the disease (85); the
mental aberrations may occur independently of any sig ly iden-
tifiable electrolyte disturbance, cortisone, 1 small amounts, may not
only lead to correction of the personahty disturbance, but also to tem-
porary exacerbation of the mental defect of psychotic proportions (24).
Persistence of treatment fortunately leads to cure of the psychosis. An
exception has been reported by Cumming and Kort (26). They found a
psychotic Addisonian refractory to electroconvulsive therapy (E.CT.)
and to cortisone, but who recovered with E.C.T. after the cortisone.
‘Whether or how the steroid facilitated a f bl T to EC.T.
cannot be decided, but such unique mstances sometimes provide un-
expected clues. It supports an opunon of Cohn et al (25) who, in 1951,
alleged that cortisone enhanced the effects of E.C.T.

The mcreased steroid secretion occurring in Cushing’s syndrome carries
with 1t a high inaidence of psychiatric symptoms of great diversity (19).
Depression with retardation, agitation, anxiety, paranoid ideation, and
hallucinations are all seen. Organic mental changes, such as memory de-
fect, distortion, and confusion occur in half the severe cases Since the
psychological changes may precede the physical, there 15 good evidence
that 1t 15 not just a reactive phenomenon (19).

It 15 asserted by Bleuler (9) and Reiss (71), that there is no charac-
teristic difference 1n the psychopathologic changes seen in Addison’s or
Cushing’s syndrome The writer beleves that there are similarities, but
that the appheation of projective techniques to sigmificant groups of such
cases would reveal objective differences, which he thinks he has de-
tected by climcal appraisal. Be that as 1t may, another point remas
to be made, and that is, as Reiss remarks, that many such endocnino-
logical disturbances do not show psychopathologic symptoms, and that

therefore one must postulate a constitutional or personality predilection
for those who do
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within reason, but in the short space of a hundred years since it was
first utilized for experimental purposes, it has changed mightily. Its wild
cousin, as collected in Baltimore and studied by Richter (76), is a differ-
ent animal Untamable, vicious, and suspicious, it would appear to bear
these characteristics in its germ plasm, for the young, foster-mothered
by tame laboratory types, grow up true to their wild forebears, En.
docrinological characteristics of the wild strain include small pitwtaries
and enormous adrenals. While not endeavoring to suggest that the
glandular morphology affects the behavior, the association is worth not-
g, The genetics has been neglected, and only now receives revived
attention. It 1s of current interest that a recent paper provides evidence
that the adrenogenital syndrome represents ah inborn error of metabo-
Lsm {15). In extension of this theme, it should be noted that it is tacitly
assumed in endocrine studies that, despite a certamn deviation consistent
with biological results, a unit of hormone produces the same unit of
response. ‘This is apparently not so, for careful experiments by Young
and his associates with different strains of guinea pigs show very con-
siderable quantitative differences in the response to injected testosterone
(77, 90) This result, too, should cause us to be less ngid in making
distinctions between certan ifferences in hormone Jevels

1II. ALTERED STEROID SECRETION IN ENDOCRINOPATHIES
WITH MENTAL DISORDERS

The first association of endocrine dysfunction with mental disorder was
probably Plattner’s gmtion of mental defici in cretins in 1600
The adult form was not 1dentified for anather 270 years, and the high
incidence of psychoses clearly indicated in 1888 by the Committee of the
Clinical Socicty of London (18} Tius association, neglected for many
years, has been reemphasized by Asher (4) and well defined by Lidz
(58). While the thyroid secretions are not of a steroid nature, bemng
denved n part at least from tyrosine, thyroid deficiency is associated
with a marked decrease in the cxeretion of 17-ketosteroids (1) It is not
implied that this 1s the cause of the mental aberrations, but it indicates
an association between thyroid function and steroid metabolism that has
not been fully explored.

The decreased steroid output i Addison’s disease is clearly a direct
consequence of the deficient adrenal cortex  Electroencephalographuc
records show brain function 1s altered in that abnormally slow EEG
waves oceur (33, 34, 54, 69) A similar slowing of the EEG pattern
has been found in adrenalectomized rats (8). Cortisone restores the
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An understanding of the mental changes in hypercorticalism, whether
due to disease or medication, would be most desirable. Quarton et al.
(68) have published a masterly review of the explanatory hypotheses
bearing on the subject of mental disturbances accompanymng the ad-
ministration of ACTH and cortisone. They concluded that there is no

p isf y e 1on. Indeed, nesther the mechanisms in-
volved nor the meanmng for psychuatry are as yet discernible. It would
be of Lttle profit to reiterate all the speculations put forward, but it is
pethaps pertment to refer briefly to some expressed by psychiatrists
whose expenence with “cortisone” psychoses has been intimate. Despite
the report of cellular changes in the hypothalamus after high doses of
ACTH (13), and other data of some relevance (63), Goolker and Schein
(43) nghtly emphasize the dearth of evidence for an anatomcal or
functional locus of action of the corticoids on the brain. They describe
the effect of ACTIH and cortisone as producing a “ready state” in their
patients, marked by irntability, tension, and emotional lability, resembling
only superficially the action of other cephalotropic drugs, hke the benze-
drme group They feel they can only discuss the action of these agents in
terms of that function of the ego having to do with the perception of
stmuli They did not consider 1t justifiable to ascribe the occasionally
observed mtrusion of instinctual drives into the chimeal picture to the
action of the hormonal agents In the alerted condition seen m these
patients, they claim that 1deational stimuh assumed great temporary in-
fluence in determmmg the dwrection i which affect would change. F. L.
Engel (31} has emphasized that hormones may alter existing biochemical
reactions, but do not injtiate new ones. True as this may be, it does not
mean that the psychic outcome may nat differ

An 1ncrease i instinctual tension has been proposed by Fox and Gif-
ford (39) as the best available explanation for their clinical observations
of altesed mental states with ACTH and cortisone. They say that the
mobikization of energy for cellular work pecuhar to these agents results
in a chsturbance in homeostatic equbbrium which leads to the increased
instinctual tension  They support this contention by reference to Kubie's
discussion of mstincts and homeostasis (56) and by drawing attention
to the constant concurrence of three findings 1n their cases, namely, al-
terations m appetite, 1 sleep, and 1 motor activity. These fall into the
category of instinctual activities and, as 15 well known, the hypothalamus
plays an important role in their regulation In certamn cases, e g, anorexia
nervosa, the expected reaction was not seen, for refusal to eat and with-
drawal into mutism and immobility occurred. Fot explains this negativis-




8 R. A. CLEGHORN

1V. EXPERIMENTAL ELEVATION OF ADRENAL STEROID
LEVELS AND CEREBRAL CHANGES

The oceurrence of mental symptoms panying the use of
and ACTH was a finding which intrigned and amazed the medical
world four and five years ago At the height of the investigative explora-
tion of these agents, it was not uncommon to hear that 70% of patients
treated became euphonic and 5% psychotic (19, 42). In patients receiv-
ing ACTH therapy, the production of slow brain wave frequencies was
reported (53). Pine et al. (66) found less frequent abnormalities, in
fact only in 7.5%, and in 7 of 12 showing abnormal EEG pattern there
was definite improvement. Quarton et al. (68) discuss these and other
reports in entical detail, coneluding that the EEG evidence is indecisive

Psychiatric interest aroused by early expenences with ACTH and
cortisone scems now to have largely subsided, The euphoras, depres-
sions, and psychoses which aroused so much mterest (17, 39, 42, 43)
are little heard of now. This may be, in part, duc to a real decrease in
incidence resulting from more i dmunistration, but probabl
it also represents a lack of reporting Accompanying the early reports
on the mental and emotional disorders ehcited by ACTH and cortisone,
a number of workers made an effort to explun the results on the basis
of a preeusting personality predilection. Glaser (42) and Cleghorn (19)
have both taken exception to this pomt of view, submitting that some
of the cases becoming psychotic under treatment had previously had
stable personalities, and others, allegedly schizoid, did not., Ths facet
of the problem was specificall d by Lewis and Flemmger (57)
who treated with cortisone or ACTH 12 patients having a history of
recent mental allness No major mental changes occurred. They con-
cluded that predisposition to untoward mental symptoms with such
tr cannot be d on the basis of the previous neurotic
personality or prior mental illness In the last three years, few papers
have appeared on the subject. Last year Fleminger (37) described data
which he beheves represent a different effect of ACTH and cortisone,
the former producing def Sy and the latter an elevation
of mood The suggestion is put forward that a change in the relative
proportion of androgens to corticosteroids may be the determining
factor in the type of mental response cheited. Smce this may vary from
case to case, it is not surprising that other workers have not observed a
consistent dufference in the psychological picture produced by the two
agents. Only serial obscrvations in many cases could provide data for
the testing of Fleminger’s hypothesis.
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hronieally hospitalized schi

P hremes to ACTH as judged by eosino-
phil and lymphocyte changes, which, they say, confirms the work of
others. They also found that ketosteroid and corticord excretion varied
within the normal range They surmised that umform findings will
emerge only when a group of remarkably uniform schizophremes is
secured The findings of Bliss et al (10), comparing schizophrenics to
normals with respect to the blood cellular and 17-hydroxycorticosteroid
response to ACTH, do not contravert the results of the Worcester group
as they allege, as Hoagland and Pmncus (50) have been at pains to point
out recently. Severe emotional disturbances do not appear to raise the
blood level even as much as ACTH or even exercise (11).

In the detailed studies of Hoagland, Pincus, and their associates, cer-
tain differences in unnary excretion were found m patients compared to
controls, at rest and as a result of ACTH 1njections or stress tests. At
rest, the schizophreme groups showed a sigmficantly higher rate of ex-
cretion of water, 17-ketosteroids, sodium, and potassium, but lower
values for “cortins” (neutral reducing formaldehydogenic and liprds})
and inorganic phosphates Great care was taken in statistical analysis.
These data wnply an increase m adrenocortical function, as judged by
17-ketosteroids, and a decrease, as judged by corhin. A recent additional
it of mformation, provided by Hoagland and Pincus (50}, which helps
to understand the water and electrolyte difference, is to the effect that
aldosterone is not found m the urine of the majonty of chronie schizo-
phrenics

The stress tests and ACTH 1mjections indicated that the patients’ ad-
renal responses were subnormal with respect to water, 17-ketosteroid,
sodwm, potassium, and unc acid excretion There was always an in-
crease m phosphate excretion m the patients during the procedure,
whereas in the controls 1t showed lttle change (51, 64, 65) There were
some mteresting differences between the two schizophremc age groups
studied In the 20- to 40-year group, 72% responded inadequately to
ACTH (64, 65), while only 37% of the 40- to 60-year-olds failed to re-
spond (51) The total response value for the three stress tests was about
the same for the two age groups This looks as 1f the major defect in
the older group 1s at the hypothalame level or the pituitary, while that
in the younger is at the adrenal cortex The younger group, they say,
contamed more acute cases which might have been exhausted

Other workers, e g., Faurbye et al (36) and Reiss et al (72) have
found some psychotics to show an inadequate response to certam stresses
or ACTH The results are reported in such a cifferent way that 1t is dif-
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tic response (38) as occurring “when the intensification of specific in-
stinctual conflicts about eating and locamotion created intolerable anxiety
and required an equivalent intensification in the neurotic inhibitions
against these activities.” In this latter paper, Fox also emphasizes the
change in perception experienced by certain patients which, at times,
assumed psychotic proportions. G. L. Engel (32) has submitted a critical
appraisal of this thesis.

Mirsky et al. (62) have also discussed the interaction of hormones and
the nervous system on cellular function, particularly as related to adap-
tive behavior. They found in monkeys, conditioned to press a bar in
order to avoid the shock following a sustained tone, that extinction
of the avoidance response {bar pressing) took months to disappear in
controls after cessation of the primary reinforcement. However, ACTH-
injected animals developed extinction of the avoidance response quickly.
These experiments, they say, mean that the ACTH facilitated the loss of
effectiveness of the anxiety-producing stimulus or loosening of the fixa-
tion of the traumatic memory, or, in other words, of the most recently
acquired defense, This experimental approach warrants attention, draw-
ing notice as 1t does to learning theory and behavior in these primates
resembling demal seen 1n hypomanic states.

No papers of equivalent importance extending these observations or
submitting more acceptable explanations have appeared in the last two
or three years. It is hard to escape the conclusion that this once exciting
area of investigation has subsided for lack of pertinent or relevant tech-
mques available for enlightening the findings New approaches are
needed and, so far, have not appeared.

V. STEROID METABOLISM IN THE PSYCHOSES

Evidence of various kinds implies aberrations in steroid metabolism
in psychotics. Hoagland and Pincus and their colleagues (46-49, 51, 64,
63), have described the effects of ACTH and three tests yielding stress
responses of the adrenal cortex 1n psychotics and normals To deal with
the blood cell changes first, these did not clearly differentiate
the two groups, though lymphocytes and cosinophuls were lower m the
40- to 60-year-old group of patients than in the controls in the resting
state (51, 64, 63). Altschule (2) also found cosmopluls to be lower i
schizophrenies  These cells were not differently affected, to any sig-
nificant extent, by ACTH or the stress tests in patients and 1n the controls,
nor did the corticoids behave differently  This result was essentially
confirmed by Dickes et al. {20) in a study of the response of eleven
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months are of wnterest when speakmg of longitudinal studies. They
found a low corticoid excretion comciding with hypomanic phases. This
is the opposite picture to that reported by Reiss (70, 73) whose group
have found depression to be panied by a d in corticoids and
a rise in 8-hydroxy-17-ketosteroids.

Assay of the rate of excretion of neutral 17-ketosteroids in schizo-
phrenics has not shown any diff pared to normals, ding
to Reiss and Stitch (73), though a different drumnal pattern may occur
in the patients along with a greater fluctuation However, schizophrenics
have been found to excrete a greater percentage of 3 g-hydroxy-17-keto-
steroids, this observation made by the Worcester group (63), was con-
firmed by Werbin et al. (93). The latter found the mean percentage of
B-hydroxy steroids excreted by patients to be almost twice that of a
control group An increased g-ketosteroid excretion was observed by
Reiss ct al (73) in the depressive phase of manic depressive psychosis,
In order to obtain more information of a quahtative nature Reiss and
Stitch (73) used a partition chromatographic method on the urme of
chronte noncatatonic schizophrenics. They found what they considered
statistically different values for the excretion of various 17-ketosteroids 1n
schizophrenics They state also that an abnormal excretion of andros-
terone occurs early in the acute phase of the disease. In catatonies,
Hemphill and Reiss (45) have described an apparently causal relation
between the excretion of the g-} id, dehydroi d
clinical improvement. .

Catatonie schizophrenics have been distinguished from paranoids by
Stevenson, Metcalf, and Hobbs (81) on the basis of their reacting differ-
ently to adrenaline and ACTH as judged by eosmophile counts The
paranoids were hyporeactive while the catatonics behaved more hke
normals. Such findngs may help explain conflicting reports in the
Iiterature.

ne, and

VI ADRENAL STEROID THERAPY IN PSYCHOSES

The early reports of positive mood changes accompanying the thera-
peutic use of ACTH and cortisone in organic disease, led us at the Allan
Memoral Institute 1n 1950, to try ACTH in the treatment of severe
depressions (23) In eight such cases there were but shght clinical signs
of improvement during the first day or two after starting the drug, which
was given for seven days or more. This is not considered to be a speafic
effect, and most of the cases subsequently improved with EC.T. The
only apparent psychological finding was an increase in tension in some
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ficult to make a comparison, but the trend appears to be conclusive.
Reiss et al. (72) point out that ACTH may elicit different degrees of
adrenocortical response. For example, the eosinophil function may be
normal but ketosteroids may not be mobilized, or uric acid metabolism
only may be disturbed. Since glucose and electroconvulsive therapy did
not produce responses of the same order as ACTH, Reiss feels this im-
plies that the ACTH secreted by the pituitary is different. Time factors
and strength of the stimulus could explun the differences found. Else-
where, Reiss et al. (70, 73) have drawn attenhion to another aspect of
steroid excretion in schizophrema, namely, the large fluctuations which,
from day to day, may amount to 200¢ They also say that prolonged
ACTH injections may lead to adrenal exhaustion, accompanied by mental
detenaration,

Faurbye et al. {36) pont out that such observations as the above do
not account for the fact that hypertnchosis occurs oftener in schizo-
phrense feraales than m normals, an incidence of 60 to 36% i the patients
versus controls being found 1 their hospital Faurbye and his associates
found 1n their careful study of 12 schizophremes great variation in the
patients’ responses to ACTH and in the adrenaline test with sespect to
17-ketosterords, urie acid, potassium excretion, and eosinophal decrease
These findings, they feel, sndicate an adrenocortical deficiency m schizo-
phrenia  They say that this could be related to the schizoid-leptosome
constitution, but it is not certam whether this is an onginal trait or
whether stress leads to the msufficiency, or whether the mactivity of the
patient during the psychosts or a complex metabolic disturbance is the
cause or P of the psyct They feel that the formation
of Iughly sctive 17-ketosterords may explan the hypertrichosis

Following up this work, Vestergaard et al. (91}, have made a careful
study of the excretion of combmed neutral 17-ketosteroads m 18 chrame
schizophrenics. They found that the total excretion pattern was such
as reported by Retss ot al {74), but that the ratio of the momning to mght
exeretion rate was not low m the patents, contrary to the findings by
Hoagland ef al. (48). They pomt out that spontancous varabshty must
be taken mito account for studies wnvolving response 1n terms of 17-keto-
steroid excretion and that cross-sectional studies done without longitud;-
pal observations may be musleading  They were unable to find any cor.
relation to mood but {eel that endeavors to set up subgroups of patients,
using a variety of critena, would provide clues for biochermeal correla-

tloasbserv,m'nns of Rizzo et al (78) on a cyclothymic patient over many
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months are of interest when speaking of longitudwal studies. They
found a low corticoid excretion coinciding with hypomanic phases. This
is the opposite picture to that reported by Reiss (70, 73) whose group
have found depression to be accompanied by a decrease in corticoids and
a rise in B-hydrovy-17-ketosteroids.

Assay of the rate of excretron of neutral 17-ketosteroids in schizo-
phrenics has not shown any difference compared to normals, according
to Reiss and Stitch (75), though a different diumnal pattem may occur
in the patients along with a greater fluctuation. However, schizophrenics
have been found to excrete a greater percentage of 3 S-hydroxy-17-keto-
steroids, this observaton made by the Worcester group (63), was con-
firmed by Werbin et al. (93). The latter found the mean percentage of
B-hydroxy steraids excreted by patients to be almost twice that of a
control group An mncreased p-ketosterond excretion was observed by
Reiss et al (73) in the depressive phase of manic depressive psychasis.
In order to obtain more mformation of a2 qualitative nature Reiss and
Stitch (75) used a partition chromatographic method on the urine of
chrome noncatatonic schizophremes. They found what they considered
statistically different values for the excretion of various 17-ketosteroids in
schizophrenics. They state also that an abnormal excretion of andros-
terone occurs early in the acute phase of the disease In catatonics,
Hemphill and Reiss (43) have descnbed an apparently causal relation

Jehvd 1

between the ion of the g-k d and
chnreal improvement.
Catatonic schi have been d ished from p ids by

Stevenson, Metcalf, and Hobbs (84) on the basis of their reacting differ-
ently to adrenaline and ACTH as judged by eosinophile counts The
paranoids were hyp while the behaved more like
normals  Such findings may help explamn conflicting reports i the
literature.

VI. ADRENAL STEROID THERAPY IN PSYCHOSES

The early reports of positive mood changes accompanymng the thera-
peutic use of ACTH and cortisone in organic disease, led us at the Allan
Memonal Institute 1 1930, to try ACTH 1n the treatment of severe
depresstons (23) In eight such cases there were but shght chnical signs
of improvement during the first day or two after starting the drug, which
was given for seven days or more This is not considered to be a speaific
cffect, and most of the cases subsequently improved with ECT The
only apparent psychological finding was an increase in tension in some
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of the cases, while al] showed marked physiological effects of the hor-
mone.

The occurrence of severe psychologweal changes in patients with or-
ganie disease receavmg cortisone (17) led Cohn nnd his associates (23)
to try cortisone in the b t of sehizoph s {18 schizopt
10 paranoid, 6 catatonic, 2 simple). He reported rmuch more favorable
results than those obtained by subsequent workers (14, 41, 63). Mors
recently, Polatin ot al. {67} have roexamined the problem and treated
nine nondeteriorated schizophrenic women with massive doses (500
my, daly for 4-10 weeks), Three showed slight transient improverasnt;
one did nat change, five were made worse, showing a marked increase in
antiety and tension, In commenting on this, they say, interestingly
enough, that “The effect was simlar to thnt sear 1 some schizophrenics
when given an int het: " They express mysti-
fication that only two of thesr cases showed pronounced evidence of
hyperadrenalism despite the masswve therapy, This may mean tissue in-
sensitivity and is reminiscent of the thyroxd msensitivity of some schizo-
phirenics  What appears to be a positive result with cartisone in a peri-
odic catstonic schizophrenic has been descnibed by Gornall ¢t al. (44)
in 1833, The merit of therr suecess hes more parbeularly in the careful
analysis of the steroid excretion from which they derived the indication
for the use of cortisone More recently Wiedorn (94}, wha seems un-
aware of the above work, reported the treatment of acute catatome ex-

it with large ts of Improvement took place
concurrent with this therapy. The author suggests that there may be a
difference 1 the response of acutely tf versus chronjeally all patients

VI. ADRENAL MEDULLARY AND CORTEX RELATIONSHIPS

In order to understand the achon of adrenocorucal steroids, attention
must be pad to an obvious gap w our keowledge, namely, the selaton
of the cortical to the meduffary secretion (21). This area occupted my
attention formerly (3, 22), but 1t 15 only since Levine's {40} demonstm-
tion of the depend of the effect of ! on
coxtisone and allied compounds, that the field has hegun to open up,
Vogt {92 has recently reviewed with great cogency data of importance
such as the simultanesty of the release of ACTH and adrenalime In
addition to this type of cmdence, it l):n; been found by V:-}:x Ealer ( 33)

roup that b ed to 2 d in the
2;:(::; %f thpe olka ;nd an v frenaline, while ACTH
had the opposite offcet Voo Euler (3%3) has also shown that ACTH de.
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creased noradrenaline secretion in the urme of patients with rheumatoid
arthntis  Cortisone had the same effect. His group also found an inverse
correlation between 17-ketosteroids and adrenaline. As this type of in-
vestigation extends, we may find evidence implicating adrenocortical hor-
mones with catecholamme metabolism m the brain. An active area of
research at present concerns the factor or factors, operative m the release
of ACTH. My associate, Saffran, and his colleagues, have devised elegant
techniques for studhes in this area (79) Their work shows that there is a
corticotropin-releasing factor to be found in the postenor prtwtary. This
has been shown to be distinct from vasopressin and oxytocin and it pro-
vides the strongest stmulant to the release of ACTH from the anterior
pruitary so far investigated (80, 81). The release of this material from
1ts stores seems to requure noradrenaline.

VIII. THE LYSERGIC ACID LINK TO ADRENO-
CORTICAL FUNCTION

Considerable work in recent years suggests that an aberration in
adrenaline metabolism may play a part in the production of schizo-
phrema, an area reviewed by the writer recently (21) Lysergic acid
diethylamide (LSD), has become a useful tool for the ecperimental
production of a schizophrenic-like state. Its action is allegedly that of an
ant bolite. Hoagland et al. (52) ded the psychic parallel of
the actton of LSD to a biochermcal level in their discovery that this agent
produced a urinary excretion of phosphate as low 1n normals as that seen
in schizophremes Furthermore, when ACTH was given to the LSD-
treated normals, there resulted a gross mcrease n phosphate excretion
stmular to that occurnng in ACTH-treated schizophremics, but not occur-
ring in non-LSD-treated ACTH-mjected normals Thus finding, they feel,
suggests that LSD acts on enzyme systems which facilitate the binding
of phosphate, and that an endogenous derivative of adrenaline metabo-
lism may act m schizophrenics in the manner of LSD. They propose that
the corticoids release the bound form of phosphate, accounting for the
large output in schizophremes and LSD-treated normal subjects. Finally,
the LSD seems to stimulate the pituitary-adrenal system, leaving the
adrenal somewhat unresponsive to ACTH as measured by excretion of
17-ketosteroids, sodium, and uric acid, resulting 1n a condition similar to
that seen n the schizophrenics.

In closing I can only suggest what seem to me to be sigmificant pomts
for study Furst T would express a preference for relatwvely isolated
physiological preparations as used by Marazzi and Hart (59) Further
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studies of genetic differences in responses to hormones seem to be highly
pertinent. 1 doubt whether one can abtain fom 2 study of endocrine
diseases anything more than 4 small return for an fufinite amount of
work. Leongitudinal study of psychotics, well documented at the clinical
level, though tedious, should offer a good return  The use of various
psychomimetic and other drugs and thesr infl an stersid holi

is essential A closing of the metabolic relationships between steroids
ant the catechol amunes Is a key operation. Fnally, it is essential in the
long ran to be able to correlate our psychodynamic constructs with
various other classes of biological data. In other words, we must try
to bring the languages of the biochemist, physivlogist, and psychintrist
together. Possibly that is too ronch because it fooks Ike asking for
solution of the mmd-body problem.
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Discussion

Cuamatax H. Hoacrany. This 15 a very extensive field that has been covered by
Dr. Cleghom's review and there are a number of people here who have worked
on vanious facets of the problem. The paper 15 open for discussion

C G Hawman, Not m all anmals does the adrenal cortet sit on top of
the medulla

R A Ciecmorn In higher ammals, I once went to a fish market at three
o'clock n the mormng for many days cheching elasmobranch mter-
renal bodies

G S Gowpan 1 am greatly mdebted to Dr Cleghorn for this and many
other reviews Gomg back to the subject of psychoses mduced by cortisone or
cortisol, when cortisone was first mtroduced for its action in theumatord arthnts,
the doses that were used were about 100 mg a day and the madence of psychosis
was very high As the chmcian discovered that these doses imanably brought
on a good degrec of Cushing’s disecase medicamentosa, he reduced them About
1955 the doses were around 40 mg a day and the mcidence of psychosis was very
much less

The mechamsm of this response of course 15 not at zll known The electrolyte
changes mterested Dr Hoagland, 1 think it 15 pertinent to powt out that in 1955
the A-1 compounds were introduced and although the doses that were used
were by now very conservative, the incidence of psychosis promptly jumped I
don't have accurate figures on this maidence I can only rely on what my friends
n the pharmaceutical mdustty gnve me Those who are in a postion to get
reports tell me that the madence of psychosss induced by the a-1 compounds 15
very much higher than that which was produced by cortisone even i the large
doses which were used when 1t first came out This seems to mndicate that this
central pervous system action 15 not connected with the gross electrolyte changes
that are produced by cortisone and cortisol

I should Like to ask 1f you have any wmformation about electrolyte changes with
reference to these central nervous system responses®

R A Curcniorn The only information I have 1s from the older Lterature and
the few cases which 1 saw  You will remember there was a case published by
Ransohoff m which the psychosis could be brought on and cared by the administra-
ton of potassum When the potassrum fell the psychosis came o, and 1t could be
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1 A by the admini of pot This occurred two or three times,
Tt is the only case that T know m which thss pasticular assocfation was versably
demonstrated

G. H. Guasen- 1 think we have some information. We were mever abls to
comelate changes in serom ckctm!y{cs with psychobie manifestations. We even
treated patients that devel h with salts to no aval,
and 50 1t seemed that wiile this m:xy well be a factor, it scems to be rather elusive
The only thing that I can thiok of now 15 that the smtracellulor stufts in the bran
waght be spuficant. What we sre measusing in fhe serom just is not zeflectng
changes in the brain  This occurrence of peyehoses with the newer A compounds
of course ts very mtnguing and X have observed a few of these cases in the past
year too  The whale question of the nature of the development of these psychoses
is one we have argued about o great deal fn vanous other sessions I feel that
the prunary effect of these hormones w5 on the central nervows system  The
miarmation which you have already heard this mormng indicates that so definitely
that 5t 15 hard to escape This is not Just a psychological reaction to a hormone
of to 2 stress situstion which evsts w lonbo  These hormones have & very defnte
effect on the bohsm ongd on the sabsey electncal achivity of the nervoss
systern, especiafly the bram  This s seen in the matenal descrbed by Dr

Woodbury and ourselves in relwtiondup to sewure states and the EEG and m
the anesthetic effects. There are others. We nouced, for example, that veflex

changes, such as sp ty can be d hed by these } The neuro-
muscular relaxant effiect that was alluded to vhis woTing 15 3 sunilar interesting
reaction. This 15 lleled by the of m myotonia,

and lessemang of fasciculations These may be more penpheral nervous system
alterations,  However, the nervous system changres are primary and the wdindual
then zeaels ding to hus bty and “The % content,
the type of symptomatolagy “that develops, then depends upon these wnteractmg
factors,

We were interested an the question of predisponiion with regard to preexisting
brata damage. The d of psychosis with these b 1 pechaps hugher
n certan diseases such as azate Jupus which does produce bran damage  How-
ever, i contrast to this, we treated evperunentally a large number of pahents with
multiple sclerosis, these patients are often euphanie and the hormones had no
effect on this preewstng euphona It did not expand mio a hypomame state
as we feared st mught

Dr. Cleghom d that pred d schizod p 4 did not meces~
sarily develop psycheses when weated with sterods  We observed one pabient
who had & severe paranidid psych and her psychota changed
fnto an acute catatonic state when we admmistered ACTH There are any ammber

Is who by were relatively

of reports now of
normally adjusted and wha laer became pxyclmtu: during hormonal trestment At
the present tone } cortunly agres with Dr. Cleghorn that we have seached a kind
of fmpasse, We need a new methodology to approach the problemn ¥ hope
the interaction at this scssion will gsve us some hunts.

Crapous H Hoactano. I would Ihe to comment about the material of ours
to which Dr. Cleghora referred. In this we speak of patients unresponsive to
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ACTH Ths is a techmcal definttion of ours which has sometmes been mis-
understood By 1t we meant that the response of a certam totel dex of adrenal
function mvolving electrolytes, 17-ketosteroids, and cortrcord and lymphocyte
responses did not exceed a certan de which was lly ch
of the normal control group It did not mean that responsmity to ACTH m
some of the components of the mdex was not normal

In the case of the corticoids, for example, 1 contrast to 17-ketosteroids we
found o difference 1n the amounts excreted m response to ACTH by normal
and by schizophremic patients Our view has been that there is a difference
in the metabolsm i steroids m that precursors of the I7-ketosteroid group
are somewhat different and there 1s some evidence for this from chromatography
So I want to correct the view that we have said there was no response to ACTH m
schizophremics. Statishically as a group they are less responsive than the controls
by some urnary measures of adrenal function and not by others Eosmophile
and lymphocyte changes following admimstration of 25 mg of ACTH are nat
different m the two groups

The question of electralytes 1s very interestng to us because of a decreased
sodium output in chronie schizophrenics at rest that 1s charactenstie of the schizo-
phremie populaton as a group, there 1s also a response to ACTH of reduced
sodum and potassum output

This 15 m line with recent unpubbished findings of Elmad] of our lab
who finds low or absent outputs of aldosterone 1n the chronte population of schizo-
phrenics compared to normals although this 1s not true of the acute cases. These
last tend to put out more, rather than less aldosterone in companson to normals
This ties m with the abnormal electrolyte picture of the chromc patients who at
Test evcrete much more sodum than normals and who are relatively unresponsive
to ACTH m electrolyte evcreton m a consistent way There 15 not enough
aldosterone at the present time avalable to us to treat patients I hope we will
be able to do that eventually and see what happens

Another possible role of steroids i psychoses 1s that some sterod or its
metabolites may have a tovic achon With this m mind, in collaboration with
Charles Huggins of the Umwversity of Chicago, six schizophremc patients were
totally adrenalectomized and were studied eiher at the Billngs Hospital m
Chicago or at the Worcester State Hospital They were mamtamed on cortisone
or hydrocortisone  Unfortunately we were unable to find any consistent changes
m the p lities following adrenal We knew that patients who have
been adrenalectomized and who are not schizophremic and who are maintawed
on corhisone do not become psychotic or have abnormal symptoms Therefore,
if one adrenalectomizes and mamtamns these people on cortisone it might be
expected that the abnormal steroid substances, if present, would thus be elmnated
and this might have therapeutic value But adrenalectomy did not produce sig-
nificant wmprovement m the patients

It would seem that the abnormakties we have found i unnary studies of
speaific production of steroids 1 the schizophremc group are probably a reflection
of more fundamental disturbances in enzyme function and are probably mot
causal to the psychoses The fact that sterowds are involved w some psychoses
and that overdosage will produce psychosis 1 some persons and also that one
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may get psychosis in Addusonians is puzsing, but it is perhaps sccondary to other
basic chemical distusbances.

Have you any additions to make fo what ¥ have smid, Dr. Pincus?

G. Prvcus: 1 think that the problem of steroid metabohsm 150t solved Every
attempt at replacement therapy puts you at the mercy of the steroid you are
vsng. So far an adrenslectomized patents the only way to maintain with any
adequacy is either with cortisane or hydrocortisone and our stuches m the schizo
phremes and normals so far have not revealed any very sigmficant dafferences
m unnaty metabolites when they are on replacement therapy compared to pre~
adrenalectomy. So that unless there is sonte other source of abnormal sterod,
I thuk that hypothesss can safely be eliminated. The more i g feature 15
the possibility of some sort of servo mechanism between steraid and centers in
the brain and Uus 5 powg to take much more work,

R A Cuecsonn: It seems fo me, Mr Charman, we must remember that
once certain neurotic or psychotic mechansms have been set w motion they are
very dficult to change. If a cerebral pattern of behavior has been set up it does
not mean that if we withdraw a certam sewforcing agent it would be altered,

Cssammdean H Hoasrann 1 agree.

D W Woowry, I have been bstenng to many of these findmgs on schuo-
phrenic patients  Many at least can be related to an idea based on serotonin. 1
wonder jf there was any evidence that cortisone, for example, affected the blood-
brai batner There 1s the belief fhat serotomin produced in the penphery does not
get imnto the central nervaus system, at least with any great eficiency. If cortsone,
for example, were to seduce the blood-bram bamner, peripheral serotonn would
get mto 1t with greater efficiency

D M Woopnury We have ewidence that cortisone wnereases the chlonde space
of bram, and tus effect mught be due to an increase m permeability of the blood-
bram barser to chlonde

D. W, Woourey  You wauld expect that from all the actions of cortasane it
would do that

D. M. Wooosury However, the cortisone mght also have other effects. For
example, Dr Ruth Geger has shown that this steroid mhsbits the growth of pghal
¢ells and Bbroblasts 1 tssue cnltures of gray matter If thus action aceurs s vieo
the mcrease m chlonde space of brawn caused by cortisone conld be due to thi
effect of the sterard on the glal tusue of brasn and pot ta an mcreased permeablity
of the blood-brain barner or bram cells to chloride

D W Woonesy My thinhing revolved around the idea that the blood-bram
barner had as one of its purposes to protect the central nervous system from
peripheral serotontn and adsenzline 1 wonder o fus would &t some of the data.

Cuamaisy H Hoacianp  Mark Mason, | R Bergen, Enc Block, and I
(unpublished) _have 2 the brospual flund, wrine, and blood of dogs
st mtzrvals following ntravenous or mbra-artenal mjection of Ci-labeled steroads
together with vonzadioactive stesord carners  In different evperaments, Iabeled
Ad_androsteredione, cortisol, and testosterone were used in doses of from 30 to
300 mg per dog Camer sterods of the imjected substance and sts puncipal
metabole products were added to the samples and a vanety of chiomatographue
and chemical procedures were used to identfy the sterods found associated
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with radicactive fractions. These fractions in the cerebrospmal flud appeared
to be associated both with the ongmally njected steroxd substance and with
some of 1ts bol: R il of the cb eluates from
cerebrospmal fluid, however, resulted in such small quantibes of steroid and
such reduction m radioactvity that we were unable to prove conclusively that
the actvity was due to the speafic steroid which had passed the blood-brain
barner Indications, however, were that the radioactiaty did reflect the injected
sterod and its bol m the ‘brospinal flmd. The blood-b: barmer
15, however, very impermeable to these substances

D W. Woorrtey: It is not necessary for them to pass, but only to reach and
change the barer,

Cuamanan H, Hoacranp: Yes, it may be that modifications of electrolytes
or of other nonsteroxdal metabolites rmight be reflected n changes m bram
function, if such agents resultng from the effects of the steroids were to pass
the blood-brain bamer.

I H Pace I am stll puzzled about the adrenal cortical hormones If they
don’t get into the brain, how do they control the threshold®

CruarasaN H  Hoacranp. They may, of course, enter the bram and be
metabohzed theremn 50 a5 Tot to appear in the cerebrospmal fiwd wm appreciable
amounts 1 the form of sterods, There 15 the possibilty that they affect other
processes m the systemic crculation 1 the body which have secondary effects
on the bram  There was a time when the question of whether changes in electro-
Iytes m therr own night as the result of the admumstration of DOC, for instance,
was not perhaps related to the effect of this substance on the bran. I think that
the sterods get mto the brain, but that we did not get very much out m the
cerebrospinal flmd. What do you think about i, Dr Woodbury?

D M Some recent ok i from our lab are of mterest
m this connechon We have studied the penetration of 4-C!4-cortisol nto the
vanious parts of the brawx and other tissues of rats It was found that the volume
of distnbution of the radicactvity was 4% of wet bram weight for a penod of
from 5 munutes to 3 hours after mtravenous mjection As the plasma level decreased,
the radiactvity i the bram decreased proportionally until at 3 to 4 hours after
injection the concentration had decreased almost to zero. We have demonstrated
previously that the evracellular space of the bram consists of two phases: a
rapid phase, which 15 m rapid equibbrum with the plasma and constitutes about
4% of bram weight, and a slow phase, which makes up about 212 of bram weight.
Thus 1t would seem that the radiocortisol 15 distnbuted 1n the rapid phase of
the bram evracellular space durmg the first 3 hours after admunistration, and
that at 15 n rapid equibnium with the plasma radiocortisol  After 4 hours, how-
ever, there was a secondary uptake of radioactvity by the bram This increase
m radioactivity reached a maxmum at 8 hours and remained at this manmem for
24 bours at which tune the ratio of brain to plasma radicactivty was about 3 to 1.
Thus the bram was able to to a d extent @ rad
product of cortisol These data definitely indicate that radiocortisol and/or its
metabobites enter the bran  Whether the effects of cortisol on electroshock seizure
threshold are due to cortisol per se or to one of its products awmts further

wmvestigation We are now attemptmng to identify the radicactive product(s)
the bramn
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O. Diemerat: In our studies of episodic confusional states, which we separate
from schizophrenia, we found i one case & rather interesting low phosphate
excretion before, and ligh caleium retention at the peak of each exatement
which occurred about every 4 to 6 weeks. In another case we had indications
but the findings were not clear These cases were studied on our metabolism
floor for several monthe T think these observations bring out the point that
findings may be bewildenng 1f one does not study the same patient over a
sufficient length of time I also would ke to stress that one should not be too
much fmp d by the diag of schuzopt huzoph 15 not a well-
defined alness, but consists of types that can be broken up nto several subgroups
which 1 many ways are quite different,

The other pomnt I want to mention refers to the remarks on sexual dme and
aggression. In many psychtatnic patients 1t 1s the aggression which produces
the sexual dnve, secondanly probably, just as frequently as the sevual dnve
produces the aggresson 1 think these are two scparate aspects which are
hinked but have not been iavestigated

R. W. RawsoN. I want to ask two questions The first one concerns the
hypertrichosis that you said occurs i schizopk I would app 1t 1f you
would define and describe for us this hypertnichosis  The second question has to
do with your reference to a phosphate retention seen i schizophrenic patients.
What is the degree of this retention of phosphate and what is the effect of shock
therapy or of adrenal stmulation on this unusual phosphate halance?

R. A CrecuorN  As far as hyp k 15 d, obviously 1t can only
be 1deatified 1n females, as an evtension, for etample, of the pubic hatr, as a
development of areolar harr and of har on the face

R W. Rawson. Is there a growth of haw on the shoulders and back?

R A, Cuecnonn. I have not identified any cases in which 1t was markedly
changed on the shoulders and back and I have not read the ongmal papers to
which Faurbye refers. I have seen one case of a gul who has had several episodes
of a schizophrenic nature who has quite a bit of beard on the chin, and when
she develops an episode the aullary and facial hair grows faster, according to
her own observation

R. W. Rawson: We have observed sn hypertnchosis developng m young
females subjected to ablation of the thyroud, in an attempt to mduce function m
distant metastases from cancers of the thyroud, and a disappearance of the hyper-
trichosis on restoration of these girls to a eythyroid state I wonder of the hyper-
trichosis observed i these patients rmght be related to some abnormahties of
thyrowd function.

R A Cuecror~ [ have seen one such case many years ago I don’t know
what the explanation of that 15, I am sure

G. 5. Goroan®  As end ltant to a psych hospital, I would
ke to offer still another explanation [ thunk that areofar hirsutism is normai
and that facial hursutism 10 psychiatric patients of all types, not Just schizophremic
paticats, is merely a !eﬂ:cﬂ:‘n! of 1;55 rco:]mcn:! care to the normal facial har

i ny patients to endocrinclogs!
whxnfh:ngg;;::;:::ygne of my cul]cmg\lesg‘says hus observation 1s that there
er razor blades in mental hospitals

are few
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R W Gemarp Dr Cleghorn discussed the effect of cortisone and ACTH as
more or less equivalent Dr. Claser did abso I am concerned with the fact,
I beleve, that a rare complication of the admumstraton of ACTH to man, in
the doses used 1n treating theumatoid arthnitis, etc, 15 a massive transversemyeliis
with degeneration of the cosd—perhaps a dozen cases have been reported—but
this complication has not been reported after cortisone Does this mean there
1s some mdependent action of ACTH asde from that via cortisone lberation®

R A Cuecromn' Imtilly Rome and Braceland tned to differentiste between
the types of pictures seen with these two agents I don't think other people
agreed, More recently Fleminger gave a patient AGTH on one occasion end
cortisone at another and thought he could distingush between the types of
pictures produced by the two agents Agan I think that the evidence 1s not
very good and a5 far as the transmyebntzation busimess, I have no mformation on
that, so I caunot answer you

G. Prveus' I want to make one more comment about steroids. At a similar
conference here a year ago 1 pomted out that the 17-ketosteroids, in the older age
groups and mn other persons with chrome diseases, on the average are low, actually
not high, as compared to younger persons and that this whole situation appears
to bo the result of having “a chronic disease” Every chrome disease patient that
we have studied puts out 17-ketosteroids at a level which 1s charactenstic of a
person many years older than hunself, and this suggests the picture that is seen
m chronic stresses generally, namely, the 17-hetosterads are the most labule
to chromic stress whereas the corticosteroids do not seem to be so affected When
we studied the corticosteroids there was no such effect 1 terms of absolute output
Furthermore, when we fractionated the unnary steroids what we found was that
those Letosteroids which enginated from the true adrenal corticosteroids did not
show the effect of chronie disease, whereas the 1l-deoxy-17-ketosteroids did
This suggests that the picture of steroid imbalance 1s mot unhhely, but what
the repercussions of such an imbalance are 1s gomng to be very difficult to resolve
because of the fact that the adrenal cortex produces certamly a mimmum of
three outstanding substances and probably a number of others That may be
very umportant I think that our ongmal work was very courageous and fool-
hardy in the chnical sense but, on the other hand, there were no other tools
available to us and I thik this more recent work does pomt out the fact that
there 15 some effect which 15 nonspecific to schizophrema, perhaps, but which
may be a reflection of this disbalance which has aceusted, say in the acute stage






Influence of Adrenocortical Steroids on Brain
Function and Metabolism’
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A previous report from this laboratory (21) has summarized the effects
of adrenocortical steroids and adrenocorticotropic hormone (ACTH) on
central nmervous system excitability as measured by the electroshock
seizure threshold techmque (25). This summary emphasized the marked
influence of adrenocortical steroids on brain excitability and the relation
between their effects on excitability and on electrolyte metabolism. The
mportance of changes in brain intracellular Na concentration in relation
to changes in brain excitabihty was emphasized and it was suggested
that changes in bram K concentration were less important. In addition,
evidence was presented that the adrenocortical steroids exert a regulatory
influence on brain excitability, This regulatory function is operative
only when changes in excitability occur, the adrenocortical hormones
then act so as to restore normal brain excitability, regardless of the direc-
tion in which the deviation tends.

The present investigation is designed to contribute further knowledge
concerning the regulatory effects of adrenocortical steroids on brain
function and bolism The following topics will be discussed: I. Ef-
fects of acute and chrome ad ration of ad tical steroids on
electroshock serzure threshold (EST) and on the metabolism of brain
electrolytes and amino acids. IL Influence of adrenocortical hormones
and other agents that influence carbohydrate metabolism on postictal
recovery. III. Modification of ad: tical function by lly acting

drugs and the mfluence of such modification on the central response to
these drugs

1 The wvestigations reported herem were supported in part by a research grant
(B-381) from the Natonal Institutes of Neurological Diseases and Blindness, Na-
tional Institutes of Health, United States Public Health Service, and from the USAF
{contract No AF 18(600)-921, monitored by the USAF School of Aviatien Medicine,
Randolph Field, Texas)

2 Present Address: Dwision of Phystology, Unmwersity of Califormia, Berkeley,
Calfornia.
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1. EFFECTS OF ACUTE AND CHRONIC ADMINISTRATION OF
ADRENOCORTICAL STEROIDS ON ELECTROSHOCK SEIZURE
THRESHOLD, AND ON THE METABOLISM OF BRAIN ELECTRO-

LYTES AND AMINO ACIDS
*~i=ishention of the various adrenocortical
. L . T teen fhreshe
old, have been stutied enwcesn. The

results are summarized in Fig. 1 which ys a composite giayl. . . EST
changes produced by six different adrenccortical steroids, cach given
chronically for 2§ days The dose was 2 mg. per rat per day in all groups
except in the deoxycorticosterone acetate (DCA )-treated animals, which
received approximately 1.2 mg per day {six 15-mg. pellets implanted

subeutancousty in each rat). DCA elevated the EST progressively with
titne, the rise amounted to 22% on the 25th day. The EST of rats treated
with 11-deoxy-17-hydroxycort acetate (Subst: S acetate)

reached a maximam elevation of about 63 in 9 days and stayed at this
level for the duration of the 28-day expenment. Corticosterone acetate
{Compound B acetate} was tested for 16 days, after a transient decrease
of 25% during the first 4wo days, the EST returned to the control fevel
and was not sigmificantly altered during the rest of the 16-day period, At
the dose Jevel employed, this compound appears to have no sustamed
effect on bratn excitabrlity as weasured by the EST 13-Dehydrocorti-

acetate (Compound A acetate) decreased EST progressively
until 1t reached minns 5% after 16 days, at which leve! 2t remuned for
the fast 8 days of the experiment 17-Hydroxycarticosterone acefate
{ cortisol acetate, Compound F acetate) steadily lowered the EST until
the level was minus 152 after 28 days The effect of 11-dehydro-27-
hydroxycorticosterone acetate (cortisone acetate, Compound E acetote
on EST was more pronounced than that of cortise! acetate during the
early phase of the experiment, whereas during, the termunal portion the
depression of EST paralleled that of cortiso! and was also mumus 15%
at 28 days.

The changes m EST 6 hours after the administration of single doses of
DCA {2 mg ) and cortsol acetate (2 mg ) to intact and adrenalecto-
smized rats sre shown 1o Fig 2. It 1s evident from an exammation of this
fgore that single doses of these steroids evert a significant influence on
EST, In addition, it 15 noted that the cffect of DCA to elevate EST and
of cortisal acetate to lower EST is significantly greater in the adrenalec-
tomized than in the miact yats. Thus, the adrenalectomized rat respends
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with a greater change m EST to the same dose of a sterod than does
the intact animal, regardless of the direction in which the EST change
occurs This observation would suggest that some product secreted
by the adrenal cortex in response to the injected steroid acts on the bram
1n such a manner as to mantain the EST at a more normal level. This
is probably cort Ithough prelimmary data indicate that al-
dosterone may have a similar action (21, see p. 35). These data mdrcate

25
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Fic 1 Effect of adrenocortical stermds on the electroshock seizure threshold
(EST) of rats {20) Ordnate 1s % change 1 EST measured from control values at
zero tme  Abscissa 1s time in days. DCA, deotycorticosterone acetate, stx 15-mg,
pellets, 5, 11-deoxy-17-hydroxycorticosterone acetate, 2 mg /day, B, corticosterone
acetate, 2 mg /day, A, 11-dehydrocorticosterone acetate, 2 mg /day, F, 17-hydroxy-
corticosterone acetate, 2 mg /day, E-1 and E-2, 11-dehydro-17-hydrovycorticosterone
acetate, 2 mg/day, two different experiments Controls are mean values for two
different expenments  See text for discussion
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that an increase in plasma costicosterone concentration, such as oceurs
after administration of exog corti or ACTH, tends to “nor-
malize” EST. Such administration will counteract the EST-elevating
effect of DCA and the EST-lowering effect of cortisol, without modifying
EST in the normal rat. Therefore, secretion of adrenal steroids is capable
of “normalizing” the excitability of the brain when it deviates from nor-

CORTISOL CORTISOL
2mg 2mg
9| G TER
2mg 2mg
-5

LointacT— LaprEnex—d

[l
TTTT Iy

% GHANGE N EST FROM CONTROL

~10

Ty Tr YT

Fic 2 Effect of smgle sub doses of d acetate {DCA)
and cortisol acetate on the electroshock serzure threshold (EST) of rats EST was
determmed 6 hours after mnjection of the sterords Ocdinate 15 % change in EST
measured from control values at zero tme DCA, 2 mg , cortisol, 2 g Adrenafec-
tomwed zats were maintaned on 0 9% sodwm chioride solution as dnnking water
See text for explanation,

mal, regardless of the direction of the deviation This subject will be
further discussed in Section IIf,

Previous observations in this laboratory have shown that changes in
the concentration of intracellular brain Na and/or in the ratio of extra-
cellular to intracellular brain Na concentrations are associated with
changes in brain excitability. Decreased intracellular bramn Na concen-
tration and/or increased brain Na ratio (e.g, such as oceurs afh'er thyroid-
ectorny or hypophysectomy, or after chronic treatment with dlphenyl‘l}y.
dantoin [Dilantin} or DCA} results in decreased bran excitability (in-
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creased EST). Increased intracellular brain Na concentration and/or de-
creased brain Na ratio {e.g, such as occurs after adrenalectomy or pan-
createctomy, or after treatment with thyroxine, truodothyronine, insulin,
or alloxan) results in increased brain excitability (decreased EST). Be-
cause of these facts, the effects of single doses of DCA and cortiso] ace-
tate (as opposed to the chronic treatment previously described) on elec-

INTRACELLULAR Na RATIO!
g EXTRACELLULAR

Na
INTRAGELLUL AR

@

CORTISOL
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*, CHANGE FROM CONTROL
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Fic 3. Effect of deoxycorticosterone acetate {DCA) (2 mg ) and cortisol acetate
(2 mg) on | brain Na and ratio of llular to intra-
cellaler bram Na concentration in adrenalectormzed rats Rats were sacnficed for
electrolyte determinations 6 hours after subcutaneous admimstration of a sugle
dase of the appropriate sterad  Ordnate 15 % change 1 concentration from that of
the corresponding adrenalectomized untreated group. Intracellalar calculations are

based on chlonde space as a measure of extracellnlar fuid volume of the bram Ses
text for explanation

trolyte metabolism of the bramn were studied in adrenalectomized rats,
The effects on Na metabolism are shown in Fig 3. DCA decreased brain
i llular Na 101, d the ratio of extracellular to in-
tracellular brain Na, and increased EST, in contrast, cortisol wmcreased
brain llular Na 10n, d d the brain Na ratio, and
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decreased EST (cf. Figs. 2 and 3). Acute administration of DCA thus
alters brain electrolyte composition in the same manner as does chronic
DCA & and the al § Tate well with the observed
changes in EST. Acute administration of cortisol also produces changes
in brajn electrolytes which correlate with the obsesved changes in EST.
However, after chronic cortiso} treatment, EST appears to vary independ.
ently of brain i Atalar Na on (19, 21). In this parhcular

100; BLUTAMIC ACID GLUTAMINE

/100 G MQWE\' TISSUE
S

mg.A0
3

BRAN AMINO ACID CONCENTRATION
2 3

¥

NTRCT DN~ GTA CORSIEL — INTRCT o G~ GCA CERTSTL
JREATED TREATED
L AoRENEX. L horeng x et

Fre. 4 Effect of simgle sub dases of d acetate (DCA)
{2 mg } and cortsol acetate (2 mg ) on free ghdamic and and glutamime concentra-
nons s bram of intact and adremalectoruzed rats The anmmals were sacnficed G
hours aftet mpection of the appropriate steroid  QOrdinate 15 bram smuno acid con-
centration m mg /100 gm wet tissue  See text {or explanation

situation, EST may well be modified by the shift of hydrogen lons acrass
cell membranes which oceurs during chronic cortisol admimstration and
in Cushings disease (13, 14}, R h on this problem 1s in §

In summary, & reasonable explanation of these data 15 that the prmary
effects of DCA and cortisol on brain exatability are refated fo their fn-
fuence on active Na transport in the brain, Accordmng to l}}is view, DCA
acts like Dilantin, which has previously been shown to stimulate active
transport of Na out of brain cells {(22) nm? by this process to decrease
stability, Cortisol, in contrast, inkibits active Na trapsport and

brain exci
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thereby causes an increase in both intracellular brain Na concentration
and brain excitabibty.

The influence of single doses of DCA and cortiso] on free ammo acid
metabolism in the brain of adrenalectomized rats was studied on the
basis of the observations that: (a) ad tical steroids probably in-
fluence excitability by an action on active transport of electrolytes, (b)
active transport of ions requires energy, (c) Terner et al. (13) have
implicated glutamic acid and glutamine in transport of K by brain cells,

70,
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Fic 5 Effect of a smgle sub dose of d acetate

(DCA) (2 mg) and cortisol acetate (2 mg ) on free aspartic acid and asparagine
concentrations m bram of mtact and adrenalectomized rats The ammals were
sacrificed 6 hours after injection of the appropnate sterod  Ordmate 15 brain amino
aad concentration 1n mg./100 gm. wet tissue. See text for explanation.

and (d) adrenocortical steroids are known to alter profoundly the amino
acid composition of various tissues (1). The mumportant results are pre-
sented 1n Figs 4 and 5, m which the effects of DCA and cortisol on
the of glat acid, gl aspartic acid, and aspara-
gine in brain are presented The steroids were giver in smgle doses of
2 mg per rat, the animals were sacnificed 6 hours later, and the brains
were removed for amino acid analysis by the techmque of two-dimen-
stonal paper cl hy  Adrenal stself decreased the con-

grap
centration of all 22 amino acds studied, with the notable exceptions of

y-aminobutyric acid which was increased, and of aspartic acid which was
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unchanged. Both of these smino acids can be formed from glutamic
acid. The decreases in free aming acid concentrations are compatble
with the increased incorporation of free amino acids into proteins which
occuss in adrenal insufficiency. The effects of cortisol and DCA on amine
acids other than glutamic acid, glutamine, aspartic acid, and asparagine
are compatible with the known influence of adrenocortical steroids on
protein metabolism, However, the amino acid changes presented in

Figs. 4 and 5 are lated to the predicted infl af these stexoids
on protein metabolism and appear to be more closely related to their
effects on brain bibgy. DCA i 3 the brain ions of

glutamic and aspartic acids and decreased those of glutamine and aspara-
gine. Cortisel, in contrast, decreased the concentrations of the free acids
and increased the concentrations of the amdes. Thus DCA and costisol
have opposite effects on brain excitability, on brain Na concentration,
and on the metabohsm of those amino acids that have previousty been

plicated in el 1 port in brain (15). The conversion of
glatamic acid to glutamine and of aspartic acid to asparagine requires
energy. Sioee cortisol may provide emergy by enhanuing protein

ion of glotami

catabalism, it is ivable that the d £ in
the brain is a result of increased avaabnlity of high energy bonds. DCA
on the other hand app ly di the avalable energy and stops

or reverses the conversion of the free zcids to the amides It s of interest
that Gordan et al. {3} have observed that amidation of glutamic cid in
human brain was prevented or reversed by deovycorhicosterane glycoside
{DCG). The data presented mn this paper agree with the observations
of Cordan ot al. who postulated that DCG ushibits the amidatson by in-
hiluting the ovidative reactions which supply the necessary emergy, DCG
also decreases the Qo, of bram {4, 6).

Terner ¢t b (153) have proposed that glutarme acid plays 2 vole in
aetive K transport t bran but they have not ruled out the possibility that
Na rather than K 5 the actwvely transported fon  The present studies
which show a correlabon b hanges in bram biity, Na
metabolism, and gletamic and aspartic acid wetabolism also suggest a
role of these amino acids 1n electrolyte transport. It is hkely that Na
rather than X 1s mvolved, since the effect of DCA on Na metabolism
in brain is oppusite to that of cortisal, whereas the two steraids have the
same effect on K metabolism, Further experiments to elucidate the role
of these amino acids o actve on transport are clearly indreated.

Since PCA 15 not a niormal secretory product of the adrenal cortey, it
was of interest to compare the effects of aldosterone, the nommal electra-
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Iyte-regulating hormone of the adrenal cortex, with those of DCA on
EST. The results are shown in Fig, 6. EST measurements were made
on aldosterone-treated and DCA-treated intact and adrenalectomized
mice given water to drink. The doses used were equipotent with respect
to Na retention. DCA elevated EST (15%) in intact ammals and did so
to an even greater extent (19%) in adrenalectomized mice. In contrast,
aldosterone slightly decreased EST (7%), m the intact animals, but
shghtly el d EST in adrenal ized mice (4%). Adrenal

ALDOSTERONE

UNTREATED

% CHANGE IN EST FROM INTAGT CONTROL

-2ol
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Fic 6 Effect of deoxycorticosterone acetate and aldosterone on electroshock
seizure threshold (EST) of intact and adrenalectomized mice Ordinate 15 % change
m EST from that of mtact control mice DCA was adminsstered 1n a dose of 05
mg /day for 3 days, aldosterone, 1 a dose of 20 ng/day for 3 days EST was de-
termined on the afternoon of the third day. See text for explanation

itself lowered EST by 14% Thus, m the 3-day period of observation,
1d in equivalent Na- g doses, has much less effect than

does DCA on EST of both intact and adrenalectomized mice. The ac-
tons of ald under these ! are more like those of cor-
which 1t bles str Ily, than those of DCA, this sug-

gests that its effects on the brain are related more to 1ts corticosterone-
Iike structure than to its electrolyte-retaining potency. These observa-
tions would suggest that ald, has a physiological role in the
regulation of brain excitabihty,




36 D M. WOODBURY, P. §. TIMIRAS, AND A, VEANADAKIS

1. INFLUENCE OF ADRENOCORTICAL HORMONES AND
OTHER AGENTS WHICH INFLUENCE CARBOHYDRATE
METABOLISM ON POSTICTAL RECOVERY

Data previously presented from this laboratory have shown that the
exciteble process in brain is associated with transmembrane electrolyte
shifts. It is also known that the excitable process is d with a
depletion of plucose, the chief source of energy for brawm me-
tabolism. The recovery process, which restores normal function
following excitation, requires energy. In view of these facts, it
was of interest to study the effects of adrenocortical steroids, and
other sub which infl carbohydrate metabolism, on the rate
of recovery of rats from 1 el hock and, fn addition,
ta see if a relation exists between the effects of these substances on EST
and their influence on recovery {18). The results are presented in Fig. 7.
The recovery tume (RTy,), which 15 deﬁned m the legend to Fig 7, \vas
used as a measure of duration of post As ill d in
Fig. 7A, DCA elevated EST, cortisol and msulm 1owered EST, and
glacagon had no effect The influence of these same substances on RTso
is depreted in Fig 7B, DCA had no effect, whereas cortisol and glucagon
decreased and ssulin markedly mcreased RTs. These changes in
RTye are unselated to the changes m EST, but are mversely related to
alterations 1n blood sugar level (Fig. 7C}). Thus DCA, which did not
alter Ry, had no effect on blood sugar, cortisol and glucagon, which de-
creased RTyo, increased blood sugar, and insulin, which caused marked
postictal depression, decreased blood sugar it may be concluded thak

h the excitahl process 15 jated with al
in the ratio of 1k to i flular Na ion in brain,
the recovery process 15 intimately associated with changes w carbo-
hydrate metabolism, partscularly i blood glueose Glucose 15 the prin-

cipal enexgy sul for brain bolism and, since glycogen stores in
brain are small, the sugar in the blood s the chief source of brsin
glucose  Therefore, any p dure or sut which il blood

sugar level wall affect the recovery process provided the agent does not
also futerfere with the utthzation of ghucose by the brain  Further studies
on the effects of these suk es on ghieose utilization by bram in rela-
ton to the recovery process will be of nterest




EFFECTS OF ADRENOCORTICAL STEROIDS ON THE BRAIN 37

o/, CRANGE IN EST

o

~
o
BLOOO SUGAR= Mg %

B, —MNUTES

z

H

. 100

&

3

]

3 180
sQ

Fic 7 Relation between recovery tume, electroshock scrzure threshold, and
blood sugar concentrahon in rats treated with various agents A Effect of deoxy-
corticosterone acetate {DCA), cortisol acetate, glucagon, and mnsubn en electro-
shock seizure threshold {EST} Ordinate 3 % change m EST referred to control

values ( 2er0 baselme) before freatment Vertical bracLeted Lines represent standard
error ¢* Turation of depression
follow

" the Recovery timeg,
(RT,

fined as the tune re-
quired, after an mitial maumal electroshock seizure (MES), for 50% of ammals

to Tecover to the extent that a second MES can be ehcited Vertical bracheted Lines
are 95% confidence Lits C Effect of the same agents as in A and B on blood sugar
concentration Ordmate is blood sugar concentration m mg /100 m! blood Vertical
bracketed Imes represent standard error of the mean

The following doses and duration of treatment were used DCA, 15 mg /100 gm
body weight, subcutaneously, darly for 12 days, cortisol acetate, 15 mg /160 gm ,
subcutaneously, daly for 12 days, glucagon, 50 ug /100 gm, mtravenously in &
single mjection, measurements were made 45 mmutes after admxmstrahon Insulm,
10 Units/100 gm , subcutancously 1n a sigle mjection, measurements were made
2 hours after admtmistration  See text for discussion
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Ill. MODIFICATION OF ADRENOCORTICAL FUNCTION BY

CENTRALLY ACTING DRUGS AND THE INFLUENCE OF

SUCH MODIFICATION ON THE CENTRAL RESPONSE TO
THESE DRUGS

The concept has been developed (see 21, and Section I of this paper)
that the adrenocortical steroids act to “normalize” brain excitability.
Recent workers [see discussion by Harris (5)] have demonstrated that
the release of ACTH from the adenohypophysis is under the control of
the central nervous system. The hypothal which continually re-
ceives y and inhibitory impulses from higher and lower centers,
integrates these impulses and, via nervous pathways and the hypophyseal
portal system, regulates the relcase of ACTH from the adenohypophysis

In addition, 1t has been known for some time that a single dose of
Dilantin m rats does not appreciably elevate the el hock seizure
threshold, although the drug is very potent in abolishing the tonic ex-
tensor phase of the maximal (tonic-clonic) seizure pattern (an index
of anticonvulsant potency). Other chnically effective anticonvulsant
drugs, such as 55-diphenyltetrahydroglyoxalne-4-ane (SKF 2599},

phenobarbital, and trimethad are capable of elevating EST as well
as abolishing the tonic extensor p of the 1 el hock
serzure, Previous experiments (2, 12, 20, 21) have suggested that Dilan-

K

tin has an action on the hypophyseal-ad tical system.

For these reasons, the effects of centrally acting drugs on brain ex-
citability were studied in order to answer the following questions. (2}
Do such drugs affect adrenocortical function through their central ac-
tions? (b) If adrenocortical function 1s infl d, does the 1

} dord d of steroids infl the central resp
of the agents being tested?

The following agents, all of which have central nervous system effects,
were tested: Dnlantin, a clinically effective anhconvulsant drug, SKF
2599, a congener which differs from Dilantin in that it markedly elevates
the electroshock seizure threshold of intact ammals in single doses,
carbon dioxide, Jow and high concentrations of oxygen, and thyroxine
The results are presented n Figs 8 through 15.

In Fig. 8, the influence of single doses of Dilantin and SKF 2599 on the
clectroshock seizure threshold of intact, adrenalectormzed, and hypophy-
sectomized rats is depicted At the time of peak cffect of Dilantin (6
hours), only a small increase in EST was noted in intact nnimals,.but 2
P d and fally ival levation was observed in ad-
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1! ized and k )i ized groups. SKF 2599 elevated EST
3 s 1, trod +H T iy
to the same extent in intact, and hypop
animals.

In order to determine whether the increase in EST induced by single
injections of Dilantin in adrenalectomized rats could be prevented by
adrenocortical steroids, the following experiment was performed. In-
tact and adrenalectomized rats were divided into two groups, one group
each of adrenalectomized and intact rats received a single dose of 40

mg./kg. of Dilantm and the ining two groups d the same
+40}— =
SKF 2599

+30}—
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Fic. 8 Effect of single doses of diphenythydanton (Dilantin) and 5,5-diphenyl-
tetrahydroglyovaline-4-one (SKF 2599) on electroshock serzure threshold (EST) of
intact, hypopt d, and adrenal d rats Ordmnate is % change m
EST referred to control (cont ) values {zero baselme) before treatment. Diantin
was given m a dose of 40 mg /kg, subcutancously, and SKF 2599 m a dose of
1000 mg /kg, sabe ly. EST was d ined 6 hours after drug injection
Verneal bracketed lines represent standard error of the mean Int, mtact group
See text for explanation

dose of Dilantin plus 4 mg cortisone. The thresholds determined at the
end of 6 hours are presented in Fig 9 Dilantin increased EST to a
greater extent mn adrenalectomized then n intact animals, Cortisone not
only prevented the increase in EST induced by Dilantin, but caused a
shght although insigmficant decrease in EST 1n the mtact rats and an
appreciable decrease in EST in the adrenalectomized group It can be
concluded from these esperiments that, in intact rats, the injected adreno-
cortical steroids as well as those released by the Dilantinunduced stimu-
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lation of the pituitary-adrenal system antagonize not only the EST-
elevating properties of Dilantin but, as evident in the group given
Dilantin plus cortisone, they also antagonize the cortisone-induced de-
crease in EST. Therefore, a product of the adrenal cortex (probably
corti or ald ) exerts a regulatory infl on brain
excitability.

The effects of single doses of Dilantin and SKF 2599 on adrenal as-
carbic acid and deposition of glycogen in hiver, muscle, and brain were
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Frc. 9 Effect of diphenylhydantomn (Dilantin), alone and in combination with
cortisone (4 mg ), on electroshock sexmmre threshold (EST) of intact and adrenalec~
tomized vats (21) Ordinate 15 % change w EST  Vertical bracketed lines represent
the standard exror of the mean for each test group EST measurements were made
6 hours after the subcutancous fnjection of 40 mg /kg Dilantin  See text for dis-
cussion.

exarmned in order to assess the influence of these drugs on the prtmtary-
adrena) system. The results are presented in Fig 10. The concentration
of adrenal ascorbic acid was decreased one hour after injection of Di-
Yantim, SKF 2599, however, had no such effect. Hypophysectomized rats
treated with Dilantin did not extubit a drep in adrenal ascorbic acid
concentration when exammed one hour after snjection of the drug. The
congentration of glycogen n liver, muscle, and bram of intact rats was
increased by Dilantin, but unaffected by SK¥ 2599, Gl)fcogen determina-
tions were made 4 haurs after drug admmistrati previously ed
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to be the time of peak effect of Dilantin on liver glycogen (21). Thus
single doses of Dilantin, but not of SKF 2599, stimulate the pituitary-
adrenal system, and the released steroids diminish the EST-elevating

effect of Dilantin Adrenal or hypopt bolishes the pi-
[ Jowantin FZAskr 2599
ASCOARDQEN:IE-ID GLYCOGEN
BRAN 10
20 :20
* ’;L 1o
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Fic 10. Effect of sigle doses of Dilantn and SKF 2599 on adrenal ascorbic
acid, and on bram, hver, and muscle glycogen. Ordmate on left 15 % change in
adrenal ascorbic said referred to the d contral group  Ordinate
on nght 15 % xcrease 1 glycogen concentration referred to the untreated control rats.
Vertical bracketed hnes represent standard error of the mean Dilantun, 40 mg /kg.,
subcutaneously SKF 2599, 1000 mg/kg (ascorbic acd expenment), and 150
mg /kg (glycogen experiment), subcutancously Ammals were sacrificed for ascorbic
acid determmations 1 hour after drug administration, and for glycogen deterrmna-
tions 4 hours after drug mjection See text for explanation
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twtary-adrenal stimulating action of Dilantin and allows the full EST-
elevating effect of the drug to occur

The observation that Dilantin stimulates the pitwtary-adrenal system
1 single doses, whereas SKF 2599 does not, made 1t essential to deter-
mne whether the stumulating effect persists on chronic administration

and, if so, whether the threshold-elevating effect is still modified by the
released steroids Theref the infl of chronte admi; ation of
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Dilantin and SKF 2599 on EST of intact, adrenalectomized, and hy-
pophysectomized rats was measured, the results are presented in Figs.
11 and 12, Dilantin (Fig. 11), given m a dose of 40 mg,/kg./day for a
period of 6 days, increased the EST by 20% in intact, 40% in adrenalec-

, and 48% in hypop! ized rats. SKF 2599 (Fig. 12), given
in a dose of 150 mg /kg./day for 6 days, increased the EST by 30 in all
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Fic 11. Effect of chromc adminstration of Dilantm (40 mg /kg /day for 6 days)
on electroshack seizure threshold (EST) of mtact, adrenalectomized, and hypophy-
sectomwzed rats Ordmate 15 % change m EST from pretreatment values Abscissa
15 time 1n days  Solid black bar on abscissa indicates duration of Dilantin treatment
Vertical bracketed lines represent standard error of mean See text for explanation

three groups. Thus Dilantin exerts 1ts pituitary-adrenal stimulatory effect
during the entire period of its admimstration, whereas SKF 2599 has no
such effect at any time

The small but statistically sigmificant greater elevation in EST pro-
duced by Dilantin in hypoph 1 a 1 with adrenall
mized rats may mdicate that Dilantin, 1n addition to iLf adrenocortical
stimulatory action, may also stimulate the pitwitary-thyroid system to re-
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lease thyrovine, since thyroxine 15 known to i brain excitability
{21). Prelmunary experiments indicate that Dilantin does indeed stimu-
late the release of thyroid hormone In summary, then, it seems hkely
that Dilantin actwvates the pituitary-adrenal and the pituitary-thyroid sys-
tems and that the hormones released by such activation tend to counter-
act the anticonvulsant effect of the drug
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Fic 12 Effect of chronic adminstration of SKF 2599 (150 mg /kg /day for 6
days) on electrashock seizute threshold (EST) of intact, adrenalectomized, and
hypophysectomized rats  Ordinate is % change m EST from pretreatment values,
Abscissa 15 time 1 days  Sohd black bar on abscissa indicates duration of SKF 2559
treatment  See text for explanation

That chronic administration of Dilantin and SKF 2599 influences the
activity of the pituitary-adrenal system is illustrated in Fig. 13 Both
Dilantin and SKF 2599 (given for a period of 12 days} increased the size
of the adrenals, but only Dilantm decreased thyme weight. The con-
centrations of sterods m the blood were determined by the fluorometne
method of Sweat (13). Both Dilantin and SKF 2599 increased the
concentration of corticosterone in the blood. Although Dilantin did not
alter the level of cortisol, SKF 2599 caused a sigmficant decrease The
corticosterone/cortisol (B/F) ratio was thus higher i the SKF 2599-
treated than in the Dilantin-treated group. Since only Dilantin produced
a decrease in thymic weight and since cortisol is more potent in causing
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thymie atraphy, the higher proportion of cortisol in the blood of Dilantin-
treated rats resulted in thymic atrophy and antagonism of the EST-
elevating action of Dilantin. Since single doses of corticosterone can
lower an acutely el d ek hack seizure threshold (21), it is neces-
sary to explain why the markedly enhanced amount of corticosterone
observed m the plasma of rats chronically treated with SKF 2599 does
not prevent this drug from elevating EST. Although a firm answer is not
yet available, it is likely that the alteration in B/F ratio induced by SKF
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Fic. 18 Influence of chronic admumstration of Dilantin and SKF 2599 on adrenal
and thymus weights and on plasma corticusterard levels Ordinate on left 1s % change
m organ weight referred to control (zero baselime) values, Ordinate on right 15
plasma _corticosterod Jevel in ug. . Vertical brackoted hnes represent standard
error of the mean Diantin, 40 mg /kg, twice dady for 12 days. SKF 2598, 150
mg./kg, twice daily for 12 days. B, corhcosterone, ¥, cortsol. See text for dis-
cussion.

2599 may account for the findings observed. The 30% reduction mn con-
centration of eortisol, the steroid most active m lowering EST, permits
SKF 9599 to evert its full threshold-raising effect on the central nervous
system. The concurrent gh ion of cort; pp 1y
does not prevent the increase in EST, which is in agreement with the
results presented in Fig, 1 .

In summary of these results, SKF 2399 caused an increase n adrenal
ad corticosterone output, and a decrease in plasma cartisol level;

weight a
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Dilantin also caused an increase in adrenal weight and corticosterone out-
put, but did not decrease the plasma cortisol level. Some preliminary
data ndicate that the plasma level of cortisol in adrenocortical extract
(ACE }-mat d adrenal d rats is markedly reduced by Dian-
tin, whereas that of corticosterone is unaffected In contrast, another
stress p d such as el hock, lowers the plasma levels of both
cortisol and cort in adrenal ized animmals maintained on
ACE  Simnce the levels of cortisol in intact rats treated chronically with
Dilantin are unchanged, the results suggest that this anticonvulsant en-
hances secretion of cortisol by the adrenal
Previous expeniments have demonstrated that thyroxine decreases
electroshock seizure threshold (17, 21, 23). It has also been demon-
strated that thyroxine mcreases adrenal weight, depletes adrenal ascorbic
acid, and causes deposition of glycogen in the liver (16). Because of
these observations and the fact that adrenal steroids markedly influence
brain excitability, the effects of thyrosine on electroshock seizure thresh-
old were studied in intact, ad 1 ized, and ACE-maintained
adrenalectormized rats The results are shown in Fig 14 Thyroxine de-
creased the EST by 23% in ntact animals, but by only 13% 1n adrenalec-
tomized rats and by only 3% mn adrenal d rats maintained on
ACE. It was considered possible that the failure of thyroxine to lower
EST as much in adrenalectormzed as in intact rats was due to the lack
of even a rmmimal amount of adrenal steroids and to the consequent
decreased sensitivity of the bram to thyroxine This possibility is m ac-
cordance with the so-called “permissive” effect of adrenocortical sterords,
as descnibed by Ingle (7). If this proposal 1s correct, then the mainte-
nance doses of adrenal steroids given to the adrenalectomized thyroxine-
treated rats should have restored the normal response to thyroxine, and
the EST 1n these rats should have been markedly decreased But this
did not occur  Instead, the ACE prevented the usual moderate reduction
in EST which thyromne induces in adrenalectomized rats, indeed, ACE
bolished the thyroxine-induced lowenng of EST, an exhibition of its
“normalizing” effect. These results indicate that the adrenal cortex ac-
tively participates 1 the response of the central nervous system to
thyroxine. Approximately half of the effect of large doses of thyroxine
on the nervous system is the result of adrenocortical stimulabion, the
other half is the result of a direct stimulatory action of thyroxine itself
on the brain.
Finally, as another example of the influence of centrally acting agents
on the pituitary-adrenal system, the effects of carbon dioxide, hypoxia,
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and hyperoxia on EST have been measured in intact and adrenalecto-
mized mice, (Both carbon dioxide (10) and Jow exygen concentrations
[see review by Sayers (8)1 have been shown by others to activate the

denohypopt L-ad: tical system.}) The results of our experi-
ments are iflustrated in Fig. 15. Inbalation of 125% carbon dioxide in-
creased EST to the same extent in intact and adrenalectomized mice.

r——-INTACT —p— ADHENEX———]

TONTROL
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o

THYROXINE

% CHANGE 1N EST
s
B

i

=20

THYRGXINE
28

Fre 14 Efect of thyrovine on electroshock setzure threshold (EST) m mtact
Tats, and m adrenatectomized rats wath and without adrenocortical extract {ACE).
Ordmate 1s % change 1 EST seferred to control values pror to treatment. EST
measurements were made 12 days after begnning of treatment The following
doses were used 1-thyroune, 40 g /100 gm body weight/day for 12 days; ACE,
004 ml/100 gm /day for fiest 8 days, and 02 ml./100 gm./day for the Jast 4 days
of the expenment. Adrenalectomuzed control rats recewed 02 mt /100 gm /day for
the Iast 4 days of the expenment only See text for explanation.

However, inhalation of 30% carbon diovide increased the EST to a sig-
nificantly greater extent in the adrenalectomized than in the intact ani-
mals. Inhalation of 30% oxygen resulted in a greater decrease in EST
in adrenal 2 mice, inhalation of 75% oxygen mcreased
EST to a greater extent in the intact mice Tt is concluded from these
results that the corticosteraids relcased as a result of exposure of intact
to high cancentrations of carbon diotide tend to decrease EST,

animoals
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and in this respect carbon dioxide resembles Dilantin and thyrodne.
Hypoxia and hyperowa, in contrast, tend to release corticosteroids which
increase EST in intact mice. Since recent data (8) suggest that al-
dosterone secretion may in part be regulated by the central nervous
system, and also because this steroid can elevate EST under certain ex-
perimental conditions, it is necessary to entertain the view that hypoda
and hyperoxia can influence the central nervous system in a manner
which results in the release of aldosterone from the adrenal Investiga-
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Fic 15 Effect of carbon dioude, hypoxa, and hyperoxia on electroshock serzure
threshold (EST) of mtact and adrenalectomized mice. Ordnate is % change n EST
from intact control ammals The mrce were exposed to the vamous gas muxtures
for a penod of 15 mnutes prior to EST measurements See tet for explanation,

tions to test this possibility are bemng carried out in our laboratory. In
any event, 1t is evident that the central nervous system is involved in
the control of adrenocortical steroids which can n turn modify the ex-
citability of the brain

Iv. SUMMARY AND CONCLUSIONS

An attempt has been made in this paper to present some of the inter-
relations between the cerebral cortex and the adrenal cortex with respect
to brain excitabihty (as d by el hock serzure threshold),
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postictal depression, brain electrolytes, and brain carbohydrate and
areino acid metabolism

The major results may be summarized as follows: Chronic administra-
tion of excessive amounts of adrenocortical steroids alters electroshock
sefzure threshold (EST); deoxycorticosterone acetate (DCA) fncreases
EST {decreases excitability), whereas cortisone acetate and cortisol
acetste decrease it {increase exeitability); corticosterone has %ittfe effect.
11-Deoxy-17-hydrovycortivesterone acetate elevates EST slightly, where-
as 11-dehydracorticosterone acetate decreases it slightly,

The increase in EST induced by a single dose of DCA was assaciated
with a di in intracellular bram Na ion, an increase m
ratio of extracellulas to intracellular bram Na, an increase in brain con-
centrahions of glutarme and aspartic acids and & decrease in brain con-
centeahions of glutanune and asparagine, in contrast, the decrease in
EST induced by a single dose of costisol was associated with the op-
posite effects  On the basis of these facts, DCA and cortisol are posta-
lated to affect, in opposite manner, the active transport of Na across
brain cells and thereby to modify bram excitability The glutamic acid-
gltarmine and the aspartic acsd-asparagine systems ate thaught to be in-
volved in the process of Na transport

Aldosterone, the natural electrolyte-regulating hormone of the adrenal
cortex, was found to have less effect on EST than did an equivalent dose
of DCA

The & of the p 1 dep which follows maximal electro-
shock seizores am rats was found to be correlated with the blood sugar
fevel, but tated to bram bility or brain etectrol bol

On the basis of results denved from a study of the effects of certain
central nervous system drugs on the piturary-adrenal system, the con-
clusion has been reached that the adrenal cortex has a regulatory -
fluence on the exatability of the brawn This regulatory function is opera~
tive only when changes in exotabihity occur, and the adrenocortical
hormanes ther act so as to restore normal brain exctability, regardless
of the direction of the ongmal deviation However, this normal regufa-
tory achvity may be modified if the drug being tested activates the
pit\xitary-ndteml system and thereby changes the normal pattern of

d tical secretion, Examples of such drugs’ effects are presented,
and 1t s suggested that these drugs stimulate the pituitary-adrenal sys-
tem by vistue of an action directly on the central nervous system.
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Discssion
Cramaean H, HoacLann:  This excellent paper is now open for discussbn.
1 would ke to ash you, Dr. Woodbury, if you regard the changes m bran
folk drenal and reph therapy entirely secondary
\

P 4 i3
and compensatory to movements of sadwm

D M Woopsumy  This is true under most conditions although we have some
evidence from other stuthes that potassum, ke sodwm, fs actively transported
m the bram, but 1o the case of these sterowds both DOCA and cortisone produce
identical effects an potassum ratie serose the bran wherens they produce opposte
effects on sotum rato

G Pmvous. Did you use corticosterone s combination with these to get that
effoct?

DM Y 1 dd © given acutely wall antagonize the
effects of both DOCA and cortisone

¥ Erataopan: Would thus be true for AGTH?

D M. Woonsvmy, Yes

B. B. Brovre, How do you know whether the sodim 15 15 the extra- or m the
istracellular space?

D M Woopnuny We have used the chlonde space to measure the ethra-
cellular fimd volume 1a the bram  We have some good evidence, whuch 1 don’t
have tune to present, wihich shows that the chloside w bram s 1 vapid eque
hbriom with the chloride in plasma  In addition, some data we have sccumplated
om the uptske of radioactive chlonde and sulfste by brain of rats demonstrates
that the chlonde space provides 2 good estmate of oxtracellalsr Guid volume
n the bram.

B. B Bropiz How would you know that these hormones do not change the
permeabihity to chlonde?

D M. Woopsuny. This 15 certanly one possimbhty and, as a matter of fact,
on chronie admumstration, corhsone mcreases the chlonde space m bram and
tus comphcates the matter of eal sodwm
©a acute admbmstsation of eortisone, howeves, there 15 1o change n the chlonde
space  In contrast, ehyomic beatment with DOCA does not alter chlorde space.
This effect of chrome corbsone treatment on chlonde space may be related to
the kagwn effccts of ths sterod on ghial tissue of bram or to the shift of hydrogen
jops across cell membranes which oveurs dunng cortisone adrminstrabion  as
discussed wm the text

O, H Guasss. 1 would Iike ta make some comments concevnung the chmical
counterparts of s work which D Woed 5

¥ §O For
eample, cortisone has Hy pooduced £, seizures 1 patients
who athgrwise have been not predisposed o sewuses  These have been patieats
it rhevmatord arthnts, ssthma, and cther dlnesses

In studying epiepuc pstients ap thmcal expenmentation, we have found
that the admuustrsbon of corhsone and ACTH over bvo of three weeks walf
worsen the tlectzocncephalograms w some anstances and produce spilewvave
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discharges which had not exsted previously, These epileptic patents, however,
did not have any specific increase in their seizures, Just mereased EEG ab-
normality. Along wath this it has been demonstrated that occasionaly the electro-
encephalograms of neurologically normal subjects have been made abnormal by
the adminustration of these hormones We have found that the admimstration of 2
single dose of hydrocortisone intravenously over a 4-hour period would worsen
the electroencephalogram of epileptics and brng on seizure discharges which
were not present previewsly We did mot precipitate chnical seizures, however,
These observations certawly run paralle] to those of Dr. Woodbury and hus group

The Dilantin effect 15 certamtly mteresting end here agam we notice certam
chnical counterparts. Oue of the mysteries of the cffect of Dilantn has always
been that m order to cbserve its effect as an anticonvulsant one always had to
wait about 2448 hours after the imbal admumstration. In acute situations other
anticonvulsants have to be used Suce the anticonvulsant effect of Dilantin
does not take effect before this tume it 15 very possible that the mtial stunulation
effect on the adrenal cortex which would lower the cerebral exaitability or not
change 1t very much, as shown by Dr Woodbury, 55 related to the mcreased
hydrocorhsone output We id some prel y experi on human epilep
and studied therr unmary output of adrenal sterods We measured only the
17-ketosteroids and oxysteroids and here acute admimstration of Dilant mutally
raised the uninary output of these products, but after 2 to 8 weeks, say a week or
2 or 3 weeks, the output of these products was decreased We thought ongually
that this meant an eventual depressant effect on the adrenal system. However, I
now realize that we probably were not measurng Compound B or s related
output We did not measure the plasma concentration and 1t 15 probably the
dufferential effect on the hormones that allows Dilantin to raise the threshold after
a certan penod of tme This work of Dr Woodbury 1s a very mce example
of apphed phammacology These wnvestigations that have been cammed out in the
laboratory may help us 1 explaming some of the confusig matters that we have
been working with chmically.

I H Pace: Would you say that is a complete explanation®

G H Graser No

L H. Pace How important 15 the adrenal cortex? Let us put it this way,
that the chmcal effect seems so munor, from the nice effects you get m the
animals in changes in threshold, does that mean you just dont give enough or
does 1t mean that this just o't the whole story?

G. H Guasern Clinieal effects of what, the hormone?

1 H Pace Hormones the changes, for wstance, i vascular reactmty which
are mediated m part at least by the central nervous system don’t seem to be very
much affected by the admmstration of adrenal corticords

G. H. Grasen  We, of course, wondered about this It 1s certamly only a partial
effect. I do not thuk it 15 the whole story at all One way to look at it s that

this system 15 one way 1 which the electrolytes are controlled o regulated and
there may be other ways

I H Pace. Is this the adrenalectomzed patent jou are tallang about® The
totally adrenalectomized patient seems to be to all intents and purposes clinteally
almost nomal, provided he 15 receing adequate therapy I have always been
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dynamie 92, 97. .
Discusston
Cramatax H. Hoscrawo: This excellent paper s now apen for discussion.
1 would hke to ask you, Dr. Woadbury, of you regard the changes m bran
follows drenal and repl therapy entirely secondary
i

P 4
and compensatory to movements of sodiom,

D M Woobnuny: This 1s trie under most condibions although we bave some
evidence from other studies that potasswm, like sodium, 15 actively transported
w the bram, but i the case of these steroids both DOCA and cortisone produce
identical effects on potasstum ratio across the bram wheseas they produce cpposite
effects an sodmm ratso,

G. Pricus. Did you use corticosterone sn combination with these to get that
effect?

D. M W . 1dd pven acutely will antagonze the
effects of both DOCA and cortisone

F Ewmspparx. Would this be true for ACTH?

D. M. Woopsury. Yes.

B B. Broptz  How do you kmow whether the sodim is 10 the extra- os in the
mtracellular space?

D M. Wooosury We have used the chlonde space #o measure the extra-
cellular fimd volume in the bram We have some good evidence, which I don't
have hime to present, which shaws that the chlonsde m bram s in rapid equi-
bbrium sith the chlonde m plasma In addition, some data we have accumplated
on the uptake of radwactive chlonde and sulfate by bram of rats demonstrates
that the chlonde space provides a good estmate of extraceflolar fuid volume
n the bram

B. B Bropie How would you know that these hormones do not change the
permeabiity to chlonde®

D M. Woobsury Ths 1s cextamly one possibthty and, as a matter of fact,
on chronic adounsstration, corbisone mcreases the chlonde space mn bran and
this complicates the matter of it Hular  sodum
On acute admmistration of cortisone, however, there 11 no change  the chlonde
pace In cootrast, chrome treatment with DOCA does not ahter chlonde space.
This effect of chromsc cortisone freatment on chlonde space may be related to
the knawn effects of this sterord on glial Bissue of bratn ar to the shuft of hydrogen
wons across ool membranes which occurs dunng corbisone admmustration &s
discussed m the text

G M. Cuasen I would bke to make some comments concermng the climcal
countesparts of this worh which Dr Ih sa b Iy p 3 For
example, cortisone has Ty prod P seizures an panents
who otherwise have beem not predisposed to sexzures  These have been patients
with rheumatoid arthntss, asthma, and other rHlnesses

In studymg epleptic pavents in chmcal expenmentation, we have found
\hat the admstration of cortsone and ACTH over two or thee weeks wil)
orsen the electroencephalograms in some snstances and  produce  spike-wave

w
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by the admustration of 4-15 mg. of deoxycorticosterone acetate daily as sublingual
tablets (J. Am Med Assoc 145, 715, 1951) I am impressed, ke Dr Glaser,
with the suntanty between the chinscal results and Dr Woodbury's data on the
raf’s electroshock threshold The only discordant agent 15 corticotropm which is
quite convulsant an man, especially 1 children, and not so m the rat Dr. Wood-
bury has explamed that now by showmg that the prmcipal product mvoked by
corticotropm 1 the rat 1s corticosterone which is not so convulsant as cortisol,
which 1s the principal sterod elaborated 1 man

1 have one question Since the sodum effect seems to be so mportant, what
about the convulsant action of the A-1 compounds which are far less potent, at
least as far as total body sodmm and potassum are concerned® I don’t kmow
about their effect upon bram electrolytes Perhaps you do.

D. M. Woopsury- I have not tried these compounds as yet, but mtend to
do so as soon as possible

G Pmvous 1 would like to ask two questions According to Farrell, 11-deovy-
corticosterone 15 found m adrenal vem blood A question I would ke to ask,
15 1t enough? He finds 1t m the dog

D M Woopsury Accordng to G L Farrell et al (Proc Soc Exptl Biol Med
87, 587, 1954) the small amount of DOC which 1 secreted by the adrenal gland
of the dog 15 probably not sufficient to make a significant contribuhon to the
metabolic activities of the adrenal cortex under normal conditions, but 1t 1s possible
that under certamn altered conditions its secretion 1s mcreased and 1t maght play
a role m these situations

I would also ke to make a pomt Dr Page mentioned the lack of effects of
excessive amounts of these steroids on the vascular system 1 thmk we have to con-
sider two types of roles of the adrenal sterords. One is an active participation of
the steroid 1tself, as for example, its effects on the nervous system The other 15
the so-colled permussive effect as described by Ingle, 1t 15 particularly well seen
m the cardiovascular system If no adrenocortical hormone 15 present the blood
vessels lose thewr sensiivity to such agents as epnephnne and acetylcholme,
whereas if an optimal amount of steroid 15 present normal sensitvity to these agents
1s restored  If evcessive quantities of steroid are present, however, no mereased
sensitvity to the agents results The exctability of the nervous system, on the
other hand, 15 sensitive to the actual level of steroid n the blood, mcreasing the
level increases 1ts effect on the mervous system

G. H Grasen  There have been some measurements, by the Kety-Schmdt
method, of cerebral blood flow during cortisone admmustration It 15 my recollection
that the change m cerebral flow was only about muus 2% However, the cerebral
vascular resistance increased in the order of about 12 to 15%, which may not
be significant, but at Jeast this 1s more of a change than that m cerebral blood
flow The significance of these findings 15 not very elear, but there 15 this mdication
that there 15 no sigmificant effect on blood flow itself by the hormones

A G Srocomee. In measurning the excitability of whatever part of the cortex
gives nse to the so-called dendntic potentials, I found no significant difference
between adrenalectomized and normal rats This suggests to me that the site of
the excitability found by you 15 different, and the site of the effect of adrenalectomy
on a-frequencies may be at discrete steroid-semsive areas of the bram I wonder
i you would lke to speculate on which areas these might be Concepts of this
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sutprised at how normal, not bow abnormal, he 13 I thought when we frst &id
the operation we were domng something ternble, but actually it was surpnsing
how Iittle adverse effect thers was.

G, Precus: I would lhe to point out to Dr. Page thot the adrenalectomized
buman being 15 not a very happy object. The only way the person is hept alne
15 to have med and careful " particularly in stressful sstuatiens,

Cnamaan H. Hoscraxp: In rats that are hilaterally adrenalectoraized thers
are definte changes n aspects of bram function, quite aside from the threshold
effects that Dr. Woodbury has talked about, There ts & declne m the frequency
of the electzoencephalogram, One also sees a decline i frequency in atwte Ads
duoman pattents, or T d patents ly taken off repl:
therapy Ds Bergen and I showed several years ago that the declme m the
freqy of the eb phalogs parallels a siguficant decrease in ovygen
consumption of the bran fn the adrenalectornzed rat and also that thi is cor-
related with a decrease 1n cerebral cuenlation. We also found evidence that the
decline 1n cerebral esrculation 15 due to a decrease 1 blood pressure and a decrease
in the general tone of the systemuc circulahon and probably fs not due fo the
durect effects on the bram cweulation per se. Correlated with these effects there
were also changes in velocity of conduction from foof ta cerebral cortex of electncal
sesponse, but here again these were extreme effects of total adrenalectomy, Normal
effects could be restored by corusone and by adrenocortical extracts and by certan
ather sterords, but not by DCA

S. Upenrmuenp I wonder, since you are talfong about stress conditions, whether
the medullary part might be conudered to play a role, and whether adrenal
epmephrne or norepmephnine may be wmvoled

CramMAN H. Horcrawp, The medulla may very well play a role We were,
however, able to restore the depressed functions by adrenal cortical extract and by

)

corbsons without  the  ad of exher ar proep
There s evidence of a synergsbr achon m festomng arculation between
and od ds ay shown by Rachmael Levine and his col-

x
pinep

laboratars, but we were able to restare quite fully the EEG pattems, conduction
velocity 1o the cortex and axygen consumption with steroids alone

H | Kocwm, Ja 1 would hike to ask Dr VWoodbury, 1f he feels that the nommahz-
ing of electric shock hreshold 1s a function of clectrolyte stuft such as he
measured, or whether he thinks this 1s a pavalle! phenomenon

D M Woopsury 1 think they are the function of the electrolyte shifts, but
we do not have sufficient data as yet to prove thus

B B Brome Docs the admmutraton of any of the adrenal stermds influence
epileptic seuzures?
D M Woonsurr DOCA has already been used i the treatment of epilepsy.
B, & Bropre  How useful s 5?7
D. M. Woonsvry I would like Dr Gordan to answer that question
G. S Conpan  This was angmally stuched by 1 McQuare, N R Zacgler, and
A Anderson in Minneapohs (Endocrinalogy 2, 406, 1942) ‘They seported two
epilepsy relieved by adminstranon of DCA R B Awd’s twe
ervous Mental Disease 99, 501, 1644)  Subsequently we tned it
techmque 1 3 group of ten epileptic patients who were refrac.
Jdication  The frequency of attacks was reduced sigmificanly

]

cases of refractory
cases were not (J N
by the double-blind
tory to sli previous me



In Vitro Effects of a Steroid Anesthetic
On Brain Mefabolism
H, W. Eruorr, B. F. Knuscker, anp V., C. SUTHERLAND

Dep of Fh logy and hestology, University of California
Medeal Center, San Francisco, California

The anesthetic properties of certain steroid hormones were first re-
ported by Selye in 1941 (23). He then systematically investigated 75
steroids in this regard (24) and Iuded that steroids oxygenated only
at opposite ends of the molecule and ining no double bonds in the
rings were the most potent anesthetics He also found no correlation
between hormonal and anesthetic actvity.

Recently, pregnane-3,20-dione-21-0l sodium hemusuccinate (sodwum
hydroxydione) has been described as a potent, soluble anesthetic without
senous side effects and devoid of hormonal or salt-retaimng properties
except in enormous doses (12, 19). Chmcal trials (8, 18) have mdicated
that 1n man 1t prod loss of d b
muscular re]a‘(atxon, minimal respiratory depressxon and some degree
of analgesia. The pnncipal disad are a d to cause
thrombophlebitis unless injected in a concentration of 1% or less and
insufficient analgetic actwvity. It appears to be most useful as a basal
anesthetic supplemented with nitrous oxide, analgetics, and relaxants as
required

Its actions on cerebral metabolism in vivo have been studied in man
(4) and it has been found to decrease cerebral blood flow, oxygen up-
take, and glucose uptake to the same degree as barbiturate-meperidine
anesthesia,

The actions of sodium hydroxydione on cerebral metabolism in vitro
have not been studied extensxvely although Quastel reported (21) that
1t inhibited glucose oxidation in brain cortex preparations and pyruvate
oxdation 1 brain mitochondria. It has been shown that the anesthetic
potency of certain sterofds is correlated with their ability to inhibit the
ovygen uptake of rat brain homogenates (3). Furthermore, they in-
hibited ovidative reactions at the dehydrogenase level rather than at the
Havoprotein-cytochrome level as is the case for other anesthetics (3, 6, 7).
This difference in action plus the introduction of sodium hydroxydione

55
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nature are becoming increasmgly mmportant as people are finding such sites For
other compounds

D. M. Woopsunr: 1 don’t think we can answer that question unt we do
experiments on the effects of cortisone in animals which have been subjected to
ablation ot different levels of the nervous system or by testing the effects of
the adrenocortical sterouds on cliscrete arens of the brain by use of stimulating
and recording techniques However, the work of G A. Winter and L. Flasaker (I
Pharmacol Exptl. Therap. 103, 83, 1851) suggested that cortisone acts on the
entire cerebrospinal axis,

In this conncetion, the work of G, Misrahy and J. E P, Toman { Federation Proc
12, 352, 1953} 1s of interest They measused the effects of drugs on Jrradiation of
cerebral cortical electrical responses in the rabbit The phenomenon of “irradsation”
or the process seflected m a spread of the response from stmulated areas of cerebral
cortey to chstant areas was quantitated and the effects of cortisone were fested
Cortisone reduced the rato of contralateral to ipsuateral threshald for all responses,
which fs an exeitant effect of this steroid This type of study should be contmued

R W. Grrarp; There is 2 small region sround the mammillary body, the
stinulation of which can greatly merease the oygen consumption of the cerebrum,
and this may perhaps have been mvolved wm the changes in metabolism that can
be induced by ad dullary hormone ad 1 don’t know whether
one can guess abaut the cortical ones

May I ask two questions that seem to me to deserve some attention One, T voticed
that your shdes 1 many cases mdicated the vanance of the results, 1w some cases
did not Looking at the heights of the burs 1n the cases where the vanance Wwas
ndicated, 1n many cases the diffe were hgible as pared to the
vanance Did you personally feel that the differences were sigmficant®

D M Woopnuny The differences between means svere sigmficant in all cases
where they were mentioned

R W. Geramp Wi you i the ph these d
were statwtically sigraficant?

D M Woopsury Yes

R W. Cenano I am glad to have that brought out because I was not certain
of it The other thing I would Iike to hear some discussion on, 3f 1 did not partly
sisunderstand, what you seem o have 15 2 system m which whatever type of
corticond 15 necessary 35 released o bring the threshold back to normal from either
above or below normal values  How does the action of the bram, down through ail
these systems mve the nght Jand of discharge?

D M Woopsury Since the center for central regulation of aldasterane release
seems to be separate from that for the regulation of release of ACTH and that
for adrenal medullary hormosnies, it scems to me that release of these various
hormones as a result of the elevation ar lowermg of threshold caused by the
admimstered agent, and the resalting “normalizing” effect can be evpluned by an
acton of the sub whuch mifluences the evcitability of the bram on one of
these threc centers of regulaton of hormone release  However, much further
research 15 necessary to veveal the finer coutrol mchamsms

R W. Geraroe 1 wondes with the specific receptor mechanssm—since aldosterone

15 one type and AGTH & another type~f you can get a distinction
D. M. Woopsury: Yes, 2 distimetion can be obtamed by these mechanisms
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Sodium hydroxydione and sodim pentobarbital were soluble and could
be added 1n solution, but when insoluble steroids were used they were
ground to a fine powder in an agate mortar, suspended 1n the appropriate
medium, and added as a suspension

Some studies utilized the technique of Huston and Martin (10) for
determining the rate of respiration of brain slices in contact with oxygen.
Slices were spread out on fiber-glass mats which permitted practically
free diffusion of oxygen into the side of the shee in contact with the mat.
These preparations were then placed in wide-mouthed Warburg vessels
for measurement of oxygen uptake. One ml. of glucose-Ringer was
present in a large side arm to maintain a moist atmosphere in the vessel.
This could be tipped mto the main compartment of the vessel when so
desired

Glucose uptake and glycolysis studies Glucose was determined by
the anthrone method (1) Lactic acid was determined by a modified
method of Miller-Muntz (17) Typically, two or three vessels were
removed from the bath just after the initial reading of the manometers
and the suspending medium analyzed for glucose and/or lactic acid. At
. e - . B ) ..

and the mfluence of the steroid evaluated

IL. RESULTS

It 15 now g | pted that in con ations effective in vive
anesthetics do not inhibit the Qo. of bram slices suspended in conven-
tional media  However, when shces are stimulated electnically (13) or
are permitted to respire n media contammng 2 high concentration of
potassium or certan concentrations of dinitrophenol (2, 15) the Qo, is
increased and the extra oxygen uptake is sensitive to pharmacologically
active concentrations of anesthetics

For these studses, a high potasstum medium was selected to produce the
elevated respiratory rate and sodium hydroxydione was compared with
sadium pentobarbital in regard to its ability to depress the Qo, of brain
slices respinng in extracellular glucose-Ringer’s solution (EGR) without
KCl, or with 01 M KCI (KCl EGR). Figure 1 shows that in KCl EGR
the Qo, was el d, but prog; ly declined after the first 30 minutes
of a 2-hour run, At 30 minutes the stmulation in KC1 EGR was 668, by 120
minutes it had fallen to 14%. Sodium pentobarhutal (2 X 104 Af } dad not
appreciably mhibit oxygen uptake in EGR but mmediately depressed
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as a useful anesthetic pmmpted this study on the effects of this agent on
cerebral metabolism is vitro. Although we realize that inhibition of
oxidative reactions may not fully explain the phenomenon of anesthesia
(9) we feel that a companison of the nctions of different classes of anes-
thetics both in vitre and #n vive may contribute ta the elucidation of thelr
mechanism of action.

1 METHODS

Source of tissue, The animals used in these studies were adult male
Sprague Dawley rats and adult guinea pigs of both sexes. They were de-
capitated and shees or homogenates were prepared from the prosen-
cephalon. Cerebral cortex slices approvimately 05 mun. thick were cut
frechand with a razor and template. Sheing was done in a refrigerated
box the atmosphere of which was kept moist by a spray of water from
a pebuhzer. A torsion bal as used for b ing, out apy
40-mg. samp!es of shces which were § diately placed in p
prepared Warburg vessels, For some exp the
was weighed, homogenized for 30 seconds in o loose~ﬁmng Potter in-
strument and diluted to give a 10% suspepsion of tissue which was
pipetted into the Warburg vessels,

Human brain tissue from fronta) lobotomy operations or in one case
from an ocapital lobe was obtained during surgery and carried to the
laboratory n an jce cold beaker. After removal of the adhering pia
mater, cerebral cortex shees were prepared and handled in the usual
manuer,

Orxygen uptake studies The respiration of shces or hamog was
determmed at 373° C by means of [ Warburg
Carbon dioxide was absorbed 13 01 ml of 102 KOH The gas phase was
oxygen for slices and ar for b The
contained 0 145 A NaCl, 0 004 A KCI, 0 0016 M CaCl,, 0 0081 A MgSOy,
0.01 M Na:XPO, buffer pH 735, and various osgamc substrates The
usual substzate concentrationts sere as follows: glucase 0.0 M, sodswum
pyruvate DOIM, sodmm glutamate 0017 M, and sodmm  sucomate
Q009N ADIMYy 1 medinm was prepared by adding 745 mg.
KCl per millihiter to any of the above medw.

Oxygen uptake was usually measured for 2 hours followmg a 10-
minute equilibration period in the 37.3° C bath. Manometer readings
were made every 15 minutes and Qas’s were calcutated on a wet werght
basis, Steroids or sodium pentobarbital were added from the sidearms
of the Warburg vessels immediately after the initial manometer readings

1.
LJ
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as a substrate it seemed desirable to investigate its effects using other

\: Preliminary runs indicated that pyruvate and succinate oxida-
tions were only shghtly, if at all, affected by 25 X 10*M sodium
hydroxydione so for subseq; studies the ation used was m-

creased to 5 X 10+ M. Figure 2 shows the effects of this concentration
on the respiration of rat cerebral cortex shces in EGR and KCI EGR, in
pyruvate-Ringer’s (EPR) and KC1 EPR and in succinate-Ringer’s (ESR).2

b . e RS
\\:;\\_\./ == pes0

S

L AN
Pz nee
[ nes

et t 1 1 1 1t
30 €0 90 120 o 30 60 90 120
TIME IN MIN. TIME IN MIN.
Fic 2 The effects of sodium hydroxydione on the oxygen uptake of rat cerebral
cortex shices m vanous substrates with and without 0 1 M XCl

Graph on left Graph on night
~ —— EGR control —— — EPR control
—— KCIEGR control ——— KCIEPR control
——- EGR+5X 104 M ~—— EPR+5X 1063
Na hydroxydione Na hydrocydione
----- KCIECR+5 X 104 M ----- KCLEPR + 5 X 1043
Na hydrovydione Na hydroxydione
7 indicates the number ---— ESR control
of vessels -—— ESR+45 X 10431
Na hydrosydione

n indicates the number of vessels
For EGR and KCl EGR the inlubition was shghtly greater than that
preduced by the lower concentration, i EGR 1t was nsigntficant at 30
munutes but was 34% at 120 minutes In KCI EGR inhibition amounted
to 30% at 30 minutes and 79% at 120 minutes. Development of inhibition
was delayed m EGR but was prompt in KCl EGR The same results
were obtained with guinea pig cerebral cortex slices.

1 The letter E in these abbreviations means extracellular.
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the excess oxygen uptake produced in KCI EGR. At 30 minutes in-
hibition was 27% at 120 minutes it was 18%. Inhibition in KCI ECR
did not exceed that produced in EGR as reported by Ghosh and Quastel
for other agents (2). In contrast, sodium hydroxydione (25 X 10421}
in a cancentration which slightly inhibited oxygen uptake of brain shees
respiring in EGR produced a slightly delayed but progressively increas-
ing inhidition {fu KCI EGR. At 30 minutes inlubition was only 16% by

40
36
32
28 \\
@ 2 = e 228
o, wm Il NY2E
20 T*a.,.é:.n
1.6 nus
12
08
o4
| TGN VU W T WON ST} PRRTYRTT SUE W ST
© 30 60 S0 120 O 30 &0 S0 120
TIME 1N MIN, TIME IN MIN,

Fi6 1. A comparison of the effects of sodmm pentobarbital and sodsum hydroxy-
dione on the oygen uptake of rat cerebral corfer shees m glncose-Ringer’s and
glucose-Ringer's plus 0.1 f KC!

Graph on left Graph on night

~+— — EGR control ~ — ~ EGR control

wn— KClEGR contral —~~~ KCIEGR control

-~ EGR+2X 1048 - BGR 425 X 104 M
Na pentobarbital Na hydrogydione

----- KCIEGR + 2 X 104 M ~----KCIEGR+ 25X 104 M
Na pentobarbatal Na hydroxydione

n indicates the number n indioates the number

of vessels of vessels

120 minutes it was 628, The succinate moiety of the molecule, of avail-
able as substrate, could have no more than a mmimal effect on these
values since 3 X 104 A sodium succinate elevated the Qo: only about
10% above the endogenous level for the Brst 60 minutes. Thus, unlike
other agents studied (2), this steroid anesthetic inhibited oxygen uptake
in the presence of 0.1 M KCI more than it inhibited it in conventional

substrates.
Since sodium hydroxydione could inhibit oxygen uptake with glucose
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as a sub it seemed desirable to investigate its effects using other
substrates. Preliminary runs indicated that py and succinate oxida-
nons were only slightly, if at all, affected by 25 X 104 f sodwm
hydroxycione so for subsequent studies the ion used was m-
ensed to 5 X 104 M, Figore 2 shows the effects of this concentration
on the respiration of rat cerebral cortex slices in EGR and KCl EGR, in
pyvuvate-Ringer’s (EPR) and KCl EPR and in succinate-Ringer's (ESR).

PRV JO N |
30 60 90 120 30 e0 90
TIME N MIN, TIME IN MIN,

Fic 2 The effects of sodum hydrovydione on the ovygen uptake of rat cerchral
cortéx shees w vanous substzates with and without 0 1AL KCl

J

Craph on Teft Graph on right
~ = ~ EGR control —~~ —~ EPR control
— KClEGR control e KCEEPR control
e EGR 45 X 204 M e BEPR 4 5 X 1040
Na hydrocydione Na bydrovydione
~rv - KCIEGR A5 X 104 M ~aann KCIEPR +-5 X 104 M
Na hydrovydione Na hydroxydione
n andicates the sumber ~ ESR contro}
of vessels < ESR 4 5 X 104 M

Na hydrorydione
n todicates the number of vessels

For EGR and KCl EGR the inhibation was shghtly greater than that
produced by the lower , 1in EGR it was insigniicant at 30
minutes but was 34% at 120 minutes, In KCl EGR inhibiton amounted
to 30% at 30 mnutes and 79% at 120 minutes. Development of inhibstion
was delayed in EGR bwt was prompt in XCl ECR The same results
were chisned with guinea pig cerebral cortex shces,

? The letter E in these abbreviations means extracellular



60 . W. ELLIOTT, B. F, KRUECKEL, AND V, C. SUTHERLAND

Other substrates, however, presented a different picture, Ghosh and
Quastel (2) found that when the substrate was pyruvate the anesthetics
they used p d the stimulation produced by 0.1 A KCL Sodium
hydroxydione produced only minimal inhibition in KCf EFR at a con-
centration which produced a significant and slightly delayed inhibition
in EPR. At 30 munutes mbhibition in EPR was insignificant; at 120
minutes it was 21% In KCI EPR inhibition appeared promptly (12 at
30 minutes) and increased only shghtly during the remainder of the run
{21% at 120 minutes). Thus, sodinm hydroxydione only slightly inhibited
the potassium stimulation when pyruvate was the substrate, There was
no increased inhibition when the concentration of pyruvate was lowered
to 2 X 10331 or 5 X 104 AL hence in this preparation there is ap-
parently no competition for the pyruvate oxidase system as reported by
Persky et al (206} for sodium pentobarbital

With sedium succinate as substrate (ESR), sodium hydroxydione pro-
duced essentially no inhibition. KC! ESR was not used since it has been
shown that for rat brain slices potassium does not stimulate oxygen vp-
take in the presence of succinate (2).

Rat brain slices have a very low endogenous respiration and oxygen
uptake is not raised above the endogenous level by sodium glutamate.
Consequently, gwnea pig cerebral cortex slices were used to investigate
the effects of sodinm hydroxydione on the oxygen uptake of bram slices
respinng in Runger’s containmg no added substrate (ER) or with sodium
glutamate as substrate (EGlut) Figure 3 presents the results under
these cond The end piration was appreciable although
not well maintained. At 120 minutes the Qoy was 49% of the value at
15 minutes. The addition of 6.1 M KQl produced a stimulation which
lasted less than 30 minutes after which the Qo, fell below the level in

ER. P bly stimulation was maintained only until endog sub-
strates were ext d Sodwm hydroxydione shghtly inhibited oxygen
uptake in both ER and XC) BB, In ER. inhibition was delayed for 45
minutes; in KC! ER 1t was diste and most p duting the
first hour F bly while end b were being uhlized,
Sodium g} te (EGlut) ined the oxygen uptake of guinea
pig cerebral cortex slices well above the endog level and p i

Jduced a stimulation which was not as marked as with the other sub-
strates. At 30 minutes the Qay was 54% higher in KCl EGlut than in

o . N T * ' Sodium hydrovy-
' and KCI EGlut,

the pattern resembiing Wt provucty whih by suusustte Was pyruvate,
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In EGlut inhibition at 30 minutes was 19% by 120 minutes 1t had in-
creased to 28%. In KCl EGlut the Qo was depressed 26% at 30 minutes
and 33% at 120 minutes

Methylene blue, 6 X 10° M, was used to determine the sensitivity to
sodium hydroxydione of the dehydrogenases wnvolved in glucose oxida-
tion, Since the methylene blue reversal of inhibition produced by anes-
thetics is not apparent wath slices, the study was done with brain

PTG 797 3 ST T S Vi
° 30 60 90 120 o 30 60 90 120
TIME IN MIN TIME IN MIN.

o

Fic 3 The effects of sodum hydroxydione on the oxygen uptake of guinea pig
cerebral cortex shees 1 the absence of added substrate and 1 sodum glutamate
with and without 0 1 M KCl

Graph on left Graph on right
——— ER control — — — EGlut control
——— KCIER control —— KCI EGlut control
-—- ER4+5X104M ——~ EGlat+5 X 10431
Na hydroxydione Na hydrovydione
----- KCIER 4 5 X 104 M ----- KCIEGlut + 5 X 10 M
Na hydrosydione Na hydroxydione
n indicates the number n ndicates the number
of vessels of vessels

homogenates. Figure 4 shows that the inhibition of oxygen uptake in
EGR produced by 5 X 10*M sodium hydroxydione is reversed by
methylene blue, The same result was obtained when the i
of sodium hydroxydione was raised to 1 X 103 M. Since the Qo values
obtamed wath the steroid plus methylene blue were not gute as high
as those obtamed with methylene blue alone, sodium hydroxydione may
have some inhibitory action on dehydrog but at least they are
relatively insensite to it. This finding is directly opposite to that re-
ported for other steroids (3) which, by this techmque, were found
capable of mhibiting dehydrogenases
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Findings to this point have been obtained with the use of agents added
in vitro to brain preparations from untreated animals, The technique of
Huston and Martin (10) for determining oxygen uptake of tissues n the
absence of liquid suspending media and comparable methods reported
by Rodnight and Mellwain (22) provide an approach to the study of
in vitro effects of agents administered to animals in vivo, Huston and
Martin (11) have shown that tissues from rats previously treated with

16
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fod 1
0 30 60 90
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¥is 4, The effect of methylene blue on the whitabion of oxygen uptale of rat

]
120

bran h protuced by sodum

weomee EGR control

-~ EGR 8 X 103 31
methylene blue

~o-w EGR4+5 ¥ 204 M
Na hydroxydione

----- EGR 45 X 10+ M
Na hydroxydione
4+ 68X 105 A1
methylene blue

n wndicates the rmmber of vessels

the bolic stimulant & phenol respired at higher rates on fiber-
glass mats than they did in liquid media. Conversely, tissues from rats
given sodium arsensite respired at lower rates on mats than in hquid

media.
This technique was used to investigate the effects of sodwm hydroxy-

ione and sodium pentobarbital fn vivo on the oxygen uptake of rat
corebral costex shices. Rats were given erther 250 mg per kilogram of
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sodtum hydroxydione or 50 mg. per kilogram of sodwm pentobarbital
intraperitoneally and decapitated 30 minutes later, These doses produced
profound anesthesia with adequate ventilation as evidenced by the ab-
sence of cyanosis and respwatory rates of 50-94 per minute just before
sacrifice. In XCi EGR the oxygen uptake of shees from rats treated
with sodium pentobarbital was identical with that obtained for
slices from untreated rats and 2 X 10+ M sodium pentobarbital added
to the media at the initial manometer reading produced the same amount
of inhibiton in both cases. Essentially the same findings were obtained
with slices from rats given sodium hydroxydione although Qoy’s were
shghtly higher from the treated animals when no steroid (5 X 104 2f}
was added in oitro.

Oxygen uptake studies made with brain shees on fber-glass mats are
summanized m Table I

TABLE Is
Qoy after addstion of EGR
Qo 10 contact with oxygen at 60 minutes

Tune m mumutes 15 30 60 90
Control (22) 30 20 11 14
Na hydrovydione

treated (17) 35 21 12 15
Na pentobarbital

treated (17) 31 21 06 15

4 Figures m parentheses mdicate number of vessels

Initial Qo values for shces from control ammals were higher than
obtained in conventional media but not as mgh as in KCl EGR or KCl
EPR The respiratory rate fell off rapidly with some recovery after
adding EGR at 60 minutes. Since recovery was not complete, it must be
assumed that some degeneration of oxidatve processes occurred before
the EGR was added.

Slhees from sodium hydroxydione-treated rats respired at a significantly
bigher rate mitally than shees from control animals (P < 001 at 15
minutes) but after the first 15 minutes respired at the same rate as con-
trols. In contrast, slices from sodium pentobarbital-treated rats had
practically the same initia] Qo as controls but at 60 minutes the respira-
tory rate was significantly lower (P < 001) than found for either of
the other groups After adding EGR, shees from all groups respired at
the same rate  While these results are not yet explained, they mdicate
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a difference in action between sodivm hydroxydione and sodium pento-
barbital and emphasize the potential value of the mat technique,

The delay in onset of anesthesia manifested after the Intravenous ad-
ministration of sodium hydroxydione (18, 19) suggested that the com-
pound might be metabolized to a move active compound. Two known
metabolites, pregnane 3(a) and preguane 3( 8)-21-diol-20-one were made

ilable to us and compared with preg 3,20-dione-31-01 {hydroxy-
dione) as to their ability to inlubit the oxygen uptake of rat brain
homogenates in EGR. As shown in Fig. 5, neither metabolite was as

120

o 30 60 90
TIME IN MIN,

Fre. 5. A compansan of the effects of sodwm hydrovydione and two of sts
metabolites on the oxygen uptake of rat brain homogenates

EGR castrol

~ pregoane 3( o )2L,diod-20-one 175 X 104 A
~— pregnans 3,20,dione-21-0l (P66)
n indicates the number of vesvels

potent as the parent compound. In addition, another related corArqzmmd.
allo-deorycorticosterone acetate, was even less potent as an inhfbxtmu
Preliminary studies on the infiuence of sodium hydroxydione on
aerobic glycolysis and glocose wptake are presented {p Table 11 '
The data show that in EGR, sodmm hydroxydione produced approxi-
mately 1007 stimulation of acrobie glycolysis with bath rat :’md guinea
pig brain slices. Strular marked lation of X.actic acid p Joctio has
been repcrked for other anesthetics (9). As m)’ght be f:xpcctf , g “cos.c
uptake was also increased m both EC.R and I\.Cl EGR A é-w experi-
ts psing human bramn slices provided similar results oncentra-
tons £ sodium hydroxydione from 5 X 10441 to 6 X 107 ’M stimulated
;;:3: gembic glycalysis and glucose uptake in EGR and KC! EGR byt
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1 X 10* M had no effect except that stimulation was noted in one run
using a combined glucose-glutamate substrate.

Lactic acid production was also studied with two other substrates.
Table II shows that with guinea pig brain shces in EGlut sodium
hydroxydione had little if any effect on it, Thus, the steroid does not
appear to interfere with utilization of endogenous lactic acid nor does
it cause the production of lactic acid with glutamic acid, With rat
brain slices in KCl EPR plus sodwum hydroxydione, lactic acid accumula-
tion was not as great as in control vessels

I DISCUSSION

Although much remains to be done, some actions of sodium hydroxy-
dione on brain metabolism have been elucidated by work reported above
and certain comparsons can be drawn between 1ts actions and those of
other anesthetics,

As is the case with other agents, concentrations which produce anes-
thesia in vivo had httle effect on oxygen uptake in the usual media but
definitely inlubited the stimulated Qo; produced by potassrum 10ns. The
concentrations which produced the findings illustrated m Fig 1 cor-
responded to 50 mg. per kilogram of sodium pentobarbital and 115 mg
per lalogram of sodium hydroxydione This dose of sodium pento-
barbital injected intraperitoneally produced profound anesthesia with
adequate ventilation m 6 rats which were sacrificed at 30 minutes and
the same effects were noted mn 6 rats which received 250 mg. per kilo-
gram of sodwm hydroxydione under sumlar conditions. However, the
data indicate that the actions of sodium hydroxydione on the stimulated
Qo differ from those of sodm pentobarbital. Sodm pentobarbital
i drately inhibited the stumulated Qo. and apparently nhibited only
the excess oxygen ption produced by p ium fons The -
hibition by sodium hydroxydione was delayed at least 15 minutes and
increased with time, finally markedly exceeding the inhibihon in EGR.
The delay in onset of inhibttion, which was also found with other sub-
strates, is reminiscent of the delay in onset of anesthesia noted with this
agent (18, 19) The diate onset of inhbition noted with hom
nates (Fig. 4) suggests that this delay may be related to the permeablity
of the central nervous system to this agent The inhibition of more than
the potassium stimulated Qop suggests that sodm hydroxydione has
a more profound action on the systems responsible for glucose oudation
in high potassium media than do other anestheties Furthermore, this
steroid, ke other anesthetics (9) increases glucose uptake and aerobic
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glycolysis indicating that it blocks the entrance of glucose into the tri-
carboxylic acid cycle and not the glucolytic pathways.

Another notable difference between sodium hydroxydione and other
anesthetics is that the steroid miubited less ;m KCI EPR than in KCl
EGR This, plus a sumilar pattern of inhibition m KCl EGlut provided
supporting evidence that its major site of action is on glucose oxidatron.
However, the presence of a definite degree of inhibiton m high potas-
swm EPR and EGlut may indicate 2 second site of action, namely, on
the oxidation of trrcarboxylic acid cycle constituents

‘There is evidence that sodiem hydroxydione may inhibit cudative en-
zymes at the famihar pomnt between the flavoprotems and cytochromes of
the electron transfer chain (5, 16). Dehydrogenases, at least those m-
volved m glucose oxidation, are relatively insensitive as shown by the re-
versal of inlibition 1 EGR by methylene blue Cytochromes are also un-
affected since there was no inhibition when the substrate was sodium
succinate. This 1s 1 marked contrast to the findings for other steronds
(3) which inhibited at the dehydrogenase level.

The data obtamned with guinea pig brain shces, in addition to showing
that p lated endog substrate oxidation 1s inhibited
by sodium hydroxydsone, indicated that these substrates were exhausted
within 60 minutes since after that time 1nlubition was negligible This
suggests a method for a comparative study of the endogenous respiration
of vanous species.

The stimulation of glutamic acid oxrdation by potassium may indicate
a fundamental difference between potassium and electnical stimulation
of bramn shices since Mcllwain (14) was unable to stmulate the Qo
of gumea pig bram slices when the substrate was glutamic acid. How-
ever, since the Qo in XC1 EGlut was not as lugh as that attained in
KCl EGR or KCI EPR further study of the conditions of electrical
stimulation mght be fruitful

The glucose uptake and aerobie glycolysis studies are preliminary only
but we have had suffictent expenence with the methods to feel that we
can draw certain conclusions from the small number of vessels used
Thus, as with other anesthetics, mcreased aerobic glycolysis in EGR was
shown i duphcate runs on brain slices from three species including man,
and increased glucose uptake was shown for rat brain slices in both EGR
and KCl EGR It 15 probable that additional analyses would show a
greater glucose uptake in KCl EGR than 1n EGR, since this has been our
experience in other work. The Jactic acid analyses i EGlut show that
sodiim hydroxydione neither interferes with the utihzation of endoge-
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nous lactic actd nor produces a shunting of glutamic acid to Jactic acid.
It does, however, decrease the amount of lactic acid found in KCl EPR
This may indicate inlibition of pyruvic acid utilization with either de-
creased formation of lactic acid or preferential utilzation of lactic acid
in the presence of inhibited pyruvate metabolism The findings with the
relatively new glass mat technique (10) require additional studies be-
fore they can be interpreted properly. At this point they suggest a dif-
ference in action between sodium hydroxydione and sodwm pento-
barbital but sleeping times must be determuned to insure that the in vivo
doses used were comparable. The lack of effect of in vive admimstra-
tion of anesthetics on the Qo; of slices respiring in liquid media plus the
recovery of oxygen uptake rates to control levels after the addition of
EGR to slices respiring on mats suggests that the technique is achieving
its purpose in preventing the washing out of drugs administered 1 vive
as indicated by the findings of Huston and Martin (11) with dinitro-
phenol and sodium arsensite  Our studies clearly show that both
anesthetics when given in vwo affect oxygen uptake as determined by
this technique but neither snhibits it during the initial pertod when the
Qo 15 nearly as high as that produced by electrical, potassium, or dinitro-
phenol stimulation,

Finally, neither of the metabolites studied was as potent as hydroxy-
dione in inhibiting the oxygen uptake of rat brain homogenates. This
was not unexpected in view of Selye’s generahizations regarding strue-
ture and anesthetic potency of steroids (24). Since the metabolites
probably possess anesthetic activity this finding does not rule out the
possibility that the actwity of sodium hydroxydione is due to a metabolte
(4) but neither daes 1t support it

In conclusion, it has been demonstrated that sodium hydroxydione
has some of the actions on brain metabohsm common to other anesthetics
but differs significantly in other actions Since the actions of sodium
hydroxydione on cerebral blood flow, oxygen consumption, and glucose
uptake in vivo are sumilar to those of other anesthetics (4) 1t is apparent
that basic biochemical mechanisms cannot be deduced from such studies
alone.

IV. SUMMARY
Some actions of sodium hydroxydione on brain metabolism have been

determined using ic ques and of glucose
uptake and/or lactic acid production. ]
Like other h sodium hydroxyd in ions eff:

in vivo inhibited the potassium-shmulated Qo; of brain slices more than
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it mhibited in the usual media However, unlike sodium pentobarbital,
it inhibited more than the excess oxygen consumption produced by
potassium when glucose was the substrate. Some inhibition of oxygen
uptake was noted in high potassium media containing pyruvate, gluta-
mate, or endogenous substrates but this was not as marked as when
the substrate was glucose There was no inhibition when the substrate
was succinate and methylene blue reversed the intubition when the sub-
strate was glucose These findings plus the fact that sodium hydroxy-
dione stimulated aerobic glucalysis and glucose uptake suggest that the
principal action of this agent on oxdative reactions is to mhibit the
entrance of glucose nto the tricarboxcylic acid cycle Inhibition of tri-
boxeylic acid cycle substrates appears to be a secondary acton and
the site of action on the electron transfer chain appears to be the same
as for other anesthetics

Expeniments with brain shees respiring in contact with oxygen after
in vivo adminstration of sodium hydroxydione and sodium pentobarbital
indicated different but as yet unexplained actions of these agents on
oxygen uptake as measured by this technique.

‘Two metabolites of hydroxydione were found to be less potent inhibi-
tors of oxygen uptake than the parent compound
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Drscussion

B, B. Bropig. In interpreting your :ntetes!mg S.v.-dmg:, DI E)I)ou, it sheold
be bome 1 mind that the sterord th as e acd
esters  The steroid anesthetics have a pKa of abou( 4 and are probably almost
campletely ionized at physiological piL. Presumably, therefore, they are hydrolyzed

lly before they p the blood-b barner I believe that this
has been demonstrated cvpenmenlally Another powt- 1 wander if, knowing the
effect of anesthetics on the enzyme systems you have studied, would you fell
us anytfung as fo their sife of achon i inducing anesthesia

H W Eiuorr. Iagee with you These studies only suggest sites of action on
enzyme systems

B B Bropie; Simce the sterord anesthetics offected the enzymes, after stimula-
tion, but not before, could this not be interpreted as meamng that their action
s primanly on the exaatory process®

H W. Eworr Exactly

B B Bropre But tsn't this hke saying that a car does not go because something
is wrong with the transmussion, when actually something 13 wrong with the spark

Tugs?

r I% Y. Eruorrs We would bhe to thik that the m oitro techniques used
to stimulate otygen consumption may at least parallel what 15 gong on i vivo
This stimulated respiration 18 more sensibve to asesthebics than is respirabion m
convennonal media.

B B Brome Or the anesthctics have o direct effect on the cellulor enzyme
systems, but depress the excitability of the ocll as a result of wlach miracelhulas
enzymes appear to be affected

H, W. Euorr: I doubt 1t
G. . Conpan+ The chimcal smportance of this work descrves clanfication, 21-
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hydroxypregnanedione-3,17 is not a perfect compound for clmical use because 1t
causes vein 1mtation when admimstered m high concentration There 1 also a
lag between its admmistration and effect in vioo and m vitro I have been hoping
that the studies Dr Elhott reported would show that one of the metabohtes of
this compound was responsible for 1ts anesthetic action. As you know, W D Jakoby
and G. Tomkemns, to whose work Dr Brodie referred, have recently shown that this
compound 15 rapidly de-estenfied and broken down to the 3-« and 3-g alcohols
(Science 123, 940, 1956). Dr. Ellott has studied the effects of these alcohols
which produce less mhubition of oxygen uptake than does the parent compound.

Whether these are the effectve metabolites 1s mot clear, because more than
one actve compound 15 produced, Swce Dr Elhott has dentified two potent agents
bere with synergistic or addive effects, 1t 15 possible that the formation of multiple
active metabolites mught explain the delayed anesthetic action. The search for more
possible metabolites and for other anesthetic steroids should contume From the
work on “site of action,” I would think also that it 1s not enocugh to screen com-
pounds by seemg whether they inhibt otygen uptake, as we did ten years ago,
because 1t 15 quite possible that agents may be effectve despite Lttle effect on
oxygen uptake, They may Iut other sites of action than those Dr Ellott referred
to thus morming

H. W. Extrorr, The two metabolites available were the o~ and g-hydroxy-
pregnanediols and they display less wnhubrtion at the same concentrations than does
the parent compound  pregnane-3-20-dione-21-ol, not the sodmm hydroxydione
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Genetic and Psychological Determinants
of Sexual Behavior Patterns

WoLay C. Younc

Department of Anatomy, Unsocrsity of Kansas School of Medicine,
Lawrence, Kansas

Many differences in the patterns of sexual behavior displayed by in-
dividuals cannot be correlated with quantity of hormone, gonadal
pathology, or abnormality of endocrine functionmg (12-14, 27, 53, 54).
The problem which is thereby presented has been a subject of recurrent
imestigaton ‘The gunea pig has been studied more intensively than
any other species, but important contnbutory data not to be discounted
have also come from expermments and observations on the rat, chim-
panzee, cat, dog, and domestic fow]l What has been learned from the
guinea pig will be presented first, but in the interpretive portion of the
review the data obtained from the other species will be given the im-
portant place that is thewrs

For students of the hormones and behavior, sharp end pomts are as
much a prerequisite as they are for workers 1 other fields of endocrino-
logical mvestigation, Their nature, however, is totally unhke that of the
end points employed in studies of tissue and organ responslveness The
end pomnts used m work on beh are 1 of the
total pattern of behavior which can easily be followed and quantified
Each is known as a measure and together they can be used for the
estumation of vigor of the behavior As would be expected, the measures
of sexual behavior are different m males and females and from species
to species In general the number serving as well-defined end pownts
is proportional to the extent to which the species has been studied. No
fewer than four measures are now followed in the male guinea pig and
six can be disingwished in the female A number of others could be
added to the bsts.

In work on the male gumea pig the quantity and quality of the be-

1 A number of the mveshgations described m this review were aided by research
grants M-504, M-504(C-C3) from the National Institute of Mental Health, Na-
tional Ynstitntes of Health, Public Health Service, and by grants from the Commttee
for Research i Problems of Sex, National Academy of Sciences-National Research
Counail

5
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havior and latency to ejseulation expressed as a score have been used
most commonly for estimation of sexual vigor (Fig. 1). Other measures
are the per cent of animals in which ejaculation occurs within 10 minutes,
length of the recovery periad following satiation, age at the time of sex
val maturation (44, 50), to an androgen determined by
the quantity of hormone necessary for the restoration of the precastra-
tional pattern of behavior, and the time required for the organization
of the 1 hamsms mediating sexual behavior (47, 48),
The duration of heat and its reciprocal, length of the interval between
the injection of prog and the begmning of heat, have long pro-
vided a ient measure of behavior in studies of the female (17).

TOTAL  TIME-WEIGNT
i 2 3 % 5 6 T B ¥ 0 BENMAVIOR FACTOR SCORE

AN ROt LR TRt S AL LR AL AL

NIBBLING ] 3 x g3e - 0 44
dL AR I e LT i

NUZZLING ft 1 tels gt 19 " ¥ 276 - 303%
UL U B S s

sounTng frrdnfe it 1} ) x A . 3728
i TR e T T

INTROMSSION. ) 2 X 5%z . 0%
Srayaan Trefrrr

EJATULATION It : z  6%0 « 0650

ONLY THE HIGHER MEASURE 18 usEd, TIME 2944 MM SCORE FOR TEST - 8970

Fre, 1 Scoresheet used for performance of male guinea pigs in 10-minute
tests (§5).

Duration of the maximum Jordosis is used, as are also proximity of the
maximum lordosis to the beginning of heat, amount of male-hike mount.
ing, responst to the conditioning injection of gen, and, as in
the male, the time required for the orgamzation of the tissues medating
sexual behavior (24, 25).

Each measure varies greatly, the score for the male from 0 to 20, the
number of ions p i ,‘ from 0 to 12 or more,
the length of the interval between the begmmning of a test and cjacula-
tion 15 seconds or less to 30 minutes or more, age at the time of sexual
matuzation from 63 1o 96 days Duration of heat 1 the female may
be less than an hour or as long as 24 hours, althongh heat of the latter
length 15 rare. Duration of the maximum lordosis may be 1 or 2 sec-
onds or 30 seconds, the amount of male-lke mounting from 0 to 100
or more mounts during a smgle estrous period. Except for the temparal
wship of several of the measures, a considerable degree of in-

yelatios
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dependence exists. Male-like mounting may be displayed at the time
of estrus or it may be absent (52), the mean lordosis is longest in a
strain of females Jeast responsive to the conditioning action of estrogens
(24). The result of this vanability within measures, much of which is
mdependent of the variability within other measures, is an infinite
number of patterns of sexual behavior For the gumea pig and doubtless
other lower Is as well, the 1 that differences in sexual
behavior are much greater than diff in structural ch is as
apt as it is for the human male and female (33, 34).

Striking to an observer of laboratory mammals is the extent to which
patterns of behavior tend to be displayed istently by indrwvidual
anmals, Data are most accurate for the length of heat in the female
(51) and the scored behavior of males (Table I), but there are strains
in which the females do not display male-like mounting and in which
the duration of lordosis 1s characteristically long or short (24). Such
differences between mndividuals are not related to the number of ruptur-
ing follicles (53), to the ovarian condition within the limits of the
pathology encountered by Young et al (53), to the amount of injected
a-estradiol benzoate, provided a certain threshold has been attained
{Table V), or mn the male, to the amount of testosterone propionate (27).

Up to the pont i of prop have been given
to male guinea pigs (27, 45), and increments of a-estradiol benzoate to
females (Table II), the patterns of behavior characteristic of the pre-
castrational period have not been altered appreciably The single ex-
ception may perhaps be latency and duration of heat in the female, but
inasmuch as estrus was extended by the addition of weak responses with-
out alteration 1n the intensity curves (Fig 2), the increase probably was
not accompanied by a lengthening of the period of receptivity to the
male.

Results of ths sort gave d empk to the hypot! d d
onginally by Goodale (23) and later by Ball (2) and by Young et al.
(53) that patterns of sexual behavior have a somatic basis, that the

h of bel displayed depends on the ch of the soma
or substrate on which the hormones act If the validity of this hypothesis
may be assumed, the central problem for the investigator who would ac-
count for the diff between individuals 1s identifi of the
factors which influence or determine the character of the soma.

Age was shown to be involved when the responsiveness of young fe-
males to estradiol benzoate was beng tested (51), and is thought to be
a factor in determimng the responsiveness of male tissues and organs to
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TABLE I1
RespoNses or 30 SpAvep Femare Gumea Pics 10 DIFFERENT AMOUNTS OF
a-EstraDIOL BENZOATE AND 02 IU oF PROGESTERONES
Latency Duration Maumum lordosis  Frequency
1n hours 1n hours 1n seconds of mounting
50 1U. 56 48 142 25
100 1L.U. 46 59 152 19
200 IU. 4.3 62 153 27
400 LU. 7 73 147 25
800 1U 38 80 144 32

@ Courtesy of Dr. Robert W. Goy.

testicular androgens (30, 41, 42) Season could be a factor (3, 15, 37,
38, 40, 43), and inherent rhythms have been suggested as being in-
fluential on responsiveness to gonadal hormones (16, 18, 20, 22, 31).
Abnormal levels of thyroid hormone modify the responsiveness of the
tissues mediating mating behavior in the female guinea pig (Table III),
but equally stnking differences are seen in euthyroid animals, so the

Mean duration 1n seconds.

o—-e501U
—e 1001V
o-—--02001U

4 5 6
Hours of heat

A
7

Fic 2, Tntensity of lordoss on successive hours of heat in stram 2 females given
different amounts of a-estradio) benzoate and 02 I'U. of progesterone Curves end
at point where 502 of females were out of heat (Couttesy of Dr. Robert W Goy )
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thyroid is not believed to be involved in the differences encountered 1n
any random selected group of females Moreover, the sexual behavior
score of the male guinea pig seems to have been unaffected by the rather
extreme levels of thyroid hormone that were established (56, 57). Scores
of 69 to 7.6 were obtained from animals in which oxygen consumption
in cubic centimeters per 100 grams of body weight per hour ranged
from 37.3 to 80.1, and heart rate in beats per mioute from 190 to 332.
The sexnal behavior of the male rat also appears to have been unaffected
by alterations in the level of thyroid hormone Duly injections of thy-
roxmne i d general bility as reflected in heigh d startle
reflexes, but did not rawse sexual excitability (6). At the other extreme,
the mating performance of thyroparathyroidectomized males up to 30
days after the operation was not sigmficantly different from that in the
preoperative tests (29).

Of importance for the problem of the d ion of the ch
of the soma is the circumstance that all the factors noted above as pos-
sibly exerting an action can easily be controlled. This was done durmg
an mquiry mto the possibility that the genetic background and contact
with other ammals mght be effective factors.

The performance of the highly inbred strain 2 and strain 13 animals
(48) and that of a genetically heterogeneous stock (for convenience
referred to as strain T) has been compared, Data from intact males
are summanzed i Table IV. Significant differences are seen within
most of the measures

For the measures for which data are suffictent to permit ranking
{score, latency to ejaculation, i i prior to ejaculation, and per
cent 1 which ejaculation occurred within 10 minutes), the rank-order
m a descending order is stram T, 2, 13, Age at the time of sexual
maturation for males of the three strains is given elsewhere (44, 49).
The rank-order for this measure is also T, 2, 13.

Stramn differences among the females were determined from observa-
tions made after spayed females had been injected wath 100 LU. of o-
estradiol benzoate followed 36 hours later by 02 LU. of progesterone.
The data are summarnized in Table V. The most conspicuous differences
are i duration of heat, duration of maximum Jordosis, and mounting,
The percentage of females brought into heat 15 a measure of responsive-
ness to the estrogen. When 100 LU. sere given, the diference was not
great, but when 50 LU or 25 I U. were administered, the highly sig-
mficant strain diffe for this are readily app Another
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conspicuous strain difference is in the proximity of the maximum lordosis
to the beginning of heat (Fig. 3).

Unbke the situation revealed on analysis of the data from the males,
is that concerning the rank-order within each measure of bebavior dis-

TABLE V
SEXvAL Benavior oF FEMALE GUINEA Pics ¥rort DiFFerent GENETIC STRAINSS
Duration of
1.U. of Duration maxmum — Mean
a-estradiol Number  Percent  ofheat lordoss mumber of
benzoate Stramn  {tests) inheat  inhours inseconds mounts
100 2 42 98 T2 156 09
‘T Rl o1 43 no 87
3 51 50 50 252 krig
50 2 14 100 62 139 25
T 13 85 3.3 104 194
13 17 53 42 239 462
25 2 14 41 60 103 0
T 13 15 50 105 155
13 17 0 — —_ -

 Courtesy of Dr Robert W. Goy

TABLE V1
Estnaation or Sexvar Vicon 1N THE Ferare Gumvea Pic Basen ox e Ranx oF
Eacit Sypam wite Resprcr To Duearsox of Hear, Dumation o
Maxpront Loroosss, aND AMOUNT oF Mare-Lixe Movwmive

Strain.

Measures 2 13 T

A Duration of heat 1 2 3

B. Duration of maximum lordosis 2 1 3

C. Provimty of maumura {ordosis to begnning of heat 3 2 1
D Responsiveness to treatment as determined

by per cent brought into heat 1 3 2

E  Amount of maleke mounting 3 1 2

played by the females, It vanes greatly and unpredictably (Table VI).
The of this males and females can only
be cony d Conceivably the of behavior used for the
estimation of sexual wigor in the male constitute a continuum; conse-
quently the rank-order would be the same. Perhaps in the case of the
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pattern of behavior in females, several mechanisms are involved, each
having its awn genetic basis.

The contribution to the character of the soma which comes from con-
tact with other animals, and is therefore experiential or psychological,
has been determined for males and females of strains T, 2, and 13 (25,
47, 49).

!
7 #-<a9 Sirain 13
£N Qun-a Strain 2

/ S\ wn® Strain T

e
B R
T

S
T

Mean duratan n setonds

N s »

by
Hours of heat

Fic. 3. Intensty of lordasts on successive hours of heat, regardless of the amount
of a-esteadiol benzoate  (Courtesy of Dr Robert W. Goy )

A number of data obtaned from the male are summarized fn Table
VIL The isolated males were alope with their mothers from the day
of birth until day 25. Thereafter they were completely isolated The
males raised in the soclal situation were caged with three or four ani-
mals of the same age from the day of burth until day 73 when they were
isolated. The mother was removed on day 25. Both groups of males
were giver the first of seven weekly tests on day 77,

Examination of the data (Table VII, vow 1) reveals that the perform-
ance of the sacially reared strain T males was samewhat better than that
of the isolated males, although nose of the differences s sigmficant. ‘I.Tm
clearest picture is given by the results from the strain ¢ males in which
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pattern of behavior in females, several mechanisms are involved, each
having its own genetic basis

The contrshution to the character of the soma which comes from eon-
tact with other animals, and is therefore experiential or psychological,
has been deternmed for males and females of strains T, 2, and 13 {25,
47, 49).

N #o-ne Stran 13
181 J N ©=~~0 Stran 2
/ A e—e Stran T

Mean duration in secands

0 t 2 3 4 5 & 1 8 8 10
Hours of heat
Fic. 3. Intensity of Jordosis on successive hours of heat, regardless of the amount
of a-estradiol benroste. {Courtesy of Dr, Robert W Goy }

A number of data obtained from the male are summarized in Table
VII The isolated males were alone with thew mothers from the day
of birth until day 25 Thereafter they were completely wsolated. The
males raised 1 the soaal situation were caged wath three or four ani-
mals of the same age from the day of birth until day 73 when they were
isolated, The mother was removed on day 25. Both groups of males
were given the first of seven weekly tests on day 77.

Exammation of the data {Table VII, row 1) reveals that the pesform~
ance of the socially reared stran T males was someswhat better than that
of the isolated males, although none of the duffi is signif 2 The
clearest picture 18 given by the results from the strain £ males in which
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the development of the measures of behavior above mounting (55)
seemed dependent on contact with the other young animals (Table VI,
row 2). There was some development of sexual behavior in the socially
raised strain 13 males, but the level reached, although higher than that
attained by the isolated males of this strain, was below that attained by
the strain 2 and strain T males (Table VII, row 3).

The relatively slight difference between the isolated and socially raised
strain T males was at first perplexing, Doctors Valenstein and Riss sug-
gested, however, that this might be explained by the more rapid growth
of animals in this strain. It was considered possible that many had ac-
quired the experience they needed for the organization of the complete
pattern of sexual behavior before they were weaned. The hypothesis
was tested by weaning and isolating a number of males on day 10 in-
stead of on day 25. Completely confirmatory results wers obtained;
mounting, intromission, ejaculation, and score were significantly Jower
in the isolated animals (Table VII, row 4).

In an extension of the experiment (47, 49), male cage mates were
found to provide sufficient experience for the organization of sexual be-
havior by other males. On the other hand, males raised with spayed
females performed more poorly than males of the same strain raised with
intact females or males (Table VIII). The average score of the males
reared with spayed females is signficantly lower than that of the males
having intact female cage mates, or of the males caged with males. The
results seem to stress the importance of general activity by the cage
mates or perhaps mounting for the devell of sexual behavior. It
is frequently observed that sluggish males mounted by estrous females
are stimulated to mount 1n return. Untreated spayed females, however,
do not mitiate mounting. It 1s considered lkely, therefore, that the
poorer performance of the males raised with spayed females 15 best
explained by the lack of provocation to attempt mounting.

Presence of the testes is not y for the org jon of sexual
behavior. Two untreated strun T males castrated at birth displayed
mounting proficiency before hormonal treatment, although the amount
of this behavior was less than in the intact controls Subsequently, when

jecti of propi were given daily, mounting n-~
creased and approached that displayed by the controls (44). Five of the
six males went on to achieve ejaculation 4 to 6 wecks later.

The possibility that older males without previous opportunity to or-

anize the gher measures of sexual behavior could do so by means of
contact with other animals was investigated (47) Strain T males which
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had not exhibited any of the more mature behavior in tests given while
they were isolated were each placed with two females for 23 days when
they were 320 to 430 days of age. In subsequent tests all these males

d, had intromissi and ejaculated. Strain 2 males of approx-
mately the same age did not acquire the copulatory pattern so readily.
Two of five achieved intromission and ejaculation after having been with
females, but none of the remaining three displayed any of the higher
measures of sexual behavior, The data indi that the organizati
of sexual behavior patterns in the male guinea pig is not as sharply re-
stricted to an early critical period as is the behavior described in the
literature dealing with the phenomenon of imprinting in birds (36). It
is clear though that contact with other animals is not as effective in or-
ganizing the tissues mediating mating behavior in older ammals as in
young males.

Data were obtained from parable experi: on the female
Animals from the three strains were spayed within 5 days of birth and
raised either in isolation or in a social group. An isolated female was
with her mother until day 25; thereafter she was alone in a cage Fe-
males reared socially were caged with their siblings until day 25 when
the mother was removed. Thereafter they were confined with two to
ten females and two or three males. This manner of caging was not

hanged during the inder of the investigation except that on the
days tests were made the animals were placed together, but the isolated
and socially raised females were always in different observation cages.

The results from tests made following the administration of 100 1U.
of w-estradiol benzoate and 0.2 LU. of progesterone are summarized
in Table IX. In general the behavior was quantitatvely less for the
isolated females than for those raised socially The most conspicuous
exception involved the strain 2 amumals Even when females from this
strain are raised socially, they do not mount, reduction following 1sola-
tion therefore is impossible. As in the expeniments on the males, the
importance of the genetic background is evident The vigorously mount-
ing strain 13 females require contact with other anmals for the or-
ganization of the pervous tissues mediating this behavior, whereas no
amount of contact with other ammals shmulates the display of mounting
by strain 2 females. .

These experiments in which females spayed within 5 days after birth
were used revealed that the ovaries are not necessary for the orgamzing
ch occurs when there 1s contact with other animals In an-

whi
::}?::‘ experiment females were isolated from birth, but spayed as adults
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or aggression by a female, however, can have a depressing effect (9).
Castration of the male cat 1s followed by the loss of sexual behavior with

pulatory resp dropping out first, followed later by the loss of
mounting behavior, On the other hand, sexual experience before castra-
tion retards the loss of sexual behavior for pertods up to two and one-half
years (46).

The develof of sexual behavior patterns in the chimpanzee has
been studied by Nissen (39). Males and females after having been
raised in a nursery for 2 to 3 years, were transferred to cages where they
Lved in sex-mived groups. Before puberty the sexes were separated and
placed in adjacent cages Begmmning well after puberty the animals were
parred m male-female combinations in such a way that the younger in-
experienced animal was with an older expentenced animal of the opposite
sex, In many hundreds of sessions the complete mating pattern was not
shown, although almost all the component or unit acts of the pattern
were displayed With only a shght modification of Nissen’s words, the
component acts are exther mnate or they are learned in early life without
the act of learning bemg observed. The pl quential pattern of
mating behavior, on the other hand, 15 not innately determined, or at
best, the innate factor 15 only a readmess or predisposition to learn.
Several factors mcrease or decrease the probability that such learning
will occur. Foremost 15 the activity level The greater the activity and
the more 1t is varied, the more likely is the development of the complete
pattern. Age is critical. As the chimpanzee matures, the amount of
actvity . which he engages decreases With this slowmg up, the
probability of there being the concatenation mentioned above 1s reduced

If what has been found for the chicken, guinea pig, dog, cat, and
chimpanzee 15 to be the basis for the hypothesis that patterns of sexual
behavior are learned rather than bemg wholly innate, what has been
reported for the rat is emgmatic. The results from an early study of
rats raised m isolation, cohabitation, and segregation (4), and from a
more recent m which diffe kinds of expenence were
given (82) are consistent 1n leading to the conclusion that the complete
pattern of sexual behavior including ejaculation was displayed more
frequently by the males raised in isolation The data are taken to in-
dicate that patterns of social behavior formed before complete mating
was physically possible tend to persist and to intubit the normal sexual
responses.

Evidence for an orgamzing action in the positive sense has not been
found. In an unpublished experiment described by Beach (11) male rats
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The results were similar to those deseribed above. Clearly, therefore,
presence of the ovaries from birth to day 120 does not compensate for
the effects of isolation,

In a final experiment with the fernale contact with other animals was
not provided until day 240 Duration of heat, maximum lordosis, and
mounting svere less than in the females saised socially from the day of
birth {Table IX). The difference between the groups was even more
striking than in the males.

The conclusions which may be deduced from these experiments
on male aud fernale guines pigs are summarized: {1} Contact with other
animals 15 smportant if not y for the develop or O §
of the complete pattern of sexual behavior. {2) The extent to which
the psychological or experiential factor influences the organization of
such behavior depends on the genetic background, At the moment,
relative wap may not be assigned to either factor. In general the
adult pattern has not appeared m the absence of contact with other
animals At the same time no experence provided in the experiments
which have been reviewed was sufficient to eliminate the trai
differences, (3) The experiential factor is a more effective stmulus to
the maturation of patterns of sexual behavior when the ammals are
young. (4) In neither sex 1s the presence of the gonads necessary for
the action of this factor (5) The element in the contact with other
animals which is most important for the org; of sexual bek
has not been identified, In the case of the male a certain amount of
general activity and perhaps mounting by the cage mates appears to be
important.

Cenerahization with respect to the factors which are influential in
determining the character of the soma would be hazardous if our data
had been obtmned from only one species. Fortunately, however, sup-
plementary information has come from investigations of several species.
Some bears on influences transitory in their effects, such as the inhibition
strange surroundings may have on the behavior leading to copulation and
ejaculation, but much has to do with influences exerting Insting effects
1t is with the latter we are concerned

In the absence of other males white Leghom cocks tend to be can-

sistent in the frequency of mati When, h , four cocks raised
together tor about 3 months were placed in 2 pen containing seven hens,
ion developed wineh 7 1 after the domi cack was

:emt:vred (28). Sabsfactory sexual relations are placed high on the hst
of experiences which sugment the sexual interest of male dogs  Attack
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Beyond bringing the character of the soma to expression, the role of
gonadal hormones is not clear, even in lower mammals. It is not suf-
ficient to conclude that they are excitatory in the sense of stimulating
sexual arousal (7, 8, 10). In their absence sexually experienced male
rats and gumea pigs display a nondirected hyperexcitability (5, 26).
‘When androgens are administered to such animals the excitability is not
necessarily increased, but it is channeled in the direction of successful
copulation.

In man the inadequacy of our knowledge is even more apparent. The
organizahon of the substrate may have been brought so close to an

of sexual bek by innate factors and learning
that xelauvely httle gonadal hormone is required. An analogy might be
found n the striated muscles and semmal vesicles of a castrated male.
Some muscles are smaller and perhaps less effective but they stll func-
tion (35) The semmal vesicles, on the contrary, have shrunk to a mere
vestige and are letely nonfunctional. From the dpoint of fune-
tion, dependence of muscles on the hormone 1s relatively shight, depend-
ence of the seminal vesicles relatively great. If a difference of this sort
exists between the neuromuscular tissues mediating sexual behavior in
man and the corresponding tissues in lower mammals, it would help ac-
count for the seeming lack of relationship between the gonadal hormones
and patterns of sexual behavior in man
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were isolated on day 14 just when the eyes were opening and before they
could have had experience mounting their cage mates or being mounted.
Between days 90 and 100, thirteen experimental animals and twelve
siblings which had been reared together were tested, In the fisst 10-
minute test four of the experimental and fve of the contral males mated
The copulatory perf is reported to have been perfect. Latencies
were 195, 160, 60, and 8 seconds i the expenmentals and 110, 103, 75,
40, and 25 seconds in the controls We cannot account for the differ-
ence between the guinen pig and chimpanzee, on the one hand, and the
rat, on the other, unless it 1s to suggest that in the evolution of the rat

the organization of the mect liating mating behavior has be-
come innate very much as the evolution of the cowbird has been ac-
panied by the develop of a p behavior which gives

the young competitive advantage in the nest of the parasitized species
{21},

Whatever interpretabion is placed on the data obtained from the
rat, the evidence scems incontrovertible that m two species widely

3% d phylogenetically the ch of the tissues mediating sexual
behavior in males and females is strongly influenced by experiential fac-
tors. Presumptive evidence exists that such factors are also umportant
for the or of sexual beh 7 in male chick dogs,
and cats

The fortuitous availability of nbred strains of guinea pigs has enabled
us to demonstrate something of the importance of the genetic back-
ground. Limitations are imposed which neither the expenental factor
nor any action of gonadal hormones has overcome. But by the same
token, the gemetic background does not have an autonomous role in
determining the character of the soma, Contact wath other ammals is

y if the g I ined “portion” of the substrate is to

be readied for exp by the subseq action of a

The point of view we have developed provides an explanation for the
opinion that gonadal harmenes are without effect on sevual behavior
(34}, and why specificity of their actions, discussed at length by Anthf
and Young (1), has been questioned (8, 19, 34). The hormones act
on a substrate or soma already estabhshed and bring out just what is
there, In the case of the female guinea pig this may be male-like mount-
ing without estrus, it may be a vigorous lordosis without mounting, or it
may be any one of an mﬁmt? numbc'r of mtennedmtg patterns. XnA some
males ejaculation may be achieved within 5 minutes, in others 20 minutes

or more may be required.
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Discussion
Ciamaan R W Gemarp  Thank you, Dr Young, for a very excellent
presentation
A C Gorpstem  In your expenment wath the anmals rased i social isolation
and in social cond: have you gated the 4 in these
ammals before you tested them® I am trymg to get at possible mechamsms for

W C Youwc There were no differences provided the genetic stran was the
same

A C GowsteiN Do you intend to rase the anunals, mamtam them, and
furmish them with some expenience such as mounting various objects?

W C. Younc No, but we have done this which I did not mention we have
placed young anumals with ovanectomized females The latter are about as m-
active an ammal as it 15 possible to provide. The ovanectomized female 15 not
a sufficient stunulus object for the orgamzation of these patterns of behavior
m the experunental males and I doubt if a dummy would be effective.

D. W Woorrkr I want to sase a pomt about this socal effect also We
have been downg evpenments overcommng the psychotic behavior of mice given
Iysergic aud diethylamide {LSD) by ad of serotomn plus cholmergie
substances One can overcome the LSD by injection of the serotomn and cholin-
ergic substance mto the lateral ventncle. We have found m our expenments that
the social evpenence 1s quite important If one goes to the mouse colony and
selects amumals from a dozen cages and combines them i one box, so that strangers
are together, 1t takes about a quarter as much of the cholmergic agent to be
effectne i these ammals as it does of the anunals have been housed mdradually
for 24-48 hours The ammals become mixed up in a new socal atmosphere. The
varlability 1 thetr response 15 much greater than those kept isolated

W. C Younc We have tned admumstenng larger amounts of testosterone to
the males brought up under conditions of wsolaton and the larger amounts of
testosterone were not effective. Dr Goy has akso injected large amounts of estrogen

into females. In peither sex does the hormore substitute for lack of contact with
other armals
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Discusston
Cuamaan R W Gemamp  Thank you, Dr Young, for a very excellent
presentation
A. C Gowstex  In your experiment wath the ammals rased m social fsolaon

and 10 social conditions have you invesigated the metabolic & in these

ammals before you tested them?® I am tryng to get at possible mechamisms for

has

W C Youxc There were no differences provided the genetic stramn was the
same

A. C Gowstery Do you mtend to rase the ammals, mamtsin them, and
furnish them with some experience such as mounting various objects?

W C. Younc* No, but we have done this which T &id not mention we have
placed young ammals with ovanectomzed females The latter arc about as m-
active an ammal as 1t 15 possible to provide The ovanectomized female 1s mot
a sufficient stunulus object for the orgamzation of these patterns of behavior
m the experumental males and I doubt f a dummy would be effective.

D W Woortey: I want to raise a pomt about thi social effect also We
have been dowg experuments overcoming the psychotic behavior of mice given
tysergic acid diethylamude (LSD) by ad of serotommn plus chohnergic
substances One can overcome the LSD by injection of the serotonmn and cholme
ergic substance mto the lateral ventnicle. We have found 1 our expenments that
the social expenence 1 quite important If ome goes to the mouse colony and
selects anumals from a dozen cages and combines them i one boy, so that strangers
are together, 1t takes about a quarter as much of the cholinergic agent to be
effective 1n these ammals as 1t daes 1f the swmals have been housed wdendually
for 24-48 hours The ammals become mued Up 1 a new social atmosphere The
variability 1n their response 1s much greater than those kept solated

W C Younc We have tned admmstenng larger amounts of testosterone to
the males brought up under conditons of ssolation and the larger amounts of
testosterone were not effective. Dr Goy has also wnjected large amounts of estrogen

into females In neither sex does the hormone substitute for lack of contact with
other animal
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€. G. Harratan: Going up m the scale 2 bit, I might mention the case of 2
male monkey which had been raised in isolation-a very handsome fellow, who
was not worth a dama as a breeder, He did not sects to hnose what heterosexual rela-
tions were all about; he would show some sexual excitement by mastusbating, but
he never copulated.

Well, Dr. Young, I am sure you know from your stay at Yerkes Chimpanzee
Colony m Orange Park that for that species generalwed play of the immatwe
clump s an wmportant prelude to sesual maturstion, behaviorally speaking.

W. C, Younc: Henry Niesen has besutiful data on that

G. Pivcus Do you have koowledge about the function of the adrenal sterords®
Have you done work on those?

W. C. Younc: No. If you people could teach me bow to adrenalectomize a
goinea pig ond keep it alive, T would be debghted.

G. Prvcus. The method has been published but they hwe for only a few days

R. A Crecriony  Canuot they be sustamed?

G. Pivcus. It as the most difficult animal in our evpenence evcept possibly the
rabbit, They are equally bad but you could of course wse adrenal stercids to
affset the adrenalectomy effect I am wondenng whether the question of dave
that you call genetic mught not be accountable to some other endoene.

W. C. You~e. We certainly cannot eliminate that possbibty, although mn the
female sgan with such a muxture m the order of these thinge I am inclined o
think it is bancally geoetic.

Cramatan R W Graarp: I am afraid that does not mean much “Basically
genetic,” by the time you are maling & test on the ammal, mercly means the
sntmal 15 different, At that tune the geneticists would say how it got that way, but
there would also be at that moment a difference in hommenes, 1 brais, or sa some
other part of the organusm,

W. G. Yaune. We thisk st 1s not a difference m gonadal hormones, We are
contreling the ameunt by usitg gonadectonuzed amumals and the same quantities
of snjected hormone

CramMaN L W, Geraro, Siace 1 have got the foor for a moment, have you
ever made an effort to even look grossly at the braws of these high, medmm, and
Jow performers to see If there 15 a dsfferent relative development of the relevant
different parts®

W. C Young: No

Cramuay R, W, Genars  Thas s the Jand of thing that mught easily relate to
a differential actvity of varous bramn regians

1. C. Younc: Yes, we hope £0 get into somethmg ke that as the nest step

Cramman R, W Grranp. Make some quick frozen sectians, even with camera
Incida outlmes, and see sf you get any mujor clues that way before you go in for
an enormous number of seral sections.

E. Axprnson, What area of the braw?

Cuarsnan R, W, Gerano Now you ase expeching me o be an anatormst At

that stage, I think the obvious ones

G. 5. Gorpan Wiuch are obwious?

Cstamatan B W Crnaro: Auythag under the corfes
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R G Hoskins' I merely want to ask if there is any work on the effect of the
social factor on the age at which sexuality begms to appear.

W. C. Younc: Yes, there is. In ammals brought up under conditions of 1solatten,
sexual maturation is relatwely slow.

C. G Harryan, There are other studies on that, are there not? On muce
and rats, 1 beleve.

W. C Youxc: I am not aware of them, but precocious development has been
reported by Calvin Stone and Frank Beech followmng the myection of androgemc
substances mto young males

B. B Bropm. What are your thoughts on the reason for the sedation that
follows from the sewal act which seems much greater than would be evpected
from the espenditure of energy?

W. C Youxc I have no thoughts evcept what I mentioned to you over
the luncheon table that this sedaton can be overcome by a sufficiently strong
pychological stimules  Typically, the male gunea pig ejaculates once and goes
off mto the corner and 15 quiet for some tume We observed these animals for
about 60 minutes and gave up We then modified things a bit We removed the
female at the end of 30 minutes, dropped her into a basket, picked her up and
replaced her 1a the cage, The male continued to Lie in his comer When, how-
ever, wstead of replacing her at the end of 30 munutes, we replaced her with a
second female m heat, hus interest was somewhat revived. One male even dis-
plaged a second ejaculation m the second 30-minute perod, and mn every case
I believe there was considerably more actvity stunulated by the second female
than by the first.

€ G HasmaN I would hke to call Dr Brodie's attention, 1f I may, to the
fact that a ram may copulate with 50 ewes m a single day, producing two billion
sperms at each ejaculate and pregnating 48 of the 50 ewes A rabbut buck
has been known to swc 40 Ltters in ome day. These males must have some
mechamsm for quick Tecovery of nervous energy.

B B Broow But there must be some reason for the sedation observed in
some species

Cramasan R W, Gerano  You are confusing cathectic energy with physical
energy which 15 one of the mustakes that has been made over the decades

F F Fracn. Did you say there was a difference n the effectveness of socializa-
tion in grouping 1 one stram and not 1n the other?

W C Younc Yes

uck by in the first paper
the amygdalowd pucleus
responded to the expen-
ment while dogs did not I have always been, m an 1wformal way, struck by the
schizoid quality of cats 1 dont want to offend anyone who 15 a cat lover, but
from my observations cats usually form tenuous relationships with humans They
remain aloof from the begining to the end of ther emstence i the farily and
are prone to sudden rage reactions On the other hand, dogs often identify wath
people mn the family constellation and will form more complex emotional rela-
tionshups  Carried over mto human terms, this poses a queston Why not
investigate the high or low degree of drve and particularly those factors which
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explan the dilference? Similar differences ocewr in human beings and 3t may
well be that by analyzing these species-speefic factors in antmals we may obtun
a clue as to why in o particular person, say a scluzophrenie type, not only the
personality structure but ko the metabalic setup, might resct in ususual ways
to ot fatrvel £

normal
G. 1, Grasen. Dr. Williom Scowille, of Hantford, has reported tn us observations
concerning bilateral sbiations of the pp pus in human schuzoph as an
1 th i d These Individuals did not show averachve

P 'p P
hypersexual behavior, In fact they showed @ lessening of drive

A.C Gowostesn, In a recent paper by L Schremer and A Khing (Am, J Physiol
184, 486, 1958) smygdalectomy in dufferent spectes produced more unform changes
on emotional behavior than on st behavior, so that 1t would apparently be wrong
to conclude that strong setual i ty follow dat

In the matter of the period of shiggish that follows ejacul there are,
as Dr. Hartwan sentioned, very wide differences amony species but in the rat
soteresting things happen. This has been studied miher mare extensively in the
rat, We have let rats mate as long as they wished dunmg a penod of 4 day and
they will go at tumes up to nine consecutive ejaculations over a penod of hours and

3 thus period the most efect from ) 10 gpcul 1s a Jengthen-
10, of refractory perod Even 1 an wdividual anumal that as quite consistent,
lengthens from epenl to eqacut On the h of 3t very lutle 1
Lrown

W. C. Younc. Just one comment I should add that relatwvely few of us hawe
worked 1n thus Beld, at least over 2 penod of years To be sure, there have
been many observations, but 1 tuak that the group at Yale and the group at
Kansas have done moare work than has been done m other laboratories. For-
tunately Frank Beach and I have recently been able to compare notes and compile
a list of specses differences in the rat and gumea pig  If confidence w the ob-
server is assumed, the stuking thing is the number of species differences and
the radical nature of the dfferences, and both feel, 1 heheve, that before general
interpretation can be made we must have mformation from many ather species

Coamatan B. W Gesasio  Just to follow that wp with a comment that 1 did
not expect to make, Sherry Washbura was talldng to me recently after comng
back from Afnica where he practically bved with a number of baboon groups. He
says the attitude of the seror male towards the younger male as regards possession
of the female, is entwely different than umversally assumed Thete seems 1o be no
concern about 3t at all, they just tatate around freely
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The experimental control of sex behavior in animals is a vast topic,
and I have restncted the matenal in two ways m order to give some
unity to this presentation in the time available. First, I have drawn most
of the following matenal from the literature on mammalian sex behavior.
Ths 15 not, however, a senous drawback since the best studred examples
are mammahan Second, 1 have emphasized for the purposes of this
conference the neural and end isms m sex bek How-
ever, I do not want this to leave the impression that sexual behavior is
“nothing but” the neural and endocrine mechansms, for there are many
other classes of events which we could, with justification, speak of as
controlling sex behavior. In many species, for example, especially among
seasonally breeding forms, gradual endocrine changes prepare the animal
for the breeding season These endocrine changes are often precipitated
by environmental factors such as the amount of daily light, the amount of
food available, or the climatic conditions The act of mating jtself may be
induced by other environmental events, such as the presence of the
mating partner, or the presence of 2 nesting area Also, sex behavior
can be greatly modified by the efiects of previous experience (21, 53),
and one aspect of this problem 1s treated in Dr Young’s paper. I shall
not be discussing these methods of control, but 1t 15 worthwhile to keep
i mund that these factors can be as mnportant to mating behavior as
those imternal events which we classify as neural and hormonal.

In addition to illustrating some main points m our knowledge of the

docri: hani beh: , I shall suppl these

ine of sex
wath an account of some work which has recently been completed in
the Yale laboratories of Dr. Frank Beach Much of this work is still in
press or 15 bemng, prepared for publication.

To make the di ion more the following is a typreal mating
pattern m the four-legged mammal. In the female the fundamental
copulatory response consists of a flattening or depressing of the back,
with the result that the perineum is elevated and exposed This is the
lordosis response "In those species where 1t 15 necessary the tail is
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moved Jaterally. In the mating behavior of the male, the pattern consists
of mounting the female from the rear wath the forclegs resting on hey
back or gripping her sides. The male then executes thrusts of the hind.
quarters until intromission occurs. If intromission does not occur, the
male dismounts and tries again a short time later. In some species intro-
mission oceurs once and is prolonged until the male ejaculates. This is
what happens in the cat and dog. In other species, such as the rat, the
male may mount, achieve intromission, and dismount several times before
ejaculation occurs (19, p. 251).

1. ENDOCRINE FACTORS
1 Errecrs oF CASTRATION IN 1o Mare

In the male rat (24, 62), guinea g (40, 60) and hamster {28) char-
acteristic changes occur after the male is castrated. The ejaculatory re-
sponse 15 the first element to disappear. Next the ability to gamn intro-
maission d in freq or disapy However, in these species
the castrate male may still become excited when placed wath the estrous
female, and may chase and sniff at her hindquarters  Figure 1 shows
data from the hamster and illustrates the fall in the copulatory response.
Figure 2 presents data from the guinea pig, and is taken from a paper
by Grunt and Young {40). They used a measure of sex behavior which
is a composite score based on a weighting of all the elements of the mats
ing pattern (66). Swmce it takes mto account the snifing and the fol-
lowmg which persist after castration, thewr score does not fall to zero

Recent work at the Yale Iaboratories has furnished comparable data
for the dog. The results are now being prepared for publication in 2
series of papers and represent work carried ont over eight years on
vanous aspects of mating behavior in grels and purebred beagles.
The dog Is an interesting ammal for this work because, unhke the rat,
the guinea pig, and the hamster, its cerebral cortex 1s convoluted and its
social patterns are more highly developed At present the results indicate
fairly defimte diff 1 how dogs respond to castration and
swhat has been previousty seen in the smaller mammals.

Figures 3 and 4 show the indwvidual records of several dogs. Nine
dogs were used m this expeniment. five were mongrels and four were
beagles Two of the dogs were castrated before puberty and observed
thereafter The seven dogs whose records are discussed here were adults
when castrated  They were stuched for at Jeast several months before
castration and for one to fve years after castration
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Fic. 1. Effect of castration on the mating behavior of the male golden hamster,
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moved laterally. In the mating behavior of the male, the pattern consists
of mounting the female from the rear with the forelegs resting on her
back or gripping her sides. The male then executes thrusts of the hind-
quarters until ission oceurs, If i ission does not occur, the
male dismounts and tries again a short time later. In some species intro-
mission oceurs once and is prolonged until the male ejaculates. This is
what happens in the cat and dog. In other species, such as the rat, the
male may mount, achieve intromission, and dismount several times before
ejaculation cccurs {19, p. 251).

1. ENDOCRINE FACTORS
1. Errrcrs oF CastaTion 1N THE Mare

In the male rat (24, 62), guinea pig (40, 60) and hamster (25) char-
acteristic changes occur after the male is castrated The ejaculatory re-
sponse is the first element to disappear. Next the ability to gain intso-
mission d m frequency or disapp H , in these species
the castrate male may still become excited when placed with the estrous
female, and may chase and sniff at her hundquarters. Frgure 1 shows
data from the hamster and Hustrates the fall 1n the copulatory response.
Figure 2 presents data from the guinea pig, and is taken from a papes
by Grunt and Young (40). They used a measure of sex behavior which
is a composite score based on a weighting of all the elements of the mat-
ing pattern {66). Since it takes into account the sniffing and the fol
lowing which persist after castration, their score does not fall to zeso.

Recent work at the Yale laboratories has furnished comparable data
for the dog The results are now being prepared for publication in 2
series of papers and represent work carmed oot over eight years on
various aspects of mating behavior 1n mongrels and purebred beagles.
‘The dog 15 an interesting ammal for this work because, unlike the rat,
the guinea pig, and the its bral cortex 1s convoluted and its
social patterns are more highly developed. At present the results indicate
fauly defiate differences between how dogs respond to castration and
what has been previously seen m the smaller mammals

Figures 3 and 4 show the individual records of several dogs. Nme
dogs were used in this experiment five were mongrels and four were
beagles. Two of the dogs were castrated before puberty and observed
thereafter. ‘The seven dogs whose records are discussed here were adults
when castrated. They were studied for at least several months before
castration and for one to five years after castration.
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in the mating sequence, whereas the shorter ones do not, In the latter
case, dogs terminate the intromussion and very shortly thereafter begm
to mate agam. The tests on which the dogs maintained intromission for
Jonger than 4 minutes are called “lock” tests to distinguish them. In the
scoring system used, the animal was judged to have shown the complete
mating pattern only on tests 1 which locks eccurred.

There were three classes of response to castration appeanng m the
mdividual dogs. In three dogs there was a consistent dechne in the per
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Fic 4 Effects of castration in the male dog Plotted as m Fig 3 In these two
dogs there was an imtial declme 1 the per cent of tests i each senes i which the
complete mahng pattern was seen, but with time therr performance surpassed
that seen before castration

cent of tests i which the complete mating pattern was seen This de-
cline 15 the typical response to castration seen in rodents (The non-zero
tests for the dog Gundy are tests on which androgen was given Thus is
discussed n more detal later ) Two dogs showed no mportant change
in thewr behavior after the imtial drop common to all the ammals 1m-
meduately after operation The later performance of these dogs ap-
proximated their performance before castration. The remawing two
dogs’ sex behavior improved after castration, until they showed the
complete mating pattern on a higher per cent of tests than they had be-
fore eastration This effect differs from castrational changes seen in lower
mammals and constitutes an effect whose explanation is not at all clear.
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When male dogs gain intromission, the pemis usually becomes en-
gorged so that it cannot be withdrawn for a period of time, about 10
minates on the average. According to normative data on the dogs there
is a bimodal distribution of these intromission times. The distnbution
peaks once for times less than 4 minutes, and once for times longer than
4 minutes. These longer intromission times function as a terminal event
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Fic. 3, Effects of castration on the mating behavior of the male dog. Each pomt
represents a senes of mating tests In each of the three dogs there was a declme
after castration 1 the per cent of tests within each semes i which the cump!efe
mabng pattern was seen The pomts which have been arcled represent tests in
which the dogs recerved injections of androgen The date of the test senes appears

on the abscissa.
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ance of the complete pattern depends upon of and; being
present.

In the above studies, castrates were usually given a constant amount
of hormone daily and the return of mating behavior noted  The relation-
ship between the amount of hormone given daily and the return of be-
havior has also been studied. Most of this work has been done with male
animals, because the male mating pattern of guinea pigs and rats, the
species which have been studied, has been easier to quantify satis-
factorily than has the mating pattern of the females.

A study by Beach and Holz-Tucker (24) determined the minimal

of h necessary to maintain sex behavior in castrate male
rats. The ammals were given weekly mating tests before and after
castration. It was found that 50 to 75 ug of testosterone propionate
daily maintamed the animals at preoperative levels. Figure 5 shows the
positive relabionship between the per cent of animals ejaculating in a 10-
mmute test and the amount of hormone given daily. After the fifteenth
week, the hormone levels were changed. The effectiveness of the 75 ug.
dose can be seen here In Fig. 6 are presented data on the copulatory
response Some animals continued to mount and gain intromission sev-
eral weeks after castration. This effect was not always due to the fact
that a few animals were resistant to the effects of castration, since many
ammals failed to copulate for several weeks dunng castration and then
copulated on 2 following test

In the guinea pig, a similar study by Grunt and Young (40, 41) has
shown that once the mmmum daly dose which will maintan sex be-
havior in castrates at the preoperative level is surpassed, there is no
further mcrease in sex behavior This differs from the finding of Beach
and Holz-Tucker, where there was an 1mp 1n certain
of sex bet when h was given m g ies greater than the
mamntenance dose

The differences between the results of Beach and Holz-Tucker (24)
and Grunt and Young (40) are interesting. In these experiments and in
several others with rats and guinea pigs, there are suggestions of specific
diff 1 the behavioral response toh and experience. It
is good to keep these differences in mind, since many discussions of
sex behavior tend to look upon the sex behavior of all but the primates
and man as essentially similar. \We can probably evpect to find more and

more specific differences among mammals with more detailed experi-
mentation.
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In all animals there was a high correlation between the number of
sex tests conducted before castration and the level of sex behavior seen
in the series of tests immediately after castration (4 0.83, p < 005).
This means that the more experience the animals had before castration,
the less severely their behavior was affected on the tests immediately
after castration. But we have not been able to find any variable sys-
tematically related to the long range pattern of behavior shown after
castration,

The most important effect of castration was the decreased ability of
the males to Jock with the females. There was no difference in the per
cent of tests on which intact and castrated males mounted the female
There was a shght, unreliable decrease in the per cent of tests in which
intromission occurred, and when intromission was achieved it was not
maintained so long as in the intact dog But the major effect was the in-
abulity of the castrated dogs to lock with the female, with the result that
there was 2 decrease in the per cent of tests on which the complete
mating pattern was seen In the two dogs m which sex behavior im-
proved during the castration period, this improvement was chiefly due to
increased ability to lock with the female.

Testosterone propionate was given to three castrates. The pomnts
circled m Fig. 3 are tests on which hormone was given. There was an
increase 1n the per cent of tests on which the complete pattern was seen
These animals had previously locked on 8% of the tests on which they

hieved ntr i During treatment this figure rose to
1%

2. ErrEcTs OF ANDROGENS IN CASTRATE MALE ANIMALS

In castrate males of other species, treatment with androgenic sub-
stances is followed by a return of the separate elements of the mating
pattern in approximately the reverse order in which they disappeared
after castration. Castrate male rats (23, 62) and guinea pigs (40, 41)
after injection of androgen showed mcreased excitement in the presence
of the female and mereased frequencies of mounting and gaining intro-
mission There was also an increased per cent of males ejaculating dunng
the mating tests. Ths is also the approximate order in which the ele-
ments of mating appear about the time of puberty (61) Although the
complete mating pattern is not seen until after puberty, some mounting
behavior is observed in prepuberal males (15a) It seems reasonalfle,
therefore, that certain elements of the male mating pattern can function
in the presence of Iittle or no testicular secretions although the appear-
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3 Errects oF CASTRATION AND HORMONE REPLACEMENT IN THE FEMALE

Although there have been no quantitative studies of the female be-
havior before and after castration, the evidence that there 1s pertaining
to female rats (13), gunea pigs (67), hamsters (45), and cats (6, 68)
suggests that there is a complete cessation of the periods of female re-
ceptivity after bilateral ovariectomy. The females vigorously resist sexual
advances by the male, and less willingly tolerate bodily contact. This is
to be contrasted with the gradual loss of mating behavior typically
found 1n the male, in which behavior persists some time after castration.

It has been known smce the work of Long and Evans (49), Wang
(63), and Slonaker {59) that heat behavior in the female rat is assocrated
with a vagmnal smear charactenizing the time when the graafian follicles
are enlargmg withm the ovanes. Estrogenic substances are being hb-
erated at these times In the cat (68) and dog (51, and our observations)
estrogen mjected alone will induce heat in the anestrous or spayed fe-
male In the dog, this induced heat, judged by the effects on the male,
closely approuimates the naturally occurnng heat behavior (our ob-
servations), In the rat (13) and guinea pig (33) on the other hand,
only a small per cent of females are brought into heat by estrogen alone.
But when estrogen 15 followed by injection of progesterone at the ap-
propnate time, a large proportion of females come into heat In the rat
this mduced heat is indistinguishable from the naturally occurring be-
havior (16).

Kislak and Beach (45) have reported an interesting relationship be-
tween these hormones and heat behavior, The female hamster 15 an
extremely aggressive amimal except when 1t is in heat. If a female and a
male are confined together m a cage when the female 1s not sexually
receptive, the female will maim, and occasionally kil the male. Kislak
and Beach found that this aggressiveness was mlibited by the same
hormonal conditions which induced heat in the female. Neither estrogen
nor progesterone alone induced heat Nesther affected aggressiveness.
When both were injected at the proper times, the female came into heat
and aggresstveness was practically ehmunated. Thus relationship between
aggressiveness and sex hormones is not specific to the hamster. Schreiner
and Kling (56) found that large injections of diethylstilbestrol, 2 syn-
thetic estrogen, produced aggressiveness and irntability m two young,
previously docile female cats. Vanations in aggressiveness dunng the

estrous eyele have also been reported for the guinea pig (64) and rat
(17).
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(65), m rats it occurs throughout the entire cycle (26). It is abolished
by ovariectomy in the gunea pig (65), but persists in the rat (14, 26).

One method which has been employed 1n studying the hanism of
this bisexual behavior has been by injecting the heterologous sex hor-
mones, Ball (3) injected estrin into male rats which had been castrated
two months earher This genic suk i d the level of
male behavior above the castrate level. Even the ejaculatory response,
which is quite rare two months after castration, was occasionally seen
In another study, Ball (4) castrated male and female rats at weaning
and treated them with estrogenic substances for 1% to 3 months. Animals
of both sexes showed lordosis, but this was more difficult to elicit in
males, With adult female rats, Ball (5) found that inections of tes-
tosterone abolished the vagmal cycles and mcreased the incidence of
male behavior over that usually seen. These studies have been confirmed
and extended by Beach (14, 15).

Beach reported the mteresting finding (11) that intact male rats
treated with testosterone propronate continued to show typrcal male be-
havior until they had received 13 to 23 mg androgen. At this dosage five
of eight males showed all the elements of the female pattern: hopping,
ear-wigghng, and lordosis. These responses were dufficult to elicit and
sluggish

These findings taken together permut certamn conclusions and also serve
to summarize much of our knowledge of the endocunologizal basis of
mating in lower mammals, Sex hormones are normally quite specific in
their influence on behavior Androgens, whether given to castrate male
or female animals, typically mcrease male behavior, Estrogen (with
progesterone where needed) typically increases female behavior. There
are lmits to therr specificity, however Hormones can at times facihtate
in the same animal both the male and female mating patterns, but there
seems to be a threshold effect. The natve pattern occurs with a lower
threshold It may be that these hormones have both a general and a
specific effect on behavior. on the one hand there may be the general
effect which facthitates both sex patterns, and on the other, the specific
effect which acts primarily on the native pattern

To return to our oniginal problem of bisexual behaviar, this hypothesis
seems to clanfy some things. In the high drive male which shows female
behavior (18) and in the female guinea pig which shows mounting be-
havior at estrus (65), the above hypothesis 15 satisfactory since it suggests
that high sex drive facilitates both mating patterns. But in the female
rat in which mounting occurs after ovanectomy (26) the problem still
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4. Tue Specwricrry oF Matine Parrenss

The above studies show clearly that androgens are indispensable for
the full mating pattern to occur in the castrate male, and that estrogens,
alone or in combination with prog; are indispensable for the full
mating pattern fo oceur an spayed or anestrous females. Relatively fitde
attention has been given, however, to the effects of androgens on female
animals and estrogens on male animals, This information has great

! to und ding the mech of sex behavior,

First, however, one must recogmze the amply documented observa-
tions that there is no invariable sexual specificity in mating behavior,
The predominant finding in Jower animals is that male behavior is re-
stricted to male animals and female behavior to female animals, but this
is not absolute Female rats (9, 12, 14) and guinea pigs (65) and females
of several other species show some clements of the male mating pattesn,
especially mounting behavior. In female rats the entire male pattern
(excluding, of course, the ejeulatory resp ) is ionally seen,
including the copulatory response wath its distmctive backward lunge
{12). The possibshity that this male behavior is due to ovaran androgens
does not appear hkely. Young and Rundlett (87) working with
ovariectormzed gumwnes pigs found that estrogen and progesterone in
combination elicited mounting behavior i these animals  These injected
hormones rule out any effects from ovanan androgen, and mdeed these
authors found that these hormones wete even more effective than in-
jected androgen Beach and Rasquin (26) found that mounting activity
oceurred i female rats ovanectomized esther before or after puberty.
1t therefore seems highly unlikely that this mounting behavior in the
female can be related to ovanan androgens.

Female responses are known to occur m some males, Beach (18) has
veported one male rat which displayed very vigoraus male mating re-
sponses when with females, but also showed the complete female mating
pattern when it was mounted by other males When the ammal was
castrated there was an abrupt loss of the female pattern and a gradual
loss of the male pattern. Injections of prog d
both the male and the female patterns, Subseq ingections of g
and progesterone restoved hoth patterns, but the male ejaculatory re-
sponse Was absent.

These studies d ate that the p iy for both male and
ale behavior exists in both sexes Its hormonal basis is not at all
+ since in female gwnes pigs, mounting oceurs only at estrus

"

fem
consistent
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necessary. Pauker (52) was unable to find any significant effect on the
mating behavior of male hamsters after removal of these structures

In female rats surgical removal of the uterus and vagma did not abolish
mating (2), and in the rabbit deafferentation of the gemtal region did
not prevent mahing (31).

The above studies show that gemtal sensitivity is not essential for the
initiabon and maintenance of sex behavior. There is evidence to indicate
that it has some importance in this respect. Ball (2) found that the
responses dimimshed 1 strength mn the absence of gemtal stimulation.
On the posttive side, observational evidence (39, Chapt, 3) points up
many mstances, especially among pnimates, in which genital stimulation
15 a significant part of sexual play. Just how much importance should be
attached to this cannot be judged at present.

2  DIENCEPHALON AND HYPOTHALAMUS

An early study to implicate the diencephalon in mating was that of
Dempsey and Rioch (34). They transected at different levels of the
gumnea pig brain and found an area m the vicinity of the mammillary
bodies which was essential to the females estrous responses. Dey et al
(36) found that gumea pigs with lessons in the anterior hypothalamus
also farled to show estrous responses when mounted by males They
brought forth evidence to show that this deficit was probably not due
to gonadotropic involvement,

Two later studies confirmed that the effect described by Dey ct al.
(36) was not due to involvement of the gonadotropic function of the
pitwtary Brookhart ef al (30) determned the amount of hormone
which would bring a female gumea pig mto heat They then placed
lesions m the antenor hypothalamus and found that the previous hor-
mone dosages, or two to four tunes the amount, were inadequate to
bring the amimals into heat. Dey ef al (37) placed lesions, which were
the size of the hypothalamic lesions used 1n earher studies, in the
pitwtary of female guinea pigs. By usmg various numbers of lesions
they were able to destroy vanous amounts of the piturtary. Theur lestons
generally did not abolish mating, and they found no close relationship
between the amount of tissue destroyed and the losses of mating be-
havior. Castrated females which received similar lesions could be
brought into heat after appropniate mjections of hormones, These and
other studies have shown that there are hypothalamic sites whose de-
struction affect sex behavior but not through interfermg with gonado-
tropic function. Some hypothalamic lesions do mterfere directly with
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remains since no female sex behavior survives ovariectomy. It may be
that in this species either mounting does not depend to any great extent
on hormonal status or that it depends on some gonadal
perhaps the pituitary gonadotropins. There is at present no way to
decide among these alternatives.

1. NEURAL FACTORS
1. Perrenerarn Meciansas

Within the last twenty years there has been increasing interest in the
neural mechanisms which mediate sex behavier. Investigations have
centercd primanly about the role of the diencephalon, cprebral cortex,
and amygdaloid complex. It is these which  shall be discussing, but
since the final pathway in the sexual response §s spinal I want fisst to
mention the work on these more peripheral neural structures,

One part of the male mating pattern, the ejaculatory response, is
mediated by spinal structures and cannot ocenr in their absence (38, 58}
There is also some work with females which indicates that neural centers
above the spinal cord are not necessary for some elements of the female
mating pattern. Maes (50) observed female cats with the cord sectioned
at a high caudal level and kept alive by artificial respiration He was
able to produce raising of the pelvis, treading, and contralateral swing-
ing of the tail after shmulation of the permeum  His claim that these
responses occur only durmg estrus has been challenged by Bard {7),
who found them in anestrous females and even in males. But the es-
sential point remains that many elements of the female pattern can be
elicited with appropriate stimulation in the spinal female

Although there 15 the above evidence to mdicate the mmportance of
spinal mechamsms in the motor pattern of mating, earher suppositions
that afferent and efferent outflows of the genital regions are indispensable
for mating behavior have not been supported by experimental work
Root and Bard {53) found that male cats after removal of the three
sacral spinal segments showed aggressive sexusl behavior despite absence
of any sensitivity in the genital region and despite pasalysis of the hind
fimbs The animals could not, of cowrse, gain intromission, but they
vigorously attempted to mate nevertheless Animals with ahdominal
sympathectomy either alane or in conjunction with the above spinal loss
still showed wigorous mating attempts Bacq (1) has found sumlar ef-
fects in the rat and guines pig sfter abdominal sympathectomy The
semmal vesicles and [ previously dered to have sensory
functions necessacy to the stimulation of the sex drive, also do not seem
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No work has been done, although it would inly be valuable, com-
paring the time and magnitude differences between lesions producing
these separate effects.

3. CereBraL CorRTEX

The cerebral cortex has figured in a number of studies. Complete
removal of the neocortex does not prevent mating responses in female
rats (16, 17), guinea pigs (34), rabbits (31), or cats (6).

In the male the cortex is more important Brooks (31) reported that
mating continues in the decorticate rabbit. But lus data suggest that
there was some deficit i these ammals since removal of the olfactory
bulbs, without effect when removed by tk 1 1 bolish
sex behavior in hus decorticate males. In the rat the only species in
which quantitative destruction has been investigated, Beach (10) found
that removal of 20% of the neocortex had no appreciable effects on the
per cent of males mating, Destruction of 60 to 75% of the cortex abol-
1shed the mating behavior of males completely, With lesions between
these humts, the drop in the percentage of males mating was approxi-
mately proportional to the size of the lesion. The locus of the lesion
was Jess important than its size  This well known “mass action” effect is
similar to what has been observed n maze learning (48) and maternal
behavior (8) m rats

An imteresting venfication of these results has been found 1n female
rats which show male mounting responses (16). In eleven such females
the cortex was first removed from one side of the brain and later re-
moved from the other side. After umlateral removal the incidence of
the male mounting responses decreased while there was no important
change 1n the ncidence of the female pattern. After complete decortica-
tion the male behavi d d while the el of
the female pattern increased shghﬂy m frequency The effects of cortical
removal upon masculine reactions thus seem to be the same whether
the operation 1s performed on males or females

Recently Beach et al have completed three studies on the effects of
decortication on the behavior of male cats  These studies were ongmated
and carried out at the Amenican Museum of Natural History, In the first
paper (27) mating behavior of umlaterally decorticated male cats was
reported, In two of five cats, the remaming cortex was later removed.
All the cats with unil. 1 removal d to copulate after
Four gained i on all postoperative tests This finding is quite
in contrast to earher data on the rat (10) where unilateral removal pro-
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gonadotropic functions (35, 42, 43), but the behavioral effects of these
lesions have not been well studied.

Hypothalamic lesions are also effective in reducing mating behavior
in the male rat (32) and gunea pig (29). A recent study corried out
in the Yale laboratorics by Dr. Charles Rogers (54) has explored the
hypothalamic mechanisms of mating in the male rat. Rogers placed
electrolytic lesions, 1 mm. in drameter, at six sites in the hypothalamus.
This waork was done on 72 expenmental animals and 60 controls. In the
control animals electrodes were placed but no lesions were made.

In the experi 1 animals, d in mating behavior were as-
sociated with lesions placed in two of the six sites. Animals with lesions
in the premammllary area shawed a decrease in behavior which gonadal
hormones were effective in restoring, Animals with lesions in the tuberal
region showed behavior decrements which conld not be reversed by
gonadal hormones. Histologieal verification of these lesions has nat
been pleted, but this d ion of a twofold control of mating
behavior in the hypothal supports finding ioned above, Rogers
{personal commumcation) has suggested three ways in which hypo-
thalamic lesions may influence sex behavior: (1) by interference with an-
terior. pituitary function, (2} by interference with autonomic centers in
the hypothalamus, and (3} by interference with the locus of hormone
action in the central nervous system. Lattle is known at present of the
last mechianism.

Hillarp et al (44) have recently reported that certain Jesions in the
hypothalamus of rats stimulated rather than reduced mating behavior.
Lesions, placed in the basal preoptic area, produced a short-lived sexual
aggressiveness in both male and female rats It was characterized by
vigorous mounting responses in a typscal male fashion, This exaggerated
sexuality appeared about 20 to 30 minutes after the animals had re-
covered from anesthesia It persisted for several hours and then weak:
ened and disappeared. During this period none of the experimental
females showed lordosis when mounted by males. As the authors recog-
nized, these effects might have been due to imitation of adjacent neural
structures or to the destruction of an area shich normally inhibits mating.

From these studies it appears that there ase tracts or nuclei in the
anterior ventral hypothal which are ial to the of
mating patterns in male and female rodents Some lesions praduce l%x!s
effect by interfering with the gonadotropic function of the anterior

In other cases the lesions disrupt sex behavior although every

ituitary.
ﬁadicagn is of normal gonadotropic and gonadal hormone function.
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temporal and parietal Jobes had no important effects on mating In
studies with the rat, motor disabihty was a relatively small part of the
behavior loss, since once mating was mihated it was generally accom-
phshed in an adequate manner. These differences between the effects
of approximately sumlar lesions in cats and laboratory rats suggest an
interesting species difference in the mechanisms of sex behavior.

Bearing mdirectly on the role of the cerebral cortex 1s some work we
reported recently on the effects of electroconvulsive shock on mating
(22). We used,a group of fourteen male rats and tested them in a con-
trol series and then exposed them to daily electroconvulsive shocks for
12 days They were tested 22 hours after the 4th, 8th, and 12th shocks
Testing was continued through the following month to study recovery
from electroconvulsive shock In the tests during shock treatment the
ammals took significantly fewer i ions to reach ejaculation, They
also took less time to ejaculate, not only because of the fewer mtromis-
sions, but also because they were bunching them closer together. On the
other hand, the males took longer to mmtiate mating at the beginning of
the test and a longer time to resume mating once ejaculation had oc-
curred. One stnking finding was that males ejaculated in 100% of the tests
in which they ganed intromission, whereas in the control tests they
ejaculated in 61% of the tests i which they gained intromssion.

During the posttreatment tests the animals continued to ejaculate in
less time than before treatment. The hme to imitiate matng and to
resume mating after ejaculation decreased so that it was within the range
of the pretreatment scores.

We have interpreted these results m terms of two processes which
seem to take place dunng mating. an arousal process and a copulatory-
ejaculatory process The results suggest that electroconvulsive shock mn-
hubits the arousal mechanism, since the ammals look a Ionger tune to
commence mating, while facil g the y mecha-
nism  This hypothesis has been further elsborated by Beach (20).

5. Tue INFEROR TEMPORAL LoOBES

One area of the cortex which has come to assume considerable interest
lately because of some rather striking findings which are assocrated with
lesions there is the wnferior tempoml lobe area. Kluver and Bucy (46,
47) reported certain r kabl 1n monkeys in which the tem-
poral lobes had been removed. In addition to virtual loss of emotional
reactions and indications of agnosia for visual objects, the animals
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duced a marked drop in the number of males which mounted, After
complete decortication the two cats so treated failed to mount in any
of the tests. Androgen supplementation to one of these animals did not
improve its behavior. In the other animal histological study of the testes
failed to reveal any evidence of malfunctioning of the hormonal system

In the second study (28) lesions were placed in the frontal lobes of
six cats. Two were previously unoperated, two had previously sustaimed
injury to both occipital lobes, and two had sustained loss of the complete
cortex on one side of the brain The results showed that the amount of
behavior loss after frontal lobe lesions is highly dependent on what other
areas have sustained lesions. Animals with frontal lobe lesions alone were
not so seriously affected as animals with additional lesions elsewhere
In general, the frontal lesions appeared to affect the motor abilities of
the animals and not their sexual excitability. These animals were ob-
viously interested in the females dunng the tests: they followed the
females, they often uttered the “sex call,” and they attempted a large
number of mounts although they gained intromission in only a small
proportion of them.

A third study (69) reported the effects of bilateral lesions to the cortex
in the temporal, parietal, and occiprtal lobes. In two of these animals
previous lesions were present In the previously unoperated animals the
lesions had Little effect on mating. When there was considerable mvasion
of the occipital areas, the male had difficulty finding the female. In one
animal which was previously hemidecorticated occipital removal com-
pletely eliminated mating reactions. This was, however, primarily a
visual defect, since the animal was quite able to mount and gain intro-
mission on the two times when 1t was placed in actual contact with the
female. In one other male with frontal and oceipital lesions on one side
and complete removal of the cortex on the other, mating reactions were
permanently eliminated.

Certain g i seem d from these studies Sex drive,
interestingly enough, did not seem to be depressed in these male cats
except after very extensive lesions, In this respect the results differ from
the results of comparable studies in the rat (10). In the rat destruction
of the cerebral cortex seems to interfere with the general facilitating
effect of the cortex on mating behavior. In the cats there was generally
no lack of interest in the female, a common finding in brain-damaged
rats, Second, certain lesions in the cats, pimanly in the frontal areas, m-
terfered with the motor pattern of mating, Much o.f the behavior ‘decre-
ment in these studies was due to motor disability, Lesions in the
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I SUMMARY
1 have attempted to outlme in t.hls paper some of the salient informa-

tion we have on the hanisms of sex behavior. It is
clear that in all the lower mammals studied the so-called sex hormones
are essential for the initiabon and h of the biologcall

adequate pattern of mating We have a fairly clear idea that the lower
spinal cord, the hypothalamus, the amygdaloid complex, and the cerebral
cortex, 1 a more general way, are important structures for the sexual
act

We have, however, Dhttle information on the relationship between
hormone action and neural functioning. Bard pointed out in 1940 that we
should like to find differences in neurophysiology between females which
are 1n heat and females which are not (7). Except for some work with
the rat (17a) and the recent work on the temporal lobes not much more
15 known about the neural-hormonal interaction than was known in
1940. With the recently developed teck of studying in intact ani-
mals the effects of hormones and electrical stimulation applied directly
within the cerebral mass it probably will no longer be necessary to
derive most of our mformation from lesion and castration studies. If,
with these new techmiques, it b possible tc il sex beh
experi 1y, i sons into the me hani of
mating will take on added flexibility, and the opportumhes for eIuc)dat-
ing the hor 1 1 ion will be
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showed distinct increases in the frequency and intensity of sexual re-
sponses. When alone the animals exhibited considerably more sex play
than normal and when paired with other animals, whether male or fe-
male, they mounted and showed thrusting behavior.

Schreiner and Kling (56, 57) reported similar effects in the cat. After
bilateral injury to the amygdaloid structures male cats showed a greatly
increased tendency to mount estrous females. They would also mount
a number of usually inadequate stimulus partners, such as agouts, small
rabbits, dogs, and chickens. Associated with this state of what Schreiner
and Kling called “hypersexuality” they found that males were easier to
handle and more difficult to anger. Females similarly operated also
showed signs of hypersexuality, but rather than becoming docle during
this period, the females tended to become more irritable than usual

Schreiner and Kling (57) found that they could reverse the hyper-
sexuality in their males by castration and could reinduce it with jnjections
of testosterone propionate. This is interesting because it demonstrates
an interaction between neural and hormonal effects long suspected, but
not previously observed. They interpreted the hypersexuality as a release
phenomenon in which the normal inhubiting effects of the temporal
structures over subcortical mechanisms were destroyed by amygdalec-
tomy.

Among the dogs which have been tested in our series at Yale, lesions
were placed in the pyriform cortex in two male beagles. They had been
studied for two years under control conditions and they were studied for
5 months after operation The pynform cortex was removed in two
operations, approximately 10 days apart,

In contrast to the striking behavior seen in the male cat and monkey,
there were no indications of a general improvement in sex behavior in
these two dogs. There was a highly reliable increase 1n the speed with
which these dogs mounted the female at the start of each test. This
speed was faster than that whuch had been observed in any of the pre-
vious series of tests with these dogs, but most other measures were not
reliably affected They were tested up to 5 months after operation, a
period which includes the time in which Schreiner and Kling observed
their effects. Since these authors have not presented information on
the copulatory performance of their cats beyond the descriptive data,
one cannot say whether the effects which they found were more gen-
eral than those found 1 the dog.
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DiscussioN

In our stadies of vigor, usmg the revolying-cage method, we
attempted to merease the actaty of elderdy male ats by the admmustration of
vanous hormones  Testosterone propionate proved to be meffective but under
the nfluence of estrogen the actvity was stnkingly fncreased. I wonder f you
saw anything ble n the nse of heterol I m your studies?

A € Gotpsteiv By and lasge the finding has been that androgens have
been more effective than estrogens Did you test mating actvity?

R. Hoskins  No  That was not done

A C GowostEIN  The general finding has been fauly consstent that androgens
have produced the most marked effects mn males

W C Youwe Dr Hoskins qQueshon prompts me to say somethmg about
the problem of hormone specifaty. We are questioming the opuons with
respect to specificity which are found in the lterature Actually, Dr Goldstein,
you and Frank Beech are relatively conservative For example, Eayts at Bumng-
ham goes so far as to say there 15 na truly specfic relationstup between any one
hormone and the pattem of behavior 1t facilitates. Kinsey, Pomeroy, Martm, and
Gebhard state w therr book on the sexnal behavior of the human female that
the designation “sex homnones” s unfortomate because it 1 ouly ome of the

agents which steps up metabolism, including the nervous function, and therefore
sexual activaf

R. Hoszans.

I have recently reread the Lferatuwre fauly carefully As you have pointed
out, heterologous sevual behavior 15 often seen 1n animals recerving hormones of
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of male and female rhesus monkeys, showmng that once there has developed
antipathy between a paw, as, for ecample, after he has beaten her up, there 1s
absolutely nothing more doing between then.

CiamyaN R W Gerarp. There speaks a married man.

A. C Gowostery  In some of the other work on dog evperimentahon, although
our number of observations 15 very small we have very clear evidence of that
and 1t does not even have to be such a specific act as bing the male that wall
keep them off There 1s ome observation, 2 female consistently fought off one
male but readily accepted the matmng advances of another animal

C G Harmuan  On the other hand, there are monkeys that “vibrate” m
unison, as 1t were I recal one female of which a certan male was particulasly
fond So long as he could see her out i the paddock he would not copulate with
any other female presented to him When we moved the female, he became
normally promuscuous agamn

Also may I ask you Do you feel that learning has 2 lot to do wath subsequent
behavior® And one more pomt, then I will finish: In the opossum, after ovulation,
the corpus luteum develops with ynusual rapidity and marked pseudopregnant

phenomena ensue within 24 hours If m fhit bt p v ' T led to separate
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thelr awn sex, and the treaty of individuals svith h i hoymone fre~
quently is followed by the display of sexnal behavior chasactessstic of their own
sex  However, and these words ace taken from many of the tepors, the responses
are often didficult to ebett, displayed at o very fow level, slow and wesk, rd-
mentary and meomplete.

These are a number of ather pomts. In the Iaboratory mammals that all of
us have used nothing 1 Jmown of the fate of the hormones we have been ia-
jecting, Particulardy when large quantiies of cestan heterologous hormones are
inpected, 3spt it possible that some of the hormone narmally seercted by the
recipient 15 a product of the metabolism of the heterologous hormone and could
be everting same effect? This may uot be as probable as the suggestion that
there s an overlappmg which would zcoount for some of the heterologons
behavior,

Most important te me are the instances of specifity now on record  There 55
the synergistic action of estrogen and progesterone in the female to which you
have referred  The action of propesterons m that case 1s quate speese. It was
shown by Hertz, Meyer, and Spielman o good many jears ago that seves sterods
they substituted for progesterone were without effect Hevently Bums and
Stupley have sub d ad ds for progs in g ditned
gunea pigs They found that those adrenal steroids were only one-fousth to ones
forteth as effective

Now comung to the nmmng actsaty which Dr Hoskins menboned  Estradsol
benzoate 1 almost ineffective an stmulsting ranning actswvty w the rat. Estone,
on the other hand, is completely effective, not vnly m the female, but also m the
rale,

R. Hosxivs  Stlbestrol does the same thng

W C Yount Recently, Harold Anthff compared the effects of testosterone
propunate, estrone, and a-estraciol benzoate on the restoration of patterns of
behavior sn the male gumea psg  He found that estrone 1 almost as effectve
testosterone but that a-estradio] benzoate 1 not effectine at all Al of thus huas
led us to this powt of view that there 1 quite a hugh degree of specifioity. Howe
gver, there wtnt the dich male b and female b Rather,
there is a chemeal specsfiaity as 1n the mstances of runmng actiwity, and as ip
the case of the estrogens admumustered to the male Fisally, I will suggest for
investigations m this area that a procedure be employed which has not often been
employed m stodses of specrfioty. The pattern of bebavios of sndiardual aimals
should be determined prior to gonadectomy. The test of spectiaty is the restora
tion of that particelar pattern by replacement therapy

A. C. Couostene  { would ke o moke one pomt Do you bebeve that the
individusl patterns of response ate completely washed cut mn using mean scores?
Is this the mmport of your last statement?

W. C Younc. They could he to some extent if the mean score is used, but
not sf rehance 18 placed o the gualitative record from which the scare is caleulated.

© G Hannarn: You have in the dog, d ) so long, “wtelbyencs”
corpelated with a convoluted bram Hove jou notced any cases of personal
antipathy betweett the male and the female® It seerus to me that thiy is 2 matter
of great importance. 1t may be even more significant in monkeys I have rocords
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of male and female thesus monkeys, showmg that once there has developed
antipathy between a parr, as, for example, after he has beaten her up, there is
absolutely nothing more dong between them

Citamnean R W Cerarp  There speaks a married man

A C. CowostEm: In some of the other work on dog experimentation, although
our number of observations s very small we have very clear evidence of that
and 1t does not even have to be such a specific act as bitng the male that will
keep them off. There is one cbservabon' a female consistently fought off one
male but readily accepted the matng advances of another ammal

C G. Harmauan: On the other hand, there are monkeys that “wibrate” in
unison, as 1t were 1 recal one female of which a certam male was partcularly
fond, So long as he could see her out in the paddock he would net copulate with
any other female presented to him. When we moved the female, he became
normally promiscuous again

Also may I ask you: Do you feel that Jearmmg has a lot to do with subsequent
behavior? And one mare pomnt, then I will fimsh, In the opossum, after ovulation,
the corpus luteum develops with unusual rapidity and marked pseudopregoant
phenomena ensue within 24 hours If in that short period I faled to separate
the paw. the female often lilled the male, even though he was several times her
size. Why he would submit to the beating was always a mystery to me. I have
looked through quite a number of books on two points, the frenral mechanism of
(1) erection and (2) ejzculation I could not find the complete answer even in
such a good textbaok of physiology as that of Bard, Jumself an authonty on related
mechanisms 1 gathered that the prevailing opinion is that the sa¢ral sympathetic

d; erection, the path the act of ejaculation It seems to me that
we need researches m this area

A. C.Gowstziv  There is one of these questions to which I wish to reply, That
1s on the role of learning I can furmsh information on the nature of the learning
factor on the effects of dogs”™ learning patterns that will get them into a mating
situation. But with Teference to the expermment that I did mentron, the only mfor-
mation we have on the effect of experience 1s that there 15 no clear-cut predichon
from the number of tests that these dogs had before castration 1n relation to the
mating pattern that they showed after castration, so on the hmited expeniments
the effects are not clear, but this does not mean that no such effects are present

B B Broore  The workers 1n this particular area of research are not as enter~
prising as the psychiatnsts fn coining new terms, otherwsse they would be using
the term erospharmacology

1 would like to bnng out a cunous difference m the effect of the sex hormones.
Female rats when given barbiturates sleep about five times as long as do males.
This difference reflects the rapicity with which the male rate metabolizes barbitu-
Tates compared to the female. Gomng into the problem further, it was shown that the
enzyme systems i liver that lze b are much more
active n the male rats than 1n the female. After the male rat is given estraduol for
a few days he will react to barbstusates like a female, and cotrespondingly the ac-
ity of the d system n wall have d d On the other
hand, if the female rat 1s gven testosterone, she wall soon react to barbiturates
lle a male, and comespondingly the actvity of the detoucation mechanism in
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microsomes will have increased. Cunously enough, the rat is the only laboratory
animal that shows this sex difference to barbiturates, and fs the only species whose
Teaction to barhiturates can be changed by sex hormones It makes one wonder of
there may be other examples where conclusions from the effects of hormones on
one species can not be extrapolated to other species

E. Anpenson. In regard to the removal of the amygdala, you mentioned that the
effect in dogs 15 not Iike that described in cats by Schremer and Klig  Our observa-
tons 1n male dogs are sunilar to yours, namely that there 1s no evidence of increast
sevual activity after bilateral removal of the amygdala Dr. Wilson in our labora-
tory, has studied the pattern of urnary steroids before and after the bilateral
amygdalectomy 1n these male dogs. No change was found m either the fractions

ining androg bolites (17-4 ds) or m the d fractions
Have you tried making more extensive Iesions i the same area?

A. C. GorosteiN®  No, ours were faly restnicted lestons.

E. Anperson: I was interested in your observations on dogs with lesions in the
preoptic area which showed an mereased response. We found the adrenal sterod
excretion very much ncreased i dogs with lesions 1 the preoptic region. The re-
sponse was equivalent to a dose of 150 mg. of ACTH

A. C Gowpsten:  The dogs which showed the increased response had lesions
in the pynform area Increased response after preoptic lestons was found in
rats (44),

G. Pincus: I would Iike to make a remark about the suggestion of metabolic
effect. I think 3t very unlikely that estrogens would be metabolized to any of the
steroids with more than 19 carbons. All attempts to find this out by the usc of
tracer estrogens are negative You will not get androgens as far as we can see from
work in animals and man. Androgen, however, 15 convertible to estrogen and this
has been demonstrated both n vivo and in vitro  In fact, the m owo observations
date way back to observattons of Koch who saw increased estrogen excretion after
the admimstration of androgens. There is bikely to be converston, but the extent of
that conversion, at least on the basis of our present knowledge, may not be very large
On the other band, the amounts necessary for the reflexes i which you are interested
may be pretty small The spec:ficity of estrogen which Dr. Young mentioned is very
fascinatmg  Actually as far as we know, in the case of all ammal and human studies
there tends to be an equilibnum between estradiol and estrone  One would expect
a certamn amount of estradtol to be converted to estrone The fact that estrone 15 very
specific indicates that the amounts of estradiol which are metabolized to estrone
cannot be very lugh,

Ciamaia B W Gepano I thunk there 15 tume for one more question, and I
would bike to ask 1t I have been interested to note the large amount of discussion
on specifi the involved and the very httle discussion of
speaifiity as concerning the neural regions 1nvolved It seems worth while to pick
up Young's posnt that, 1f one merely changed the total level of actmity of various

arts of the nervous system, one would not expect to change those patterns of be-
havior which can be influenced by taking out one neural region or another, that is,
getting velease ph or I ph It has always seemed to
me farly obvious that these must depend upon rather specific brochemical regional
Aufferences, down to cellular differences Two pamnts may be worthy of mention on
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that. Furst, I don't recall the detaled expertmental evidence, but the kind of ev-
penments Hamns was doing with fetal ammals led hum to conclude that, since one
could transplant male or female sex glands or pituitartes, without altenng the
genetically expected sex, the pnmary sex duff was 1 the hypothal and
that the sexually specified hypothal lled the ends sex dufferen-
tation.

Second, m picking up the pomt that Brodie made, one could make a considerable
advance m a direct attack on the action of sex hormones on the male and female
rat bram by looling for enzyme changes 1 microsomes of specific bran regions
That s, if you could show that some change was rather umiquely hunited to the
hypothalamas, reticular formation, or wherever 1t may be, 1t would be a strong pomt
m the direchon you mdicate. Do you care to add anything on that®

B. B Bropm: It is an interesting idea

C. G. Harmman,  The following observation, 1t seems to me, illustrates the fact
that a behavioral pattern tesides in the nervous system: A normal Iitch is mever
seen to zise her hind leg 1n urination, but I seem to recall some expenments where
she will use the aity fire plug after the manner of a male after she has been treated
with testosterone,
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Serotonin in Mental Disorders

D. W, WooLrey
Rockefeller Institute for Medical Research, New York, Neto York

Confronted with the task of presenting evidence which indicates that
serotonin 1s concerned in mental processes, I feel much as Charles Dar-
win must have when he was asked to present in 20 minutes the evidence
for us view of the origm of species. Just as in Darwin’s case there was
a body of evidence, 1o single piece of which was above question, so also
then is the situation with respect to serotonin. The hmitation of time
will necessarily make it seem that the support for the serotonin idea is
very meager whereas 1t would be much more impressive if 1t could be
grven in detail

To state the case briefly, I should say that during the past two years

id has been lated which ind; that the hormone
serotonmn has a function in mamtainmg normal mental processes, and
that interference with its action in the bramn leads to mental disorders
and neurological dysfunction, I wanted to talk about the experimental
basis of this 1dea today This concept was first enunciated by Woolley
and Shaw early 1n 1954 (16, 17). It was based on their studies of anti-
metabolites of serotomm, the first of which was published in 1952 (13).
Smce that ime a vanety of observations made by other investigators, as
well as by ourselves, have lent support to the original idea Time will
not perrit mention of all of the evidence, nor will 1t even pernt a de-
scription of all of that portion of it which we ourselves have been able
to assemble Consequently, I propose to mention only certain findings
which, 1n the present state of understanding of the matter, seem to be
of particular relevance

First, let me say that no proof exists that serotonin controls normal
mental processes What does exist is a body of evidence which ndicates
that tampering wath the functioning of this hormone results m behavioral
and psychuatnic charges in man and in laboratory animals These
changes frequently resemble those seen in naturally cccumng mental
diseases  In additon, drugs such as R and chlerg
which are sard to be of some benefit to certam patients suﬂ'enng from
mental diseases, have been shown to influence the action of serotonin in
suitable pharmacologeal tests,




128 D W, WOOLLEY

Because the idea that serotonin might be concerned in mental proces-
ses arase from studies of antimetabalites of it, let us first refresh our
memories about what an antimetabolite is, and haw it functions. In
any living thing there are a number of chemical compounds which are
specifically essential for various witsl processes. These are called es
sential metabolites, or, more simply, just metabolites Examples are
vitamins such as thiamine, ascorbic aad, ete, and hormones such as
th t , in, adrenaline, ete. Each of these metabo-
Mtes sexves as a specific substrate for a special metabolic reaction. The
substrate Sts the cuzyme of such a reaction just as a key fits its Jock,
and the turning of the Jock opens the door of some special hvang process.
We may picture seratonin as one of these keys which fits a Iock called
the serotonin receptor, When the two interact we see the result usually
as the contraction of a smooth muscle, because it is this contraction of
smooth museles caused by scrotonin, which 1s the most studied manifesta-
tion of its achon

An ant bolite of in is a chemical pound which 15
shaped to resemble this hermoene  Because of this structura] resemblance,
the antimetabolite can be thrust mto the serotonin recepfor, i, the
special Tock, qust as the hormone itself can be However, because the
antimetabohte differs in some detatl from the real metabolite, the lock
cannot be turped by st. It therefore occupies the space and excludes
the normal entry of serotonin. The result 1s the creation of a speafic
deficiency of this harmone, We see this effect of the antimetabolite 1
an anmal {or i one of s isolated tissues) by a faddute to respond 0
adminstered serotonin, Such an antmal stell responds normally o other
metabolites st as Jocks are not blocked by keys unrelated to the proper
ones for them

This crude mechanical analogy permits us to vasualize what an anti-
metabolite 15, and how 1t functions. An astmetabolite of serotamn iS
thus a structeral analog of it, and one which s able to exclude the hor
mone itself from sts ptor therehy ting 2 defi of it The
structure of serotonn 15 shown m Fig. 1 The first two antimetabolites
of it, which were synthesized in 1852, are also shown there

Dr. Shase and I had started the search for antimetabolites of sexotonin
in the wiater of 1931-1952 i the hope of thereby discovering a drug use-
ful m the treatment of essential hypertension (13) Some synthetic
compounds, including those shown 1 Frg 1, were produced and found
1o act on smooth muscles as antagonists to the contractng action of

serotonin  Before this work had proceeded very for 3t was realized that
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various naturally oceurring drugs were structural analogs of this newly
discovered hormone. It was then quite easy to show that these drugs
actually did function as petitive of in on smooth
muscles. This made it seem guite pmbable that part at least of their
pharmacological action was due to this antiserotonin property. The drugs
were actually naturally occurring antimetabohtes of serotomn (7, 15).
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There were threc pnncipal classes of such drugs These were the
harmala alkaloids of which harmine (Fig. 2) is an example, yohimbine,
and its more recently discovered congener, reserpme (Fig 3), and the
ergot alkaloids such as ergotamine and lysergic acid diethylamide, or
LSD (Fig 4). The arrangement of the figures in this order makes evi-
dent the gradually increasing molecular compleuty. The structural re-
semblance of harmine to serotonm is quite plain, but without having
seen the intermediate steps, you might want to argue that yohimbine and
LSD are not analogs of it. In our studies of 1952-1953 each of these
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substances was shown to act as a competitive and reversible antagonist
of serotonin when tested on segments of carotid artery or rat uterus. A
few data to illustrate this point for LSD are shown in Table I, and for
harmine a5 tested on the rat uterus, in Fig. 5. Much more estensive data
on these and related compounds can be found in the original papers and
in subseq publications from the Jah ies of Dr. Gaddum (5)
and of others.
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Several of these naturally occurning antimetabolites of serotomn were
kuown to cause psychatnc disordess m men and to cause behavioral
changes 1w ammals Thus, 18D especially had been found to be out-
standing 1 this respect because of the munute doses of 1t whxc_h would
call forth a psychiatric state in man resemblng schizophrenia (10.)‘
However, tt 15 well to remember that a prominent feature of ergotism in
man was the mental ar psychiatnic changes which were reviewed long
ago by Barger (1), and to recall that since there is no.LSD n natural
exgot, the other ergot alkalords must be capable of causing these effects
i€ the dose is lorge epough. Symdarly harmine has long been known ta
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cause a type of deranged behavior in dogs and other animals, The
aborigimal use of crude yohimbine as an aphrodisiac may be taken as
evidence that this compound, as well, affects the mind

These psyc}uamc effects of compounds \vhxch we had just found to
be of were engaging our attention when we
were fortunate to find that some of the new, synthetic antimetabolites
of serotonin were capable of causing behavioral changes in animals. The
nitroindole shown in Fig. 1 had been the first promising antiserotonin
suitable for trial in hypertension (14). When it was studied for toxicity
in mice pror to human tral, I noticed that a few of these animals which

TABLE 1
SeroToNIv VERsUs LysErcic Aco DerAyvramme (LSD) v TRE CONTRACTION OF
Carotm ArTeRY Rines

Decrease in diameter

Serotonin LSD of ring
{ng peree.) {pg perce.) {per cent)
0 0 0
02 [ 3
0z 003 23
02 01 15
02 03 12
02 10 6
0 100 —3

had eaten large amounts of it for a long time showed 2 change in
character They became savage and would run toward me and bite my
hand when I fed them This was an 1k deﬁned change and was not seen
1 all the mice, and was of q £ When
this same compound was ngen to Dr. R Wilkuns for chnical test, how-
ever, the sigmificance of the mouse result was plain. This antimetabolite
of caused profound mental depression in humans,

At about this same time, a new antiserotommn was synthesized and
found to cause convulsive fits in mice Ths was medmam, the structure
of which 15 shown m Fig. 6. Thus was a potent antiserotonin when tested
on smooth muscles (8), but when it was given to muce in rather large
doses 1t caused convulsive fits which were mmpressively reminiscent of
epileptic seizures m man

Since that time, we have made other close structural analogs of
serotonin which have called forth in dogs irational behavior. Other
laboratories also, 1n their search for antiserotonins, have had similar ex-
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periences. Thus, a fow analogs of serotonin, which have shown 5o strik-
ing toicity in Iaboratory apimals have been given clinical tria in the
treatment of hypertension, but have had to be abandoned because of
psychiatric side effects. It was not until we had fully appreciated the
danger of causing undesirable effects on the mind, and had found a way
of getting around these effects, that it was passible to produce a com-
pound which showed clinica] promise in hypertension, Such a compound
has now been produced (19). We may view the finding of mental dis-
orders caused by certan antiserotonins as a byproduct of these efforts
against hypertension.
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The reason why serotomn 8ot 1nto psychiatry, then, was because of
pharmacological studies with smooth muscles. Several of the analogs (.Jf
serotonin, which acted as antimetabolites of it, caused psychiatric

antimetabolites on muscle was to cause a deficiency of serotonin, the
mental effects of the same ¢ompounds might be the manifestation of a
similar serotonin deBiesency somewhere in the brain

Although this idea of defics ency of serotonin is a plausible one, tbe?e is
another view of the data winch must be taken into account This is

of its funchions  One mght also pictare them as actng to whibit the
enzyme (amneoxidase) in the bram which norm:dly' destroys excess
serotonin. Inhibition of this enzyme would lead to the piling up of excess
serotomn. Because this hormone 15 a substrate for this enzyme, a struc-
tural analog might be expected to inhubit it. Two modes of 'acuan, botg
leading to an excess of serotontn i the bran mught thus be pictured, an
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are alternatives to the idea that a defici of cerebral in is the
cause of the psychiatric disorder. To distingwsh with certainty between
these two alternatives is very difficult. The need to do so is great be-
cause it is vital to the understanding of the disease and to rational at-
tempts to control 1t via the serotonm route. Let me lustrate the nature
of the dilemma,

Although LSD has been shown by many workers in a vanety of
pharmacological tests to be a potent and a specific antagonist of sero-
tonin, it can also be shown to act like serotonin  Marrazzi and Hart were
the first to find evidence of this in the optic cortex. Recently we also
have found that just as serotonin stimulates the heart of the clam Venus
mercenaria, so also LSD stmulates it. Getting closer to home phylo-
genetically, we have also observed that just as serotonin caused rises and
falls in the artenal blood pressure of a dog, so also LSD caused these
same effects In fact, on a weight basts, LSD was about three times as
powerful as serotomn in both of these tests. Furthermore, the rise in
blood pressure of the dog which was caused by LSD was prevented by
a specific antimetabolite of serotonin (Fig. 7). This was additional
evidence that the action was serotonin-like, The antimetabolite used
this experiment was the one recently found to be active m human hyper-
tension without causing mental disorders (19). Its structure is shown in
Fig 8 Clearly then, LSD has some serotonin-like actions.

Not only does LSD have serotonin-like as well as anti-serotonin prop-
erties, serotonmn 1tself will act as an antiserotonin and will do so quite
specifically. Gaddum showed that an excess of the hormone would
render the rat uterus insensitive to the amounts which ordinanly would
cause it to contract (4). Shaw and Woolley (9) have shown this same
sort of antiserotonin action in living dogs 1n the blood pressure test. This
type of effect is readily understood in terms of the lock and key model
The serotonin receptor is simply blocked by several molecules of the
hormone all attached to the site at which one molecule must combine 1f
the hormone is to exert its usual effect. This point should not be mystify-
ing because 1t is the well-ki ph of mhit
by an excess of its substrate

We must now ask ourselves whether all of the other analogs of sero-
tonin which have been found to affect the mind and the central nervous
system bikewise have a serotonin-hike action If they do, then the idea of
serotonin excess rather than deficiency as the causative factor must be
given prominence. When harmine was tested on 1solated rat uterus for
serotonm-like action none was found (Shaw and Woolley, unpublished

of an enzyme
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data.) Sunilarly, when harmume was tested for presser action in dogs,
none was found, However, in the blood pressure test, subsequent chal-
lenge with revealed an enh of its action in the case of
the dog, and an antagonism n the case of the rat uterus. Similarly, the
nityoindole shown in Fig. 1 was only an antagonist of sesotonin in the
dog, but Welsh {11} found it to act ke serotonin on the heart of the
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clam. Medmam was found by Shaw and Woolley to be only an ant-
serotonin on sheep arteries, but to have some serotomn-hke acton on
isolated rat uterus (8). AN of this mdicates clearly that whether one
finds antiserotonin or serotonin-like effects very often depends on the
tissue or species chosen for study. It 1s useless to attempt to decide the
matter by Binding an haltucinogenme compound which acts only as an anti-
serotomn on a1l tissues The risk 15 always great that although on ten
test objects 2 compound wall act only as an antagomst, on the eleventh
it may show some serotonin-hke effect. Several substances have been
found to act hke serotomm and to be at the same time and on the same
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tissue antagomsts of it Serotomn itself as described above is a case in
point. I believe that you will appreciate that this point of an excess or a
deficiency as the causative factor is not easy to resolve, Especially is this
true when attempts are made to infer from isolated muscles which of
the opposing actions is bemng exerted on human bram

You wall ask why this question of too much or too little serotonin has
not been solved simply by injection of this hormone The reason is that
in animals, peripheral mjection leads to no merease mn the brain content.
In other words, peripherally administered serotonin passes into the brain
only in amounts too small to measure. Direct injection into the brain has
been tested 1 animals, but 15 not something which one can do in human
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bemngs The chief unpressxon gamed from amumals given mtracerebral
serotonn 15 lethargic behavior, a i and ill to move
normally. If the dose 15 increased to gigantic amounts (1-5 mg per kg.)
this lethargic state may give place to violent convulsions, resembling
those provoked by medmain. The natural precursor of serotonin, namely
S-hydroxytryptophane, has been shown by Udenfriend and his collabora-
tors to pass the blood-brain barrer, and to increase the serotonm content
of the brain Peripheral mnjection of this precursor 1 huge amounts does
lead to convulsions in some species and we have seen 1t cause marked
central effects 1n dogs and mice It will be of much interest to learn
whether it 15 hallumnogemc n man. chever‘ 1t must be pointed out
that nexther nor 5-hyd, will cause
muce to behave in the fashion they do when ngen LSD I the presumed
psychotic behavior of these ammals is to be attnbuted to its serotonin-
like action, we must ask why serotonin will not reproduce the effect. This
behavioral test will be descnibed later mn this discussion.

Thus far the demonstrations of antiserotonin action have been made
on isolated smooth muscle preparations, or in animals in which ope
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measures a peripheral effect such as change in blood pressure  You will
want to know whether there is any justification for transferral of such
results to arguments about action in the brain, Indeed you will want
to know if has any d trable action at all on the brain We
also have been troubled by these questions, and have made the following
expersments in an effort to study them  Through the cooperation of Doc-
tors M. Murray and H Bemtez of Columbia University it has been
possible to find a visible effect of serotonin on a special kind of brain celt
cultured in vitro. Furthermore, it has been possible to show that a few
of the antimetabolites of serotonm will overcome this action on the brain
cells just as they antagonize serotomin in smooth muscles

In the brain there 15 a special kind of cell, the oligodendroghia, which
have a pulsating . This ion and exp of these
cells reminded us of the cf istics of smooth muscles on which
serotonin acts 1t seemed possible that these structures would be caused
to contract with serotomn, Beth human and rat ohgodendroglia were
examined in tissue culture, and 1t was found that serotonin did in fact
cause them to contract strongly Dr. Murray has made a time-lapse
movie which shows the normal pulsation and the effect of serotonin
quite strikingly.

This effect of serotonin was not shared by other kinds of bram cells,
because astrocytes were not caused to contract.

The contractile effect of serotonin on human oh’gudendroghi was

overcome by synthetic ant, bolites of in such as

and I-methylmedmain  Appl of these pounds in low concen~
tration to the contracted cells caused the ption of normal pulsati
The anti bolites caused no di ible effect at this same concentra-
tion when applied to normally pulsating cells in the absence of serotonin.
The <l of correspond, I: the results obtained on smooth

mascles {rat uterus) and those on the brain cells was striking mdeed.
Especially was this true with respect to one cunous difference between
¢ and 1-methylmed; These two anti bohtes of i
are very closely related n chemcal structure, and they have equal po-
tency as antiserotonins when tested on rat uterus as well as when tested
on human ohigodendrogha However, at hugher concentrations, medmain,
but not 1-methylmed has a in-like action on uterus It was
of much interest to see that the same was true on the oligodendroglia.
What was even more ing was that medmain, but not 1-me.thyl-
medmain, caused the convulsive fits in mice We had earlier associated
this convulsant action of med with its in-hke effect, and had
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garded 1t as a in-like P d which, 1n contrast to serotonin
itself, was able to penetrate into the brain readily. The ability to demon-
strate all of these findings again in brain cell cultures just as they had
been found to exist m smooth muscle preparations, encouraged us to
believe that the results on smooth muscles have a bearing on the re-
actions of brain to these compounds.

The action of LSD also was studied 1n human oligodendrogha. The
Tesults were more complex than with the two medmaws The first effect
seen with LSD was a relaxation and vacuolization of the brain cells. This
was then followed by a strong, serotonin-like contraction. Under suitable
conditions of concentration one could prevent the inital Saccidity by ad-
ministration of serotonin, In this respect then, an antagomsm was

d. The subseqt e ion was not gonized by
serotonin, in fact, 1t was augmented by 1t In this system then, LSD
showed both pro- and antiserotonin actions just as is the case i the test
which uses blood pressure responses of dogs.

These studies with oligodendrogha are only beginning, and much
remains to be done They seem to show that one can find a visible action
of serotonin on the bramn, and they may provide a means of testing which
is much more relevant than are assays with smooth muscles. The reader
is referred to the ongmal paper for sequential photographs which il-
lustrate the effects which have just been briefly summarized (2).

The demonstrable action of on oligodendrogha pi
us with a clue about one of the possible ways in which interference with
serotonin m the brain may lead to hallucinations and convulsions. This
is probably not the only function of this hormene in the brain and much
more will need to be done to prove the following 1dea. Nevertheless,
it may have some value since 1t seems to account for many of the
phenomena witch have thus far been seen. Because the brain is poorly
vascularized m comparison to organs such as kidney, it has seemed that
some means 1s necessary to msure adeq ircul of extr
fluds m order that oxygen, glucose, and other requisites reach the cells
rapidly enough, The pulsations of the ohgodendrogha, and their ana-
tomical situation in the bram, suggests that these cells are httle sturring
devices which circulate the extravascular fluid If they were to be
stopped, either by a tetanic contraction or by flaccidity, then this circula-
tion would be impeded It 1s well known that convulsions are a common
result of anoxia of the brain It is not so well known, but nevertheless
true, that hallucmations and most ternfymng anxiety can be evoked in
a normal man just before he loses consciousness in hypoglycemia. I my-

1




138 D W. WOOLLEY *

self have experienced this effect called forth by injection of insulin. An-
oxia and hypoglycemia of the brain are thus known to elicit the effects
which we wish to connect with serotonin. However, it must be stated
again that there may be other more direct actions of serotonin on neural
L. - L. .. AR A} AU R *

ibly one of many. It is

. . , " ' the brain to ascrnbe to
serotonin we are a long way from the psychiatric problem. For this
reason we have sought to devise tests of the ability of serotonin and its
relatives to infl ble mental p The only adequat
test is one invelving human beings because they are the only aues in
which mental illness can be diagnosed. We have therefore been pleased
to see that two Itahan psychiatrists, Montanari and Tonini (8) have
quite recently stated that the mental effects caused by LSD have been

in men by p ! inj of serotonin, I hope that this
finding will be substantiated in other laboratories. However, some time
before the appcarance of this chnrcal report, similar evidence had been
found in studies wath imee in our own Jaboratory (12). The attempt to
devise tests based on animal behavior was made because we have no
access to patients or to human expenmentation, and because many types
of experiments cannot be done on human beings.

In devising such tests one must remember that a mere neusological
finding of abnormal behavior nmght tell us very little. Several poisonous
agents eliett neurological abnormalities For this reason behavioral
changes have been sought which allow one to mterpret the change in
terms of 2 mental derangement. Nevertheless, it is a dangerous extrapola-
tion the limitations of which one must never forget.

The following test was devised Mice given relatively large doses of
LSD followed a tram of behavior which was regular and easily repro-
ducible. They became agitated, looking rapidly from side to side, they
sank low to the ground, and spread their torelegs and pushed backwards
actively, Soon they began to walk backwards. This type of behavior was
observed in normal mice placed on an melined plane of glass. Just before
the plane was raised to such an angle that the ammals began to slide
downhull they evhibited this kind of behavior This suggested that the
1SD created m the mouse the sensation that it was about to fall or
slide downhill

This presumed hallucination, or at least the behavioral change, mulfi
be prevented by administration of serotonin and a cholinergic drug di-
rectly into the brain Peripheral administration of these agents did not
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prevent the LSD-mnduced backward walking. Furthermore, the protec-
tion was not 100 per cent as can be seen from Table I1.

This di ation might be idered as ewvid that the LSD
had induced an hallucination m the mouse by creation of a cerebral de-
ficiency of serotonin, and that injection of the serotonin had made up
for this deficiency and thereby prevented the mental change However,
this would still leave unexplained the need for the cholinergic drug.
Possible explanations of this need have been discussed elsewhere (12).
Furthermore, the dose or serotonin was large m comparison to the total
amount jn a mouse brain This might suggest that serotonin was being

TABLE 11
ANTACONISM BETWEEN LSD-25 ANp SeroroNty Prus Croumvescic Drucs v maE
ABNORMAL BEHAVIOR OF Mrce?

No pushing
but not No walking
L C Injection No of mce  walkingbackward  backwards
Saline 19 0 19
Serotonin 20 pg 5 0 5
Carbamylcholine 0 2 jig 13 0 13
Serotonm 20 ug +
Carbamylcholine 02 pg 23 3 14
Physostigmme 10 pg 5 1 4
Serotonn 20 pg +
Physoshgmme 10 pg 5 3 2

@ All mice gaven 100 pg of LSD-25 each mtrapentoneally

rapidly destroyed by amineoxidase, but other explanations may apply.
Taken at face value, the experiments support the idea of a serotonin de-
ficiency as the cause of the presumed mental change. The Italian find-
ings referred to above i human bemngs would offer confirmation of this
yiew,

Recently Cerletti and Rothlin (3) have reported that brom-LSD, a
very close relative of LSD, and one which like LSD acts as an anti-
serotomn on smooth muscles, will not cause hallueinations m men. They
have put this observation forward as proof that the original suggestion
of Woolley and Shaw is untenable 1 believe that the 1dea is not so read-
ily disposed of Several bolites of have been known
not to cause behavioral changes in animals even though some do. This
aspect of the problem has been discussed in the original paper of Woolley
and Shaw, and subsequently (18) and need not concern us here. What
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is of interest is that the brom-LSD even in very large doses has failed
to cause mice to walk backwards, This would suggest that the mouse
behavior test lates in this inst with the psychiatric findings in

men,

To summarize, I feel that sufficient evidence has heen found to sug-
gest that serotonm plays a role in the brun, and that pharmacological
interference with this function there may influence mental and neuro-
logical processes. There is no proof that these relatives of serotonin
do not affect other processes aside from those concerned with serotonin,
and these other processes may be of great importance  However, the use
of analogs of serotonin has brought to hight so many phenomena related
to mental function s to suggest a partierpation of this hormone in normal
mental processes.
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Discussion

Cuanonay R W Gerary  Thaok you very much, Dr Waalley Like Darwin,
have marshaled a great deal of evidence, the mext few mnutes will mdweate

Wwhether you have been as convineing.
5 § Kerxr If Dr \Veogcyhhad :;vnﬁn:d }}1:‘\ presentation ml B fast ;ﬂ:
would agree wholehearte think. @ an eviremely provocabv
ﬁ::;z;::st‘mlt mummnB may have someﬂ{mg ta do with mentsl processes That
however 15 somewhat different from an attewpt at the present tme to give & more



SEROTONIN IN MENTAL DISORDERS 141

definite concept of exactly what role 1t does play in mental processes Therefore,
smee Dr Woolley has proposed at least one defimte theory, he expects, T am
sure, that we will be quite free m mdicatmg our reservations regarding 1t I should
like to pomnt out that one may retreat from the evadence on smooth muscle, that
15 the antagomsm extubited by LSD and other drugs to the smooth muscle effects
of serotomn, as not bemg precisely relevant to the mental effects of these drugs
Indeed, one is almost forced to retreat n the light of the evidenc of Rothln and
Dr Woolley humself, who have found many serotomn antagomsts which have
no mental effects But in retreatng one must realize that the smooth muscle
antagomsm of LSD and serotonin formed the most important basis for the hypotheses
relating serotoran to psychosis m the beginnmg

D. W WoorLer- May I speak on that before you go to another pomt® Furst
let me dispel the illasion that the ongmal evidence was based on LSD It was
not It was based on hammune, yohimbine, LSD, and synthetic antimetabolites If
you will read my ongmal paper you will see that all of these were wvolved The
evidence did not test on LSD alone,

With regard to Cexletts and Rothln, they have demenstrated that brom-LSD
will not cause hallucmations 1n man but acts similarly to LSD on smooth muscle
My ongmal paper was published in 1954 1 you will go back and read that paper
you will find that we discussed that very pomt, since we had antagonsts of serotonin
at the time that did not produce mental phenomena So we did take this into
account in our ongmal proposal

In regard to the mouse-behavior test, we have tned some brom-LSD. This
will not make mice walk backwards as LSD does We thimnk that the mouse test
18 of some value It 1s a mustake to say that the ongmnal idea arose from LSD,
That was only one of the pomts of evidence

S S Kery 1 did not mean that the ongnal 1dea arose from LSD In the first
slide you showed that the demonstration of antagonsm, be it with LSD or with
medmain or other antimetabolites, rested on smooth muscle assays Therefore
3t does not seem exactly consistent now to msist that the smooth muscle is not
an important analog of the mental effects, a thesis to which 1 would have agreed
ongmally

D W Woortey I hope I did not leave the impression that T thought that T was
retreating as you said from the smooth muscle findngs I am not retreatng at
all T am trymg to extend the observations beyond smooth muscle We stil use
smooth muscles most actively We think the results obtamed with them mean
@ great deal, but we think the gap beween smooth muscle and the bran may
be a very large one and many people such as yourself will be wary of jumpmg 1t

S Kerv The studies on the effects of serotomn on the ohgodendrogha are
cortamly mterestng  There 15 no_doubt that we dont understand how many
substances get into the tissues of the bram

It 15 extremely difficult to explam how radioactive phosphate, for example,
injected 1mto the ventricle will get mto the bramn 1n a matter of 30 minutes when
by the sunple pracess of diffusion it can be shown that it would take many hours
for this to occur and, therefore, the 1dea that the ohgodendroglia, whose function
38 somewhat mysterious anyhow, serve as a sort of pumping mechanism 15 extremely
attractive  However, there are certain questions that one might raise, In the
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first place, 1t is my g that these and rel: are

very slow and are made rapid only by the tremendous acceleration of the motion
pictures that have been taken, But more important than that, oxygen and carbon
diovide can diffuse apparently quite freely through all of the membranes m the
bramn  There does not seem to be any blood-bram bamer for these gases and one
can show on the basis of diffusion theory, despite the fact that the brain s not
as vascular as the heart, that it 15, nevertheless, quite vascular enough to account
for the oxygen requuements and the carbon diovide output of the bram entirely
in terms of thewr diffusion to and from the nearest vascular structure,

More important than that, if this mechanism were comrect and as 2 result of a
paralysis there were a suffocation of the bram in LSD psychosis, then one would
expect to find some changes i the metabolic rate of the brain in terms of otygen,
or carbon dioude, or glucose under the effect of LSD or some evidence for a fissue
anowa or 3 piling up of carbon dioude Dr. Sokolof and others of us at NIH,
have made such measurements i human beings, who were actively hallucmating
and found that there were no changes m CO, output, oxygen, or glucose con-
sumption 1 the bram as a whole, Admuttedly one could say that this mechanism
and its paralysis were highly localized, but 1t seems that that again s altenng
the hypothesis in the face of cvidence which seems to suggest that perhaps another
hypothesis would be a more heunstic one.

Cuamaaan R W. Geraro, Before you answer, I want to say one thing, on that
same pont, which has been 1n my mind ever since I first heard you suggest this
in New York. I made 2 quick estmate from the movie of the rate at which these

ligod gha cells were pul: when you reduced it from the tume lapse
photography. As I remember, it was about one beat in 20-30 minutes

D W. Wooutey: No, systole three minutes, dustole 2 munutes This agreed
with the orgmal finding of Pomerat

Cramsan R W Gerarp. This 1s not the speed of the observations shown on
the film

D W Woortey. Dr Mumray may have made a slip of the tongue If you look
at the paper on the subject you find that it is stated there

Ciaryanx R W Geraro  Even five minutes 1s an awfully slow beat to do any
sigmficant micro pumping and 1 completely agree with Dr. Kety on his reaction
to that particular mechamsm

D W Woorey Let me say one word fisst, Dr Kety Please don’t forget what
I sad, to wit. I think this 15 ‘one mechanism which we cannot farl to heed but
it 15 not the only mechamusm I myself don't think this 15 the only one.

Here is the situation In the bram one has a poorly vasculanzed tissue, between
the capillanes and the neurons are the ohgodendrogha, To deny that they are
samng up the flud n which they are resting is demying the fact The only
question of the significance of this 1s how much of a role it plays m the pharmaco-
logic events We just have to wait till we get more data to see but I think we
cannot afford to neglect this i looking for other possible ways m which these
compounds act

H HoacLanp. I would Iike to ask if your hypothesis of the lock and key
analogy wauld fit the type of data that both Marrazzi mn his laboratory, and Slo-
combe in mune, have obtamed in studies of electrical actity in the brain m
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which I.SD and serotonin together with adrenock drenal drenal
all have the same type of acton For evample, under conditions of anesthesia
wath pentothal all these substances decrease the frequency of the electrical actvaty
recorded from both cortex and depth electrodes Serotonm 15 the most potent.
It is effectve 1 doses of 1 ug. mn slowmg the electncal actvity This slowing 15
characteristic 1f one uses pentothal anesthesia If one uses ether or has the amumal
not anesthetized— am speakmg of the work of Slocombe with rats—one does not
see the slowmg Faciitation is more charactenstic

We have also recorded the transcallosal respanse in rats that Marrazzt has
described m cats These substances all have iwnhabitory achon in the pentothabzed
sat and so we have confirmed Marrazzis finding m the eat Would you, Dr
Woolley, mterpret this n terms of your analogy by saymg that m these cases
these substances all turn the key m the lock and show no competitive action for
receptors because they all fit the lock so well> Would thus be imterpretable m terms
of anhmetabolite action where the effects of the drugs are n the same direchon
and show no competition

D W Wooreey May I say that the lock and key analogy 15 a very sunple one
on which to hang our thinking, so that we understand each other. One cannot
push this analogy too far My own thinking based on evidence that others have
obtained, as well as that which we have ourselves found, 1s that there 15 more
than one kind of serotomn receptor m an ammal I think Gaddum has produced
evidence to show that in the small wntestine, for example, he can distngmsh two
kinds of receptors With this complewity before us we must be very careful i
our thinking and m our evpenmentation, However, I think the lock and hey
analogy 15 a good one, as a starbng pomnt on which to base our thinking 1t 15 also
somewhat more than an hypothesis, Thus, for example, it has been demonstrated
that many other antumetabolites work by actually excliding, pushing out the
elated metabolte Along this Line we have been able to show that some of our
synthetic antmetabobtes of serotonin displace serotomn from the receptors

Dr Brodie, likewse about a year ago, showed that reserpme which we con-
sidered to be an antmetabolite of serotomn, also does this very effectnvely. Other
antimetabolites of serotomn can do 1t too This 15 not surprisng because this 15
a way a number of antimetabolites have been shown to work They displace the
metabolites from the lochs, you might say, and the metaboltes are then not
avalable

H Hosctann  You would not feel that the similanties of effects of this group
of drugs on the bram, rather than competitive actions which some of them show
on smooth muscle, modify the lock and key analogy?

D W Woorey I don't feel 1t modifies it at all I think the picture of the
lock and key fits thus far adequately enough to enable us to use 1t Thus whibiton
caused by the excess of serotonin, the antiserotonn effect of evcess serotonin, as
well as excess LSD and all the other things 15 an exact dupheate of the imhibition
of ATPase by large amounts of ATP There are any number of enzymatic models
upon which you could call to illustrate the same pormt

A 8 Marnazzi  As a matter of fact, this discussion has saved me a lot of
tue on what 1 wanted to say We approached the problem from 2 different
pout of view, using a different technique, namely, by studying the evoked poten-
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tials in the cat cortex to determine synaptic effects In this way we demonstrated
the synaptic excitatory action of cholmergic agents and inhbitory action of
adrenergc agents. We postulated some disturbance of the chemical synaptic
) by certam psychotogens because of the structural simlanty of the
LSD and line to serok and adrenaline and we did find that they produce
synaptic inhtbition  As a hypothesis we thought this might underlie the mental
disturbance produced. Serotonin was the most active of all :n producing cerebral
synaptic inhibiton  This, I think, adds to Dr. Woolley’s thesis. Furthermore,
there seems to be some pertinence of these animal experiments to the chmeal
situation beeause cltmeally these psychotogens rank m potency in the same order
as they do as synaptic mhibitors i the cat Agam clinfeally the tranquilizers all
are cffective In varying degrees All offset the effects of mescabne and LSD In
our expenence the tranquilizers do offset the cerebral synaptic inhibiting effect of
mescahine  We have not as yet adequately tried them against serotonmn,

1 was very happy to note Dr. Woolley's elaboration of the receptor concept
to explain apparently that in this mstance the penpheral receptors are not as
good mdicators of central action as they might have been, although he now has
brought them into a formulation that would be acceptable on the basis of com-
petition of swmlar substance for 2 similar receptor

S. UpENFMEND, Since we have heard this thing on ghal cells, I wonder whether
we could get full details on that. For mstance, I don’t know much about how
much LSD was used, the concentrations, or the amounts of serotorun that had
to be added in mitro We said something about the time lapse We were not
told anything about specifiaty I know there have been papers on i, but I
don't recall what epinephrine or histamine does Could we have some of those
datap

D W WooLter. In the manuscrpt which I prepared for this occasion and
which 1 did not read, I said these etpenments are m the beginnmg  We started
this work about a year ago last November As to the amount of substances and
our procedure with the ghal cells, explants are made from human embryome
brain or from embryonic rat bram, These are grown on shdes with serum The
slide 1s dipped 1nto a solution of serotonin, 5 ug per cubte centimeter, dipped
in and taken out and observed under the microscope It takes around 30 minutes
to get maximal contraction, which 1s a long tetamc one, lastmg from 2 to 3
hours before there 1s relaaton Then the cells gradually return to normal
pulsation Now with respect to the amount of antagomst, with medmam the
mhibition sndex was wdentteal wath that found on rat uterus It takes ten times as
much medmatn as of serotonin to get complete antagonism  With LSD the amounts
were varied For purposes of discussion let us talk about 5 pg per cubwc centr-
meter. In the first 30 munutes one sees flacaidity, failure of if
tion of the cell After about an hour strong tetanic contraction, such as you get
with serotommn, sets in, and 1t lasts for around 2 hours Now how much do we
use when we reverse the LSD action? We apply 5 pg LSD, and 2 g of serotonin
at the same tme, 2 pg of serotomn alone will not do anything to these cells
However, 2 g of seroton will prevent the vacuohzation and flaccidity of
the eells treated with LSD  To indicate the spectfierty of this effect, astrocytes
¢ same way with serotonin do not contract

treated m thi
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S Upesrmexp  What about histamme and other cells®

D. W. Woorier: We have not done anything with histamme,

A G Scocomse What 1s the latency of the contraction of the ghal cells with
2 pg of serotomn and without the LSD?

D. W. WooLLey: We do not have exact measurement of latency, but the 2 pg.
of serotonn 15 msufficient to cause the tetanic contraction of the cells. We hoped
to be able to find that with the amounts of serotonm which are msufficient to cause
these tetanic contractions, one could demonstrate the action aganst LSD  Whether
the concentration of serotonin one finds 1o the bramn would be able to increase
the pened of systele has not yet been determined

B B Broow. In consdenng Dr Woolley's hypothesss, it should be bered
that the concentration of serotomn in bram averages about 05 pg per gram
of uissue, virtually all of which 1s bound I und, d that m your exp

the concentration of serotomn, 1 a free form, was about 5 pg per mullilter of
solution

D W WooLLey Yes, 5 pg serotorn per cubic centimeter 1s more than the
concentration 1n the bran, but I would semind you that the contractions pro-
duced by this quantity are very profound 1t 15 quite possible that smaller amounts,
such as those found m the bram, will mcrease the period of systole or dimmsh
the diastole

B B Bropie One finding I do not understand 1 the effects of serotonin on
the uterus in oitro and 1ts antagomsm by LSD If we talk i terms of a lock
and key, then there 15 no door, smce the uterus nommally contams no serotonin
It could be argued that serotonn 1s being formed and destroyed with extreme
rapidity 1 the uterus with the resultant net level of the amme too low to
measure, although high enough to have physiologic actnaty But this seems im-
probable since the uterus 15 noymally one of the most quescent organs i the
body How can we explan the presence of receptor sites for serotomn in an
organ which normally contams mone of the indole®

D. W WooLLey We have to be very cautious i saying it does not play a
role I think we have to reserve our judgment on that First let me say that the
uterus will not respond to serotomin except durng estrus

B B Brobiz It will respond, but not so strongly

D W, Woortey The order of difference 15 about one thousand times- in
order to get a non-estrus uterus to contract you must apply between a thousand
and ten thousand times the amount of serotomn It 15 too early to say that
serotomun plays no role i the uterus

A S Marmazzi I want to make a further comment pertinent to the amount
of serotonin  We have dealt of course, with the synaptic mhibition produced by
serotonm, so the amount that would be important to us would be the amount
of serotorn at the synapse We tried to approach that m a very prelinunary
fashuon by adding a monoamine oudase whibitor and we produced evactly the
serotomun effects in the anmal If we can fepeat that with small enough doses
of 1promazid, the assumption 15 that there is enough natural serotonm protected at
the synapse to produce the action

One more porat, of course I think most of us, certanaly I, would be perfectly
agreeable to ‘saying that, if this 15 a0 underlyng mechanism for some sorts of
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mental disturbances, it need not be scrotenin but may be somethmg having those
properties which would be produced by a perversion of metabolism,

D W. Woorrey: There 15 no proof that the substance which occurs in the bram
is not bufotemn.

B. B. Bropie: There is no measurable bufotenn in the brain.

D. W. WooLLey What are the measurements?

S. Upenrmienp: The paper is i press E ily all the 5-hydroxyindol
in tissues is in. No b in was detected,

I cannat resist a nostalge comment I am so vivnidly reminded of a decade
or 50 ago when another substance started to become exciting 1 wonder how soon
we ean school ourselves to remember that when any agent is evpenmented with
extenswvely a great many actions of it are likely to tum up, so that only an -
tellectual ‘moron cannot traverse a theoretical path from one or another of them
to almost any conclusion he wishes to reach. The problem s, of course, what the
quantitative relations are and the magmtudes of changes under different condi-
tons. 1 say this without any prejudice pro or con serotonmn, but 1t is a pomt of
view that 1 do think has to be kept m mind by all of us, when a tremendous amount
of data starts to pour In as & result of finding some substance with a lot of mter-
esting actions.
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Although in this di in will be idered solely from the
standpoint of neurochemistry, it must be pointed out that the brain 1s
only one of the tissues in which serotonin is found. In fact, of the sero-
tonin 1n the body, the amount in brain, represents but a fraction of a per
cent, the largest amount being found in the gastrointestinal tract where
its function is yet to be explamed It is present in the blood, and has
recently been found in lung (20). Serotomn is found m many tissues of
almost all mammals and invertebrates investigated, it is also found in
toad venom (15) and in the octopus salwary gland (7) 5-Hydroxymdole
compounds have even been found in plants (13, 22) and in bactena (9)
where they serve as intermediates in the formation of pigments. We must
therefore, consider the 5-hydroxymdole pathway of tryptopl
lism an important one With its widespread occurrence in nature there
probably will be many important functions ascribed to 1t

This paper \Vl“ first describe some of the analyhcal techniques that
have been d ped for and its L Then it will
present biochemical studies concerning the identification of serotonin,
lls Iocahization in the central nervous system, localization of the enzymes

lved in its thesis and )! intermedi of
and the nature of the enzymes involved. From these studies we will then
turn to those aspects which might be of physiologic or pharmacologic
interest, enzyme inhibitors and their 1n vivo effects, the effects of de-
fctencies of some of the y lved in
and the effects of the in p , 5-hydroxytryptophan, on ex-
perimental ammals

The boassay techniques, used by Twarog and Page (14) and by Amm
et al. (1) to identify serotonin in brain do not distinguish between

and related sut such as the methylated analogs Spectro-
photofl ne studies in conjunction with rent distnibution
147
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and bioassay have now confirmed the presence of serotonin in brain and
have ruled out the occurrence of methylated analogs (3).

In strongly acid solution serotonin and other 5-hydroxyindole com-
pounds exhibit a characteristic fluorescence; when activated at 295 mu
they fluoresce at 550 my. (17}, In pure’solution, one can readily detect
0.02 ag of scrotonin per milliliter. Brain homogenates are extracted
from an alkaline pH into butanol and reextracted from butanol inte
acid (3). In the course of these extractions substances like 5-hydroxy-
indeleacetic acid and 5-hydroxytryptophan are removed, only basic sub-
stances being extracted. The material extracted from brain in this man-
ner, when subjected to a nine-plate countercurrent distribution, dis-
tributed itself 1 the same manner as authentic serotonin. The distribu-
tion coefBicient of bufotenin m this system is so different from that of
seratonin that if it were present 1t would have been almost entirely con-
centrated in the first plate whereas serotonn would be found in plates
four and five. Actually less than 1% of 5-hydroxyindole finorescing ma-
terial in the bramn extracts appeared in the first plate. The material ex-
tracted from brain and subjected to distribution was
assayed both fluorometrically and by the clam heart bioassay, The values
obtained by both methods were found to agree and the first plate dl
not contain any material which could activate the clam heart. These ex
periments make 1t fairly certan that the 5-hydroxyndoleamine in brain
is serotonin and ot a methylated analog

The second problem concerns the distribution of serotouin n the brain.
Is it localized 1n specific areas or is it randomly distributed? Studies on
cat and dog brain mdicate that it is found in highest concentration in the
hypothalamus and more primitie centers, little being present in the
cerebelfum and cortex (2). Gaddum and Giarman (8) have reported
similar findings. This pattern of distribution may be a clue to the role
of serotonin in brain.

The neyt problem deals with how serotonm gets mto the brain Is it
made there or is it brought there from peripheral sources? Apparently
serotonin penetrates mto the bram with great difficulty. If one ad-

ini )f ly Jarge of in it is, frst of all, very
rapidly metabolized. Even if one maintains a relatively high blood level
in dogs and rats there 15 no detectable fise in the brain serotonin level.
Hi with huge of in admi d to mice, it has
heen reported that one can get a perceptible increase 1 the brain ( 16).
ly traces ean cross the brain barrier but the huge amounts ad-

Appmeml >
rnistered peripherally in order to accomplish this are hardly physiologi-
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cal, Further evidence that serotonin 1s not made parenterally and trans-
ported across the bramn comes from studies on patients with malignant
carcinoid (see below), a tumor which makes huge amounts of sero-
tonin (12). The blood level n such patients can be 10-20 times normal
and the unnary excretion of SHIAA elevated over 100 times normal.
‘With this huge amount of serotonm being synthesized peripherally one
cannot detect a trace of serotonin in the spinal fluid, Furthermore,

patients with mahg id show no d rable central disturb-
ance.

The most g evid that in is made within the brain,
of course, is the d ration of Ived in its synthesis. In

ammals and in patients it has been demonstrated that tryptophan when
adminsstered in radioactive form yields serotonin (18) The intermediate
in this conversion is 5-hydroxytryptophan (SHTP). This amino acid has
only recently been 1solated from the urine of a patient with malignant
carcinoid (6). In animal hissues there is an enzyme that decarboxylates
5-hydroxytryptophan to in (16). It is present in huge quantities
in most tissues and is highly specific for 5-hydroxy-L-tryptophan. It
does ot act on tryptophan. As far as the metabolism of serotonin is con-
cerned a major part of parenterally admmstered serotonin can be 1s0-
lated as 5-hydroxyindoleacetic acid (SHIAA) in the urine (16). The
enzyme ine oxidase is responsible for the oudative deamination
(11} leading to SHIAA.

Methylation of serotonin occurs 1 the toad, in invertebrates, and also
in plants The finding of traces of dimethyl serotonin (bufotenine) in
human urine has also been reported (4). However, in this laboratory no
such compound has been detected Furthermore, attempts to demon-
strate methylation of serotonin by animal tissues in oitro have not been
successful,

Thus far little 1s known about tryptophan hydroxylase 1n animals and
m man. However, 1t 1s hoped that studies 1n bactena and toads may yield
clues which will be of help in studies on the mammahan enzyme.

S5-Hydroxytryptophan decarboxylase is found in relatively high con-
centration i the bran It too, is not umformly distributed in this organ,
m general the localization of this enzyme parallels that of serotonin
Gaddum and Giarman have reported findings of a similar nature (8).
Some of the properties of this decarboxylase are of interest and can be
useful m further studies on the role of serotonin First of all, the enzyme,
Iike all amino acid decarbovylases, requires pyridoval phosphate (5, 21)
which is derived from vitamm Bg Pyridoxine deficiency 1s associated
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with neurological disturbances. It was of interest, therefore, to find out
what happens to the serotonin depots and to the enzyme, SHTP de-
carboxylase, in animals deficient in this vitamin. The animals used were
G-week-old chicks which were raised from hatching on a diet containing
about 1 to 2 per cent of the optimal amount of pyridoxine. These were
compared with pair fed controls, so there were no differences in their
food intake They were somewhat smaller in size but the values for
serotonin in Table I are given in terms of microgram per gram of tissue

TABLE I
Tissve LEviLs oF SEROTONIN IN NoRMAL AND Pymmowin-DerIciENT CIHICKENs?
Tissue Serotorn (pg /gram)
Brain (Normal) 113(7)
Bran (Deficrent) 039 (4)
Intestme (Normal) 500(3)
Intestine (Deficient) 1.19(6)
Blood (Normal} 290 (5}
Blood (Deficient) 060 (5)
Liver {Normal) 160 (5)
Laver {Deficient) 042 (5)
© Chickens were fed from hatching on a dict contaiing about 1% of the optimal

q of . Therr food ption was smilar to that of the con-
trols. The values shown for each expermment are averages, the numbers in paren-
theses indicate the number of anmals employed

It is apparent that the amount of serotonin in the various depots, mnelud-
ing bram, 15 markedly dmmmished 1n pyridoxine deficiency. Ths effect
of pyridoxmne deficiency 15 mteresting but it 15 probably not specific for
serotonmn.  Since pyndowune 1s involved m all ammo acid decarboxyla-
tions it should also be involved in the formation of epinephrine and nor-
epinephrine, and 1n the formation of histamine. If pyridouine deficiency
influences epinephrine, norepmephrine, and histamine as much as 1t docs
serotonin it is mndeed not surprising to find such marked neurological
disturbances.

The next aspect of the decarboxylase concerns stucies with SHTP in
vive. Would 1t give nise to intracellular serotomn? If it did what would
be the consequences® It has been found that when SHTP 1s administered
to animals it is taken np by most tissucs and there converted to serotonin
(19). Thus almost all tissues, even those which normally contain no
appreciabl of become rich in serotomn. Increased
amounts of serotonin are found in hypothalamus, cortex, and other parts
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of the brain When one admmisters SHTP and measures both the amino
acid and serotonin in various tissues, one finds that the amino acid enters
1nto tissues such as brain and there 1s converted to serotonin. Elevated
brain serotonin levels are obtained following the administration of 5-
hydraxytryptophan  Serotonun itself, when administered as such, does
not end up in the brain (see above). 5-Hydroxytryptophan, like other
amino acids, can cross the blood-brain barrier and there be converted
to serotonin 5-Hydroxytryptophan thus provides a parenteral method
for getting serotonin into the brain
When dogs were given 60 mg of SHTP per kilo, intravenously, they
showed marked central disturbance, The following effects were seen:
skeletal tremors, loss of placing ! postural i dinati lac-
on, salivation, pil ion d heart rate, marked gastro-
intestinal activity, loss of response to visual stimuli, pupillary dilation and
Joss of the light reflex. These effects are smmlar to those produced by
the hallucinagenic indole, lysergic acid diethyl amide. We have here a
situation where the brain serotonin level has been increased enormously,
the Jevels in the dog, at this dose, being at least ten times the normal
level One has to attain levels several times normal to obtain such effects
‘What brings about these effects? When SHTP is administered it enters
the brain and also gives nse to serotonm and 5-hydroxyindoleacetic acid.
Any one of these sut could therefore be responsible for the
observed effects By admimistening SHTP with an amine oudase inhibitor
isopropyl 1sontcotinyl hydrazide (iproniazid), it has been possible ta
show that the effects are related to serotomn alone. With a given dose of
SHTP the amounts of brain serotonin found in animals pretreated with
iproniazid are much greater The effects of SHTP are also intensified.
However, little change 1s seen in the amounts of the amino aaid in brain.
When SHTP was given to rats in doses of 100 mg per kilogram the
brain serotonin level rose from 06 to 13 pg per gram No central effects
were observed at this dose However, when the animals were pretreated
with iproniazid the level was § d to over 4 4g per gram
At these levels there were observed the same effects as are produced by
LSD in these animals. The ipromazid produced httle effect on the brain
level of SHTP. Unless they are pretreated swith iproniazid, rats and mice
require enormous amounts of SHTP to show central effects, On the
other hand, cats, dogs, and rabbits show these effects without such pre-
treatment. Actualy SHTP raises the amount of serotonin not only in the
brain but in all portions of the body Caution will have to be observed,

therefore, in determining which of its effects are central and which
peripheral.
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The bolism of in is app ly catalyzed by the enzyme
monoamine oxidase which s present in large amounts in brain (11).
Zeller (23) had been studying this enzyme for many years before its
relationstup to serctonin became evident. However, much remains to be
learned about this enzyme. Is there one monoamine oxidase or are there
several? How can it be solubilized and isolated from the mitochondria?
What are its properties and cofactors? We know of many substances
that can inhibit monoamine oxidase in vitro Iproniazid, as was shown
ahove, can alsa be useful in vivo.

A comparison of the distribution of SHTP decarboxylase, serotonin,
and monamine oxidase in various parts of the brain is shown in Table
I In general, areas that are vich in serotonn are also rich in the de-
carboxylase. Manoamine oxidase is found in Jarge amoaunts throughout
the brain although there appears to be a httle more in the hypothalamus
than in other areas. It is evident that potentially more serotonin can be
destroyed than can be made in a given time It must be concluded
therefore that serotonin, as it acours, is undoubtedly bound or in some
way separated from monoamine oxidase.

Now what happens when one inhibits the enzyme monoamine ovidase
in vivo? When iproniand is administered to rats or rabbits, in doses of
over 50 mg per kalo, within a very short time there is observed a large
increase in brain serotonm. Within 5 hours, the increase is about three-
fold. Apparently one can produce an merease in brain serotonin by
administering an inhibitor of monoamine oxidase. If one were to assume
that inhibition was complete then the sate of formation of serotonin in
the brain must be relatively rapd, the half-hfe being of the order of an
hour or twe Radioactive studies on serotonin turnover in the gut in-
dicate that its half-life there is at Jeast 10-12 hours. Serotonin in the
bram is apparently made more rapidly

Although 1p d can prod 3 ges |
in brain it 15 not a very efficient inhik If muce are p 3 with
iproniazid the rate of serotonin metabolism by the whole animal is un-

ffected, However, | 2 of tissues from the same anmals were
found to be unable to destroy serotomn  When mtact tssue slices from
these ammals were pared with the homag, 2t was found that
the monoamme oxudase activity of shees was not snhibited whereas that
of homogenates prepared from the same tissue was totally mhilated.
Thus conclustons concerning in vwo action based on studies with
homogenates are misleading and although ipronazid has demonstrable
anti monoamine oxidase activity fn vivo it is not nearly as effective as

h

W,
able
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data from homogenates would indicate In mice, pretreatment with
4

ip P a large in the amount of serotonin appear-
ing in brain after a given dose of SHTP but the effects on serotonin in
the carcass are hardly significant.

TABLE II
Tre Di M OXmASE, AND
SHTP DrcarsoxyLase W Doc Bramw
SHTP Monoanne
decarborylase oxidase activity
SHT  actty evpressed  expressed asug
content aspg SHT formed  SHT destroyed
Tissue fnyug /g pergramper hour  per gram per hour
Amygdala 21 1786 968
Hypothalamus 15 uz 1624
Hypotbalamus 18
Septal Area 15 109 1217
Midbramn 10 976 842
Pynform cortex Q94 1558 926
Caudate nucleus 055 306 935
Caudate nucleus 098
Medulla 064 32 mv
‘Thalamus 050 38 840
‘Thalamus 064
Hippocampus 064 155 1176
Olactory bulb 039 — 573
Pons 038 28 836
Cortical gray matter 0278 72 819
Cortex 017y — 844
Cerebellum 009 9 930
Corpus callosum + mternal capsule  —e 4 466
Lateral gemculate — 79 844
Medial gemeulate — 76 865
Fornix e 96 707
Optic tract — 75 701

o Gray matter taken at random from the neocortex
? A shce of tissue contaming both gray 2nd white matter

© Even after combining tissues from two anumals no 550 my flucrescence could
be detected

Ipronnazid 1s thus a useful tool. The fact that it may have selectivity
for brain may make 1t even more valuable. However there is need of a
monoamine ovidase inhibitor that 1s more potent than iproniazid and
which can penetrate into cells better than iproniazid.

1 think 1t is now justifiable to say that

must have a role
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The metabolism of serotonin is apparently catalyzed by the enzyme
moneamine oxidase which is present in large amounts in brain (11},
Zeller (23) had been studying this enzyme for many years before its
relationship to serotonin became evident. However, much remains to be
learned about this enzyme. Is there one monoamine oxidase or are there
several? How can it be solubilized and isolated from the mitochondria?
What are its properties and cofactors? We know of many substances
that can inhibit monoamine oxidase in vitro, Iproniazid, as was shown
above, can also be useful in vivo.

A comparison of the distribution of SHTP decatboxylase, serotonin,
and monamine oxidase in various parts of the brain is shown in Table
1L, In general, areas that are rich in serotonin are also rich in the de-
carboxylase. Monoamine oxidase is found in large amounts throughout
the brain although there appears to be a little mare in the hypothalamus
than in other areas. 1t is evident that potentinlly more serotonin can be
destroyed than can be made in a given time, It must be concluded
therefore that serotonin, as it occurs, is undoubtedly bound or in some
way separated from monoamine oxidase.

Now what happens when one inhibits the enzyme monoamine ovidase
in vivo® When 1proniazid s administered to rats or rabbits, in doses of
over 50 mg per kilo, within a very short time there is observed a large
increase in brain serotonin, Within 5 hours, the increase is about three-
fold. Apparently one can produce an i in brain in by

dministering an mhibitor of ine oxidase. 1f one were to assume
that inhibition was complete then the rate of formation of serotonin in
the brain must be relatively rapid, the halt-life bemng of the order of an
hour or two. Radioactive studies on serotonin turnover in the gut in-
dicate that ats half-life there is at least 10-12 howrs. Serotonin in the
brain is apparently made more rapidly.

3 1 3

Ll ol 5

Although 1p can p ges in
in bram it is not o very efficient indubitor If mice are pretreated with
iproniazid the rate of serotonin metabolism by the whole animal is un-
affected. H , homog of tissues from the same animals were
found to be unable to destroy serotonin When mtact tissue slices from
these animals were pared with the b I it was found that
the monoamine oxidase activity of shees was not inlubited whereas that
of homogenates prepared from the same tissue was totally tntubited
Thus conclisions concerning mn ofco action based on studies with
3 tes are misleading and althaugh § d has d bl

i

anti smonoamine oxidase actwity in oive it is not nearly as effective as
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Discussion

A. G. Stoconme- Is it mot possible that because of the large amounts of serotonm
that you are mjecting that you may be changing the blood-bram bammer, smece
wherl we mject 01 g per gram there 15 an immediate change of corical actmity,
so something seems to get to the bram under these condiions?

B.B Bropm Dr. Slocombe, how did you mject the serotonin?

A. G. Stocosses By the intracarotid route

S UpenrrEnp: We never measured the effects of serotonin injected mtra-
carotudly, We now have radioactive serotonm and we would hke to measure that
Actually what I would try to pomt out 15 that Erspamer suggested that the entero-
chromaffin cells m the gastromtestinal tract were the organs which made serotonmn
and speculated on the passage of serotonin from these hissues into other parts of
the body. 1 would say there would be very Lttle possibility of finding that measur-
able amounts pass through the cireulation mto the bran

A G Siocorse I have to imject ten times the amount in the femoral vemn to
get the same effect as m that following carotid injechion. This may be due to
destruction of serotomin by passage through the lLver, With reference to the
blood-bram barmier, don't you think 1t 1s possible that you mject so much that
you may actually alter the permeability of the barrier?

S Upenrraenp  Cortical effects do not prove that serotonin gets into the brain.
Vaso-constriction and anova can have marked effects too.

A G Stocomse. They can, but it does not appear to happen m these experi-
ments There 15 o vascular cortical change which can be detected under the
dissecting mucroscope

G H Graser What 1s the cortical effect you observe?

A. G Scoconee In pentothal anesthetized anmmals, we find a complete flatten-
ing of spontaneous actvity without any apprecuable effect on either respiration
or electrocardiogram

G H Grasen. The effect described by Dr Udenfnend on dogs suggests a subs
cortical localization particularly an the midbram, the tremors, the pupillary dilata-
tion, loss of the light reflex, loss of placing reactions, and postural mcoordination,
suggest a disturbance m the mudbramn 1 addition to the hypothalamic actiwaty

A G Svocompe In the pentothal-anesthetized ammal that 15 true

G H Graser It 1s therefore mteresting that cortical effects also occur

A G Stocomse: We find the flattenng of actvity m the tegmentum, thalamus,
hypothalamus and on the cortical surface 1 the pentothal-anesthetized but not
in the ether-unanesthetized rats

E Dr. Glaser d the midbramn symptoms i these dogs and
1 should Like to pomt out the resemblance of the midbraln dog to the picture which
De. Udenfriend described 1 the dogs gwven S-hydroxytryptophan  Immediately
after transection of the mudbram, there is mcreased actvity of the gastromtestinal
tract, the bowels move frequently and m some cases clear mucus or blood and
bile stamed mucus continues to be passed for days. There 15 excesve salivation
aod ncreased gastne secreton The dogs vomuted readly The ammals which
survive for months and finally stand and walk show difficulty i placing reactions,
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in the function of the brain. Evidence for this is (a) serotonin is found 1
the brain, (b) the enzymes which can make serotonin and destroy it are
also found there, and (c) increasing the amounts of serotonin in brain,
as with SHTP, or decreasmg it by pyndrmne deficiency, produce marked
central disturbance. The phar gical effects produced by indole
drugs are further proof of an important central function for serotonin.
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very iderably As Sl be has d the blood-b bamer may have
become extremely resistant.

D W. WooLLEy: One thing about the experument that troubles me, Dr. Mar-
vazzs, 1s how the serotomn gets through the blood-bram bammer. All sorts of
punor trauma, cuts and bruses and the like, destroy enough platelets to hberate
more than a mucrogram of serotomn. Can you measure such serotomn release
resulting from the behavior of the ammal so you can recogmize its effects followmg
various stresses, cuts, and the like, that liberate serotomn many tumes greater than
when the cat gets a microgram of serotonin injected mto the blood stream?

A S. Manpazzi  We are not talling about a microgram mn the systemue blood
stream, but a gamma n the fauly close arterial mjection in the common carotd
which feeds directly m the cortex

§ 5 Kerv. I can't accept the permeability of the blood-bram barmer to
serotorun merely on the basis of nonspecific alterations mn electrical activity an the
bramn until you gentlemen are able to convince me that these are not the effects of
local constriction of blood vessels. Evarts tells me that m his evpenments with
Close artenal mjection of serotomn he got obvious blanching of the bram  Ad-
mttedly, that was a higher dose than the ones that you had used, but it demon-
strates that serotonin ke epineph can mn ceftain have a marked
vasoconstrictive effect on the brain  As Dr, Marrazzt knows, I do not feel that
he has ruled this out even for hus earlier effects with epinephrine

One must also bear in mind the question of dosage It is somewhat musleading
to report dosage w terms of hilograms of body weight when the ijection s
directly wto one carotid, since the concentration 1n that vascular bed would be
at least 10 times and may be as much as 100 tmes greater than that achieved
by imtravenous snjection, so what looks like a small dose reported one way, may
actually be a vasoconstictive dose m the affected vessels

A S Marmazzre As Dr Kety smd, Dr Evarts’ doses were relatively enormous
We also looked at the bram, although lookmg does not tell you very much
‘We cannot see any obvious change, and this also Slocombe has told is true mn the
rat Dr DiStefano m Hodges' department has tned to measure the oxygen
utilization by recording the DC potentials at the time serotomn was gven and
he finds that the changes do not comcide m such 2 fashion as to wdicate a cureula-
tory or capilary bed change Unfortunately his otygen electrode was on the
symmetncal pomt on the opposite slab of corte¥, not on the same pomt where
the serotonm whibition of evoked potentuals was recorded However, there are
other mdirect preces of evidence For example, one tan get synaptic snhibition
with substances that will exther rase systemsc blood pressure tremendously or,
cause 1t to fall, so 1t 15 not dependent upon at least the passive change 1n the
blood flow through the bram that can be produced With mescaline the blood
pressure falls, and we get a synaptic mhiition With adrenalne the blood
pressure rises and we get synaptic mhibition

G S Gomoan Do the high blood levels of serotonin in the carcinoid reflect
serotomn that actually gets mto the carotid artery® Aren’t those venous levels®

S Upesemmsp We measured and found serotonm in many vascular beds,
arterial and venous In fact, 1 occasional patients we have found a relatiely
lugh free serotonin level, serotomn not bound to platelets
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they stand with front legs crossed and hind legs spread apart. Vision seems to
be Limited to distinguishing between light and darkness. The pupils are widely
dilated, even 1n presence of a bnght lght When the animal is restrained, it
goes into a state g rage with 1i, iting, hyp lation and
profuse salivation

Cramaan I 1. Pace: How did you prepare the dog? -

E AwpersoN. Our dogs have a high midbrain transection One dog has survived
almost a year,

A. S. Marrazzi: What did you do® Did you inject something?

E. Avperson. No, but the picture Dr. Udenfriend described when he gave 5-
hydroxytryptophan rescmbles the dogs with midbrain transection

S. Upenrmienp: You probably know that mahgoant carcinoid patients have
hyperserotonerma. I doubt whether you would detect any difference mn their bram
serotonin levels.

A. G. SrocoMmpe: Might this not also be due to alteration of the blood-brain
barrier?

S. UpenrFrienn 1 do not know, but one can find carcinoid patients that have all
gradations of serotonin from large amounts to small.

B. B Brom: It is probable that gving serotomin by femoral ven or by the
carotid artery constitutes two quite different experiments If relatively large amounts
of serotonin are given fntravenously, the penpheral effects will be promrnent, but
Iittle central action may be evident, since most of the mdole may be metabolized
or localized in tissues, especially platelets, before it reaches the bran On the
other hand, the mtracarotid mjection of an amount of serotonin, too small to have
a marked penpheral action, may wnduce a central action because 1t passes throngh
the brain m a free form.

A. S Mammazzic It seems we are sort of skirting the issue, We are really not
defning it and this 15 the difference between chemical measurements and physio~
logical ones. It 15 perfectly true that when we put m serotonin intracarotidly we
get profound effects, nhibition of the evoked cortical response This 15 in keeping
with the very considerable knowledge that munute quantibes of substances can
have profound effects on the central nervous system  An example of this sort of
thing §s Magnestum narcosis, where no one has yet found any increase of
magnesiwm 1n the bram dunng magnesium narcoss It 1s pretty evident that this
must be a central effcct I don't think any real argument ewsts that serotonin
gets through the blood-brain barer with relative difficulty, but 1t can get through
This business of the chinical effects of high blood levels could be very easly
passed off, at least for the sake of argument, on the basis of adaptation slowly
developing with  gradually m the blood  Furthermore,
Dr. Udenfriend, did you not say at one time that one of your patients did have

symptoms?
S, Upenemienp  Only one of about eighteen carcinoid patients showed signs

of central disturbance

A S. Mapmazzi So what I am trying to say 15 that there 15 no real argument.
It may do so with dificulty, but it really gets in

R. W. Genaro, The criterla of carcinond are also physiological

A. 5. Marmazzi. There is a situation where adaptation has changed the picture
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chosis, but there 15 an mteresting chmcal account of pyndoxine deficiency m
children quoted some time ago, m which infants were fed one of these standard

a Tacked pynd These children developed con-
vuIsmns The cause of the convulsions was not known untl the formula was
worked out and 1t was found that it was pyndoune-deficient Pyndoune was
added, the deficiency was relieved and the convulsions no longer appeared. This
has led to a study of spontaneous pyndoune deficiency which 15 rather rare It
rmay be one of the causes of unexplamed convulsions

G Pixcus 1 would Lke to ask Dr Udenfriend a question about the state of
serotomn  He 15 talking of bound serotomn and free serotomn, and I would Iike
to ask first, what 1s the bound state i any of the tissues that he studied, and
secondly, is there any difference m the actwity of the bound serotomn and free
serotonin®

S Upenrrienp  That can be easily demonstrated One of the tests for serotomn,
biologically, uses the small imtestine, the best source bemng guinea pig ileum You
can get marked sensitvity with small amounts of serotomn, yet the ilenm contams
Tots of serotomn present m much Mgher toncentrahion than you add to the bath
We can reproduce this situabon if we give S-hydroxytryptophan to an estrus
rat We can then obtamn uten with concentrations of serotomn up to 2 to 5 pg per
gram  These uter1 are still sensitive to 001 ug of serotomm as are uter: of ammals
wathout serotomin This would mean that 1f you have several grams of uterus you
can have 2 thousand times as much in the uterus and stll have the same sensitivity
to added serotomn This serotoun 1s not washed eut The same 1s true of
serotonin 1n platelets and 1 think Dr Brodie has something to say about the
evidence for release of 1t from the platelets into the blood

A S Marrazzi 1 would like to ask about the data of Dr Udenfnend on brain
serotomn  The caudate nucles, the hypothalamic segment, the palldum, and the
mdbran show sumlar values, but there are very wide decarbotylase vanatons
and the oudase vanations are also very wide and not m the same direction
What docs this mean? What 15 the significance of these enzyme concentrations®

S Upenrmexp 1 did indicate that the amygdala was an anomaly However,
the decarboxylase and serotonin concentrations are in pretty good agreement, m-
dicating that where 1t 15 made you find a lot of serotonm (Table II)

The owudase 15 present everywhere m huge amounts and may indicate that any
small amounts of amme that leak out from where 1t 35 bound may be touc and
must be rapudly destroyed

A S Marmazzr My pomt 15 that perhaps these concentrabions are not such
sensitine ndicators once you have an adequate amount You may have a great
excess which may constitute a safety margm, and 1t may have no more sigmficance
than that

S Upenrresp  The extremes are the things one should consider, not the mmor
differences

D W Woortey [ \mnt tu pomt ou! m view of what Dr Udenfnend s:ud about
behavior, that we the walkang.back
1 mice by gving 51 hydrmytry-ptaphan It seemed Iike 2 good wny to merease the
serotomin n the bram  The mice will not walk backward or behave as they do
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Cuamyan I H. Pace, That 1s nght

G. Pixcus. Won't LSD do the same thing as serotonin?

A. S. Marnazzr. Yes.

B. B Brorier Does not ancua uswally result m convulsion?

S. S. Kery: Generalzed anovia may, but this 15 a very specal type of
phenomenon

B. B Bromi: You get scdation with serotomn

H Hoacrawnp The time course of these electric effects is interesting 1f you
think of a dose producing a change 1n arculation locally, we ought to bear in
mund that the mhibition of the spontancous activity mn the Tat may last upwards of
15 minutes to an hour.

R W. Geraro' How soon docs 1t start?

H. Hoscranp® In a matter of a minute or less

G. H. Guaser  Has the sensitivity to small amounts of barbrturates been tested®

S. Unenemarnp  We have no evidence for this

Cuamaaan I H. Pace. We have no particular evidence esther, although we
have not especially looked for at.

R. A Currcuorn. It mght be interesting to try the Shagass sedation threshold
test It 15 a fauly accurate measurement

Cuamyan I H Pack. I do not know what that test 1s.

R A CurcnomN A test which has been developed by Shagass n the Allan
Memonal Institute for psychiatne patients He has been able to demonstrate that
the different categories of mental patients have different sensivity to barbiturates
{sodmm amytal) measured by the development of shurred speech and electro-
encephalographic changes It 1s an easy test to do 1n a properly equipped place
and would gve concise evidence

H. HoscLanp I wonder 1f the imphcations from Dr Udenfnend’s work on
pyndovine-deficient chicks would 1mply that perhaps the psychosis of pellagra
might 1 some way be lnked up with serotomn deficrency on the basis of the role
of the B vitamns m the rehef of this psychosis I don’t remember that pyridoxine
1s speaifically mvolved here, but certamly the vitamin B complex and one or two of
its P and perhaps pynd , have been of usc n the treatment of this
psychosis and here may be an opportumty to hnk a specfic climeal psychosts
with serotomin deficiency Is this sometiung that makes any sense or not?

D W. Wootrey It 1s very sensible Dr Udenfriend has shown that the
conversion of tryptophan to hydrotytryptophan and consequently to serotonin s
dependent on a ) enzyme system, 1e, a TPN-system Lack
of mcotnamide leads to reduction of TPN and would be evpected to reduce

*hydrovytryptophan production
S. Ui Ej X 1

and h also require pyri-

. pinep pimep
dovine for thewr metabolsm

1. Hoacann In pellagra one rught then evpect a serotonun deficiency More-
over, pellagra can be prevented i persons fed on com, by fncfuding i the diet
foods rich i typtophan (Rosen, F, Huff, ], and Perlzwely, W [ Biol
Chem 163, 343, 1046, Sarctt, H,, and Goldsmith, G, J Biol Chem 161, 293,

t about witamm B6, 1 e, pyndoune?
wg )ﬂ“g’fj\sm Speaifically 1 don’t believe pyndoune is mvolved an the psy-
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Tt is too often forgotten that the autonomic nervous system is not to
be regarded only as an efferent system that carries impulses from the
central nervous system to various organs Information originates from
visceral structures, 1s transmitted by afferent nerves, and is integrated in
the central autonomic nervous system. Impulses from the autonomic
centers thus complete a multitude of reflex arcs. Some of the integrating
centers are present at the level of the spmal cord, but the major ramifica-
tons of the central autonomic nervous system are in the bram stem, with
the hypothalamus being the principal locus of integration of the entire
autonomic system The central autonomic system, hke the penpheral
one, may therefore be considered not as a single dvision but as two
distinet, mutually antagonistic systems, the parasympathetic and the
sympathetic. Thus, it 15 known that the nuclei in the posterior and lateral
part of the hypothalamus are sympathetic in therr main connections,
whereas the nuclei m the anterior hypothalamus integrate mamly para-
sympathetic functions. Even the cortex appears to provide integration
of the sympathetic and par pathetic functions and it is p bl
here that the autonomic and somatic systems mnterlock.

Much is known about the chemical transmitters of the peripheral
autonomic nervous system, but httle 15 definite concerning the identty
of mediators in the central autonomic system, although a number of
workers have considered the possibibty that serotonin (6, 9, 29, 25) and
norepinephrine (24) mught be central neurchormones We are going,
to propose the concept that serotonm is the chemrcal transmitter of the
central parasympathetic system and norepinephrine the transmitter of
the central sympathetic system. We plead guilty in advance to proposing
 thesis that 1s admittedly oversimplfied, but as a working hypothesis
it has the merit of tymg together a number of apparently unrelated ob-
servations and of suggesting experiments which might help 1n the under-
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when given LSD followi dministration of 5-hydroxytryptophan. It would have
been nice 1f they had done so,

S. Upenrruenp: As to walking backwards, our mice don’t walk backwards either.

F. Etatannian: You presented data on the whole brain of the chicken. It seems
to have a rather lugh scrotonin content. Did yon make a pomt of that?

S. Upenrrienp. Yes. I was struck by that too, until I mentioned it to Dr.
Anderson  She pointed out that the chicken has very httle in the way of higher
bramn centers.

F. Eryappan: Another question I would like to ask is that with the varous
tissues, you have shown a drop i the serot content with pyrid defi
Would you like to say somcthing about the nature of what was left, whether 1t
was bound matenal or free?

S Upenrruenp, I think any serotonin we find 1n tissue is bound

H. J. Kocu, Jn: Has the serotonm level been studied 1n pattents with regional
ilestis and uleerative cobtis?

S. Upenrmenp: Actually, Dr Wiener in New York studied large numbers of
different types of patients, and except for those with mahgnant carcinoid, no
unusual levels were found.
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6. The addition of the substance to nervous tissue should have a
demonstrable central ¢ffect. When a large dose of serotonin is given
mtraperitoneally to mice, a small quantity of the amine penetrates the
brain. The mice are sedated and are hypersensitive to the action of
hypnotics (20)

7. Inhibition of the inactivating enzyme should show a central effect
Acetylcholine, at a peripheral ganglion cell, is hiberated by a nerve im-
pulse and is generally considered to depolanze the synaptic membrane
and then to be rapidly bolized by chol ):

ion of free acetylcholine is present, a volley of postganghonic
impulses may result However, if the ganglion cell is flooded by acetyl-
choline 1n high concentration, the persistent depolarization that results
prevents actvation of the postganghomic fiber by preganghonic stimula-
tion (14). The same final effect is thus obtained by an excess of acetyl-
choline as by a substance which blocks the action of acetylcholme.

Similarly, in the central nervous system, serotonin may be considered
to be released at synaphic junctions in minute amounts by a nerve im-
pulse, and then be rapidly metabolized by monoamine oxidase As
described later, reserpine may be idered to exert a para-
sympathomimetic action by mmpairing the sites which hold serotommn 1
a bound form, resulting m a low but persi: ation of i
in direct contact with central synapses.

Carrying over the analogy with acetylcholine, the question arises
whether an excess of free serotonin would give the opposite results of
a small quanhty. Rabbits pretreated with ipromazid, a compound that
inhibits monoamine oxidase and consequently the metabolism of free
serotonm, and then given reserpine to release brain serotonin, show httle
1f any dechne in bramn serotonm Instead of displaying the usual effects
of reserpine the ammals exhibit m a dramatic fashion the responses
typical of LSD, including violent exaitation, mydnass, exophthalmus,
piloerection, and other signs of sympathetic activity It seemed possible
that the sympathomimetic effects were caused by combmation of iproni-
azid and reserpine rather than by the serotonm that had been released
and protected from the action of monoamine oxidase. This possibility
was investigated by reversal of the order of drug admunistration, frst
giving reserpine and then ipromazid. Now the serotomn m brain is low
and the ammals exhibit the sedation and parasympathomimetic effects
typical of reserpine (Table I).

An excess of free serotonin in the brain has also been produced by
the admi) of the p agent, 5-hyd

ytryptophan. As de-
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standing of the mechanism of action of centrally acting drugs such as
reserpine, chlorpromazine, lysergic acid diethylamide (LSD), mescaline,
and other phenylethylamine analogs. :

It may seem surprising that serotonin rather than acetylcholine should
be idered as the h 1 agent for the central parasympathetic
system The reason why serotonin has been proposed will be obvious as
the relationship between brain s in and the parasympathomimetic
activity of reserping is considered. It must be emphasized, however,
that we are not suggesting that acetylcholine does not have an important
role m central transmission, but only that its main action may not be
in the central autonomic system. Indeed, as far as we know, there is
little or no evidence ndicating that acetylcholine is a transmitting agent
in the central autonomic system,

It is an exccedmngly difficult problem to prove that a chemical sub-
stance 15 a synaptic transmitting agent in the central nervous system.
Recog g this, let us ider some minimal criteria that a candidate
compound must meet and how well serotonin satisfies these requirements.

1. The substance must be present wn the central nervous system
The presence of serotonin i bramn was demonstrated by Twarog and
Page (23) and Amin ct al (1), using bioassay procedures. Later, using
a specific fluorometric assay, its presence in bram was identfied in our

laboratory by more exacting physicoct 1 criteria mcluding counter-
current distribution and activation and fluorescence spectra (2).
2. The subst should be 1in the locale of its proposed

function in the central nervous system The substance has its Inghest
concentration in the brain stem, especially the hypothalamus, where the
major portion of autonomic integration occurs Tt 15 lowest in the cortex
and cerebellum (1).

3. An enzyme for the inactivation of the substance must be present.
Monoamine ovidase is present in constderable actvity in all parts of
the bram, but, as shown by Udenfriend et al (p 153 in this volume),
is especially concentrated m the hypothalamus

4. An ensyme for the synthesis of the substance must be present.
In gencral, as Udenfriend in today's f and by
Gaddum and Giarman (7), the concentration of serotonin and the
activity of the synthesizing enzyme, vary mn a parallel fashion in the bramn

5. An antagonist of the substance should exert a central action if 1
can penetrate the bramn LSD antagomizes the central effects of.a'd-
ered serotonmn and evokes marked central sympathetic activity

minist
(20, 17).
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reserpine effects its release. These terms in relation to serotonin are used
to signify that the compound in tissues is not freely available to mono-
amine oxidase which otherwise would quickly destroy it. To explain this
protection it could be d that the d is anchored onto a

TABLE II
UpTAKE OF SEROTONIN BY PLATELETS oF Norval GuiNEa PIGS AND OF ANDMALS
Tuar Recevep Resereve (5 mc pEm X6 ) 16 Hours Previousy®

Platelets from normal animals Platelets from reserpine-treated animals
(ug per mg protein) {ng per mg protein)
145 019
134 021
148 011
086 0zo0
060 013
1335 0.10
139 414
Average 121 =+ 33 (SD) Average 0.15 = 05 (SD)

¢ 4 ml. of platelet-nch plasma and 1 ml of isotomc saline containng 25 g of
serotonn were mcubated m sihconed beakers for 1 hour at 37°C Values represent
net ncrease 1n serotonm concentration

TABLE III
IncrEasE N Bramw Foir TION OF 5.
PHAN TO NORMAL RABBITS AND TO RABBITS THAT RECEIVED RESERPINE
(5 Mc PER KG ) 18 Hours PREVIOUSLY®

Normal animals. Reserpine-treated amimals,
ug serotonm per gram bram tissue 1g serotomn per gram bram tissue
155 0.19
075 021
100 058
153 024
Average 121 + 040 (5D) Average 030 = 018(5D)

@ Rabbits were gwen 50 mg per kg of Shydroxytryptophan and were killed
1 hour later Values represent net increase 1 serotomn concentration

specific constituent of bram tissue. Reserpine could act by “denaturing”
the storage site so that it can no longer localize serotonin. Another
possibility 1s that in is mai d within cells in a high con-
centration by means of an active transport mechanism with which
Teserpine can interact.

There 15 not yet enough available mformation to make it possible to
choose between the two possibilities. The chief

for a phy
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scribed in the report by Udenfriend, this compound rapidly penetrates
brain, where it is decarboxylated to form serotonin. If the dose of 5
hydroxytryptophan is low, effects suggestive of sedation may sometimes
be observed in the dog and the mouse, but with high doses of the amino
acid, serotonin is formed in iderable and, p bly by
saturating the storage sites, results in a high level of free scrotonin.
Again the animals are excited and behave as though they have received
LSD

TABLE I
ErFect or IrnoNiazio oN Tig CONCENIRATION OF SEROTONIN IN BRAINS OF
Nomaar anp Reserrine-TREATED Rassrrse

Bramn serotomin

Drug (ng per gram, average) Effect

None 055 -

Reserpine 0.10 Sedation

Ipromaznd 063 None

Iproniazid followed by 042 Exatement
reserpine

Reserpne followed by 010 Sedation
spromazid

s Rabbits were given 5 mg per kg fescrpime Intravenously Iprontazid {100 mg
per kg ) was given intravenously 2 hours before or after reserpine Animals were
sacrificed 1 hour after last drug admimstration

Our notions concerning the posstble function of serotonin 1n the central
nervous system arose from experiments which suggested that the
pharmacologic actions of rescrpine were related to its smgular property
of impairing the capacity of body cells to store serotonin It was shown
that serotomin added m witro to platelet-enniched plasma of normal
guinea pigs is avidly taken up by the platelets In contrast, platelets
from animals given reserpine 16 hours previously lose most of their
ability to locahze serotonin (Table II) Reserpme also affects the
storage capacity of brain cells This 1s difficult to demonstrate with free
serotonin smce the amine does not readily cross the blood-brain barrer,
but can be shown with 5-hydroxytryptophan which readily enters the
brain where 1t 1s decarboxylated to yield serotomn  The brain tissue
of normal rabbits readily locali: iderable of the i
thus formed, on the other hand, the brain of rescrpine-treated animals
can take up only a small amount of the ammne (Table 11I),

We shall digress somewhat from the mam topic to discuss the interesting
f how serotonin 1s “bound” or “stored” by body cells and how

problem o
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will be rapidly metabolized by the action of monoamme oudase. In
Fig. 1 15 shown the depletion of serotorn in rabbit brain that results from
the administration of 5 mg per kilogram of reserpine Bram serotonin
is espectally sensite to reserpme and a decrease of about 75% occurs
within 30 minutes, The maximal decline, approumately 90%, occurs
m about one hour, and the resulting concentration remams low for 48
hours or more, gradually rising to attam the normal level in 5 to 7 days.
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Fic 1 Concentration of reserpme and serotonin m rabbit brain at various times
after mtravenous admmistration of reserpne (5 mg per kg.) Each pomt represents
a single rabbut

Following the admmstration of even large doses of reserpine, serotonin
continues to be made 1n considerable amounts by the body. But with
the mpatrment of 1ts storage sites, free serotonin will leave brain cells
in a continuous stream. The low levels of serotonn found in brain would
then represent a halance between 1ts rates of synthesis and destruction.
Stnce the storage of serotonin 15 fluenced to the same degree n dif-
ferent parts of the bramn (Fig 2) the resulting level of free serotonin
in bram should be highest in the brain stem where autonomic centers
are concentrated and where reserpine is beheved to exert its main
pharmacologic action  The low serotomn levels persist until the storage
sites regam their capacity to take up serotonin, or until new storage sites
are formed

It would indeed be surpusing if the effects of reserpine were not in
some way connected with the change in brain serotonin, considering
the extraordinarly powerful physiological action that the amine exerts
on many organ systems in the body (5, 13) Stll, some consideration
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chemical bindmg onto a cell constituent 15 the high concentration
gradient of serotonin between rabbit platelets and plasma, Considering
that there is zbout 3.5 pg. of serotonin per milliliter of rabhit blood and
that virtually all of the amine is confined to platelets, the ratio of platelet
concentration to plasma concentration may be in the order of several
thousand. There is no known port mechanism that an mointal

such 2 high concentration gradient. On the other hand, other findings
made it somewhat difficalt to accept the explanation that serotonin is

localized in platelets by physicochemical means. Attempts to demon-
strate the actual presence of a complex in brain have been unsnccessful.
For ple, in, unbke acetylchaline, is bolized very rapidly

m homogenates of varions tissues. It is diffeult to conceive that a
serotonin complex with a very high association constant would spht
merely by homogenization of tissue cells Furthesmore, after differential
centrfugation of bram homogenate, scrotonin was not found to be
associated to a high degree with any of the particulate fractions.

Further data on the possible nature of the “bindmg” of serotonin by
platelets have been obtained from studies in vitro showmg that re-
serpine rel from a susg of rabbit blood pltelets
plasma (18). A concentration of the alkaloid as low as 005 pg. per
fliliter of plasma hberates measurable amounts of serotonin, while 63
g, per millilter causes a maumal rate of release, about 50% in 4 hours
The release process 1s nat a sunple disph since one molecule of
reserpine <an kberate hundreds of serotontn molecules, The rate cannot

i d even if the ation of reserping is increased by one

hundred times. This suggests that reserpme mught rapidly inactivate
the “storage” mechamsm, and that the subsequent slow passage of the
mdole from platelets 15 a consequence of the slow penetrability of 3
poorly hipoid-soluble substance acrass a cell membrane possessing the
characteristics of a lipoid bartier In contrast with tlus slow diffusion
from the platelets of animals pretreated with reserpine, normal platelets
{in the absence of reserpine) take up serotonin with considerable rapid-
ity, This is further evidence in favor of a transport mechanism

1t is obvious, however, that more work must be done on the fascmating
problem of how this and other newrchumoral agents are beld in 2
“hound” form

et us now constder the consequences of the action of reserpioe on the
serotomm storage capacity of body cells A L‘Sﬂﬂl‘n amount of the indole,
depending on the dose of pine, will be k d from :
(15), platelets (21), and bran (16), as well as from gastric mucosa, and
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sumed that this compound acts by blocking the action of liberated
serotonin  Of special importance is the unusual specificaty of action
among the Rauwolfie atkaloids (Table IV) in that only the tranquilizing
Rauwolfia alkaloids cavse an alteration in the level of brain serotonin
(3). Methyl reserpate and reserpic acid, inactive hydrolytic products of
reserpine, do not release serotonin, Other Rauwolfia alkaloids that are
not sedative, even when structurally related to reserpine, do not liberate
serotonin 11 vivo or in vitro from platelets. Of particular interest is the

TABLE 1V
SeroTontv CONCENTRATION IN RaBBiT Bramv 4 Hours AFTER INTRAVENCUS
ADMINISTRATION oF Vamrious Rauwolfis ArLkaLoms

Serotonin
concentration
Alkalod Dose mg /kg  Sedative achion rg’s
None - - 057
Reserpine 2 Active 008
Deserpidine (recanescine) 2 Active 009
Resecionamine 2 Active 010
Methyl reserpate synngate 3 Active 006
Raunescine 5 Active 007
Methyl reserpate acetoacetate 3 Slightly active 034
Tsoreserpine 2 Inactive 048
Isoraunescine 5 Inactive 047
Methyl reserpate 2 Inachve 044
Reserpic acid o Inactive 052
Reserpinine 2 Inactive 049
Serpentine 2 Tnactive 045
Ajmaline 2 Inactve 044
Ajmakcine 2 Inactive 055
inability of isoreserpine, a phar logically nactive st of

reserpine, and 1soraunescine, an nactive 1somer of raunescine, to release
serotonm  Methyl reserpate acetoacetate, which exerts only a shght
though defimte sedative effect, releases relatively small amounts of
serotomin - Rescinnamne offers a particularly good example of the rela-
tionship between the intensity of the pharmacologic effects and the
lib of ‘This pound nduces relatively ttle sedation
in the mouse and correspondingly releases only small amounts of sero-
tonin 1n the bram of this animal. In the rabbit, 1n which it exerts marked
sedative actwvity, much more serotonm is released

It might stll be argued that the change i bram serotonin is not di-
rectly involved in the effects of reserpine but that the drug acts through
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should be given as to whether the pharmacologic manifestations of
reserpine are a consequence of the change in brain serotonin or merely
concurrent with it.

There is now considerable evidence for a cause and effect relationship
between the change 10 bramn tonin and the phar logic effects
of reserpine. For evample, we have shown that the sedative and poten-
tinting effects of both admirstered serotonin and reserpine in mice are
blocked by LSD (19). Again, as seen in Fig. 1, reserpine rapidly enters
the brain and arrives at its maximal concentration in 10 to 15 mmutes
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Fic 2. Serotomn content of bram stem and of hemspheres plus cerebellum
after mtravenaus injection of 0,25 mg per kg reserpune.

when the pharmacologic effects of the drug are barely apparent The
level in brain then dechnes rapidly and in 2 to 4 hours the drug is vir-
tually und ble when the ph logic effects have become maxi-
mal.” The Jow levels of scrotonin and the various pharmacologic effects

fuding sedation, miosis, hypoth , and hyp ion persist for
about two days Also, of a number of centrally acting compounds. 1n-
cuding bark , analgesi i polami Jine, Fren-
quel, chlorpromazive, meprobamate, and LSD, only the active Rauwolfia
alkaloids were found to iberate serotonin, We were unable to demon-
strate in the rabhit that amph , even m Isive doses, could
affect brain sevotonin as reported by Paasonen and Vogt in the dog (12)-
LSD does not prevent the release of serotonin, so that it may be pre-
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Two hours after thus latter dose, the sedative effect has disappeared, but
most of the increment in brain serotonin is still present. It seems probable
that the sedative effects are caused by free serotonmn penetrating the
brain and that it no longer exerts an action after it is bound to the
nervous tissue. (2) Bogdanski in our laboratory has shown that when
rats are injected with 100 mg per kilogram of the serotonin precursor,
5-hydroxytryptophan, the uterus takes up considerable amounts of
serotonin, about 2 5 pg. per gram. This tissue in spate of its high serotonin
shows no le activity when suspended in Locke’s
solution, If a small amount of serotonin, 001 pg. per milhhter, is added,
a strong contraction results It 1s evident that the bound serotonin m
the uterus is mactive, but 2 trace of free amine is highly active, (3)
After reserpine admimistration there 15 a marked and persistent decline
in the intestinal level of seratonin as the amine 1s released and metabo-
lized. The increase in the motility of the intestines is maximal when the
total serotonin (bound and free) is lowest Smnce mjected serotonin also
increases the motility of the intestines, the action of reserpine is pre-
sumably due to free serotonin that is being continuously made by this
organ and released because of the impared capacity to store it. (4)
Finally, 1f the decline 1n total serotonin were the determming factor in
the action of reserpine, changes in the level of total serotonin in brain
should parallel the pharmacologic effects This is not the case Thus
rabbits are heavily sedated 30 mmnutes after reserpine administration
(1to 5 mg per klogram) when the serotonin level m bran has declined
to about 02 g per gram of tissue (Fig 1) Yet no sedation is apparent
in 72 hours, when the serotonin level has returned to about 02 #g. per
gram This can be explaned by ing that free in is the
cause of sedation. Shortly after the ad rtion of reserp h
is still being released and therefore some free serotonin is present, in 72
hours, although the total serotonin level is agan 02 g per gram, a
neglgible amount of free serotonin 1s probably present because the
serotonin binding sites had recovered sufficiently to take up the indole
as 1t is formed in brain  ~
Thus, 1t would appear that reserpine does not act per se, but by caus-
ing a contnuous flaw of highly active free serotomin which stimulates
the of the central p. hetic division  As a result sedation,

P p
muosis, hypotension, hypothermia, ptosts, and other signs of para-
sympathomimetic activity are induced.

If we regard the central autonomic system as consisting of two an-
tagonistic systems, parasympathetic and sympathetic, then it should be
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a persistent metabolic product. This possibility is uniikely since ud-
ministzation of 1 or 5 mg, per kilogram of reserpine to xabbits produce
the same intensity and duration of pharmacologic effects, and the time
for the restoration of serotonin fevels is the same with the two doses
(Fig 3). f reserpine acted through a metabolite, the larger dose should
have resulted in the formation of more of the metaholic product than
the small dose and therefore have caused 2 more prolonged response.
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The g now ar the phar % f G of
reserpine due to the decrease m total serotomm 1n braxn, shown n Fig 1,
or to the constant flow of free sexotonin from tissue cells which make
serotonim, but wineh have an impaired ability to store #? The scoon‘d
possibility 15 the more plausaible, as 1 all expeniments in which serotonin
is used as a pharmacologic agent, only the free form seems 1o be ac!x}r«(:l.
[43] Reserpine-like effects which last for szm‘lt 60 minutes are displaye
in mice following the mtrapentoneal mijection of 20 to 100 mg pe;
idlogram of serotonit Analysis of the brams removed from nmma]lsbl
minutes after the injection of 100 mg. per kilogram, show that smal but
significant amounts of the indole can penetrate the blood-bram barrier,
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effects of LSD, only chlorpromazine antagonizes the LSD-like effects of
excess serofonin. It would not be expected that reserpine, if it acts
through free serotonm, would be a sedative agent in this situation since
there is already too much free serotomun present.

The difference in the modes of action of the two tranquilizing drugs
is best explamed by assuming that they act on physiologically antagonis-
tic systems in the brain, that 1s the central components of the sympathetic
and parasympathetic nervous systems, If serotonun is the transmitter
substance for the parasympathetic diwvision, what is the corresponding
one for the sympathetic? The distribution of norepinephnne in the
brain as reported by Vogt (24) makes it the probable candidate. It has
the same pattern of distribution m the brain as does serotonin. For
example, 1ts highest concentration is in the brain stem, especially the
hypothalamus, it has a low concentration in the cerebral cortex and
is virtually absent from the cerebellum

We are now in a position to think of the action of a number of cen-
trally acting drugs, not in terms of their interference with enzymatic
processes, but by acting here within the ); 1 frame of
reference  Reserpine, for example, may exert its parasympathomimetic
effects by causing a constant flow of free serotonmn to stimulate para-
sympathetic centers. LSD, a “serotonergic” blocking agent, may block
nerve transmission in the central parasympathetie system by antagonizing
serotomun at synaptic junctions The central sympathetic system would
then be unmasked, resulting m a picture of sympathetic predominance.

Chlorp could be idered to block pinephrine at the
synapses of the central sympathetic system, resulting in a net parasym-
pathetic predommance Evidence points to chlorpromazine having little

ability to black the peripheral effects of @ ly administered
norepinephrine. This indicates that the lowering of sympathehc tone is
central in ongin. Indeed, 1t has been d d that chlor

P
given intracisternally to animals, causes a decrease in blood pressure and

a blockade of the carotid pressor reﬂe\ m doses too small to affect the
pressor response of ] of epinepl (4) It has also
been shown that chlorpromazine 1s mactive in the spmal dog in a dose
that is hypotensive in the intact animal (8). Of considerable interest are
the observations by Moran and Butler (11) who have shown that chlor-
promazine sulfo'ude, a major bolite of chlorp

sedation, orth ion, and partial bl ckad of the carotid
pressor reflex at doses which do not block the rise in blood pressure
induced by injected epinephrine.
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possible to induce sedation and reduced s sympathetic tone by lating
the parasympathetic centers or by blocking the sympathetic ones. Now
we axe in a position to discuss how reserpine and chlospromazine may
produce similar central actions, despite the fact that chlorpromazine
does not act through serotonin A number of obssrvations make it clear
that chlorpromazine acts by a different mechanism from that of reserpine,

The action of chlorpromazine is reversible, that is, no effects are seen
after the drug has disappeared from the body. In contrast reserpine is
a hit-and-tun drug and its effects become most prominest in about two
hours, when most of the alkaloid has been metabolized, and last far be-
yond the time the drug is detectable in brain The findings with chlor-
promazine are m accord with the conclusion that the drug acts diectly,
rather than through the release of serotonin.

TABLE V
Eerect or LSD on Exuaror, PoTesTiamion nx REseurivs anp CHLORVROMAZINES
Daration of hypnosis?
Drugs nunutes {average}
Ethanol (contxols) 40
Ethanol + reserpine > 30
Ethanol + LSD + reserpine 54
Ethanol 4 chlorpromazine 150
Ethanol 4 LSD 4+ chlorpromanne 47

< Adult male mice were gunen the vanous drugs intapertaneally Reserpine
{5 mg per kg ) was admuustered 1 hour before ethano! (4 g per kg ) Chlorproma-
zine {5 mg per kg } was prven sunultaneonsly with ethanal LSD (10 mg per
kg } was gaven m two dwided doses 1 hour before and simultaneously with ethanol
Mice gven ethanol alone served as controls, LSD by atself had virtually no effect on
duration of hypnosis produced by ethanol

® Time from lossy to return of nighting reflex

The guestion muy be raised whether it 1s possible that chlorpromazine
acts directly on the same synapses as reserpme acts mduectly. This is
unlikely because of other differences between the drugs. Both drugs
markedly potentiate by a central action the effects of hevobarbital and
aleohol, but only the potentiation induced by reserpine is blocked by
15D (Table V).

But the most dramatic difference between chlorpromazine and reser-
pine is shown when they are administered to rabbits exhibiting LSD-hke
effects evoked by an excess of free serotonin n brain {whether produced
by iproniazid followed by reserpme oF by 54hydro'(ytryplop,han ) A'I-
though both drugs reverse the e and other symp
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which have a central action is the ahlity to produce hallucinations in
man, This is true for LSD, mescaline, amphetamine, and ephedrine, al-
though Jarge doses are needed with the latter two compounds. It would
seem that LSD may differ in two important respects from the phenyl-
ethylamine analogs. (1) Its action may be that of blocking central para-
sympathetic i by in and thus ki
the sympathetic system, rather than du'ectly stimulating central sympa-
thetic synapses (2) Its activity is an order of magnitude greater than
that of the phenylethylamine analogs. This latter characteristic of the
compound has led numerous workers to think of the properties of LSD
as a “psychotomimetic” agent as something new, and peculiar to this
compound. The production of hallucmations by a variety of sym-
pathomimetic compounds may well be an inevitable consequence of
overstimulation of the central sympathetic system

Tt 1s possible that one of the important consequences of the numerous
studies with LSD, line, and the quilizing drugs will be a
better comprehension of the control of homeostatic mechanisms by the
central autonomic nervous system, rather than a more profound under-
standing of mental disease.
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The actions of a number of other “adrencrgic” blocking agents may
possibly be interpreted in terms of inhibition of norepinephrine at sym-
pathetic nerve centers. For i the dihydroergot alkaloids also
produce sedation, and lower blood pressure and heart rate by a cen
tra) action.

A number of effects of phenylethylamine analogs which can peneteate
brain tissue can perhaps be explamed in terms of their mimicking the
action of norepineplirine at central sympathetie synapses. Even epineph-
rine and pinephrine, if zdmini d in large doses to anjmals can
cause excitement and even convulsions, presumably due to small amounts
of the substances penctrating the bram and activating the central sym-
pathetic centers. The contral effects mduced by these catechol amunes
are thus the apy of thase resulting from parenterally administered
serotonin. Amphetamine and ephedrine markedly stimulate the central
nervous system and in addition stmulate the peripheral effects of nor-
epinephrine. They have been considered to act directly on autonomic
effector organs  But thera is difficulty in accepting this assumption wn its
entirety since the effects of ephednne on certam effector organs are
markedly lessened by sympathetic denervation mn contrast to the en-
hanced effect of catechol ammes. The usual explanation is that ephe-
drine and amphetamme act andirectly by protecting the adrenergic

mediator from the action of ine oudase at pathetic nerve
terminals, But it is now known that ephedrine and amphetamine exert
only weak inhibitory effects on mc oadase  An alternatie e-

planation is to assume that these substances, which readily penstrate
the brain, mediate part of their peripheral effects through activation
of central sympathetic centers Similatly mescalne ( trumethoxyphenyl-
ethylamme}), wiich causes central and penpheral sympathetic effects,
may act by stimulating the central sympathetic centers,

A compound of considerable wterest is Ratalin, which 15 also an analog

of phenylethylamne
H
Qc—coocn,
H

This compound is reported to block the effects of seserpme n viwo u{d
has also been shown to evoke 2 number of peripheral sympathomimetic
effects by acting within the central nervous system {10)

A characteristic comman te a number of sympathomimetic compounds
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which have a central action is the ability to produce hallucinations in
man, This 1s true for LSD, mescaline, amphetamine, and ephedrine, al-
though large doses are needed with the latter two compounds. It would
seem that LSD may differ m two important respects from the phenyl-
ethylamine analogs. (1) Its action may be that of blocking central para-
sympathetic t i by and thus
the sympathetic system, rather than directly siumulating central sympz-
thetic synapses. (2) Its activity is an order of magnitude greater than
that of the phenylethylamine analogs. This latter characteristic of the
compound has led numerous workers to think of the properties of LSD
as a “psychotomimetic” agent as something new, and peculiar to this
compound. The production of hallucmations by a variety of sym-
pathomimetic compounds may well be an inewitable consequence of
overshimulation of the central sympathetic system

It 15 possible that one of the important consequences of the numerous
studies with LSD, )i and the tranquilizing drugs will be a
better comprehension of the control of homeostatic mechanisms by the
central autonomic nervous system, rather than a more profound under-
standing of mental disease
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The actions of a number of other “adrenergic” blocking agents may
possibly be interpreted in terms of inhibition of norepinephrine at sym-
pathetic nerve centers. For i the dihydroergot alkaloids also
produce sedation, and lower blood pressure and heast rate by a cen-
tral action.

A number of effects of phenylethylamine analogs which can penetrate
bram tissue can perhaps be explained in terms of their mimicking the
action of norepincphrine at central sympathetic synapses. Even epineph-
rine and pinephrine, if admini 1 in large doses to animals can
cause excitement and even convulsions, presumably due to small amounts
of the substances penetrating the brain and activating the central sym-
pathetic centers  The central effects induced by these catechol amines
are thus the opposite of those resulting from parenterally admimstered
serotonin, Amphetamine and ephedrine markedly stimulate the central
nervous system and m addition stmulate the peripheral effects of nor-
epinephrine, They have been considered to act directly on autonomic
effector organs But there is difficulty in accepting this assumption in its
entirety since the effects of ephedrine on certain effector organs are

diy } 1 by sympathetic denervation in contrast to the en-
hanced effect of catechol ammes. The usual explanation is that ephe-
drine and amphetamme act indwectly by protecting the adrenergic
mediator from the action of monoamme ovidase at sympathetic nene
terminals. But it is now known that ephedrine and amphetamine evert
only weak inbibttory effects on ine ovidase An alternatixe ex-
planation is to assume that these substances, which readily penetrate
the brain, mediate part of thew penpheral effects through activation
of central sympathetic centers Similarly mescaline (trimethotyphenyl:
ethylamine), which causes central and peripheral sympathetic effects,
may act by stunulating the central sympathetic centers.

A compound of considerable interest 1s Ritalm, which is also an analog
of phenylethylamine.

H
—~COO0CH,

NE

This compound 15 reported to block the effects of reserpme tn viuf) and
has alsa been shown to evoke a number of peripheral sympathomimetic
effects by actng within the central nervous system (10).

A characteristic common te a number of sympathormmetic compounds






176 BLRNARD B. BRODIE AND PARKHURST A, SHORE

18 Shore, P. A, Carlsson, A, and Brodie, B B. 1956. Federation Proc. 15, 483.

19. Shore, P. A, Silver, S L, and Brodie, B. B. 1955, Science 122, 984,

20. Shore, P. A, Silver, S. L, and Brode, B, B. 1955 Experientia 11, 272.

21 Shote, P. A, Pletscher, A., Tomich, E. G., Kuntzman, R, and Brode, B B.
1956 J. Pharmacol. Exptl. Therap, 137, 232,

22 Shter, I H., Davs, K, H,, Leary, D. E., and Boyd, E §  1955. J Pharmacol.
Exptl, Therap, 113, 48,

23. Twarog, B M., and Page, I H. 1953. Am. J. Physol. 175, 157.

24. Vogt, M 1954 ] Physiol. (London) 123, 451,

25, Woolley, D W, and Shaw, E, 1954. Proc, Natl. Acad Sci. US 40, 228,

Discussion

8. 5. Kery: The field of psychiatry, because of its tremendous complexity as op-
posed to the heart, a pump which everybody can understand just by looking at &,
of course, 1 charactenized by a great deal of theory and very httle proof, and the
thing that Dr. Brodie can contnbute by means of his work, and that of his group,
is to bring into this field more data than has been available before, better techniques,
and newer approaches

With regard to Dr Brodies theory on which he spent somewhat more tme
than he did on the data, I have a few questions that I want to ask him These
are rather munor questions, but they bothered me even though I recognize the value
of a theory 15 just that 1t is speculative and leads to more research, it also provokes
cnticism and the need for answenng cribeism

I was a lttle puzzled by the low bramn serotonin in assocfation with many
other as yet unknown effects that reserpine may have, some of which may also
be tesponsible for its behavioral and chmical effects Dr Brodie's group nicely
demonstrated the fall in serotonmn associated with reserpme administration, never-
theless, in the list of effects of reserpme, 1 found a number of sumlanties to those
which Dr Udenfriend described as being d with the ad of
5-hydrotytryptophan and marsihd which presumably produce a high bramn serotonin

B B Broote According to our view, reserpme results m the presence of &
peruistent flow of serotonin from cells which have lost part of thewr capacity for
storing the mdole Akhough the leval of serotonin 15 low—and this 1s to be expected
because free serotorun 15 rapdly metaholized by moncamme oudase—the free
amme stimulates the central p path centers, thus prod the sigas
typical of reserpine  Excess of free serotomn 1n bram tissue blocks ats own action
and as a q patk centers are ked—in other words an LSD-
hke action is observed It must be bered that the ad of 5-
‘hydroxytryptophan results 1n formation of serotoran m all body tissues It s
therefore dufficult to interpret all the effects of 5-hydroxytryptophan, some of which
may be due to the direct penpheral effects of serotonm

S § Kerv. If I may interrupt, those are some of the effects, but your other
<lide, which was on the effects of reserpine alone, Lsted also lacrimation, salivation,
and muscular d which were of the effects of high
serotontn levels 1 the brain T had one or two other questions Where does LSD
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now fit into the hypothesis and how 1s ats role reconciled with Rothlm’s data on
brom-LSD, and also with Harns Isbell's recent as yet unpublshed information
that LSD effects are apparently potentiated by reserpmne. Finally, Dr. Udenfriend
indicated that you were gomg to gve us some evidence that serotomn passes
the blood-bram bamer m muce and I was wondermg—

B B Brooe I will answer that last question first There 1s no doubt that
serotonin can penetrate mto bramn, though large doses of the mdole must be given
to show this analytically After the ad jon of 100 mg per klogram of
serotonun to mice, mtrapentoneally, the level of serotomn in brain increases by
about 25%

S. S. Krry, But there 15 then an increase mn the brain?

B. B. Bropre. Yes. It is of interest that 2 hours after the serotomn administra-
tion, the anmals are no longer sedated, yet the bram serotonn level is still above
normal The serotonin increment 1s presumably now bound and therefore
physiologically inactive.

D W. WoorLey: May I say that those data do not correspond with our find-
ings m mice? I just wanted to pomt out that apropos of increasng the serotonin
m bram, we do not find 1t.

B. B Bropis You have to give very large doses to show an merease by the
spectrophotofiucrometric procedure,

D. W. WoorLey, How large 1s what you call a large dose®

B B. Bropes 50 to 100 mg per kilogram

D W. Wootey We gave 400 mg per hilogram.

B. B Brobie There was a defimite increase in bran serotomn in our mice
that receved the mdole How did you measure your bram serotonm?

D. W. WooLLey. By Dr. Udenfriend’s method

A S Manmazzi. I was gomg to say thss Dr Brodie has quite properly em-
phasized that the utility and the test of theory 1s its ability to £it data. We have a
set of data that we would bke lum to fit Using 2 much sunpler indicator where the
variables are somewhat easter to control, 1e, cerebral synaptic mhibiton m the
cortex of the cat, we find that there adrenaline and noradrenahine and serotomn 1n-
stead of being different, are bke line and LSD and amph all of them

that the classical ph logical notion of explaming the action of amphetamme
and ephedrine has not yet been displaced, that 15, they have an action on ammne
oudase and actually produce therr effects through the preservation of adrenalie,

One more pomnt, the motwn that veserpwe and chlorpromazine compete with
serotonm for receptors is somewhat bome out by the fact that they will not only
prevent the achion of serotomun-hike substances, but when gven 1n larger doses
G the case of reserpine it 15 only twice the dose, n the case of chlorpromazine
1t is 20 tines the dose) they will of themselves have the same action as serotonun,
that 1s, a synaptc nhibitory action
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This set of data docs not meet this formmlation at all. How docs it Bt your
concept?

B B. Brope. 1 am afraid that your expenments lead to one concept and ours
to another, but I am sure that with additional studies the two sets of data will
make sense. In regard to your remarks about the action of ephedrine and
amphetanune, 1t 1s not possible to retamn the classical picture of their acting through
P -pineph or epmept ese p are rather poor
Inhibitors of amine oudase, compared to marsilid which incidentally does not act
like ephedrine,

A. 8. Manrazzr: It does, 1t produces synaptic intubition.

B B. Bropie: But it does not evoke sympathomimetic efects Since you ad-
minister serotomn by 1ntracarotid wmjection, and thereby bypass to a large estent
localization of serctomin in platelets and breakdown by monoamine cudase, is it
possible that you are achreving in the transcallosym’ pathway an excess which
would then act bke LSD?

A. S Marrazzi. You are not going to drag that red hernng in agam?

B. B. Bropie+ 1 am afraid so

A S. Marmazzi- As far as we can tell, the excess does not make any dfference
We started with the lowest dose, 1 ng The effect is always mhubition Further-
more, although 1t 15 very easy for me to conceive of an excess of a shmulant
having a different action, that 15 a paralytic action, therefore different from the
achon of a small dose, 1t 1s rather difficult for me to conceive of a prumary mhubitor
i larger quantibies having an opposite action by the same mechanism, rather than
by an action on a different group of cells In other words, 1t is very difficult for
me to conceve that small doses and large doses of serotomn are going to produce
opposite actions by the same mechanim,

B B. Brobie  But our results indicate that serctonin 15 probably a snmulant
of the centers of the central parasympathetic system Instead of my bewmng on
the defensive—why don’t your results fit ours®

A S Mammazzi  You proposed the theory

Cramaan I H Pace  Offense 1s the best defense

B B Brooie A possible explanation of your results 15 that serotomn 1s not
a normal neurohumoral agent in the wanscallosal pathway and that you are
measurng the pharmacologic effects of a “foreign” campound I think you have to
prove that serotonin 15 present 1n the transcaflosal pathway.

A. S Mammazzi: It 3s present m the cortex Inhibiting monoamme oxdase by
Intracarotid marsilid reproduces the action of serotonmn, so presumably it fs there.
§ S. Kerv I was wondenng about the bram-LSD which was bothering me.

B B Broor Brom-LSD 15 a potent antagomst of serotonsn, as shown mainly
with smooth muscle preparations n oitro 1t does not have much effect in
100 as an antagonust of the central actions of admmstered serotonm or of yeserpme
Furthermore, 1t produces ttle 1f any of the central sympathomimetic effects of
LSD. Unbke LSD 1t does not counteract the ability of serotonin or reserpine to
potentate the action of barbiturates Perhaps it 15 metabolized too rapudly

S. § Kery- Rothlin indicated that brom-LSD does indeed get across the bran-
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blood barmer because m the bramn of ammals that have received brom-LSD he
15 able to recover a t k matenal de ble in the biwassay
So I think 1t does get across the blood-bram barrier, and stll behaves ke brom-
LSD It is not all metabohized

B. B Bropm Then let us say that just because 2 compound blocks serotonm
at one site, 1t does not necessanly do so at another Acetylcholine, for eample,
15 blocked by atropine at some sites much better than at others

S. § Kery: You would say the smooth muscle effects of LSD are not neces-
sanly the ones which explain its mental effects?

B. B. Broote I would say that 1t might be best to have an open mind on the
subject

Cruamaan T H Pace  Brom-LSD 15 not structly without effect on the psyche
If we gave a large quantity of it by vem we get some very pecubiar mental efects
from 1t, so 1t 15 not quite a black and white issue as Rothln indicated. He sad
there was no hallucmogenic effect

8. S. Kery What about sedation®

Cruamovan I H Pace It has almost no sedation effects

S Upenrrenn  We have done some studies in carcinoid patients  If you give
50 ug of LSD to a carcmod patient, the hallucinatory effects are the same as
n the normal, but he gets marhed peripheral effects from at. We have given 7 mg.
of brom-LSD without bemng able to observe very much

A G Siocomsr If one 15 to propose serotomn as a neurotransmitter, one
must examine 1ts properties as a depolanzing agent. The only evidence I know
1s the work done by Dr Twarog on the byssus retractor, a small muscle m the
mollusc Mytlus In studying both contraction and demarcation potential, she
found that tylcholine produced and depok but when the
acetylcholine was washed out the muscle was repolanized without relaxation
When serotomm was then put on there was relaxation without any change in
demarcation potential In this preparation, at least, serotonm is not acting as
a depolanzation or hyperpolanzation agent Does anyone know of any preparation
where serotonin does act on the resting potential®

O Drermerm I weuld bke to make a buef remark to clanfy the use of the
word “hallucmnations” In the present discussion we speak of visual hallucination,
not auditory In schizoph the visual hall are rare, but the auditory
are frequent Visual hallucinations are found where there 15 damage to the sensory
nervous system and 1 the presence of vanous drugs There has been much drag
evpenmentation for nearly a century We have to be careful when we speak of
hallucinations  In offering descriptions of halluemations 1t would help af one
could know the type of visual hallucations as far as color, size, movement, and
other pouwnts are 4 Tactile hall and olfactory hall are
also rare m and m the dep group They occur in the
presence of various drugs and m metabolic disorders Here agam, detatled ob
servations would be helpful To illustrate, for instance, many of the tactle hal-
Tucmatiens occur m states of intense sewual excitement Reserpine may reduce
sewual exeitement, but there is a rather pamow margin in the sexually excited
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person when reducing the excitement too suddenly Stimufation may then result
1n the same hallucinations. Chlorpromazine usually reduces the sexual excitement
and does not seem to have the narrow margin
G. S. Goroan: One of the places for discrepancy 1s the solvent in which
reserpme 15 dissolved Dr. Brodse showed central mervous system stimulation or
from the admi of reserpine under differing circumstances
\Vc too, have found that the imtravenous adnunistration of seserpine in a dose of
5 mg. has a stmulatory effect upon cerebral metabolism of the schizophreme
patients. To our surpnse, this “sedative” drug increased the rates of cerebral
blood flow and oxygen and glucose uptake We soon found, however, that the
stimulatory effect could be prods by the polyethylene glycol
solvent alone wathout reserpine.




Adrenolufin as a Psychotomimetic Agent'
A HorFER

Psychuatric Services Branch, Department of Public Health, Umwersity Hospital,
Saskatoon, Saskatchewan, Canada

The autonomic nervous system and adrenaline, one of its denvatives,
are so closely related to the abnormal and normal physiology of psy-
chiatric disorder and of anxety that 1t requires no extraordinary feat of
imagination to suppose they are causally related Chemncals which
mterfere with the utilization of adrenaline by receptors (21) or wlich
disturb its enzymatic destruction (7, 14) modify psychological states
When administered parenterally, especially by the mtraventricular
route, it profoundly changes the psychological condition of antmals and
humans (4, 5, 11, 12, 19) In addition, some substances which resemble
adrenaline m structure have potent and 1nteresting hallucinogenic and
euphorient qualities (1, 13). Nevertheless, 1t is not permissible in my
opinion to postulate that such a umversal substance can account for
unique phenomena Some of the derivatives of adrenaline may not be
universal and perhaps may have the psychosis-producing quality
postulated over the past century for the schizophrente toxin.

The suggestion that adrenaline metabolites had something to do with
schizophrenia was enunciated by Hoffer et al (9) who reported that

& 1 its frst dized denvatve, produced psychological
changes in human volunteers which were a paler image of the mescaline
phenomena This 1dea arose out of an earlier suggestion by Osmond and
Smythies (15) that the schizophreme M substance was structurally
mtermediate between mescaline and adrenalne The observation that
all but one of the known hallucinogenic substances either were indole
derivatives or were related to ad 1 led to the lusion that in-
doles related to or denived from adrenaline deserved psychiatric study.

Ad h 15 a red sub which is ble i the dry state
and extremely labile m solution. There 15 no known method of assay for

d h as it 1s pletely d d by chemical pul
tion (6). Fischer (6) found that allowing adrenochrome to stand
unne at body temperature quickly results in its destruction and 1t ap-

1 Besearch supported by National Health Grants, Ottawa, Rockefeller Foundation,
New York; and Saskatch C -hazoph

Research,
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pears lLikely that appreciable destruction must occur in the urine of
human subjects if it is present at any time. In some solvent systems
adrenochrome forms an equilibrium mixture with adrenolutin, a reduced
derivative of adrenochrome. Adrenolutin is a bright yellow crystalline
compound more stable than adrenochrome in the solid state but not more
stable in solution.

For the past year, we have been experimenting with adrenolutin as a
psychotomimetic agent. Our first supply was obtained from Harley-
Mason but subsequent lots have been synthesized by Pfizer and Com-
pany, New York,

I PROPERTIES OF ADRENOLUTIN

The physiological properties are similar to those of adrenochrome.
Eade (2) suggested that some of the activity of adrenochrome may
result from its conversion mto adrenolutin in the body. Generally it is
more active than adrenochrome with respect to its hypothermic effect
on rats (2}, its ability to prod hanges in cats when admini d mto
the ventricles (18), and the toxicity as measured by the LDso (2). Re-
cently, a surge of interest in adrenochrome has shown that it uncouples

pletely oxdative phosphorylation in hamster liver mutochrondria
(17), modifies the DPN-TPN reduction system (3), flattens spontaneous
EEG activity of cortical and subcortical centers in albino rats (20), in
high concentration causes synaptic inhibition (8), and completely in-
hibits the decarboxylation of glutamic acid by bram tissue (10). Itis
possible that adrenolutin may share some of the properties with adreno-

chrome

1. EXPERIMENTAL DESIGN

Adrenolutin and a placebo control (mboflavin) were admimstered
to a series of volunteers in a double blind study. The volunteers were
di nurses, pl , and some nonprofessional people
None of the volunteers knew anything about the nature of the drug or
what changes it would mduce. They were, of course, aware that the
study was part of a schizophrema research prog The subjects were
mformed that they would be given two drugs, A and B, in order to de-
termme which was the more effective euphonient During each experi-
ment the subject was studied and iterviewed by a psychiatrist and
Psychologist Observations were recorded and from the response of the
subject, the research team guessed whether the subject had recetved
drug or placebo Dosage was 50 mg by mouth. Expeniments started
at 6 P.M and were usually completed by 11 P M
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III. INTERIM RESULTS

Fourteen subjects received both adrenolutin and placebo and three
received adrenolutin twice. Seven subjects received first adrenolutin
followed the second week by placebo

Subject one when looking with his eyes closed at the stroboscope felt
thrust into the visual field as if it were a void. He had a severe frontal
headache and was dizzy, complaining, “It is Iike being dizzy but suffer-
ing from none of its effects.” Next day he was dizzy all day, bored, and
uninterested,’” Recently this subject has taken 500 mg of mescahne at
9 AM. Beginning at 11 A M. for the next four hours he reproduced the
adrenclutin experience after which he had a normal mescaline reaction.

Subject two was a physician who showed no intellectual changes with
adrenolutin  He was however, arg ive, imtating, superior, and
boastful and in an aggressive, ov G manner deseribed how he
would change conditions With placebo, he was sociable, friendly, and
quite different

Subject three became depressed which alternated with euphoria. His
thought processes were sluggish and referential, and he made many
errors in arithmetic, The subject giggled continually throughout the
evening With placebo, there was slight euphoria but he was alert
throughout the evening, able to solve all problems readily, and was very
fatigued at the end of the experiment.

Subject four suffered from fatigue and boredom, complained of ten-
sion in the temples and dufficulty 1n thinking The subject was imtable,
hostile, and depressed Very little anxiety was evident. Under the

lus of the strob pe, the subject hall d pairs of hed
eyes of different size slowly moving clockwise across the visual field
She was fatigued and umnterested the next day With placebo, she was
alert, highly interested in the expeniment, suffered no visual changes,
and no residual changes the following day

Subject five found conversation very difficult She felt msecure in

g and believed the arg was delb ly staged. She was
easily confused, was cntical of the experiment, and felt there was no
purpose behind 1t Under the stimulus of the stroboscope, she hal-
lucinated a forest of large trees of the type found in British Columbia
with the sun glining down on them She did not find this visual
phenomena at all interesting  The next day, her memory of the evening
was very faint and she was very fatigued, With placebo, she was Iescs‘
distractable and found the proverbs much easier and was more alert.
Antdety was present throughout the evening,
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Subject six felt within a half hour as if she had had two drinks of
alcohol and was very tired as if she had not slept for fifty hours but was
not sleepy. She complained of slight headache. She was arg tath
easily irritated, confused, very bored, but smiled excessively. No an-
xiety was present. Her response to the proverbs was very concrete
There was no insight for her poor performance. The day following
adrenolutin she was sleepy, fatigued, and nauseated. With placebo, she
was very anvious and tense but her interest was high and there was some
euphoria. She felt confused and was distracted readily but her per-
formance was essentially normal.

Subject seven noted a marked decrease in anxiety later replaced by
lethargy and apathy. Under the stimulus of the stroboscope, he had a
sensation of two bright lights or two revolving centers of light as if
looking into an inferno. Within an hour after taking adrenolutin, he
developed 2 marked delusional belief that the two experimenters were

ists. He did not i this feeling to the experimenters
until a week after the experiment was finished. He felt very astute,
clever, and superior to them He described himself as having supreme
apathy. His intellectual performance was normal. With placebo, there
was no change.

The next seven accounts of subjects refer to those who had placebo
first.

Subject eight. There was no abnormality with placebo and normal
anuety was present. With adrenolutin, the response to proverbs was bi-
zarre and response to calculations was very bad. The subject had dif-
ficulty focusing his eyes and noticed a slight visual change. He was very
relaxed but also was very tired.

Subject nine. The only change noted with adrenclutin was a slight
decrease 1n anxiety.

Subject ten. With placebo, she was anvious, felt that speech had
changed, became apathetic and bored, and noticed alternate euphoria
and dep With adrenolutin, this subject was much less anvious
She felt she was doing badly, was amused by this, and giggled a great
deal. Under the stimulus of the stroboscope, she noticed a rose pattern
There was no fatigue. She felt the experment was silly. There was
a marked d in intell 1 perf On ing home that
evening, she was relaxed and talkative and, according to her roommate,

changed.
m;rxl(;filc}"t elcoc%:. With placebo, she was anxious, bored, and complained
of difficulty in thinking and was easily confused The following day,
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she was irritable. With adrenolutin, she felt very relaxed and flat She
noted difficulty in focusing her eyes when looking at things. Next day
the memory of the evening was faint, as if it had occurred three ‘months
before.

Subject twelve. On placebo, he was very anxious and felt as if he had
had a shot of whisky. There was a loss of nterest and great fatigue
The next day, he had slight euphoria With adrenolutin, he noted frontal
headache On reading, he reported that the words registered as words,
not as phrases, and he had difficulty focusing his eyes. He felt mentally
relaxed but physically tense and reported that he must have had a
sedative drug This subject was invited to visit his flancée that evening.
On arriving at his flancée’s home, he spent the evening eating a sand-
wich, reading the newspaper, and hstening to the radio. He completely
agnored his fiancée. She found this very disturbing and became quite
annoyed He realized she was disturbed but felt very aloof and im-
personal especially since he knew she was in the wrong. This was the
first time that this had ever happened to him. He was completely with-
out sexual interest. The next day, he had planned to study but was
unable to get going. He was irritable, tense, fidgety, and unable to
concentrate all day.

Subject thirteen He was very anxious with placebo and noted some
difficulty in thinking. He app d indiffe i d. With
adrenclutm, he had some memory difficulty. Noticed no tension at all
during the evening and was perfectly relaxed.

Subject fourteen. There was very little change except that he was
slightly less tense with adrenolutin.

The next three subjects had adrenolutin twice.

Subject fifteen The first time, he complained of feelings of numbness
in his hmbs, headache, and a feeling of wooziness. He felt as if he had
had a great deal of alcohol and his speech was very slurred. There was
a marked decrease n msight and a very bad intellectual performance
He was able to understand only four out of twelve proverbs. The second
time he was bnghter and more alert than the previous time and also
more relaxed. His intellectual performance was better and he was
able to solve eight out of twelve proverbs. He reported that both ex-
peniments were identical although to the observers there was a much
greater reaction the first time

Subject sixteen. The first time all anxiety was gone by 630 A few
mumutes later, she felt lightheaded. There was ringing in her ears and
a fuzzy feelmg in her stomach She found herself unable to follow
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Subject siv felt within a half hour as if she had had two drinks of
alcohol and was very tired as if she had not slept for fifty hours but was
not sleepy. She complained of slight headache. She was arg ive,
easily irritated, confused, very bored, but smiled excessively. No an-
ety was present. Her response to the proverbs was very concrete.
There was no insight for her poor perf The day following
adrenolutin she was sleepy, fatigued, and nauseated. With placebo, she
was very anxious and tense but her interest was high and there was some
euphoria. She felt confused and was dist 1 readily but her per-
formance was essentially normal,

Subject seven noted a marked decrease in anxiety later replaced by
lethargy and apathy. Under the stimulus of the stroboscope, he had a
sensation of two bright lights or two revolving centers of light as if
looking into an inferno. Within an hour after taking adrenolutin, he
developed a marked delusional belief that the two experimenters were

He did not i this feeling to the experimenters
until 2 week after the experiment was finished. He felt very astute,
clever, and superior to them. He described himself as having supreme
apathy. His intellectual performance was normal With placebo, there
was no change.

The next seven accounts of subjects refer to those who had placebo
first.

Subject cight. There was no abnormality with placebo and normal
anxicty was present. With adrenolutin, the response to proverbs was bi-
zarre and response to caleulations was very bad, The subject had dif-
ficulty focusing his eyes and noticed = slight visual change He was very
relaxed but also was very tired.

Subject nine. The only change noted with adrenolutin was a slight
decrease in anxiety.

Subject ten. With placebo, she was anvious, felt that speech had
changed, became apathetic and bored, and noticed alternate euphoria
and depressi With ad Tutin, this subject was much less antious
She felt she was doing badly, was amused by this, and giggled a great
deal. Under the stumulus of the stroboscope, she noticed a rose pattern.
There was no fatigue. She felt the experiment was silly. There was
a marked decrease in intellectual performance. On returning home that
evening, she was relaxed and talkative and, according to her roommate,
markedly changed

Subject eleven. With placebo, she was anxious, bored, and complained
of difficulty in thinking and was easily confused. The following day,
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overproduction of adrenahne and some permeation into the central
nervous system.

The clearest reactions were obtained when adrenolutin was given the
first time as here there was a combination of high initial anxiety plus
adrenolutin. On the few experiments with double adrenolutin, the ex-
perience was usually more dramatic the first time, although the second
experiment tended to reproduce what had happened the first ime.

Between October 4th and December 19th, 1935, thirteen subjects
were processed. Of thirty-two possible placebo predictions, twenty-one
were correct and eleven incorrect. Of twenty adrenolutin predictions,
fourteen were correct and six were incorrect. Chi square is over 50.
Between January Sth and April 13th, 1956, twelve subjects were proc-
essed and with these we were not able to differentiate between drug
and placebo. In the first thirteen subjects, only one subject out of ten
who received the drug failed to react whereas in the second period, five
out of ten failed to react.

"The stipple test (which will be discussed further on) in the first eleven
subjects predicted one wrong and ten correct, and in the second ten
subjects, st wrong and four correct. This difference is significant. The
stipple test predicted on the first sixteen subjects given placebo, four
wrong and twelve correct, and the second sixteen subjects, six wrong
and ten correct. It therefore appeared certan that either we had lost
the ability to discriminate or that the drug had deteriorated to the point
where it was not producing its effect. The decrease 1 clintcal and in
stipple test discrimination supports the second point of view. Slowly
over the past few months adrenolutin has become much darker 1n color.

Fischer (6) recently found that adrenolutin incubated at pH 2 and
body temperature is quickly destroyed It therefore appears hkely that
the oral administrahon of adrenolut is not the best way and that a fair
quantity is destroyed m the stomach Thus 15 a very valuable point and
perhaps explains the marked difference m response of the men and
women to the drug. Of six women given drug not one faled to react
but out of eleven males given the drug, five failed to react. Perhaps this
1s due to the decreased acidity of the female gastric contents.

V. THOUGHT DISORDER
The presence of thought disorder and decreased intellectual per-
formance was judged by clmical impression of performance during dis-
cussion, arg; and q; ing and by psychological tests The
volunteer was questioned while under stress (due to the distraction
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conversation and noted strong visual changes. She noted that the e\-
amuners” faces were changing and she felt that they were looking down
upon her from a great distance. She showed referential thinking. Within
an hour and a half, she had some slight nausea. Visual disturbances
of words were present when looking at a printed page in that the words
were hopping up and down. She felt very reticent about her feelings
and found it difficult to communicate to us. She was bored and fatigued
later on. She performed much below her normal intellectual level The
second time, there was a reproduction of the first week's experience but
the changes were not as intense. She had the same visual changes, felt
suspicious of us, but did not have the fuzziness in her head which she
had previously noted. On the next day after the first experiment, she
was disinclined to work and felt fatigued and sedated until about noon
when she suddenly recovered. After the second evperiment, there was
no sudden recovery and she suffered some effects of the drug the whole
day.

Subject scventeen. The first time, very little change was noted. The
only possible clue of drug actvity was the fact that there was hitle
anxiety in the subject coming mn for the experiment. The second time,
he was more relaxed than the first week but suffered a marked deteriora-
tion in intellectual performance The first week, he scored ten out of
twelve, and the second week, seven out of twelve proverbs. On the
comprehensive subtest of the Wechsler-Bellevue, the score dropped from
cighteen to fourteen the second week. He was not made tense by ques-
tions the second week and was not as self critical of his answers

IV. ABILITY TO DETECT ADRENOLUTIN AND PLACEBO

During the double blind procedure, 1t was very difficult to preduct
whether the subject had reccived placebo or adrenolutin This 15 not
unexpected. Drugs such as mescaline and lysergic acid diethylamide
impose a characteristic pattern upon the subject which 1s usually easily
detectable. Adrenolutin does not impose any characteristic change upon
the volunteers but by mterfering with basic thought and perceptual
processes allows each individual to react in an unpredictable way. Some
of the subjects who recewved placebo the first ime were most anvious;
this was aseribed to adrenolutin.  This sub: 15 a possible metabo-
lite of adrenaline. If therefore there 1s a substantial conversion of
adrenaline to adrenolutin, the subject may react as if adrenolutin had
been administered. Feldberg and Sherwood (5) suspected that experi-
mental fatigue assocrated with marked anxiety mght be associated with
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them became flat and apathetic. The decrease in anxiety was accom-
panied by marked feelings of relaxation, by feelings of being at ease, and
by lack of fatigue

The stipple test {16} was given to all subjects It was analyzed by
calculating the vanability in time required to scan the first twenty-five
lines compared to the last twenty-five lines With adrenolutin, the
variability was less during the latter half of the test. With placebo, it was
greater. This simple paper test predicted correctly fourteen out of
twenty-one adrenolutin experiments and twenty-two out of thirty-two
placebo runs. It differentiated drug from placebo at one per cent level

Ten errors were made with placebo per test compared to thirteen
errors for adrenolutin

VII. LEVEL OF INTEREST

With placebo this was usually high and sustained, With adrenolutin,
it was high at the begmning of the test but then decreased as the anxiety
decreased. Many subjects noted marked apathy and general lack of
mterest which often lasted twenty-four hours,

VIII VISUAL CHANGES

These were not invariably present but certain changes which were
reported for adrenolutin did not occur under placebo. There were hal-
lucinations under impact of the flashing light, difficulty in focusmng on
objects, feeling that two sources of light were present, a feeling that
faces had become smnister and distorted, words were hopping on the
page, inability to read words in groups as phrases

IX. INSIGHT

In at least half the subjects who suffered a clear change, there was no
accompanying insight Most aseribed more active changes to placebo
when they described the usual pani of anxiety. The most
common reply to the question “has anything happened” was that nothing
had or that there was a change due to the situation To many, placebo
was the better euphorient None claimed adrenolutin as a euphorent,

Tthouol 1 1
gh some app more eup

X. DISCUSSION
The most stnking changes occurred in the area of thought disturbance
in the presence of reduced anuety and decreased insight. Perceptual
changes were not unusual but not as frequent as with mescaline or
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caused by application of the EEG el des). The interviewer attempted
to antagonize the subjects by critical argument, During placebo experi-
ments, the subjects performed well although if extreme anxiety were
present, 2 decrease in ability was noted, With adrenolutin, more often
they were irritable and hostile, and failed to follow logical argument
Some withdrew by becoming giggly or silly or by bringing in inappropri-
ate statements. Little anxicty was created by discussion. Intellectually
superior subjects showed httle impairment of thought but did show
changes in affect and m their relationship to the investigators.

Subjects were asked to define twelve well-known proverbs. Out of
thirteen subjects, eight were able to solve fewer proverbs with adrenolu-
tin, two were not impaired, and three were better. Qualitatively, they
were more roundabout, more concrete, and more argumentative, often
disagreeing with the proverbs Some subjects were more personally
involved with the proverbs.

Adrenolutin caused a mean decrease on the comprehensive subtest of
the Wechsler-Bellevue from fifteen to thirteen. On similarities, very
concrete responses were found with some adrenolutin subjects but there
was no decrease in lhe mean scores

Ability to describe subjective changes was decreased with adrenolutin
and the description of the visual pattern induced by the stroboscope was
less rich. Subjectively as many subjects with placebo complained of
thought impairment. However although this was accountable by anviety
with placebo, they were not anxious with adrenolutin.

Orientation and consciousness were normal. Memory was normal with
two exceptions, Paranoidal thinking was very marked 1n three instances
and referential thinking shight mn several other instances

Using the Watson-Glaser Critical Thinking Test (22), there was a
slight decrease in total and in the subtotals with adrenolutin

In caleulations, six out of twelve subjects with adrenolutin performed
badly, with placebo, only two With adrenolutin five out of twelve were
much worse, none were worse with placebo

VI ANXIETY

All the volunteers showed anxiety especially during the first evperi-
ment  After admmstration of placebo, anviety decreased or ncreased
but did not disappear. It was easily aroused by testing and questioning
Strong anwety was usually followed by strong fatigue toward the end
of the experiment. With adrenolutin, most subjects noted a marked rc-
duction in anvety, which was fi 1 by the i ig: Some of
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" Discussion

S. Upexrmunn 1 have two or three questons. Furst, you did not mention
much about ammal work. 1 wondered whether you ecared to state whether any-
thing really sigmficant can be produced m ammals The second concemns the
effects on enzymes You did not mention the concentrations Also, it 35 not sur-
posmg that this compound would act on enzymes It 1s so active a molecule that
it would nteract with almost anything 1 think 2t 15 hardly spectfic.

For the final powt I agan have to bring up a disease, i this case pheochromo-
cytoma I wonder if Dr Page would also mention lus studies, Here you have
2 disorder 1 which there 1s huge overproduction of epinephrine and norepimephrine.
Yet these patients, at least the three or four that we have seen, have pretty normal
backgrounds Apparently the mere presence of large amounts of adrenalme does
not serve to produce central disturbance Agamn 1 wondered what dose of adreno-
lutin was used m man

A Horrer Fifty milligrams by mouth I will take the questions m order
The animal work, recently published by B E Schwarz et al. i the Arch Neurol
Psychol (75, 83, 1936) used the Sherwood's techmque of placng the drug m
the lateral or thwd ventrcle I hnow Mamazzi has reservations about drug
action placed 1 this area of the bramn They tested cats using built-n electrodes
making comparative studies with 1 & drenol and
ergotamme

S Upexemenp: It &id not act when gren mtravenously or orally?

A Horrer I don't know When placed i the ventricle they found quite large
changes They found that the most achve compounds were mescaline, adreno-
chrome, and adrenolutin

A S. Manmazzr Dr Hoffer did mention the adrenochrome data on synaptic
transmission, 1 e, a potency of about 1/2000 of the achvity of serotonmn as we test
o

t

A Horrsr  Regardmg the enzymes, I thik the quantity m one study I hnow
of, using mhibition of decarboxylation of glutamc acid was 5 g of adrenochrome
which prevented decarboxylation of the glutamic acid

That 15 a good question about the pheochromocytoma. In my opmion
schizophrema 1 not caused by the overproduction of adrenaline, but by
a malhanding of adrenaline formed Many people may suffer from too much
adrenalme who will not be schizophremic They must have something that wall
convert the adrenalme mnto another compound There 15 ome case reported 1n
the British press of a person, a paranoid schizophrenic, who after operation on
the adrenals became normal

S § Kery The patient who had pheoch with sch hrenia would
be a good patient to study and find out whether there was exacerbation of psychotic
d with the il

Y P
A Horrer 1 don’t hnow This was a study by Dr. Brewster I don’t hnow
whether he made many careful obsenations on the psychological state Most
surgeons are not too concerned about the psychratric changes present in their
paticnts
Cuamntan 1 H Pace That 1 the understatement of the day
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LSD. Striking evamples of marked personality change oecurred in a
few,

Adrenclutin is quite table. Oral administration has produced
change \vxth undeteriorated sut but : less effective as the
Intr istration has not been tested

but adrenolutin ought to be twice as effective as adrenochrome.

The changes described are not these found in chronic schizophrenia.
They do however fall mto the area of the primary symptoms deseribed
by Bleuler. The most hkely candidate for M substances from our point
of view is either adrenochrome or adrenclutm (or an equilibrium mic
ture) unti} other adrenalme derivatives are isolated and synthesized.
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occur in, 1n the urne My point s that it takes anywhere from a year and one-half
to two years for a schizophremic to be il before 1t 15 recognized by his famly
or physician, so there 15 a long enough period i which one could assume ac-
cumulation of some product

B B Brome: But adrenolutin 15 an unstable compound

A Horren* I have not said 1t 15 unstable in the body, We know it is unstable
in vitro, n unine There 1s no reason to believe 1t 15 as unstable in the blood.
In fact, there 1s reason to believe that m the blood it 15 quite stable It 15 stabihzed
by the proteins, glutathione, and ascorbic acid which are present there. We don’t
know. The more senous objection 1s that we don’t know whether adrenolutin
oceurs naturally 1n the body

As to the question of pheochromocytoma, I don't know if there are changes
The only people who have anything to do with pheochromocytoma are the wntermists
who are not equipped to do very careful psychological tests on patients to see
if their thoughts are impaired T would think if the patients are studied thoroughly
by a good chmeal psychiatrist and psychologist, you would be able to shaw
changes on paper and pencil tests

G S Gorpan  Many patents with pheochromatocytomas are mustaken for
vichms of anxiety states and are seen by psychuatrsts for years.

A Horrer, Not schizophreme, however, but perhaps the early mamfestations
of scluizophrenic illness, It 1s very difficult to define thought disorder It depends
upon the psychiatric school to which you belong Some psychiatnsts think 1t 15 a
thought disorder Others think not I use 1t in the way Bleuler used t, to indicate
disturbance, the dissoctation towards concrete thinking, The person loses the
ability to abstract If you use as a simple question, “how does a dog resemble the
lon,” he does not abstract the thought Both ammals have eyes, or fur, ete That
15 a crude example of what I mean by a thought disorder, which 15 an inability
to abstract mformation,

Mesmen  Seen m bram damage?

A, Horrzn  Yes, seen 1 many psychuatric disorders

F. Exauppun In reply to Dr Brodie's remark about infusion of norepmephnne,
I would Like to make a few comments about methods and values and discuss
briefly some evpenments we have done with Clb-adrenaline at the Worcester
Foundation.

With respect to methods, practically e»erybody working with the fuorometric
method of Weil-Melherbe for ad: line, have had great dif-
Bculty I suggest that any data presented by this method requires cantious in-
terpretation  Based on our expenence and the expenence of others, it would be
safe to pay more heed at present to bwassay methods if one wishes to consider
thy from the data obtained. The von
Euler modification of the Lund method for urme determmation 1 not bad, but
there are still some marked discrepancies when compared to the bloassay values

To retum to the adrenaline and nosadrenaline studies which we have recently
published Oaly 05 10 2% of the infused adremhne appears 1 the unne as

active ad 99% of the adrenalmne infused 1s
apparently destroyed  Of the noradrenaline infused 3 to 5% appears in the urme
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B. B. Beanwe: Am I right in assaming that this general idea started when you
found that in certan patients epinephrine produced hall 2

A. Horren: That was one of the factors, but not the only one There &5 not
a substantial body of evidence to show that adrenaline produces hallseimation, but
there is mdication that certain types of adrenaline may produce certain changes

B. B. Bropis: Large doses of a number of phenylethylamine analogs, inclading

phetami phedrine, and 1 produce mental effects, includwg hal-
lucinations, ‘The mental effects may be sunply the result of evcess central sym-
pathetic it The dose of adrenolutin you gave—-50 mg 1 beheve—makes
one pause a hittte. Wouldn’t it take a very long time to have that much metabohte
forw from epmephrine or norepinephnne in the body? You could argue that
adrenclutin might localze somewhere in the body, but §s this likely sice it i
such an unstable substance? All in all, it does not seem wvery plausble to me
that schizophrenia sesults from a bolite of epinephri Further inft
1 would ke to know coucems whether zny of the subjects exhibited sympatho-
mimete effects when given adrenolutin? Were their pupids dilated”

A HorreEn. No sutonomse changes whateter were seen.

B. B Brome. A final point. It is obvious that the cortex must be & compheated
organ, and to iy to explun memory, creatieness, and character in chemwcal
terms 35 well beyond our present sights It may concewably be a hamful overs
simplfication to try and evplarn 2 breakdown in cortical function m terms of an
abertant metabolite wandering about the brain. It 45 possible that sublle changes
m protems have oceurred, changes that may not be esplatuable in the same foume
of reference as the wsual crude chemscal alterations obsened in biochemustry
When 1 think of the complexity of the events that accoust for my remembenag
what yon have yust smd, 3t 55 duffionlt for me to thuk that the breakdown o the
bram 35 due to merely throwing @ monkey wrench, ke adrenolutin, in the

machinery

G. H Guassn 1 would fike to contmue that powt a hitle bt Tt 1s worth whie
still to duff hetween schizopl the psychuatne disorder as it occurs
naturally, and the schizoph ik b that are produced by drugs !

wonder how you differentute between the thooght disorder as you describe it

and, for example, the mild thonght disorder that one mught see m relation to

atabmne toxteity m which there 5 2 sup posed schizoph L . 1

ogy 1 tunk this is very fundamental to this whole consideration of drug-
oced pevchoses or h

h
PYY

“a Hor;s.n Gowng back to Dr Brodie's questions, § don't thiok that we actually
Jnow how much adrenaline can be produced by the body It 15 a senous
objection to the theory to assume that adrenabne can produce 50 mg of adreno-

luttn 0 the body
B B Brooe It would be of wterest to hnow how much norepmephnoe s
formed m the body each day  One cowld rfuse the hormone, mtravencusly, over
a long perlod of time and measure the fracton that s excreted unchanged By

the normal excretion of norepimephrine, before snfusion, st should be
i @ formed dafly in the

posuible to caleulate the appraxumate amount of the hormon:

 Horrres The snteresting pormt there sould be 10 know what form metabaltes
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undestroyed. Quite clearly hing has happened to these compounds. They do
not appear m any sizable amount as biologically active matenal 1 the unne

s U : Are they hydrolyzed

F. Evstapyan: They were hydrolyzed We then infused CM-adrenaline m the
form of pL bitartrate m four separate experiments. It can be stated that 85 to 953
of the total count infused appears in the unne in 30 hours With respect to the
biological activity present duning the same period the expeniments confirmed our
previous infusion studies: only 05 to 2% of the biologic activity appeared

In relation to the discusstons on the length of time for the excretion of adrenalne
in pheochromocytoma, I would like to pomt out that adrenaline infused is ex-
creted quite rapidly. In the first 4 hours after the infusion of Cl-adrenaline, 60F
of the infused count appears m the urme

If these be the facts, as we think they are, then some of the ideas having to do
with possible compounds bemng metabolized from secreted adrenalme and the
possibility of their accumulation over a long perrod of time causing hallucnogenic
effects, ete,, are interesting formulations, but the data so far reported do not sup-
port the idea that much accumulation can take place

H. Hoscranp In relation to the posstble accumulation of adrenaltne or its
metabolites over a pertod of time, 1t scems to me that if there 15 a disturbance
of appropriate enzyme balance, one mught expect abnormal products of adrenalme
or noradrenaline would be formed continually and metabolized to maintam steady-
state levels different from those normally present If some itermediates build
up abnormally, as a result of too rapid formation or too slow degradation, this
would fit in with Hoffer’s pomt of view in that the level of such metabolites could

e at 1 as a result of disturbed dy-state chemmcal hinetics. The argument
from 1nfuston studies would not apply to this situation




Metabolism of L-Thyroxine and L-3:5:3"Triiodothyronine
by Brain Tissue Preparations
Jansuen R, Tara?

Dep of Clinical of the Sloan-Kettermg Institute for
Cancer Research, New York, New York

The thyroid hormone has been known for many years to have a marked
effect on the development and function of the central nervous system
(14). Thyroxme and 3:5.3-tniodothyromine increase the excitabihty
of the brain, as measured by the threshold for electric shock seizures
(22, 42). Both hormones also influence the electrolyte distribution and,
in particular, the distribution of sodwm in the brain tissue (42). The
thyroid hormone also has marked effects on the electroencephalogram,
and in the absence of thyroid hormone profound changes occur in
cerebral vascular resistance and cerebral blood flow, changes in mental
activity and mood, and even psychosis may be associated with either
over- or underactivity of the thyrod (3, 10, 12, 13, 36) There is, how-
ever, no change in oxygen consumption in brain tissue removed from
either thyroidectomized or hyperthyroid rats (6), although there is a
slight change in succinoxidase activity (4).

In the central nervous system itself, there 1s a shight concentration of
thyrotine and triiodothyronine when measured with radioisotopes (11,
16, 18, 19). This amount can be sigmficant m view of the blood-brain
barrier effective for most substances of physiological activity (17).
Recently, thyroxine has been demonstrated in human cerebral spinal
fluid and, in add an unidentified bolite of the thyroid hormone
has also been found (2). This metabolite was not found in blood and
hence it seems possible that it was formed in the central nervous system
atself,

1 This wnvestigation was supported in part by a research grant (C-2052) from
the Nauonal Insttutes of Health, Public Health Service. It was also supported
in part by 2 grant-in-aid from the Amencan Cancer Society upon recommendation
of the Commuttee on Growth of the Natonal Research Councl This work was
undertaken dunng the tenure of a Damon Runyon Memorial Fund Grant This
work was also made possible by support from the Umited States Atomic Energy
Commussion under their contract No AT (30-1)-910,

2 Visting Research Fellow Present address National Institute for Medical
Research, Mill Hill, London N W. 7, England






METABOLISM OF THYROID HORMONES 199

purity of each sample was ascertained by paper chromatographie
analysis employing at least two different solvent systems, Care was taken
to avoid the inclusion of any n-butanol in the substrate solutions as this
solvent was found to interfere with tissue actviity. Nonradioactive
samples of r-thyroune and vL-3.5.3-triiodothyronine were dissolved in
the minimum quantity of 50% propylene glycol and then diluted with the
wsotonic suspension medium

4 ConrtrOL EXPERIMENTS

Each nesw senes of incubations was accompanied by a set of at least
two of the following control incubations where the substrate was in-
cubated with: (a) suspension medium alone, (b) tissue system with
n-butanol (final concentration 5%), (c) boiled tissue system (20-30
minutes boihlng) The very small change in the final composition of
radioactive components after incubation did not vary appreciably be-
tween the different controls and the final values were averaged.

5. ANALYTICAL

The bram shees were analyzed either separately from the incubation
medium or after homogenizing them 1 the same medium Al extraction
procedures generally used for 10dinated compounds were avoided. Paper
chromatography (Whatman No 1) was used for both qualitative and

e deter of iodinated pounds 1 each sample

(26, 27)
At least two of the following solvent systems were used for the analysis
of any one sample

1. n-butanol-acetic acid-water (78 10 12, v/v)

2 n-butanol-diovane (80 20, v/v) saturated with 2N NH,OH
3. colidme-water (100.355, v/v) 1n atmosphere of NH,

4 ter-amyl alcobol saturated with 2N NH,OH

Each sample for chromatographic analysis was supplemented with
10-25 ug of d duod 3.8 3 yronine,
and thyroxine as carriers. The final positions of these was revealed by
ninhydrm or the Pauly reaction In some experiments, 25 ug of each of
the propiomic, acetic, and formic acid analogs of thyroxine and 3-5.3'-
truodothyronme were also added as carmiers. Added jodide (5 #g.) was
revealed with 05% PACl. The rad vity m each ch h

strip after development was determined with an autematic xczor‘ding
counting rate meter. The p distrit i

14 of rad ity in the
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Considering the above facts and, in particular, the last observation,
the present work was undertaken to define the activity of brain tissue
in the metabolism of vL-thyroxine and 1.-3:5:3"triiodothyronine.?

I METHODS AND MATERIALS
1. TissUE PREPARATIONS

Unanesthetized adult male or female dogs (5-10 kg.), male or female
rats (75-125 g.), and 2-week old male chicks were sacrificed by es-
sanguination or decapitation. Whole brains were collected in crushed
ice or frozen in dry ice and, in the case of the rat and chick, brains from
15 to 30 animals were pooled. Bran shces were cut freehand from
05 to 15 mm. in thickness, and suspended in the bicarbonate-Ringer
solution of Krebs and Henseleit (20) in the proportion of 1 g. wet tissue
weight/5 ml. suspension medium Tissue suspensions were prepared
by homogenization in a Waning blendor run at 2 reduced voltage (30~
40 volts), the concentration of the suspension being variable: 1 g tissue/
3, 5, 10, 15 or 30 ml. medium. The modified composition of the brain
suspension medium was (8):

0.12 M NaCl 0.0012 M MgSO,
0,004 M KC1 0.025 M NaHCO;
00004 M KH.PO, 00003 M CaCl,

2 INcuBaTION

Incubations were carried out at 37.4°C. with continuous shaking of
containers. Most incubations, unless speaifically mentioned as otherwise,
were carried out in an atmosphere of 5% CO;-95% O,. A 5% CO.-95% N:
mixture was used for anaerobic incubations. In the case of tissue sus-
pensions or homogenates, aliquots were drawn from each flask at inter-
vals varying from 15 minutes to 12 hours of incubation, while for slices
one incubation flask was allotted to each time interval.

3. SUBSIRATES

L-Thyrotine and L-3 5.3 truodothyronme labeled with 3% in the
37:5"- and 3-positions respectively (average specific activity: 40-60 pc/
4g.) were obtamed from Abbott Laboratones (15) Prior to use, the

3 The following abbreviations are used m the text T, = thyroune, T; = 3 5 3
tmodothyranine, TETRAPROP = 3 5  S'tetraiodothyropropiomic_acid, TETRAC
— 3.5:3.5-tetrwodothyroacetic acrd, TETRAFORM = 3.5 3 ’~te(raludoth)1’('»
formie acid; TRIPROP = 3 5 3~triodothyropropionic acid, TRIAC == 353
tmodothyrascetic acid, TRIFORM = 3 5 3tniodothyroformic actd.
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1347, 50 3:, ]

p on the paper strips was determined by
measuring the area oceupied by each 113t peak.

Paper electrophoresis (Whatman No. 3) in barbital buffer at pH 86
or in 02 M (NH,).CO; buffer at pH 90 was also employed, to distn-
guish between iodothyronines and their alanine side-chain derivatives
The techniques have been desersbed elsewhere (26, 28).

As inorganic jodide was found to be a consistent and, in most cases,
the major jodivated metabolite after incubation, periodic batches of

ples were analyzed for their sadiiodide content by a method pre-
viously described (30). This was done by the oxidation of radioiodide
(after the addition of 50100 ug. of stable iodide and organic iodinated
compounds as carriers) by Fe+++ jons, The elemental iodine was ex-
tracted by CS. and absorbed in 2 Nas5;03 solution before measurement
of %, Good agreement was found in the results obtained with the two
different methods used for the estimation of the fraction of 1! in the
form of iodide.f

II. RESULTS
1. Brawv Sutcrs AND “CONCENTRATED” SUSPENSIONS

In the preliminary experiments, the tissue concentration for both slices
and homogenates was in the range of 1 g. wet weight/1-3 ml. of suspen-
sion medium  Substrate concentrations were varied from 10% M to 5 X
10¢ M Table I summarizes the analytical data on dog bram incubation
samples examined after three hours of incubation at concentrations of
thyrouine and triiodothyronine much below the level of jodine found
in the serum of the same animals. Normal dog serum iodine 15 about
2.5 pg % or, if it is all thyroxine, about § X 10% M. Rat and human serum
coutains about 5 pg.% organic iodine or, if it is all thyroxine, a concentra-
tion of about 107 M,

Definite degradation of both the hormones 15 noticed 1 all the samples
The major portion of the radioactivity was transferred from the sub-
strate to the fraction identified as inorganic 1odide and less than 5% of
431 could be d d in any other comy outside of the unchanged
thyroxine or 3 5 3-tniodothyronine. Almost the same pattern of I'*!
distnbution is found irrespective of whether the tissue was homogenized
or sliced and under aerobic or b di The p of
either glucose or PO, did not alter the results Similar results of de-

4 We are very grateful to the members of the staff of \Wamer.Chulcott Labora-
tories, Mortis Plans, New Jersey, for having supplied us with all the derivatives
of the alamne side-chamn of thy and -3 5§ 3"truodoth used in this work.
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iodination were obtained with both rat and chick brain preparations In
all cases the rate and extent of degradation were considerably diminished
near concentrations of § X 10% to 10° A thyroxine or 3:5;3"triiodo-
thyronine.

2. “DuiurE” SuspENSIONS

It was hoped that a dilution of the tissue system would lead to a
retardation in the formation of jodide and detection of possible short-
lived intermediate substances. As no significant differences were found
between the different samples in more concentrated systems, only results
with tissue suspensions will be descibed. The most usual tissue con-
centration used was 1 g wet weight/I5 ml of suspension medium.
Analytical data obtained at one, three, and six hours after jncubation
using “dilute” dog and rat brain suspensions are compared in Table I1.

Two effects of dilution of the tissue system are of interest: (a) A re-
duction in the rate of degradation of the substrate by a factor of over
three, (b) the consistent occurrence of a substantial fraction of total I'3¢
in chromatogram peaks described as “unidentified.” This fraction was
found to consist of more than one iodinated component and will be
discussed later. In all cases, the amount of 13 1n this unknown fraction
resched a peak in the early time intervals and decreased very markedly
after the first hour of incubation. In experiments with thyroune, a small
amount of 1) (never exceeding 5-8% of the total) was found in the
peak corresponding to 3.5-3"-trilodothyromne The oceurrence of Ty
was, howeves, not a regular feature and this compound has been included
in the group of unidentified substances mentioned in Table 11

To determine something of the nature of what is presumed to be one
or more enzy ponsible for the degradation of thyraxine and tri-
iodothyronine, certain well-known mhibitors of and of biologcal
ouidation were studied (43) The results are presented in Table 11}

Only two subst: produced sigmfi infubitions 1n the rate and
nature of degradation of thyroxine and 3.5 3'truodothyronine, 2-octanot
and HgCl; The fatter substance 15 of especial interest as 1t efflectwvely
prevented the formation of any inorganic 10dide after incubation, while
permitting the formation of large amounts of umdentified iodinated com-
pounds  Furthermore, with the precipitation of HgClL, with H.S and
reincubation for six hours, the whibition was reversed with the forma-
tion of the usual amount of jodide and a rapid diminution 1n the amount
of the other 1odinated prod NaAsO, 1 d the rate of break-
down of thyroxing only. But for both the hormones, jodide was the only

Tnated bolte found after incubation with NaAsO»
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3 Time-Curve STuptes AND EFFECT OF SUBSTRATE CONCENTRATION

Although the fraction of total I!3! in all the major iodinated compounds

was determined in all cases, only the values of 1) in the unchanged
th or 3.5-3"tritodotk ine were idered for time-curve
1

studies In earher experi the was found to
be a major factor determimng the results obtained and this problem
was also studied further. “Dilute” suspensions were used for all quantita-
tive studies and some typical results on dog, rat, and chick brain prepara-
tons are presented 1 Fig 1

A very sxmxlar paltem is observed in the way both thyroxine and
3 5:3-trifodoth bolized by the preparations of dog, rat,
and chick brains, The slape of the degradation curve which is steep for
the first 2-3 hours flattens out considerably by the sxxth hcur, and at
lower levels of sut ation, it shows a mul
A high degree of sensitivity of the rate of degradation to the amount of
substrate present 15 observed. At doses near the serum level of thyroxine,
ie,5 X 10 M to 107 M, a very near total inhibition of the whole system

15 brought about. In more d brain susp the threshold
for this inhiition due to substrate concentration is raised more or less
propor ly. For ple, the following result was obtained with

rat bran suspensions at 1 g. tissue/150 ml medium, six hours after
incubation with thyroxine
Substrate concentration 5 X 108 3 107 M 5 X 107 M 5 X 10° AMf
Per cent total I'32 a5 412 627 695 844
unchanged thyroxine
In view of the greater biological and ch 1 instability of 3.5.3"tri-
10dothyronine (15, 43) it was surpnising to note that thyrodne was con-
sistently degraded at 2 more rapid rate than 3 5 3"-tniodothyronine.

4. T NATURE OF METABOLITES OF L-THYROXINE AND
1-3 5 3-TRIODOTHYRONINE

Inorganic 1odide was the major and most consstent mdmated metabm
lite of all incubations. The group of iod d
so far as “umdentified” were also found mnslstendy m all expenments
performed with “dilute” systems, 1t has also been seen that quantitatively
their occurrence followed 2 regular and definite pattern  Attempts made
to identify these jodi are descnibed below

In Fig. 2 are reproduced some typical ct T dings of
'3t distribution in samples of “dilute” brain tissue suspensmns after in-
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the paper corresponding to the different I'3! components were eluted
with n-butanol followed by 5% NH,OH. The eluates were concentrated
under reduced pressure (5-12 mm.Hg) at temperatures below 25°C. and

t TETRAC T4, T T T
F IETRAPROP® o
TRIAC

Fic 2 1131 recording of chromatograms of 10dmated products of wcubation of
tothyroune (T,) 2nd -3 5-3-truodothyronme (Ty) with “dilute”™ rat bram sus-
pension (1 gm tissue/15 ml. suspension medmm)  Solvent systems Bu/Ac = n-
butanol-acetic acid-water, Bu/D/Am = n-butanol-diovane-ommonia, O - onigin
of chromatogram, F = solvent fronts i s
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cubation with thyroune (for 6 hours) or 3:5:3-triiodathyronine (for
1 hour), The distribution and homogeneity of the unidentified corm-
ponents depends upon the chiromatographic solvent system used.

In order to be satisfied that the different chromatographic peaks were
not artifacts, 25-cm.-wide preparative chromatograms were made with
0.2 to 0.4 ral. of each incubation sample After development, portions of
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HOURS OF INCUBATION

Fic 1. Degradation of t-thyroune (T,} and £-3 5.3"-truodothyromne (T5) when
wcubated with “difute” dog, rat, and chuck bram suspensians (£ gm tissue/15 ml
suspension mredim) and the effect of substrate concentration on the rate of degrada~
tion, in fanction of time. Each value represents the average from two mdependent
ncubations analyzed by not less than two different solvent systerns for chmmi~
tography. Substrate concentrations A = 5 X 109 3f, B = 2 X 108 M, D =
33X ISAM E=1003 F =235 X10% C=4X 108 A, H = 6 X
10T M, [m4 X 10753 J=TX10TMK=5X108M

C = Contro} incubations
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rechromatographed with the four different solvent systems. In each
case, not less than 85% of the radicactivity was recovered in a single peak
with an R; value in the same solvent system that was identical to that
in the original preparative chromatogram.

Hence for thyroxine, the fodide {odinated ponent near the
solvent front was found in one peak when the chromatographic solvent
system was n-butanol-acetic acid, but this was resolved into two peaks
when the solvent system used was n-butanol-dioxane-ammonia, or ter-
amyl alcohol: fa. For trilodothyronine only one jodinated peak,
outside of fodide, was detected with all the four different chromato-
graphic solvent systems. A comparison of the R; values of the carrier
substances added showed that chromatographic properties of the follow-
ing compounds were identical to the two “unidentified” indinated com-
pounds obtained by the incubation of thyrovine: TETRAC, TETRA-
PROP, TRIAC, TRIPROP, and T; With trifodothyronine, this could be
TRIAC or TRIPROP. TRIFORM and TETBAFORM which appeared
also as likely holites from ch phic studies were elminated
from the results of electrophoretic analysis,

In Iidimensiona) chromatograms {Fig. 3) developed with n-butanol-
acetx I-H,O and n-butano)-dioxane systems, the triiodo and tetraiodo
groups of side-chain analogs are not as well resolved as would be ex-
pected from results 1n each of the single dimensions (possibly due to
employmg larger amounts of the sample than m monodimensional
chromatograms). Yet m all cases, the spots on the autograms of bi-
dimensional chromatograms were exactly superimposable on the chemi-
cally stained spots of the carriers added. In the figure the dotted lines
actually represent the tracing of the area occupied by the varous carrier
substances added before develop of the ch fis The faint
spot of Ty observed on the chr g of a T, incubation (Fig. 3a)
was detected in Jess than half the samples studied whereas the other
metabohtes were consistently present.

The possibility that the group of iodinated compounds found besides
the sodothyronines and jodide represent the acetic and propionic acid
analogs of Ty and T;, was strengthened by results obtained with paper
electrophoretic analysis (Fig 4).

The jodothyronines were almost immobile under the conditions em-
ployed while their side-chain analogs migrate 3-5 cm. toward the anode
in 6 hours, lodide migrated at a very rapid rate and is not shown in
Fig. 4. The percentage distribution of 13! in electropharetic analysis
was compatible with figures obtained from ch phic analysis
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The chromatographic characteristics of any of the unknown iodinated
compounds were not found to correspond to the triiodo- and tetraiodo-
thyropyruvie acids (33), thyroxamine (41), o-methyl-thyroxine or the
glucorime acid conjugates of thyroxine and tnjodothyronine (31). At
tempts to detect 3.3"-diiodothyronine as one of the metabolites were

ful as this p 1 was found to migrate poorly in the
methanol-CH,COONH, system (32) m the presence of bram tissue

A
Ty T TETRAC =y
_ 4.3 TeTRAPROF

B

I—>

TRIPROP
Fic 4 Paper electrophoresss of 1odmated products of incubation of L-thyroune
and 1-3 5 3-trnodothyropine with “dilute” rat bram suspension {1 gram tusue/
15 ml medwm)  Electroph with 02 M (NH,),CO, buffer at pH

91 at 135 volts for 6 hours Posttion of morganic rodide not shawn

suspension  With the ase of analytical techmques described here, 1t was
only possible to separate the acetie and propionic acid analogs of the two
hormones m each group of the trnodinated and tetraiodimated dertva-
twves, 1€, 1t Was not posstble to determine whether the alanine stde-chain
of Ty and T; was degraded to two or three carbon atoms

I DISCUSSION
The results just described show that there are in dog, rat, and chick
bramn, systems, presumably enzymatic, which degrade thyrowine and
4.5.%-trriodothyromne  The active system 1 the tissue 15 thermolabile,
being nactwvated by heating at 100° for 20-30 minutes and 1ts activity
exhubats Iittle vanation under acrobre or anaerobic conditions  The tissue
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structure need not be preserved for this activity since cell-frec prepara-
tions were obtained that p d properties identical to those observed
in brain tissue slices and cell suspensions ®

Prior to this work, Sprott and Maclagan (37) had described a system
in rat liver, and other tissues {including bramn), which was said to de-
jodinate thyroxine and triiodothyronine. Since this system was barely
active at a physiological pH, inhibited by cyanide and anaerobiosis, and
difficult to inactivate by boiling, it is not readily comparable to the brain
system here described. Furthermore, their tissue preparation appeared
to be active at substrate concentrations of 20 to 25,000 times the level of
thyrodine in blood, whereas the system just descnbed is almost com-
pletely inactive at these levels. The difficulty 1n companng our results
with those of Sprott and Maclagan is enh d by the duffe in
techniques used to determine deiodmation or degradation of the hor-
mones Larson et al. (21) have described an “adaptive thyroxine de-
ifodinating system” in rat kidney slices which converts thyrowne to tn-
iodothyronine. In our experience (see Fig. 2) the solvent systems for
chromatography used by these workers could not clearly differentiate
between T, TETRAC, and TETRAPROP. More recently however, Al-
bright et al (1) have reported the formation of TETRAC from thyroxine
following incubation with rat kidney mitochondria

It is unportant to note in considering thus work that only the iodine
atoms of the phenolic ning of the T; and T, molecules were labeled with
131, Upon the loss of these jodine atoms, all track of the fate of the
rest of the thyroid hormones is lost.

From the results described in the present work, the rate of degradation
of the two hormones and the nature of the products formed were depend-
ent principally on both the concentration of the tissue preparation and
that of the substrate itself. With the “concentrated” systems (Table 1),
only a gross deiodination of thyroxive and tritodothyronne is observed
The dilution of the preparations (‘Table II) not only led to 2 diminution
in the rate degradation but iodinated compounds not observed in more

d preparations were d d mn sigmfi es-
pecially during the early time mtervals. Prolonged incubations (from
6 to 12 hours) with the “dilute” preparations also resulted 1 findmg in-
organic 10dide as the only major 1odinated metabolite, It appears that
more than one enzyme system 1s involved in the ultimate degradation of
thyrovine and 3.5 3"-tritodot} of iodide and that dilution of the

5 A subsequent communication will deal with the problem of localization and
fractionation of the active companent n brawn tissue
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preparations affects to a different extent the reaction velocities of each
system (38), Hence, it is likely that the group of unidentified com-
pounds were actually formed in the “concentrated” preparations but were
too rapidly deiodinated to be observed. Different substrate dose levels
used with “dilute” preparations varied from concentrations 10 to 20 times
lower to those about 1,000 times higher than the circulating level of
thyroxine Since the exact Jevel of 3:5-3"triiodathyronine in serum 15 not
yet well known (7, 40), no comparison is possible. The unexpected
slower rate of degradation of triodothyronine than of thyroxine is dif-
fieult to explam. The high degree of sensitivity of the bram preparations
to metabolize the substrates at increasing dose levels would reflect the
absence of an efficient detoxication mechanism as found in the liver and
to some extent in the kidney (31, 39).

The un} iodi q pound observed by Alpers and Rall {2)
in human cerebrospinal fiuid was not d among the incubati
products analyzed On the other band, what chromatographically ap-
pears to be a senes of derivatives of dearmnation of the alanine side-chain
of thyroxine and 3 5 3"-tniodothyronine were characterized, along with
iodide. The sigmficance of finding these derivatives arises from the fact
that the pyruvic, propionic, acetic, and formic acid derivatives of thy-
roxing and 3:5:3-trtiodothyronine mde-chain have been recently re-
ported to have some properties of the thyroid hormones and, in some bio-
logical tests, they posess a higher potency or a shorter time Iag preceding
their action (8, 24, 25, 34, 35). Barker (5), however, has not been able
to reproduce some of the biological activity tests on these denvatives
Of these derivatives, the trifodo- and tetrajodo-pyruvic acid analogs have
been found in bile and urine but in significant amounts only after the
administration of high doses of the corresponding amino acids (33).
More recently, Boche et al. (29) have identified TRIAC m kadneys of
thyroidectorized rats mjected with tniodothyronine. It should be
pointed out here that in our work it was not possble to distmguish
TRIAC from TRIPROP and simlarly TETRAC from TETRAPROP by
using the available methods of paper ch aphy or el phoresi:
(Figs. 2, 3, and 4) Hence, it is not clear at what step the side-chain
degradation ceases before the molecule Ioses 1its iodine atoms in the 3
and 5 postons  Thyroxine can alsa undergo a direct partial detodia-
tion with any side-cham modification to give 3:5-3'-truodothyronine, al-
though the amount and frequency of occurrence of the latter substance
were low, Direct deiodination of 3.5 3tr hy was not ob-
served, unlike the simultaneous formation of 3 3'-diiodothyronine and
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jodide with TRIAC in rat kidney after the administration of 3.5.3'-tri-
odothyronine (29).

The reversible inhibition of deiodination of the substrates by HgCl;
strongly supports the hypothesis that there are at least two enzyme sys-
tems responsible for d 10n of thyroxine and triiodothyronine. Here
the inhibitor appears to block an enzyme system capable of deiodinating
only the side-chain derivatives of thyroxine and 3.5-3'-tniodothyronine,
while exerting no action on the system responsible for the deamination
of the hormones Tt also suggests that the principal fashion of dejodina-
tion of thyroxine and 3.5:3-triiodothyronine by the brain tissue is
through a deamination of their alanme side-chain.

No evidence 15 as yet available as to whether the transformations of
L-thyroxine and 1-3:5:3triiodothyronme observed in vilro, are re-
produced in the central nervous system of intact animals, although work
}ias been begun gn this problem 1t is possible that at the cellular level
the thyroid hormones undergo a series of chemical transformations in
exerting their biological action and therefore the identification of their
metabolites reflect in part a mode of action Although this is a tempting
conclusion, this work only opens the question of whether the transforma-
tions here observed are designed to provide the central nervous system
with fast-acting biologically active metabolites of the thyroid hormones
or whether they just rep a chain of boli 1
undergone by aromatic amino actds (23).

Iv. SUMMARY

Rat, chick, and dog bramn tissue possess systems, presumably en-
zymatic, capable of deaminating and deiodmnating thyroxine and 3 5.3~
triodothyronine. These systems are active at a physiological pH (pH
= 745) and their achwity 1s highly sensiive to changes in both the
concentration of substrate and that of the tissue preparation itself. These
systems are unaffected by cyamde or anaerobiosis but inactivated by
heating at 100°C  Mercunic chlonde reversibly inhibits the deiodinating

h while the d ng 1 is unaffected Under these
conditions or with dilute preparations of the brain tissue, the Ppropionic
and/or acetic acid analogs of both thyroune and triiodothyronine are
formed. It was not possible to distinguish TETRAC from TETRAPROP
and similarly TRIAC from TRIPROP but one or more of these were
formed. The major product of dewdination was iodide but in some
cases a small amount of trrodothyronine was formed as a product of
incubation of thyroxine.
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Discussion

G. Pivcus Did you mply m your last statement that these deaminated denva-
tives act more rapdly than the amumes?

] R, Tata. Than the ammo acids This has been a controversial pomnt There
are workers who mamtan very categoncally that there 1s no such action and
there are others who do support 1t When 1 say “biological action” 1 go beyond
the 1 of oxygen p For example, the acetic acid
analog of truodothyronine does not brng about a sigmficant mcrease 1 ovygen
consumption 1 humans, but will bring about rapid lowerng of cholesterol and an
merease m the mtrogen and phosphorus m the urme In this respect 1t acts
faster than truodothyronme. When I say “action” it 15 not oxygen consumption, but
3t could mean some other action which we have not been able to measure directly

B B Broow 1 empoyed your paper very much 1 was wondenng about the
specifiaty of your amalytical method Did you measure C# counts or actually
thyrovne®

J R Tara Actually thyroune The tissue was analyzed by chromatography

B B Broore For my own mformation, what evidence 1s there that the n-
iodo compound 1s more actwe than the thyroune?

J R Tara: So far m all biological activity measurements, the serum cholesterol
level test, the goiterp tion achon are about 3 to 10 times more
active than the tetraiodinated analog

B B Bromie Does dehal occur 1o tissue b
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J. R. Tara: For dehalogenation, most of our work has been with the homogenates
1 would hke ta pofnt out that we have now gmven up working with homogenates
ar slices. We have pure cell-free preparations where you ean reproduce exactly
what you see with the erude preparations and, using the mercune chioride inhibition
of deiodmation, we hope to purify the mechanism of dehalogenation. We believe
it is an enzyme which could be reversibly blocked by mercuric chioride.

B. B. Bronie: Have you been able to identfy a coenzyme®

J B Tars: No rocnzyme, but the cell preparation loses activity on dialysis
It loses activity when dialyzed agamnst the same isotome sshne solution used fot
incubation,

§ Upenerteno, As to mercuric chlonde, what is the evidence that mercunc
chioride s acthing ot the enzyme level, and not at the substrate lovel? Mercury
can readdy form complexes,

1. R Tara: We have done expeniments by using just the mercunc cliloride and
thyraxme alone withaut any enzyme from the tissue,

S. Upenrreeno: Js it possible that what you are dotng 1s making a complex of
mereury and thyroxite, which 15 no Jonger acted on by the enzyme?

J R Tara Yes, but you do get of thyroine into the side-ch
analogs. 1 connot say this very defimtely, but we feel 1t is blocking the protein
enzyme because we have wolated a mercuric chlonde-compleved protein and we
could dissocate the mercunic chlonde, and this enzyme will deiodmate thyroxine.

H J. Kocw, Jn T had a question about cadmmm chlonde—whether 1t showed
the same tnlubition as mercunc chloride

J R. Tata. We have not tried cadmwm chlonde

C G Harmman  You don’t give much credence to cholesterol level depression
n your tests Is the cholesterol Jevel a pretty poor sost of test?

R W. Rawson: In human myxedema the serum cholesterol 15 a good yardstick,
not only as a diagnostic tool, but also for evaluating the effects of therapy.

G Pmcus  Is there very good ewidence for deammated compounds having a
very specific effect on the central nervous system?

J. B Tara T doo't know of any The fist evidence that this might not be
a specific effect was provided by Kharasch and his assoriates m that the propwonmc
acid analog of thyroune was more active than thyroune stself, and this dufference
was about 150-fold or 200-fold You requued 200 times less of propwomc aod
analogs to get the same effect




Decreased Appetite for Alcohol and Alcoholic Beverages
Produced in Rats by Thyroid Treatment’

Curr P. RicHTER

Psychobiol 1 Lab

y, Phipps Psych Clinic,
Johns Hopkms Hospital, Baltimore, Maryland

Dietary self-selection studies have demonstrated the ability of rats to
make beneficial dietary selections from a great variety of substances—
nutritional, harmless, and poisonous—and under a vanety of conditions
(2). Appetite was demonstrated to be such a reliable guide to dietary
needs of the rat that it can be used to determine whether a substance has
2 nutntive value or 1s harmful It has been used to determine the
nutntive value of a number of carbohydrates, fats, protewns, and minerals,
as well as of whole foods. Swce m general the dietary needs of rats and
man, and the functioning of their entire gustatory system parallel one
another so closely, appetite of rats can also be used to throw light on the
possible food values of various substances for man.

The self-selection method has also been applied to alcohol. These
studies concern the following questions.

1. Does the rat regard alcohol as a food or a poison?

2 If as a food, how much aleohol will 1t take voluntanly and in what
concentrations?

3. How can a rat be made to take harmful amounts of alcohol, that is,
to become addicted?

4. How can the rat be made to stop drinking alcohol?

Our early studies demonstrated that rats use alcohol as food (1, 4).
Thus, when flmd mtake was restricted to an 8, 16, or 24% solution of
alcohol, the rats reduced their food intake i direct proportion to the
calories recewved from alcohol. In some instances the alcohol intake con-

1 Camied out under a grant from the Division of Research Grants and Fellowships
of the National Institutes of Health and the Johns Hophins Unnersity and under a
grant from the Commuttee on Problems of Alcohol, Nattonal Research Council, to the
Johns Hopkins University

Thysosd powder was supphed by the Armour Loboratones, Chicago, Tilinois; the

thyroune and triodothyronine were supplied by Smith, Kline and French, Plila-
delphia, Pennsylvana.
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stituted 40-50% of the total caloric intake, On this high alcohol intake the
rats grew at a normal rate and were normal in all respects. Some were
observed as long as 15 months,

In other experiments it was demonstrated that rats preferred alcohol
solutions to water in concentrations up to 7-8% (1). They drank fair
amounts of alcohol in concentrations of 10% but only small amounts of
higher concentrations. There were of course considerable individnal
variations in the amounts of alcohol that the rats drank.

So far we have not succeeded in addicting ordinary tame Iaboratory
rats to alcohol by any method. We have, however, succeeded in ad-
dicting two fierce, aggressive wild yats trapped from the streets. This
was done by restricting flnd intake to a 20% solution of aleohol over a
period of 6 months, When given a choice of food, water, and a 20%
solution of alcohol, these rats gradually ate less food, drank less plain
water, and more alcohol, As a result they progressively lost weight and
finally died.

More recently we have been interested in reducing voluntary intake
of alcohol rather than in increasing it.

In these experiments the rats had access to our stock diet in a non-
spillable food cup and to two graduated inverted 100-ml. drinking
fountains, one flled with water, the other with a 10% aleshol solubon.

Records were made daily of the intake of food and fluids and weekly
of body weight To obtain base lines records were taken for at least 30
days before the start of any form of treatment.

A total of 72 domesticated Norway rats from our colony were used.
The ages of the rats ranged from 100 to 270 days.

In the first expenments the rats were treated with thyroid extract.
How we happened to use thyroid need not be told here. It should suffice
to say that it was not on any logical basis.

Thyroid powder was mixed with the stock diet. The concentrations
used ranged from 1% to 0027

Figure 1 shows a typica) record of a rat that reccived the 1% concentra-
\ion. The ordinates give the intake of fuids in mihliters, food intake,
and body weight m grams; the abscrssas, the age in days ‘The arrow
marks the start of the thyroid diet. On the stock diet the mtake of alcohol
remained fairly constant near 20 mi, water near 3 ml. and the intake qf
food near 10 grams. Almost immediately after the start of the diet this
rat began to donk less n]lcnhol ngd mol:el water and to eat more food.

95 days it practically refused alcohol.
A{:rofzdcgncenl:rat:on o%, thyroid powder reduced the alcohol intake
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but more slowly; a 0 04% (4 mg. per day) even more slowly, and a 0.02%
had no effect.

Thyroxine (02 mg per day) and triiodothyronme (50 pg ) also re-
duced the alcohol to low levels.

Thyroid feeding (004%) greatly reduced or eliminated the intake of
the alcoholic beverages—wine (ordinary table wine) and whisky (di-
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Fie. 1. Graph showng the daly intake of food, water, and a 10% alcobol soluhon
before and after treatment with thyroid powder (1% of stock dret).

luted to 10%), it reduced the imtake of beer but only to a slightly lower
level The difference between the effects on appetite for alcohol, wine,
or whisky on the one hand, and for beer on the other, may be accounted
for by the carbohydrate content of beer since earlier experiments showed
that thyroid feeding greatly increases the appetite for all of the common
sugars, especially maltose, dextrose, sucrose, and fructose (3). Beer
appetite would thus be the resultant of the appetites for the two
substances

Prebminary etperiments showed that rats made hypothyroid by surgi-
cal removal of the thyroid or by treatment with Iist may have an in-
creased appeite for aleohol. So far the I'3! rats have shown the greatest
increase in alcohol intake,
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Here it is of interest that some of the I1""-treated rats showed abnormal
but regular eycles in running activity, food, and water intake and in
body weight—ranging from 56 to 18 days (5). These rats are now being
tested to determine whether their appetite for alcohol shows correspond-
ing cyclical changes.

That hyperthyroid rats refuse alcohol solutions must indicate that
in their condition they are not able to use alcohol, that ingestion of
aloohiol may be harmful to them. Actually we have found that forced
ingestion of alcohol solutions produced marked pathological effect on
the adrenals, liver, and kidneys of hyperthyroid rats.

To what extent can these results be applied to man? Attention has
already been called to the close relationship between the appetite shown
by rats and man for various nutritional or poisonaus substances. The
results would thus indicate that an increased appehte for aleohol might
indicate the presence of a hypothyroid condition and that treatment
with thyroid might reduce the abnormal appetite for alcohol. Spree
drinking might then reflect the cyclical changes in metabohsm that were
produced experimentally in rats by reducing thyroid function.

Caution in the application of the results to man must be exercised since
an alcoholic under treatment with thyroid who, under social pressure
or other forces, still persists in drinking large amounts of alcoho), might
do lumself damage. It may be mentioned, however, that in the few in-
stances in which thyroid treatment has been tried it has greatly reduced
the appetite for alcohol and at the same time greatly increased the ap-
petite for sugars and food and for plain water, just as it does in rats

In summary, it was found that treatment of rats with thyroid prepara-
tions reduced appetite for alcohol and increased appetite for food and
thirst for water; thyroidectomy and treatment with 1'3* had the opposite
effect.”
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ew York, New York

The first suggestion of a possible relationship between thyroid disease
and mental disease is found i the philosophical writings of Paracelsus
{19} whose works were pubhshed in 1603, 62 years after the death of
this colorful and unorthodox student of medicine. In an heretical fashion
he discussed the musfortunes of what he called fools, simpletons, or
simple unknowing men who also had goiters Felix Platter (20) de-
scnbed the clhmeal picture of goiterous cretinism very accurately in his
textbook of medicine which was first published in 1602 His description
of cretinism was described under the heading “simple-mindedness, silli-
ness and infantihsm.” He stated that “with propriety this diagnosis ap-
phed to those who are truly born simple, for in these mfants we see the
indi of simple-minded soon after birth. They neither learn
to speak sensibly, much less to attend to other duties in which any in-
dustry is required ” Curhng in 1850 (7) reported for the first time the
absence of thyroid tissue in two typically cretinous children and thus
suggested thyroid insufficiency as the cause of this clinical picture.

In 1873, Gull (9) reported before the Clinical Society of London “on
a cretnoid state supervening 1n adult fe in women” what we now
recognize under the name of myxedema. Gull described the personality
of one of his patients as follows. “The mind which had previously been
active and inquisitive, assumed a gentle, placid, indifference correspond-
ing to the muscular languor, but the intellect was unimpaired.” Even in
the modern Lterature this is a common description of the myxedematous

patient whom we think of as a placid, slow but pleasant and “gemiitlich”
individual.

However, 1f we refer to the report of the special commttee on myx-
edema appointed by the Clinical Soctety of London (3), we find that
untreated patients with this malady, such as that committee studied, may
present various intell 1, temy I, and psychiatric changes as
part of their profound hypothyroidism. They reported “for a rather large
proportion there is a more or less imperfection of mental Pprocesses, the

221
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defect being one of retardation or sluggishness.” “Irritability is a marked
feature, though in exceptional cases the reverse is stated.” “In some cases
placidity alternates with fonal outt of fretfulness and irritabil-
ity.” “Delusians and hallucinations oceur in nearly half the cases mainly
where the disease is advanced. Insanity, as a complication, is noted in
about the same proportion as delusions and hallucinations. It takes the
form of acute or chronic mania, dementia and melancholia with a marked
predomi of suspicion and self- jon.”

In the modern literature there are several reports of myxedematous
patients who had been diagnosed as psychotic and recovered from their
psyct upon adeg pl. therapy with thyroid. Zondek
and Wolfsohn (30) reported in 1944 their observations on a 23-year-old
woman with myxedema of 18 months duration who presented changes
characteristic of schizophrenia, The, admi ion of large doses of
thyroid resulted in a recovery from the psychosis which was evident on
the fourth day and complete within a fortnight. Since the mental im-
provement was evident shortly after the characteristic diuresis but prior
to any increase in the metabolc rate, they suggested that these changes
were due to alterations in water and salt metabolism. In 1548 Asher (2)
reported on 14 patients who had been admitted to a psychiatric hospital
for vanious psychoses and who were found to have myxedema. Most of
these pati had del of p ion and hallucinati Some
presented a picture of dementia, some were maniacal and others had
depressions. Miller (18) reported in 1952 two patients with myxedema
who were admitted to a psychiatric hospital, one hecause of a manic de-
pression and the other with an acute depression, Both of these patients
were rehabilitated as they were restored to a euthyroid state.

It has been reported that the elect phalograrms of myved
patients revealed a diminished voltage, absent alpha waves. and a slow
freqy (3). Scheinberg and i (26) have reported that

myxedematous patients have more than a 30% decrease in cerebral blood
flow and just less than a 30% decrease in cerebral oxygen and glucose
consumphion.

During the past mine years we have been studymg the effect of total
hyroid y with its ) hypothyroidism, on the functional
capacity of metastatic cancers of the thyroid Of 63 patents subjected
to ablation of the thyroid we have observed the psychoses of myxedema
in four as they wese developing myxedema, One of these patients pre-
sented primarily a depression with periods of agitation The others Pad
hallucinations and delusions of persecution. in one the haflucinations
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were auditory. One of these patients was also paranoid. One of the
patients died of her cancer before we instituted treatment with thyroid.
The others recovered on restoring them to a euthyroid state.

We have not undertaken any systematic psychological investigation of
our patients subjected to total thyroid However, Dr. Martha
Schon, who is working under the direction of Dr. Arthur Sutherland at
our Institution is investigating the psychological changes in patients with
breast cancer who are being subjected to hypoph y—before re-
moval of the pituitary, seven to eight weeks after hypophysectomy, while
receiving cortisone in maintenance doses when chmeal and chemical
signs of myxedema usually develop, and again after restoration to a
euthyroid state. Dr. Schon (27) has permitted me to quote some of her
prebminary observations:

“The patients complained of tiredness. Most of the patents who were
housewives reported that when myxzedematous they were unable to carry
on with their housework for any extended period of tme. They admitted
to good intentions to perform their work as prior to surgery, but stated
that they were not able to complete a task. Others admitted that they
were aware of accumulating dust and disorderliness in the home but
were unable to do anything about it though thus state of affairs irritated
them considerably. They stated that they sought refuge in their beds
where they felt most comfortable ”

“Many patients complained that they did not sleep well, however,
many times when the examiner visited them on the ward, they were
asleep. When this was discussed later they either denied that they had
slept or they were not aware of the length of time that they had slept. In
some instances the patients fell asleep during a testing situation. They
complained that no love or attention was extended to them. The patients
while myxedematous were overcritical either of the hospital personnel
or of their home environments. Whatever was done for them did not
seem right. One patient reported that she could not tolerate the way her
daughter arranged the linen or the dishes in the closet and that she would
get into an argument with her because of 1t. When she was asked, several
weeks later at a time when she was euthyroid, how she felt about that
aspect of her home hfe, she related that everything seemed to be all
right. Argumentativeness has also been noted, in most of these patients.
Two patients reported that they had dufficulties with therr husbands with
whom they had lived in perfect harmony for many years ”

“Many patients complamed that they could not stay with a task for
a prolonged peniod of time. This was also reflected 1 therr test-attitudes.




224 . W, RAWSON, H. KOCH, AND F. F. FLACH

‘They became restless and gave up easily if the task required persistent
effort and concentration. Frequently the testing had to be either inter-
rupted for a time or had to be carried out on several occasions. On
Rorschach testing the outstanding change between pre- and post-
operative testing was decreased form-perception to the inkblots during
the state of hypothyroidism.”

Several years ago Dr. Hoskins (10, 11} and his associates undertook
studies of thyroid function in patents with schizophrenia. They reported
that the lowest of many basal metabolic rates in over 200 males with
schizophrenia averaged 19% lower than the accepted standard. Brody
and Mann (4), however, have reported that the protein-bound jodine
levels in a large group of schizophrenic patients did not deviate sig-
nificantly from the normal levels, Cranswick {6) has recently reported
that a majority of 31 schizophrenic patients had greater thyroidal uptakes
of 1#! than the majority of a comparable group of normals. Cranswick
has also reported that the response of his patients to 10 mg, of thyrotropic
hormone was Jess than that pbserved in his controls. Hoskins (11) has
reported that about 10% of his patients with schizophrenia had clinical
signs suggestive of hypothyroidism and such patients when treated with
large doses of thyrod 1 expenenced psychiatric imp t
One of the most interesting observations made by Hoskins is that these
patients are quite resistant to large doses of thyroid hormone

Danziger and Knidwall (8) have recently reported a large series of
patents with varous psychiatric disorders that they had treated with
thyroid in large doses and vitamins with or without conventional therapy
Of 91 patients who recovered with such treatment, 28 relapsed within 6
to 72 months. They reported that such beneficial effects as were ob-
served were obtained oniy after administering {ly farge doses of
thyroid for at least 100 days It is of nterest that 26 of those who re-
lapsed had stopped talang their thyroid 6 to 8 weeks prior to the relapse.

The observations by Hoskins of the low rates of oxygen consumiption
in schizophrenic when dered in the hght of reports that
such patients have normal serum protein bound jodines and normal
thyroidal uptakes of I'* raise several questions as to possible mecha-
nisms

In the light of recent studies by Roche and Ius associates (25) an
obvious study is that of determining the thyroid hormones synthesized
by such patients. Roche and his assaciates have recently reported that
they have jsolated from the thyrowds and sera o‘f rats three Etzdma:c(‘l
thyronines other than thy These p they have
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as 3:5.3tniodothyronine, 3.3’.5"-tniiodotk ine, and 3.3"-duodothyro-
nine. (See Table I and Fig. 1.} One of these compounds, 3.3-5' -t
iodothyronine, has much less biological actvity than has thyroxine, while

TABLE I
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3:5.3"triiodothyromne is much more active than thyrovine. Of these
todinated compounds only thyroune and 3:5:3-trnodothyronine have
been recovered from the serum of humans. It is quite likely, however,
that the applcation of isotopic and chromatographic techniques such
as those used by Roche and his associates will demonstrate either the
same or similar iodinated compounds in the thyroid and sera of healthy
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i The same techniques should be applied in determining what
hormones are elaborated by the thyroids of schizophrenie patients.

I the normal protein-bound jodine levels that the schizophrenic
patients are reported to have represent a normal distribution of thyroid
hormones, one must also ider a possible al lity in the dis-
position of the thyroid hormones. It has been demonstrated that thy-
roxine {abeled with 1'% when administered to humans is disposed of
a fairly characteristic fashion. Most of it is excreted via the urinary tract.

C C
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-
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3 é-:‘-\";.\wmyumm
3 8Troodothyrsnne
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Fic. 1. Thyroid hormones which have been identified 1n thyroid and penpheral
Ylood, This dwagrama Mustrates present concepts concerning synthess of thyso-
globultn, 1ts digestion by proteolytic enzymes under the mfuence of the antenor
priustery, and the thyrod hormones released

None of it 15 excreted as thyroxine; most of it is excreted as fodide. Ing-
bar et al, (12, 13) bas recently reported that patients who have previously
had Graves disease and even some of their siblings metabolize thyroxine
ifferently than do normats. In our own laboratories we have found that
the half.zife in euthyroid athyreotic adults vanes between 6 and 12 days.
1n one similar patient we have found that 3:5.3~tniodothyronine had a
half-dife of 2% days It might be frutful to follow the fate of ):{beled
thyrotine and its metabolic products in schizophreme patients. I'u view of
the observation by Alpers and Rall (1) of an as yet unidentified jodinated
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compound in the spinal fluid of patients with Graves’ disease and cancer
of the thyroid, defimtive studies of such iodinated compounds n the
spinal fluid would seem most desirable. Every effort should be made to
identify these compounds in the spinal fluid of normals. A natural step
then would be to determine the capacity of the schizophrenic patient to
convert thyroxine to such compounds. At the present time, because of
Lintations on the amount of radicactivity which can be given to patents
with unlimited Lfe expectancy, we are unable to administer to such
patients labeled thyroxme with enough specnﬁc activity to permt defini-
tive separation of the iod d from the by
spwal fluid unless the patient has a hfe-lmiting disease. It is hoped
that the Atomic Energy Commission will permit such studies in patients
whose hves, though not mted n years, are lumted by the walls of our
psychiatric institutions

Dr, Tata has reported to us this afternoon that shees or unwashed
mitochondra of the cerebral cortex taken from chickens, rats, and dogs
are capable of metabohzing labeled thyroune to 3:5-3"triiodothyronine
and to teh:uodothyropmpwmc acid and/or tetraiodothyroacetic acid
followed b; di h acid and/or triiodo-
thyroacetic acid and finally to iodide. If normal human brain tissue can
be shown to metabolize thyrosine 1n a symilar fashion, it would be most
mmportant to determine the capacity of bram tissue taken from schizo-
phrenic and other psychotic patients to metabolize thyroxine. It is quite
possible that the schizophremic patient 1s relatively resistant to the thyroid
hormone because his brain tissues are incapable of metabolizing thy-
rovine, In view of the observation described by Dr Tata 1t would be
most destrable to pare the total bolie effects of these various
metabolites of thyrotine with those of thyroxine and other iodinated
thyromnes elaborated by the thyrord

In some of our assays of various thyroid hormones in human myxedema
we have done metabolic balance studies and have followed the fate of
nitrogen, phosphorus, calcium, sodium, chloride, potassium, and creatine
as well as the changes in the rate of oxygen consumption and levels of
serum cholesterol In one such study we have observed that one intra-
venous 1njection of trnodothyromne caused a prompt metabolic effect as

d with a slow resp to a similar injection of th ine but

did not differ erther quantitatively or quahtatively from the net effect
of thyroxine (,3) (See Figs. 22 and 2b ) Subsequent experiences in
treatng have d. d that the mai dose of
tritodothyronine 15 one-third to one-quarter that of thyroxine.

ion to trmodot
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In 1955 Lerman and Pitt-Rivers (16) reported that the administration
of tritodothyroacetic acid to two myxedematous patents in daily doses
up to 1 and 4 mg. failed to cause a rise in the basal metabolic rate but
caused a disappearance of the myxedematous facies and a significant fall
in the serum cholesterol. We (21) have observed that one S-mg. dose
of trijodothyroacetic acid when given intravenously to a myxedematous
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Fic 2a BMR responses to 1 mg of 1-3 5 3-truodothyronme and to 3 mg of
L-thyroxine, observed 1n an adult myxedematous female

patient failed to cause 2 significant ncrease in oxygen consumption. 4
15-mg. dose of this agent did cause an increase 1 oxygen consumption.
It is of considerable interest that the 5-mg dose of “triac”™ which did not
cause an increase in oxygen consumption did cause a significant increase
in urinary nitrogen, phosphorus, sodium, chloride, and potassium as well
as a fall in serum cholesterol

One of the most interesting metabolic changes that we (22) have ob-
served in our assays of the various thyroid hormones on myxedematous

humans has been the marked unmary excretion of phosphorus, The ex-
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1 1

creted phosphorus has in all 1 been sig ly greater than that
amount of phosphorus which was calculated from the urinary nitrogen
and calaum, Part but not all of this loss of phosphorus might be ac-
counted for by a breakd of phosph which js reflected by
a marked increase in urinary creatine upon administration of any of these
hormones, {See Figs. 3a avd 3b.)
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Another explanation might be found in the thesis advanced by Lardy and

Maley (15) who postulated that th ine may regulaty bolie rates
by varying the efficiency with which cellular oxidations are coupled with
K - Ry . P

whacnharitatian This shane 2 hacnX oo

. X N D avenn e sugh
energy phosphate compounds, which are formed from inorganic pht:')s«
phate. (b) The phosphate and high-energy phosphate compounds are
involved in the scheme of electron transport. Twa to four moles of
phasphate are fixed per mole of ovygen consumed, (¢) The phosphate
compounds formed are the mam source of energy for the various forms
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of work accomplished by the cell (d) The respiratory metabolism of
isolated mitochondria, and P bly of tissues in vivo, is controlled
in large part by the availability of inorganic phosphate and phosphate
aceeptors. Lardy and others have observed that mitochondrial prepara-
tions, when incubated with an ovidizable substrate and necessary co-
factors, a phosphate buffer and phosph )2 and thyroxine bind
more phosphate than such preparations not exposed to thyrotine. How-
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Fic 3a  The effect of L-3 5 I-tniodath: and of L-thy on ufinary

excretion of mtrogen, phosphorus, and calcium 1n an adult myxedematous female

ever, since the oxygen consumphon ncreases more rapidly than the
phosphate fixed, he suggests that gains in oxygen consumption through
the influence of thyroxine are at the expense of cellular efficiency.
There are certain disadvantages of this theory which merit comment.
For ple, these same ch can be produced by dinitrophenol,
p-thyroxine (15), and halides such as rodide or bromide (17) It has
been suggested, more recently, that this in vitro action of thyroxine is
concerned with control of some structural property rather than the direct
interaction of the hormone with the enzymes of oudative phosphoryla-
tion (28). Finally the concentration of hormone required to produce
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such in tifro effects is many times the level of hormoues seen in the serum
in severe hyperthyroichsm,

On the other hand, Dr. Kathleen Roberts (24) and associates have
demonstrated that the toxicity of 3.5:3trifodothyzonine is demonstrable
in dogs only after admunistenng a phosphate load. In these studies it has
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male The dotted boes in Figs Jo and 3b represent the expectsd phosphonss ex-
cretion calculated from the unnary mirogen and calomm excretion,

been d ¢ that the d: ion of miodoth

nine ta dases up ta 1 mg had no significant effect on the oxygen con-
sumption of healthy dogs. However, if the animals are given an infusion
of sodiwm phosphate prior to and during the admimstration of tn-
iodothyronine, the animal has a marked nnd ropid ncrease in oxygen
consumphion and usually dies 1 a state which resembles thyroid storm.
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These observations are not unlike those of Klemperer who has reported
that the addition of tritodothyronine to hondrial preparations in
appropriate media increased the incorporation of P32 into the ATP sys-
tem and its rate of turnover, This latter observation might also explain
in part the marked and rapid urinary loss of phosphorus seen in myxema-
tous patients treated with the varions thyroid hormones that we have
studied.

During this meeting we have heard repeated references to the reten-
tion of phosphorus which is observed in patients with schizophrenia.
Dr. Hoagland has shown me some very interesting studies of the phos-
phate balance m such patents. He has found that the retention of
phosphorus is reversed by stress or by the administration of ACTH. 1
hope that Dr. Hoagland will present these studies during the discussion
In the light of our observation that triiodothyroacetic acid, a probable
brain metabolite of thyroxine, when admi d to a myxed
patient in a dose that did not cause a rise in the rate of oxygen consump-
tion caused a marked urinary loss of phosphorus, the desirabihty of
evaluating the effects of thyroxine and all of its metabolites in schizo-
phrenia b a challenging beckoning frontier.

Dr. Richter has described a phar logic effect of thyroxine and
other preparations of thyroid hormone in rats with an habitnation to
alcohol. He has found that the administration of thyroxine or thyroid
to these rats was followed by their choosing water in preference to
aleohol. He has also observed that ablation of the thyroid increased the
rats’ appetite for alcohol. These observations complement those of Zar-
row and Rosenberg (29) who have reported that they could increase the
rats’ appetite for alcohol by administering thiouracil. In the light of
these observations it 1s of mterest that the reported electroencephalo-
graphic pattern in d with its dimanished voltage and slow fre-
quency is similar to that observed in many female and some male
alcoholics in that there is an absence of alpha waves.

We have had occasion to observe a prompt sobering effect of tr-
jodothyronine in a small group of acute alecholies In collaboration
with Dr. Diethelm and Dr Flack of the Payne Whitney Clinic, we have
also observed the effects of trifodothyronine 1 four patients suffering
\with chronic alcoholism. Three of these patients experienced a decreased
appetite for aleohol during treatment with txiiodcthz'mm‘ne. Dr Fiagk
will describe some of the psychiatne and Bot abserved in
these patients.
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SUMMARY

1. We have reviewed the psychiatric problems observed in myxedema-
tous patients and have presented preliminary observations made in 1n-
duced athyrotic myxedema and in induced pituitary myxedema.

2, We have di d the reported evid for an hypothyroidism in
certain psychotic patients

3 We have discussed the metabolic effects of certain thyroid hor-
mones in myxedema and have attempted to correlate some of these
changes with the phosphate retention which has been observed in
schizophrenia.

4. We have proposed that the metabolic effects of the various known
thyroid hormones and their metabolites be compared in patients with
various psychiatric disorders.
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‘These observations are nat unlike those of Klemperer who has reported
that the addition of triiodothyronine to mitochendrial preparations in
appropriate media increased the incorporation of P32 jnto the ATP sys-
tem and its rate of turnover. This latter observation might also explain
in part the marked and rapid urinary loss of phosphorus seen in myxema-
tous patients treated with the varions thyroid hormones that we have
studied.

During this meeting we have heard repeated references to the reten-
tion of phosphorus which 1s observed in patients with schizophrenia.
Dr. Hoagland has shown me some very interesting studies of the phos-
phate balance in such patients. He has found that the retention of
phosphorus is reversed by stress or by the administration of ACTH. 1
hope that Dr. Hoagland will present these studies during the discussion.
In the light of our observation that triiodothyroacetic acid, a probable
brain metabohte of thyroxine, when admini dtoa d
patient in a dose that did not cause a rise in the rate of oxygen consump-
tion caused a marked urinary loss of phosphorus, the desirability of
evaluating the effects of thyroxine and all of jts metabolites in schizo-

hallensine beck

phrenia b a ging ing frontier.
Dr, Richter has described a pharmacologic effect of thyroxine and
other ions of thyroid } in rats with an habituation to

prep
alcohol. He has found that the administration of thyroxine or thyroid
to these rats was followed by their choosing water in preference to
alcohol He has also observed that ablation of the thyroid increased the
rats’ appetite for alcohol These observations complement those of Zar-
row and Rosenberg (29) who have reported that they could increase the
rats” appetite for alcohol by administering thiouracil. In the hght of
these observations 1t is of interest that the reported electroencephalo-
graphic pattern in myxed with its diminished voltage and slow fre-
guency is similar to that observed in many female and some male
alcoholics in that there is an absence of alpha waves.

We have had occasion to observe a prompt sobering effect of tri-
jodothyronine in a small group of acute aleoholics. In collaboration
wath Dr. Diethelm and Dr. Flack of the Payne Whitney Clinic, we have
also observed the effects of trnodothyronine in four patients suffering
with chronic alcoholism. Three of these patients experienced a decreased
appetite for alcohol during treatment with trifodothyronine. Dr. Fl Iat':k
will describe some of the psychuatric and bolic changes observed in

these patients.
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Crarryan 1 € WiNtER  You are suggestmg that this treatmnt increased the
rate of metabolism of alcohol®

H J. Kocw, Ja: 1 am sure 1t did, but T don’t think that 15 the answer to the
very acute sobering effect

R W. Rawson. The effects in acute alcoholsm that Dr Koch has discussed
happened more rapidly than any change m the rate of otygen consymption in
humans we have been able to demonstrate It 1s possible, however, that such a
dose of tmodothyromne might have produced a rapid change m water, salt, or even
phosphate metabolism This will require farther study

G Pincuse What was the dose of the trmodothyromine used?

H ]. Ko, Jr s In the first mstance 200 pg and m the other mstance 400 pg —
the largest dose Dr. Rawson used mn acute alcoholies which he observed

Cruamman I C. Winter: Does truodothyronme (T3) do anything to ADH
release?

H J. Kocw, Jr. It probably does

R W. Rawson. In answer to Dr \Wmter’s question as to whether or not T3
mfluences the ADH  So far as I know the effects of T3 on the ADH have not
been studied The effects of thyroidectomy and of admunstered thyrod hormone
have been mvestigated The studies m ammals and humans are somewhat at
varance I would say that at present we don’t know.

R A CrzcHorN There 15 some evidence that ACTH will also help to sober
up people and prevent hangover

A § Manrazzi Is there any hnowledge on what dimstrophenol does?

R W Rawson In the m wifro d henol pound which
does not alter the clincal picture of myvedema, exerts an mfluence on phosphoryla-
twon lke that which results from the additon of thyroune or truodothyronme It
would be most desirable to study the effect of dinstrophenol on the phosphate
balance 1n myxedematous patients We have not studied its sobering effect

D W Woowtey At the International Biochemical Congress, Dr Pitt-Ravers
pomnted out last summer that many people know that the mutochendmal effect,
uncoupling of phosphorylation by thyroune, 15 difficult to demonstrate in titro
On the contrary, however, the propionic acid denved by removing the amino
group from thyroune lends stself to the ready demonstration of the phenomenon

R W RawsoN Recently it has been suggested that this eflect 15 due to
primary anatomical changes rather than to changes m functon

D W WoorLey The pomt I wanted to bring out was that if one uses the
propiome acad there 1s o trouble at all, and the effect can be demonstrated with
no hme lag This 15 usually not the case 1f one uses thyrovine.

R, W RawsoN Unfortunately other people have been unable to sepeat Dr.
Ditt-Ruvers observations on the in titro effects of truodothyroacetic acsd.

F. Eusppan  In your shde of the metabolic data of some of the compounds
I don't think I saw anything about unne volume

R. W Rawson I am somry to say that we have not included on these charts
the water loss The usual observed effect of a thyroid hormone in myvredema 15 a
prompt diuresis We have observed this effect followmng the admimstration of all
thyrord hormones that we have studied

F Ecsappax Would you care to restate some of the interpretation 1n regard




234 R. W, RAWSON, H. KOCH, AND F. F. FLACH

2. Rall, J E, Pearson, O. H,, Lipsett, M. D, and Rawson, R W. 1956 J,
Clin Endocrinol. and Metabolism 16, 1299.

22 Rawson, R, W,, Rall, J. E, Pearson, O H, Hobbins, ], and Poppell, H F
1953. Am. J. Med, Scr 226, 405,

23. Rawson, R, W, Rall, ] E, and Sonenberg, M 1955 In “The Hormones"
{G. Pmcus, ed ), Vol. Il Academrc Press, New York.

24  Roberts, K, Firmat, G., Prunier, J.,, Schwarz, M, and Rawson, R W. 1956
Endocrinology 59, 565

25 Roche, ], and Michel, R 1955  Physiol. Rews. 35, 583.

26  Schemberg, P, Stead, E. A, Brannon, E. S, and Warren, ] V. 1950 J. Chn
Invest 29, 1139

27 Schon, M 1958 Personal commumication.

28 Tapley, D F, Cooper, C A. L, and Lehninger, A. L. 1855 Biochmn et
Biophys Acta 18, 597.

29  Zarrow, M X, and Rosenberg, B 1953 Am J Phys 172, 141.

30 Zondek, H, and Wolfsohn, G 1944 Lancet 1, 438

Discussion

H Hoactawp: Curt Richter made a remark at the last Macy Conference on
Neurop that trriodoth pp was helpful 1 cases of hang-
overs T wonder 1f somebody has a comment about that
H J Kocw, Jr I can make a bnef comment concerming the effect of trilodo-
thyronmme on acute alcoholic mtovication In some prelmmary observations of
acutely intoucated young men who were not chrome alcoholics, it was noted that
doth produced ly rapid sobenng effects The first observa-
tion was made on a 23-year-old male who had drunk eighteen martuns 1 the course
of about eight hours He was comatose and showed lack of sphincter control and
absence of pan reflex. A 100-ug tablet of trodothyromine was held agamst the
oral mucous membranes untll 1t dissolved This took approuimately five munutes
and durng this peniod the patient was noted to open his eves and shake lus
head Within another ten mmutes he was siting up and was able to swallow
another 100-ug. tablet of tritodothyromne Withtn half an hour after the first
dose he was essentually sober He slept approumately eight hours and awoke with
no hangover.
A second smmilar case was also observed to react m a ke manner to truodo-

thyronme

Cramaian I C WINTER  Were these subjects “normal” or people who were vsed
to 1t, that 15, chronic alcoholics®

H,] Kocy, Jn The two cases that I just mentioned were both quite young and
were not habituated to alcohol The patients observed became sober very rapidly
and then fell into what appeared to be a normal sleep entirely unlike the restlessness
usually observed 1n the acutely mtoucated ndividual

B B. Bropre The hangover did not have much aleohol left

H. ] Kocn, Jr. I agree with you Most people durng hangover will show
agitation, nervousness They did not show this Chrome aleoholies go into an

acute episode.
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add one jodme 1 the 3-position, 1t is stll inactive, but if you transfer this jodine
atom from the 5-posiion over to the S-position, 1t 1s the most active compound
known (3,35-tmodothyronme), 1f you put one more fodwe atom in 5 it is
thyrowne and it is given the value of one. It 15 the poston in which the lodines
are placed on the benzene ning which is very important, 1t is not only that you
have to use any jodmated compound

R. W. Rawson: Yet if the 1odine 15 completely replaced by four bromine atoms
on the thyromme molecule, there 15 hormonal actwaty but one-tenth that of
thyrowme; tetrachlorthyronne has about 1/200 the actwity of thyroune.

B B. Broow., Has anybody tested the ponding d comp

R W. Rawson. It has been tned and found noneffective in the doses available.

H. Hoacrann: Dr Flach has had some expenence with the admimstration of
thyroid 1 relation to elimcal psychopathologic and metabolie effects especially
m slcoholics I would like to ask hum to tell us about his fnvestigations,

F. F. Fuacu, The clineal and bal luat of the of the
thyroid hormone on the craving for alcohol, seen in certain alecholic patents, is
only part of & broader program of psychopathologic and physiologic investi
at the Payne Whitney Psychfatnc Clmic. At the present time we are attempting
to study correlations between mitrogen, creatine, and electrolyte balances and
specific psychopathologic states This work takes cognizance of established diag-
nostic categones, but crosses diagnostic lines, so to speak, so that, for example,
depression_of mood, resentment, or thinking disorders are jnvestigated as such
wherever they may occur. Moreover, when possible, as in recurrent penodic ill-
nesses or in the evaluations of metabobe alteratrons with therapy, the patient 1s used
as his own control

The research environment 1s carefully controlled, but wathout interfermg with
the environmental therapeutte measures used to aid m the patients’ recovenes
Because each patient 15 also und pychotherapy with the indidual staff
psycluatnst, it is possible to know the motwvations and psychodynamic factors related
to the patient’s llness or influencing his emotional state during the course of duty.

The importance of this last factor cannot be emphasized too much As I chscuss
briefly the four patients who have received truodothyronsme for alcoholic problems,
the role played by psychodynamuc factors will become evident.

The first patient, a 23-year-old woman, received 100 ug of triodothyronine per
day, and described a subjective Joss of craving for alcohol. She was, however, a
somewhat unrehable reporter, and moreover was very poorly motivated to terminate
her dnnking at the time of discharge It was not surpnsing, therefore, that, what-
ever role the medication may have played, on leaving the hospital she promptly
returned to drnkang m spite of 4 mamntenance dose of 50 ug. of triodothyromme,
subsequently raised to 100 ug without much benefit

The second patient, a woman of 40, who presented a picture of recurrent perods
of heavy dnnking 1n the setting of loneliness, tension, and concealed bostibty,
was gven 100 ug per day and durmg this penod of tiume seemed to fmprove
in her social adjustment, with less evidence of withdrawal, tension, and irritability.
The possibility of 2 rebound phenomenon is present, since there is a time correlation
between the of the medi and an t of bostility, sexual
preoccupations, and inappropnate mood elevation, necessitating temporary transfer

1P
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to the metabolic events that occur as the result of diresis being primary or second-
ary to what s gomg on?

R. W. Rawson: I am not certamn that I can answer your question Several years
ago Dr. Ranson and associates reported that the diabetes inaipidus of cats having

iprachiasmal lesions was d d by removal of the thyrord but enhanced by
the replacement of thquxd hormone. Doctors Pearson and Lipsett and MacLean
of our nstitutron have been unable to demonstrate any relotionship between thyroid
function end the diabetes wsipidus which follows removal of the pituitary gland
of humans with vanous types of cancer.

S. Upenrrienp: The action of tniodott acid on P seems
to be 2 most astounding thing Is there specificity m this respect? How abont
indole acetic acid and compounds of that sort? Are there many aromatic acids
active?

BR. W. Rawson® I don't know, To me 1t is most inferesting that some of these
thyroid hormones and thelr dertvatives should have such varied eflects on different
parameters of thyrod hormone actions. It appears that those compounds manfest-
ing changes in the side chain have less effect on the rate of ovygen consumption
and on the development of gotter but are more effective on the metamorphosis
of the tadpole.

S. Upenrnenp: That is what 1 meant to ask, whether it was speaific®

E. W, Rawson: There 15 not pk as to the specificity of the
assay as performed on tadpoles. I think we can say this method of assay simoply
measures one function of the thyrod hormone The recent studies to which 1
referred would indicate that the effects on metamorphosis of tadpoles does not
reflect the capacity of a compound to alter the oxygen consumphtion Further study
is needed before we can correlate these observations with other metabolic effects
of these compounds.

D. W. WooLtzy: We had oceasion to test N-acetyl diodotyrosme We could
not find evidence of any actmity on the tadpole Have you had evpenence with
that?

R. W. RawsoN. We have not had the opportunity to do that

5. Upenrrienp: There is one more question I want to ask Does jodide itsell
have any effectP Yon said yon were getting effects in patients with tnac when
you gave large amounts. Would you have got any effects with comparable amounts
of fodide?

R. W, Rawson: No. It has been reported that the prolonged admmsstration of
fodides resulted in myxedema.

A. Horrer. [ understand that the indoles prevented metamorphosis of the
tadpole. They are antagonistic to thyraid hormone

R. W. RawsoN. Adrenochrome does prevent it

R Tara: [ would like to make a comment 1n seference to what Dr. Uden-
friend asked and that fs that it is not only fodine that is important for these
activties It is the postion in which the lodine atom is present. If you ignore
the side chain and work with the skeleton, and put the two odes in the 3,5
pasitions, by sny of the tests done so far no actty will sesult 1f, on the other
hand, you put iodne in the 3-position, the compound is very active, lt"h w
fact :;3 active as thyroune, if you measure 1t by the goiter-prevention test. you

5
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degree of Tetention With one notable exception, sodim was shghtly lower, m the
23-year-0ld man with high mtrogen retention and peniadic states of rage, alcohol
consumption, depression, and thinkmg disorder, with concomitant physical symp-
toms of marked thirst and polyuria of considerable volume, a very high level of
sodum  Tetention was pletel d dothy Shight  to
moderate excretions of potassium were noted dunng treatment Of special in-
terest were the excessive amounts of creatine 1o the unne of three of the four
patients studied dunng the control periods

Since the preparation of this report, another patient has been studied for her
reaction to  tmodoth and trod acd, product of thyrod
metabohism, This patient was 1 a long-st psychopathologic state,
of marked affective flatness, depersonalization, and depression of mood, in the
setting of a schizophremic reaction. On the admmistration of 200 ug of trnodo-
thyromine there was an unquestionable elevaton of mood, with dimnshed
flatness of affect, decreased soctal withdrawal, and increased aggressivemess m
datly activities These changes were even more marked when, following termina-
tion of tmodoth doprop acid was ad dm a low daly
dosage of 02 mg Withi 3 weeks, cheerfulness, affective resp and the
disappearance of depersonalization were apparent BMR rose from an mtially
low level, cholesterol fell from a high level Metabolic studies demonstrated a
defimte Joss of mtrogen and all electrolytes, of spearal interest was the fact that the
loss of phosphorus seemed to exceed that which could be accounted for by the
loss of mtrogen and calewm Creatnuna, mtially hugh durng control studies, de-
creased dunng trodothyropropiomic acid therapy m association wath the most
marked degree of clinical mprovement Moreover, dunmg the 2 weeks following
termmation of therapy, a gradual of mood d and depersonal
twn was noted, without the same degree of affective blunting

No defimte correlation between the admmistration of truodothyronme, its
metabohc effect and psychopathologic alterations can be made on the basis of
these present studies However, the chmeal and metabolic alterations observed
dunng this prelmmary mvestgation offer a number of avenues for further study,
which we mtend to pursue The principle of vanability of response to a given
hormonal substance based wpon the p h level of bol
appears to be important This concept seems to me to be of increasing sigmficance
i the search for inherent t 1 and physiol
psychopathologie states

R W Rawson. I asked Dr Hongland yesterday if he would discuss here his

hosph hobsm . schuzonk

P of vanous

findings 7
adrenal cortex and the action of LSD.
H HoscLasp We have been concerned with a puzzhng phemomenon in
relation to urmary morgame phosphate excretion of chronie schuzophremics as
compared to normal people What we have reported (Hoagland, H , Rukel, M,
and Hade, R W, Arch Neurol Psychiat 73, 100, 1955) m studies of a rather
large number of schizophremc patients and normal controls, matched for age, has
been that the schizophreme at rest puts out about half of the margame phosphate
that one finds m the normal at rest and statistically these are very sigmficant dif-
ferences Now when one gives 25 mg of ACTH to schizophrenics and compares

m relation to the
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to a more restricted environment. No evidence of drnking dunng or after drug
administration was obtaned  She never described true cravings.

The third patient, 2 23-year-old-man, had peniods lasting several weeks during
which time he would first become anious and overactive in a well-organized way
with some mood elovation, terminating in heavy drinking assocuated with rage
outhursts, followed by retardation of speech and thought and depression of mood,
After thus he would undergo long periods of relative remission from these symptoms
A disorder of thinking was present duning the period of resentment snd depresvion,
On 100 ug of fruodothyronine he became less retarded, reseatment and depres-
sion dumnuhed, and fus thmkmg dsorder was mintnized, Whether this was
spontanecus clearing or related to drug admsmistration is not clear. However, he
contimued to become more active and desenbed ly the subjective ex-
penence of being “keyed up” While still an medication, in the setting of a spite
reaction against fus therapist, he drank alcohol during a visit cut of the chaic.
He doscribed a “lack of previously known pleasure” expenenced with this epuode
of drinking, Corresponding in tume to the termination of medication he too demon-
strated what may be a rebound reaction, retardation of speech and thought and
depression of mood retumed, with strong resentment and thinking disorder lastmpg
several weeks, and followed by gradual recavery in the setting of cootinued psycho-
therapy. Truodoth was mot d and dnnking occurzed followang
discharge, he left the clinic before therapy had reached sny optima) point.

The fourth patient m this study, a 20-year-old man with a G-year history of
very heavy alcohol intake, was gven 100 pg, of medication, which shortly there-
after had to be Yeduced to 50 ug on accoust of “ptters” presumably related to
the dosage  Imuslly he seemed ¥ become morte tense, wrritable, and resentful, and
less able to control the thaught disorganization which was an intrinsic part of his
psychopath His elec phal showed g d of a
nonspecifie type  Again the possibility of rebound phy is present, since
within 36 hours after termmation of the medicatian, he became mtoucated duting
s first visit out of the hospital and paranoid suspiciousess became promment.

Several climcal pomts ate evident. The forces which dnve each af these patients
to alcohol differ, the pattern of drinking, the effect of alcohol, the dynamic motva-
tion for controllmg the habut, all vary etensvely. Craving, as soch, x rasely
present, and in the one patient who described its disappearance while on medica-
tion, drinking contmued anyway for highly dynamic reasons such as self-destruction
or spite. Future investigation 1n this area would seem to demand more freedom
to be exposed to alcohol, more spearfic selections of case matenal, and study of
the effects of vanous dosages of tmodothyronine

The bohe al are very g them briefly, where
ratzogen yetenbion was mtally high, marked depletion occurred dunng the ade
mmsstration. of tnlodothyronne, where 1t was mtually low, deploton was shght

All patients showed a mse in BMR and a fall in cholesterol during treatment

with regard to eloctrolytes.

where calcmm was bemg retumed, st was escreted
on the medication; where 1t was being lost, it was retaned; this pattern la}lowed
the sty distribution, the women, one pre- and one post-menopausal, showing an

tion of calcum during treatment. Phosphorus showed shight changes, in the
;(zim of excretion, the degres of change appeanng to be relative o the fmtal
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Qur data are consistent with the view that schizophremcs may produce a
metabolite that acts ke LSD both with respect to phosphate conjugation and its
release by sterouds, and also 1 1ts tendency to produce psychological disturbances
Such an endogenous substance could result from derangements of catechol amine
or of indole metabolism as discussed m some of the preceding papers. We are
interested to see if the phosphate metabohsm may thus serve as 2 lmk between
expermentally induced psychohc states and cliucal psychoses

B. B Brovm: If the late retention of phosphate 15 lated, schizo-
phrene patients should be almost pure phosphate m about 25 years. Were the
pattents and normal subjects receiving identical diets? Regarding the effects of
LSD on phosphate excretion, 1s 1t possible that this agent constricts afferent
attencles to the hidneys and thereby changes kidney function?

H. HoacLano The chronic schizophremc’s phosphate excretion 15 very labile
At 1est he markedly retams phosphate, but when stressed he excretes 1t in eveess
Thus 1 the course of 24 hours his net excretion may be normal

Kidney fanction tests were not made by us, but mn schizophrenics a lot of
studies by others ndicate that ladney function 35 quite normal These patients and
the normals that were compared, were without breakfast i the mormng, but
were not under true basal conditions

B B. Brovie: What about LSD effects on the kidney?

H Hoacranp: With the LSD there 1s the possibility that 1t may be mterfering
with kidney fanction in some way, and this should be further mvestigated Dietary
factors could not account for the differences m the acute LSD experments The
schizophrerucs ate the nommal hospital diet and the controls had pretty much
the same general duet.

B B Brooe How much did they eat?

H Hoacranp: This was not lled The d of phosphate excretion
1s only under conditions of rest and quiescence, 1f the patents are stressed or
active they accelerate excretion so there 1s a great deal of vanability of phosphate
excretion in the patients, ie, poor homeostasis.

E Awpenson: Have they a different dirnal rhythm for phosphate excretion
that normal people have?

H Hoacraxp I do not know

E. Anvenson. The dmmal shythm 1s disturbed in schizophremcs,

O.DEmeryt Did you follow any of them over a penod of tiune?

F Etranpay Some years ago 1 followed the diurnal vanation of inorgamic phos-
phates in schizophremia. There was nothing unusual about the findings. The
phosphate value 15 elevated durng sleep In the first few hours m the mommg
the values are low and there 15 a shght mise 1 the afternoon penod. They will
change according to diet and physical actiity, e g, whether the subject is sithing
down or Jyng down makes a difference, as well as whether or not he has Just
eaten Hyperglycemia will cause a decrease tn morganic phosphates of both urne
and blood

A. S$-Maraazzi© Did you meed a special diet with the ammals?

H Hoactaxn: The ammals were on the standard laboratory diet throughout
They did not have a specal dret.

§ S. Kerrs Dr Rawson mentioned some data of Dr Gordan on the effects




240 R. W, RAWSON, H. KOCH, AND F. F. FLACH

the response of several measurements of adrenocortical function to those of normals
given that same dose, one of the things we observed was that the excretion of in~
organic phosphate in the schizophrenic bounds up, increasing 100% or more in
response to the ACTH injection, whereas the normals as a group show no sig
muficant change, but a tendency to decrease phosphate excretion. This is not enly
true when ACTH is given but it is also found when adrenal cortical extract is
injected or when the subject Is stressed and the adrenal cortex is shmulated

dog: There is an ab dly low basal phosphate output in the schzo-
phremie with a marked increase in response to adrenocorticoids, whether from
ACTH admiastration or direct jection of corticoids or by stress and this fs not
the tase in the normal population. 1 think this is the most stnling difference we
have seen ically between popul, of schizophrenics and normals. This
puzzled us for a long time and when 1 had an opportunity to do some work with
Dr, Rinkel and Dr. Hyde on LSD effects in normals at the Boston Psychopathic
Hospital, we made a collaborative study to see 1f there were parallels between as-
pects of adrenal cortical yesponsivity as measured in the wrine of normals under the
influence of LSD and schizophrenics without any drug. We investigated this by
studying the effects of imjected LSD on the output of 17-ketosterouds, electrolytes,
including inorganic phosphates, and the efect of ACTH administered during the
time of action of the LSD and fa its absence in 22 experiments on 11 normal men
In other words, LSD would be given and some hours later at the tume of its
psychotormmetic action we would give ACTH and observe the effect on phosphate
etcretion and some of the other responses What we saw here was that the
phosphate excretion was ent down 1o those patients under the mfuence of LSD,
by about 50% for a 50-ug. dose of LSD and then continued for some honrs to
be excreted at a low level. When we gave ACTH dunng the time of action of the
LSD there was 2 marked ncreased ootput of phosphate, very much lke what we
had seen in the schizophrenics without drug, Dr. John Bergen, in our laboratory,
has camed out some studies with guinea pigs along these lnes. He has in-
vestigated the effect of wjection of LSD 1n the gmnea pig's phosphate excretion.
He finds that LSD reduces this markedly and that, as in man, ACTH produces a
marked enhancement of output during the time of achon of LSD.

From these vanous observations we have tended to hypothesize that there may
be enh g f phosph perhaps in the form of hevose mono-
phosphate smce Meyer-Gross has presented evidence that this substancs is -
crensed as @ result of the action of LSD Our hypothests further 15 that stesoids
may release this conjugated phosphate so that on stress or ACTH administration
1t pours out 1 the unne. We are trying to wveshgate this further now by direct
analysis of conjugated phosphorylated compounds in blood of gumnea pigs, snd
2%0 b5 povmals poder LSD and followngy ACTH, and in schizophremsc patients

1SD but following ACTH injections
mglt:n“:d]lan has entiozed this hypothesis on the grounds that LSD releases
adrensline 85 he has shown 1 man, and that the adrepaline then depresses the
hosphate autput 50 that we ate suply measunng the effects of released
fdxenalme Hut this fs oot consistent with the fact that the guinea pige show
dep of phosph be(credan with ﬂ,‘“:ej“"g doses dol"LSD up
i eater doses the d effe ant pp
but, with gr'c effects mn!mua“; increase the larger the dose.

to 50 ng,
with 150 pg. Autonom
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Our data are consistent with the wview that schizophrenics may produce a
metabolite that acts ke LSD both with respect to phosphate conjugation and its
release by steroids, and also 1 1ts tendency to produce psychological disturbances
Such an endogenous substance could result from derangements of catechol amine
or of indole metabolism as discussed 1n some of the preceding papers. We are
interested to see 1f the phosphate metabolism may thus serve as a link between
expenmentally induced psychotic states and elimical psychoses.

B B, Bropie: If the ) retention of phosphate 15 caleulated, schizo-
phrenic patients should be almost pure phosphate i about 25 years, Were the
patients and normal subjects recewing identical diets? Regarding the effects of
LSD on phosphate excretion, 1s 1t possible that this agent constncts afferent
artenwoles to the kidneys and thereby changes ladney function?

H Hoactanp, The chromc schizophremc's phosphate excretion fs very labile
At rest he markedly retams phosphate, but when stressed he excretes 1t an excess
Thus in the course of 24 hours his net excretion may be normal

Kidney function tests were not made by us, but m schizophremcs a lot of
studies by others idicate that kidney function 15 quite normal These patients and
the normals that were compared, were without breakfast i the moming, but
were not under true basal conditions

B B Brooi: What about LSD effects on the kidney?

H. Hoacuaw: With the LSD there 55 the possibility that it may be nterfenng
with ladney function i some way, and this should be further mvestigated, Dietary
factors could not account for the differences in the acute LSD expenments. The
schizophrenics ate the normal hospital diet and the controls had pretty much
the same general diet

B. B Brosie How much did they eat?

H Hoactanp' This was not lled The d of phosphate excretion
is only vnder conditions of rest and quiescence If the patents are stressed or
active they accelerate excretion so there is a great deal of variability of phosphate
excretion m the patients, e, poor homeostasts

E Awenson  Have they a different dirnal rhythm for phosphate excretion
that normal people have?

H. Hoacrann. I do not know

E Anpenson: The dwrmal rhythm is disturbed 1 schizophrenics

O Drermmerss, Did you follow any of them over a penod of tme?

F. EXMADJAN, Some years ago | followed the dmmal vanation of inorganic phos-
phates in schzophrenia There was nothing wnuswal about the findings The
phosphate value is elevated during sleep In the first few hours in the mormng
the values are low and there 1s a shight nse in the afternoon period They wall
change according to diet and physical actity, € g, whether the subject is sitting
down or lying down makes a difference, as well as whether or not he has just
eaten Hyperglycemia will cause a decrease in inorganic phosphates of both unne
and blood.

A. S-Marmazzt Did you need & special diet with the animals®

H. Hoactaxn: The animals were on the standard Iaboratory duet throughout.
They &id not have a special diet

§ S Kery: Dr Rawson mentioned some data of Dr. Cordan on the efects
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o}f] some of these thyroid hormones in schizophrenia I wonder f there is e for
that

Crarmdan I, € Winter I think so. Dr Gordan has indicated reluctance to
comment, but perhaps we can talk him nto it.

G. S Goroan: The reluctance 15 for the simple reason that the cusrent cerebral
blood flow techniques do not permit one to draw conclustons from anything less
than statistically vahd groups Our publications on cerebml blood flow and
cerebral oxygen uptake m end. hies have been d to series where
we have very large groups. We have already reported lugh oxygen uptakes
hypopituitary and  hypogonadal patients (Gordan, G. S, and Adams, ] E In
“Hormones and the Agmng Process” (E T. Engle, aod G Pincus, eds.), p 299,
Academic Press, New York, 1956) We think that the steroids probably constitute
2 normal restraint upon the ovygen and glucose wtibzation of the bram and this
explains the normal drop 1n these rates at puberty In our senes, no further change
occurs with agng, at least up to age 91

1t 15 curious that hypopituitary patients who have low total body ovygen uptake—
low BMR-have a very huigh cerebral metabolic rate for ovygen. There are four
reports on cerebral metabohsm m hypo- and hyperthyroidism, and four sets of
conflicting tesults, of which the most recent 1s that of Sensenbach, in J. Chin
Invest. 38 1434, 1954 If hus dam, \thch are very extensive, are to be accepted,
nesther hyperthyroidism nor hyp ly affects ovygen or glacose
uh].lz.’nwn

We ran mto one controversy, i that Dr Kety has reported normal ovygen uptake
n pattents with chrome schizophrema, whereas we find that patients who have
had the disease for a long time have low cerebral oxygen uptakes I don’t know
the reason for this discrepancy because I use Dr. Kety’s original unmodified tech-
mgque, and 1n last year's confe I hed agamnst the mod: of this
technique, which I think have taken all the internal checks out of 1. As for
the effect of the truodothyroacetrc acid in cerebral metabolism, Dr. Rawson re-
ported our observations correctly The only reservation s that we have had very
few subjects so far,
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