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Research approaches to the chemistry of the mind
of man, although promising, are difficult to interpret.
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Unlike many previous sociologists
and historians of science, recent ex-
aminers of the scientific process have
been struck by the influence of factors
within the game of science that ap-
peared to significantly influence trends
in research strategies in ways which
seemed prepotent over substantive “dis-
coveries” in an area. Kuhn, in his classic
essay “The Structure of Scientific Rev-
olutions” (I), using the history of
some areas of physics as his models,
developed a theory of the progression
of what he calls “normal science” as the
serial emergence and decline of para-
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digms and, along with them, their prac-
titioners, A paradigm is defined as a
shared and consensually agreed upon
system of assumptions, acceptable op-
erations, standards for evidence, and
rules of conduct for a scientific en-
deavor that are dominant at a partic-
ular time in a field of investigation and
is expressed in the form of model
problems and solutions. Kuhn would
probably regard the subject of this pa-
per as “preparadigmatic”; this status
would be earned by both the insuffi-
ciency and inchoateness of our informa-
tion. He pointed out, however, that even
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in primitive areas such as psychochem-
istry, rather sizable groups of scientists
may often reach temporary agreement
about what constitutes good research
methodology and acceptable results.
Kuhn would predict, however, that con-
sensus in a preparadigmatic field would
eventually disappear, and another pre-
paradigmatic school would emerge. The
shift, by the biologically oriented stu-
dent of behavior in man, from electrici-
ty to juices in the past decade seems to
be a good example of such a prepara-
digmatic transition. Drawing much of
our scientific aura from the basic neuro-
physiologists, who studied electrical po-
tentials from cells and brain systems in
animals in the 1940’s and 1950’s, we
grabbed at any evidence of direct or
transduced electricity we could get from
the entire surface of man. Taking our
cue from such representations of what
was au courant as Fulton’s 1955 Text-
book of Physiology (2) which allowed
only 13 pages of talk about neurohu-
mors in 502 pages of brain circuitry,
we focused on electricity, The massive
number of intervening variables be-
tween thought and scalp or palm was
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acknowledged, but we could not get to
man’s brain directly, and we were doing
what we could. Physiological correlates
of central states in man became “psy-
chophysiology,” and psychophysiologi-
cal parameters began to invade the
studies of man in psychiatric and psy-
chological laboratories. In the early and
middle 1950’s, behavioral-oriented neu-
rochemists and neuropharmacologists
came forth with new findings about the
brain of animals. Interesting compounds
apparently related to excitability of the
nervous system became elucidated;
drugs affecting these systems changed
behavior in man. Genetic metabolic de-
fects manifested by changes in brain
function and behavior were elucidated.
Hallucinogens reproduced aspects of
psychopathological states. Juices were
becoming more popular among basic
brain researchers. Biochemical vari-
ables, when studied in relation to cen-
tral states, which were reflected in
changes in behavior became “psycho-
chemistry.” Instead of skin, the psycho-
chemist’s surface in man was body
fluids. All, of course, are several mem-
branes and transport systems away from
the internal milieu of the brain. The
palm and the scalp gave way to cerebro-
spinal fluid, blood, and urine. Again, a
body of empirical relations between bi-
ological variables and behavior began
to emerge. In addition, various animal
experimental models came into exist-
ence for comparison with human psy-
chological states. A behavioral depres-
sion induced by reserpine in an animal
was used for neurochemical and phar-
macological study thought to be perti-
nent to human depression (3). Changes
in excitability of peripheral autonomic
synapses as a result of chemical manip-
ulation (with natural substrates or
drugs) were used as models for gen-
eralization to the central synapses of
animals and man (4). On the basis of
numerous studies of the peripheral
nervous system, patterns of metabolism
of compounds were considered differ-
entially reflective of presynaptic or post-
synaptic activity in the central nervous
system. FElectrical patterns of central
nervous system activity in animals, pat-
terns which are similar to those seen in
man, were used as dependent variables
in chemical studies leading to deduc-
tions about the biochemical substrates
of these electrical states in man (5).
In this article we focus on four
examples of research strategies for
making deductions about biochemical
mechanisms associated with behavioral
phenomena in man. These representa-
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tive approaches were chosen because of
our personal familiarity with them (6).

The four strategies discussed include:
(i) the neuropharmacological manipu-
lation of mneurochemistry of animal

brain with agents having established

behavioral effects in man; (ii) the ad-

ministration to man, by the “load” tech-

nique, of precursors of metabolic sub-
stances hypothesized to be active in the
central nervous system with behavioral
ramifications; (iii) the use of sleep stage
as an electrophysiological state that is
relatively stereotyped across species so
that various chemically induced changes
in this parameter can be studied in both
animals and man; (iv) the search for
metabolic errors reflected in changes in
both body chemistry and behavior, so
that either absences of normal metab-
olites or the surfeit of usually insig-
nificant substances may be correlated
with behavioral phenomena and suggest
underlying chemical mechanisms.

An important general assumption is
made in all these strategies, which bears
some discussion. This concerns our abil-
ity to label certain classes or specific
compounds as “transmitters” or ‘“mod-
ulators of excitability” in the central

. nervous system.

Bases for Regarding Substances

as Neurotransmitters

There is remarkably little evidence
for the physiological role of even the
most accepted of substances present in
the brain. The study of the transmitter
role of substances has been best worked
out in the peripheral nervous system.
The role of acetylcholine in the neuro-
muscular junction is perhaps the best
mammalian model problem and set of
solutions in the area of the establish-
ment of neurotransmitter function of a
chemical substance. Dale (7) and Katz
(8) and their followers showed that
the following events take place at the
neuromuscular junction. (i) Acetylcho-
line is released in a suitable amount to
produce the critical physiological effect
(9). (i) Preganglionic autonomic nerves
and motor nerves to muscle can syn-
thesize acetylcholine at a high rate (0).
(iii) Quantal release of this transmitter
produced mathematically equivalent re-
sponses of postsynaptic end-plate poten-
tials (Z1). (iv) Some data evolving from
studies of subcellular fractionation in-
dicate that acetylcholine can be stored
in readiness for release in vesicles in the
presynaptic ending (Z2). (v) The deg-
radative enzyme, acetylcholinesterase, is

available on the surface of the post-
synaptic membrane to inactivate the
transmitter (/3). (vi) In addition to the
site for degradative hydrolysis, phar-
macological work has suggested a sep-
arate and specific postsynaptic receptor
site which activates the membrane (I4).
(vii) Regulatory mechanisms appear to
be present for the modulation of release
and synthesis in this system (/5). Many
similar findings have been either sug-
gested or established in studies of the
peripheral adrenergic neuron by the use
of such preparations as the splenic
nerve, the sympathetic nerve supply to
the vas deferens, the adrenal medulla,
the rat iris, and the sympathetic nerve
supply to the heart (16).

The technical problems involved
with any attempt to use analogously
systematic research approaches to a po-
tential transmitter in the central nervous
system are great. Peripheral synapses
can be isolated by microdissection, they
can remain functional in an isolated
profusion experimental situation for
many hours, and their activation can
be manifested by clearly defined and
measurable phenomena (such as the
miniature end-plate potential or the
contraction of smooth muscle). The
central nervous system has little in the
way of focal synaptic regions. The den-
drites and the cell bodies of central
neurons are densely covered with syn-
apses, many of which may be of a chem-
ically heterogenous nature (I7). In addi-
tion, the extraneuronal space is packed
with a tangle of glia, closely approxi-
mating the membranous surfaces of
nerve cells and possibly intrinsically im-
portant to their functioning (I8). This
makes the isolated, chemical manipula-
tion of a central synapse extremely dif-
ficult. When the data associated with
the study of the potential transmitter or
modulator role of a compound such as
norepinephrine in the central nervous
system is compared with the studies of
acetylcholine at the peripheral snyapse,
the evidence seems relatively indirect.
This evidence includes (i) the existence
of regional brain differences in the dis-
tribution of norepinephrine, which ap-
pear to be related to some neurophysi-
ological organizations of the nervous
system (19); (ii) a regional distribution
of synthesizing and degradative enzymes
that appears, in most cases, to follow
the distribution of the amine (19);
(iii) high levels of norepinephrine and
enzymes related to the synthesis of nor-
epinephrine in the subcellular brain
fraction associated with structures that
look like synaptic vesicles (20); (iv)
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the fluorescent histochemical localiza-
tion deemed characteristic of catechol-
amines in central neurons (21); (v)
the subcellular localization of degrada-
tive enzymes in the fraction associated
with synaptic structures (*“synapto-
somes”) (20); (vi) pharmacological
studies demonstrating the effects of in-
travenous, intraarterial, or infraventricu-
lar administration of norepinephrine or
drugs assumed to influence mobility of
norepinephrine and metabolism on spon-
taneous and evoked dependent variables
such as unit activity, electroencephalo-
gram, or behavior (22-26); (vii) studies
demonstrating effects of induced neural
activity on brain concentrations of nore-
pinephrine both in brain slices and in
vivo (27); (viii) studies of the effects
on spontaneous or evoked firing rates
of cells to which norepinephrine has
been applied by “microiontophoresis”
(28). Even with the work associated
with this last technique, which elimi-
nates the problems of the blood-brain
barrier and diffuseness of drug applica-
tion, there are many problems.

The effect of the iontophoretic appli-
cation of norepinephrine outside the
membrane of nerve cells (which most
frequently results in depression of ac-
tivity) does not resemble the effects of
stabilization of membrane usually
thought to be associated with nervous
inhibition for three reasons. (i) The
cells still respond to electrical or chem-
ical stimulation; (ii) the latency of
onset of action of norepinephrine is
quite long (up to 30 seconds) when
compared with the effects of acetylcho-
line on some spinal cord cells (less than
1 second); (iii) the duration of the
effect of norepinephrine seems remark-
ably long (up to 5 minutes), when one
considers that a full complement of
potential inactivating mechanisms for
norepinephrine are present in the nerv-
ous system. Many of the kinds of evi-
dence for norepinephrine as a neuro-
transmitter or modulator in the central
nervous system are not unique to this
compound but apply to such varied
substances as y-aminobutyric acid, glu-
tamic acid, glycine, dopamine, and ser-
otonin (29). When one reviews such
work as Perry’s on the amine content
of the human brain (30) and notes the
large number of both identified and un-
identified compounds presenf, one is
struck with the possibility that we are
entering an era when various “trans-
mitters” will come in and out of fashion
for a long time. The nonspecificity of
the synthetic, binding, release, receptor,
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and degradative mechanisms that have
been demonstrated for norepinephrine
[which Day and Rand, Kopin, and oth-
ers (31) defined out of this status by
use of the concept of “false transmitter”
when the substance is not norepine-
phrine] underlies further the nebulosity
of our findings relative to noreprine-
phrine as a neural transmitter. Even on
a neurochemical level, we must talk
about empirical correlates rather than
determinants of behavioral states. Rig-
orous establishment of the transmitter
or modulator role of brain substances
appears to remain for the future.

Strategies

1) The neuropharmacological manip-
ulation of animal brain neurochemistry
with agents having established behavior-
al effects in man. In this approach,
neurochemical ‘correlates of drug action
in animals are studied with drugs shown
to be effective in producing or chang-
ing behavioral states in man. A sum-

mary of the evidence for one of the
theories generated principally by this
kind of strategy has been reviewed by
Schildkraut and Kety (4). This neuro-
chemical model for a human behavioral .
state has been called the “catechola-
mine theory of mood” which posits that
clinical depression is associated with a
functional deficiency of central nore-
pinephrine and, perhaps, the inverse in
states of mania. The model, around
which most of this kind of psychochem-
ical hypothesis revolves, is a theoretical
noradrenergic synapse synthesized from
data obtained from studies of peripheral
sympathetic synapses in isolated tissues
and of the patterns of metabolites when
drugs and isotopically labeled norepine-
phrine are allowed to interact after in-
traventricular administration of the pos-
tulated neurotransmitter. From these
kinds of data, it has been suggested that
increases in “synaptically active” nore-
pinephrine can theoretically result from
short- or long-term increases in syn-
thesis, decreases in binding, increases in
release into the synaptic cleft, decreases

BEHAVIORAL EFFECTS OF THE DIRECT CNS ACTION
OF EPINEPHRINE AND NOREPINEPHRINE

DATE INVESTIGATOR ANIMAL. COMPQUND BEHAVIORAL EFFECT
12914 Bass Dog Epinephrine Sedation and sleep
1929 Marinesco et al. Cat Epinephrine Lethargy and sleep
1947-50| Leimdorfer et al. Oog and man | Epinephrine Benavioral depression,

deep anesthesia

Lethargy and behaviorcl

1947 3 Seifter e!} cﬁ Chick Epinephrine; norepinephrine depression

1954-63 | Feldberg Cat Norepinephrine; epinephrine Sézgf;esffii

1255 Sherwood Man Epinephrine Lethargy and drowsiness
1957 Reitter Dog Epinephrine Deep anesthesia

1957 Haley et al. Rat Epinephrir}e ) Lethargy and stupor
1958 Rothbualler Cat Epinephrine Soporific action

1959 Palmer Sheep VEpinephrine Sedation, sleepiness
1962-63 | Marley and Key Chick, kitten Norepinephrine; epinephrine Sedation and sleep

263 Milhaud and Glowinski { Rat Norepinephrine Unconsciousness

1964 Myers Cat Epinephrine Drowsiness

196468 Spooner and Winters | Ghick Nor BB amphetamine | Sopeior ol SEressin.
1265 Maas Dog _| Norepinephrine L.ethargy and somnulence
1966 Abbuzzahab Chick Norepinephrine Sedation

1966 Hoavlicek et al. Rat DOPS—~(Norepinephrine) Behavioral depression
Nouss Norepinepnine: ieramine | Sedotion o0
1968  |Mandell, Spoorer et al. | Chick e mipramine ik, Gepresslon and
o688 Creveling et al. Rat DOPS failed to reverse reserpine depression ~ DOPA did
oe8 Findley and Thompson | Ox Norepinephrine Sedation

Fig. 1. A summary of the results of research by a number of investigators reporting
monotonic, dose-related behavioral effects of norepinephrine and epinephrine admin-
istered in order to cross the blood-brain barrier (intracisternally, intraventricularly, or
intravenously into animals with immature blood-brain barriers). Though the dose of
catecholamine was invariably much larger than the amount normally found in brain,
in those studies when graded smaller amounts were used, evidence of excitement was not
reported. Either there was no effect or behavioral depression (30).
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in reuptake binding, and decreases in
inactivation by O-methylation (32). For
example, a relative increase in brain
O-methylated metabolites is thought to
result from either an increase in syn-
aptic release or a decrease in synaptic
reuptake of norepinephrine (greater
availability to the synaptic or postsyn-
aptic catechol-O-methyltransferase). A
relative increase in acid metabolites is
supposed to reflect nonsynaptic release
from storage sites and oxidation by mi-
tochondrial monoamine oxidase. Prac-
tically all the drugs that influence mood
and motility in man have been tied to
this model (33), in spite of the fact
that, without exception, no drug thus
explained acts on norepinephrine alone.
For example, reserpine in man produces
syndromes resembling “endogenous” de-
pression and depletes brain norepine-
phrine. But this substance also depletes
serotonin, dopamine, and perhaps other
amines (I6). The mechanisms of action
of many other drugs in common clini~
cal use, which influence mood or motil-
ity in normal and psychopathological
states in man, have been explained by
this norepinephrine theory (33). They
include cocaine, amphetamines, mono-
amine oxidase inhibitors, lithium [which
appears to act on norepinephrine stores
much like reserpine and yet has been
shown to prevent recurring depressions
(34)]1, and the phenothiazines (33).
Experimentally, metabolic inhibitors
have been wused to test the nore-
pinephrine hypothesis. For example,
a-methyl-p-tyrosine, thought to be a spe-
cific inhibitor of tyrosine hydroxylase
[it also inhibits phenylalanine hydrox-
ylase resulting in phenylketonuria (35)],
in doses which significantly impair cate-
cholamine synthesis in man (36), failed
to produce depression of mood in a
group of schizophrenics. Because the
nonspecificity of metabolic systems
effected by a specific drug is exempli-
fied by the broad range of chemical sys-
tems affected by reserpine, perhaps it is
worthwhile to demonstrate the kinds of
problems encountered when we work

with a behaviorally active drug within -

a particular system. This can be done
by examining some studies, including
our own, of the effects of tricyclic anti-
depressant drugs on behavior and dy-
namics of norepinephrine.

The “tricyclic” psychotropic drugs,
such as imipramine, appear to be the
most clinically efficacious antidepres-
sants available in the treatment of de-
pression (37). Rather compelling re-
search, with intraventricular C14-labeled
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Fig. 2. Triphasic effect of imipramine on
activity. The elapsed period after a psy-
chopharmacological drug is administered
appears to be critical for the timing of neu-
rochemical studies. Whereas most chemical
studies of imipramine (an antidepressant)
appear to be done in behavioral state II
of the animal, the metabolic results seen
in Fig. 3 were obtained during phase III,
when the animal was hyperactive.

norepinephrine in rats, shows that this
drug leads to a relative increase in the
O-methylated metabolite, normetane-
phrine as well as to a decrease in brain
uptake of intraventricularly adminis-
tered *C-norepinephrine (33). This has
been interpreted as suggesting that this
drug family potentiated the central ef-
fect of norepinephrine by preventing
its reuptake by presynaptic terminals
with increase of concentration at the
postsynaptic site. Findings from two
major areas of research serve as im-
pediments to the complete acceptance
of this interpretation. The first group of
studies revealed that imipramine in the
dose selected and the time chosen to
use animals for biochemical studies pro-
duced lethargy, psychomotor retarda-
tion, and reduced alertness in mice,
rats, cats, and man (37). The second
group of apparently discontinuous
studies is summarized in Fig. 1.
There has been a body of research
since 1914 in which epinephrine or
norepinephrine, when given so that it
passes the blood-brain barrier (that is,
intracisternally, intraventricularly, or
intravenously into animals with imma-
ture blood-brain barriers), produces a
monotonic dose-response pattern of be-
havioral depression, lethargy, sleep, se-
dation, and stupor even in man (22-26).
Most iontophoretic applications of nor-
epinephrine directly into brain have
shown predominantly a suppression of
units (28). With these and other con-
siderations in mind our group began a
series of behavioral and biochemical
studies to reevaluate both the role of

norepinephrine in behavior and the ef-
fects of the tricyclic antidepressant
imipramine on behavioral and biochem-
ical parameters.

A problem in doing animal research
with psychotropic agents like imipra-
mine, which require long-term adminis-
tration in order to achieve a clinical
effect, is the timing of the behavioral
and biochemical measurement after the
administration of the drug or both. It
has frequently been reported that in
man imipramine has a biphasic action
characterized by a period of mild sleep-
iness and lethargy before the antide-
pressant action begins. Wallach and co-
workers (38) reported a triphasic ac-
tion of a single dose of imipramine on
reticular units in the cat. After adminis-
tration of imipramine, in phase I there
was a brief increase in reticular unit
activity lasting 20 to 30 minutes, then
a prolonged decrease in reticular units
lasting up to 18 hours in phase II, and
then a marked and general increase in
unit activity in phase III, lasting a few
days. Behavioral changes in our experi-
mental animal, the newborn chick, mir-
ror this triphasic sequence (Fig. 2).
Previous work on the rat showed that
when labeled norepinephrine was ad-
ministered intraventricularly and pre-
ceded (or followed) by imipramine,
there was a relative increase in the
O-methylated product, normetanephrine
(33). The time course of these studies
suggests that the rat was, if anything,
behaviorally depressed by the imipra-

‘mine at the time of the norepinephrine

turnover. When norepinephrine is ad-
ministered intravenously to the chick
[with an immature blood-brain barrier,
an “adult” electroencephalogram, and
typical responses to a wide range of
psychotropic agents (39)], it produces
behavioral depression and antagonizes
the behavioral activating effect of im-
ipramine (24, 25).

The pattern of radioactivity of the
metabolites (Fig. 3) is consistent with a
decrease in synaptically active norepine-
phrine (a decrease in normetanephrine)
(40). Thus, the story about imipramine,
antidepressant action, and brain nore-
pinephrine becomes quite complicated.
The elision of behavioral depression in
animals with clinical depression in man
exemplifies some problems in the use of
animal models for human behavioral
states as well as the complexities of -
species differences. Even the clinical
syndrome used as the target behavior
to modify with drugs may be quite het-
erogeneous. Kielholz and Poeldinger
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CONTROL (N=5) HMIPRAMINE (N=5)
DPM/gm Brain DPM/gm Brain P
S E.M. S E.M.
NE-c !4 35950t 579.6 | 2800.2+510.8 | Not sig.
NME -c!4 8466 £ 167.7 | 230.6+589 |« .0l
vma -c!4 1775 t33.4 154.0t39.3 | Not sig.

(41) and others demonstrated a spec-
trum of clinical depressive syndromes
differentially responsive to categories of
antidepressant drugs by the uvse of in-
dices of agitation and anxiety as pre-
dictors. Imipramine, for example, ap-
pears to be more useful for the retarded
depressives than for the patients with
agitated depressions. Yet both types of
patients belong clinically to the same
diagnostic categories and have the same
range of genetic histories (42). At the
present time, the neuropharmacological-
psychochemical research approach rests
on insecure bases both in terms of the
establishment of what are necessary and
sufficient conditions in brain chemistry
to explain the metabolic effects of the
drugs and in terms of the connection
of these changes with predictable be-
havioral phenomena.

2) The administration to man of
loads of precursors of metabolic sub-
stances hypothesized to have central
nervous system action with behavioral
ramifications. Very generally, the logic
of this approach is that, by selectively
increasing the amount of substrate avail-
able for a metabolic pathway, there will
be an increase in the end product (or
end products) of interest in the brain;
that an increase in this product will re-
sult in an exaggerated expression of its
normal central effect which will reflect
itself in observable changes in behavior.
Because many centrally active sub-
stances will not pass the blood-brain
barrier and their precursors will, this
approach seems especially suited to
man.

Perhaps the classic group of studies
with this strategy in animals and man
made use of 3,4-dihydroxyphenylalanine
loads (the precursor of both dopamine
and norepinephrine) to reverse reser-
pine-induced behavioral  depression.
Carlsson, Lindqvist, and Magnusson
demonstrated this in animals in 1957
(43). This effect has been attributed
by many workers to the replenishment
of brain norepinephrine levels (4).
Degkwitz and co-workers (44) reported
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that the reversal of reserpine induced
depression in man with 3,4-dihydroxyl-
alanine loads. However, another group
of investigators, using a monoamine 0X-
idase inhibitor in conjunction with 3,4-
dihydroxyphenylalanine to retard the
degradation of the hypothetical mood
elevator, norepinephrine, failed to dem-
onstrate any elevation of mood in a
population of depressed patients (45).
In addition, some recent work casts
some serious doubt on the applicability
of the 3,4-dihydroxyphenylalanine-
reserpine reversal phenomenon to a nore-
pinephrine theory of mood. Havlicék
and associates (22) demonstrated be-
havioral depression after they adminis-
tered dihydroxyphenylserine (which is
decarboxylated to norepinephrine with-
out dopamine as an intermediate).
Creveling (26) confirmed and extend-
ed these observations with the finding
that in animals behavioral depression
induced by reserpine was not reversed
when the brain norepinephrine levels
were restored to their previous levels by
dihydroxyphenylserine.

Whereas the 3,4-dihydroxyphenylala-
nine load approach to a norepinephrine
theory of mood includes the possibility
that an intermediate, dopamine, may be
the substance responsible for the ob-
served induced changes in behavior,
the strategy of the indole-amino acid
load (with and without monoamine
oxidase inhibitors) brings with it an-
other problem of product specificity.
During the early days of the “mono-
amine game,” there was an initial focus
on serotonin, the decarboxylated prod-
uct of 5-hydroxytryptophan, rather than
on norepinephrine. Reserpine had been
shown to deplete this brain amine as-
sociated with the production of behavi-
oral depression in animals and man;
the hydrazine monoamine oxidase in-
hibitors, the first effective antidepres-
sants, increased brain serotonin (46).
Since that time, the story has become
very much more complex. Carlsson and
co-workers (43), in the same series
of experiments that demonstrated re-

Fig. 3. Patterns of radioactivity of brain
norepinephrine and metabolites as effected
by imipramine when studied during the hy-
peractive phase of the drug’s action. These
results suggest that imipramine may block
norepinephrine access to the postsynaptic
membrane [a decrease in brain normetane-
phrine (NME)] at this time. This finding ap-
pears to be at variance with current concepts
of the central role of imipramine and nore-
pinephrine (NE). VMA, 3-methoxy-4-hydroxy-
vanylmandelic acid. )

versal of reserpine depression by 3.4-
dihydroxyphenylalanine, showed that
5-hydroxytryptophan loads failed to re-
verse this effect. In spite of the dearth
of studies uniquely implicating seroto-
nin in studies of antidepressant drug
action and the apparent sedative effects
of serotonin when given so that it gets
into the brain (47), the role of seroto-
nin or other indoleamines in the eleva-
tion of mood is still of great interest.
Rather than the findings of basic neu-
ropharmacology keeping alive a theory
in the face of negative precursor-load
findings (as in the case of the norepine-
phrine theory of mood), the serotonin
theory of mood elevation is being sus-
tained by precursor-load studies even
though basic neuropharmacological find-
ings are absent or negative. Since the
work of Zeller and collaborators (48)
in 1957, a large number of investiga-
tors have reported various kinds of be-
havioral activation and antidepressant
action of either tryptophan or 5-hydrox-
ytryptophan loads when preceded by a
monoamine oxidase inhibitor (which
presumably retards the degradation of
serotonin) (49). In perhaps the most
careful series of studies with amino acid
loads and monoamine oxidase inhibi-
tors, Kety and his group (50, 51) found
that, whereas glycine, histidine, phe-
nylalanine, and tyrosine did not pro-
duce many significant behavioral effects
when preceded by a monoamine oxidase
inhibitor, tryptophan and methionine
led to behavioral activation in a group
of schizophrenic patients. Coppen, Pare,
Kline, and others (49) have shown that
the antidepressant action of the mono-
amine oxidase inhibitors is potentiated
by indoleamino acid loads in depressed
patients. This kind of evidence has been
used (49) to suggest that the amount
of serotonin in the brain may be related
to mood. Other studies, in which methi-
onine, or methionine in conjunction
with tryptophan, was used in patients
that had been treated with monoamine
oxidase inhibitor (51, 52) also demon-
strated behavioral activation in schizo-
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phrenic patients. These findings suggest
that a centrally active methylated in-
doleamine, such as bufotenine or di-
methyltryptamine, rather than seroto-
nin might be responsible for the indole-
amino acid potentiation of the effect of
monoamine oxidase inhibitors. This kind
of suggestion would serve as an alterna-
tive hypothesis in explaining the poor
~ relationship reported between the amount
of behavioral activation and the brain
levels of serotonin in some studies on
animals (53), which had previously been
explained by the better relationship -ob-
served between activation and amounts
of norepinephrine (54). In a more
general way, according to this kind of
hypothesis, when the normal metabolic
pathway of a substance is chemically
blocked, there are many possibilities for
the production of usually absent or in-
significant by-products as well as the
increase in more normal products; any
or all of these by-products may well be
responsible for the observed behavioral
change. In the case of the N-methylated
indoleamines, Fig. 4 represents the con-
jectured metabolic results of blocking
the enzyme responsible for the degrada-
tion of the indoleamines in combination
with appropriate precursor loads. Axel-
rod (55) has reviewed the enzymatic
capacity of various organisms (includ-
ing man) for such phenomena. Behavi-
oral activation when the indoleamino
acid loads are combined with a mono-
amine oxidase inhibitor is not just seen
in depressed or schizophrenic man, but
has been recently reported for normal
human sleep in a series of studies by
Williams and co-workers (56). They
found that, whereas the soporific effects
of phenylalanine loads were not changed
by prior treatment with a monoamine

oxidase inhibitor, those produced by'

tryptophan were reversed into signs of
activation with the night’s sleep marked
by a large increase in spontaneous
arousals. This same kind of reversal of
indoleamino acid behavioral depression
by prior treatment with a monoamine
oxidase inhibitor has been reported (57)
in the chick. This activation was corre-
lated with an increase in labeled bufo-
tenine (when the chick was administer-
ed 14C-labeled 5-hydroxytryptophan).
This increase in the N-dimethylated
indoleamine was most marked in the
lung, which Axelrod (55) reported to
be the site of the nonspecific N-methyl-
transferases. Although the central ac-
tion of the postulated indole hallucino-
gen, bufotenine, in man is far from
established (58), it appears to be an
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interesting model with which to view
the problem of nonspecificity of cen-

trally active products when using the

“precursor load strategy.”

The previous discussion elucidates in
some detail two current areas in which
loads of precursors have been used.
The possibility has been suggested that
centrally active intermediate (for ex-
ample dopamine with 3,4-dihydroxy-
phenylalanine loads) or by-products
(like dimethyltryptamine and bufotenine
with indoleamino acid loads) may be
responsible for the observed changes in
behavior rather than the substance to
which these changes were attributed.

In addition to these relatively cir-
cumscribed sources of nonspecificity in
such experiments, there are perhaps
more important general ones. Studies of
experimental phenylketonuria and of
branch-chain amino acid loads in ani-
mals, for example, have shown that
loads of one kind of precursor may in-
hibit the transport into the brain of
others (59). These unbalanced amino
acid loads may interfere with protein
synthesis with resulting changes in the
central nervous system. Loads of one
substance may bind cofactors associated
with the metabolism of other substances

5-HTP

(60). Even in those cases in which
there has been evidence of the desired
cffect of the load [for example, the
measured increase in the S-adenosyl-
methionine pool with methionine loads
(61)], there is always the possibility
that many other concomitant effects are
responsible for observed behavioral
changes that follow loads of precursors.

3) Sleep stage—an example of a
unifying cross-species dependent vari-
able. 1t is quite difficult to find behav-
ioral events that both man and animals
share in a specific enough way to allow
data and hypotheses on animals to be
used in human research. Conditioning
situations, which have been frequently
used in this regard in the past, appear
to be different events in animals and
man, as recent trends in human behav-
ioral analyses seem to indicate (62).
Various emotional responses, such as
fright, avoidance, and depression, have
been used with equal problems of gen-
eralizations from animals to man. The
advent of sleep stage analysis by De-
ment and Kleitman (63) and others,
and especially the emphasis on a divi-
sion between slow-wave and fast-wave
electroencephalogram in sleep, presented
an electrophysiological organization that

CHg
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Fig. 4. A speculative metabolic scheme suggesting the possibility that by blocking a
normal degradative pathway with a drug (a monoamine oxidase inhibitor), previously
insignificant alternative pathways may become important (in addition to the production

of an increment in the normal substrate).
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is relatively constant across species. The
episodic occurrence of “rapid eye move-
ment sleep” is associated with a shift
to low-voltage, fast-electroencephalo-
gram, spikes along the pontogeniculate
to occipital cortex pathways, loss of
branchial muscular tone, respiratory
and cardiovascular irregularities, erec-
tions, increases in urinary steroids, evi-
dence for antidiuretic hormone release,
and many other objective events in a
wide variety of species (5). From man
to chick, there appears to be oscilla-
tions from slow- to fast-wave sleep
throughout the periods of sleep. Re-
bound in rapid eye movement sleep
(REMS) time, pontogeniculo-occipital
spikes, and other such measures after
REMS deprivation as well as a refrac-
tory period for repeated electrical in-
duction of REMS had suggested a neu-
rohumoral substrate (5). A report of
the increased ease with which this
REMS rebound phenomenon can in-
duce deprivation in schizophrenics in
remission makes this postulated neuro-
humoral substrate of acute clinical in-
terest (64). Other suggestions of changes
in brain chemistry derive from studies
of the deprivation of REMS in animals
that lead to evidence of long-lasting in-
creases in excitability of the central
pervous system including lower seizure
threshold, changes in the auditory sys-
tem, and long-lasting increases in heart
rate (65). Since the biogenic amines
that have been a principal focus of gen-
eral neurochemical attention during the
past several years have been serotonin
and norepinephrine, it was only too
predictable that these substances be used
in research directed toward deriving
concepts of the chemical substrates of
sleep stage. Two groups of representa-
tive studies centered around these two
monoamines will be reviewed.
Oswald and co-workers (66) found
that L-tryptophan, when administered
to humans, led to a decrease in latency
to the first epoch of REM sleep. Man-
dell and colleagues (67) reported that
total REM time (percentage) increased
during the all-night infusion of 5-hy-
droxytryptophan. Hartman (5), using
L-tryptophan, also reported a small in-
crease in the relative percentage of the
night spent by human subjects in rapid
eye movement sleep. In addition, he
found that a small dose of reserpine
(which releases biogenic amine) also re-
sulted in a relative increase in REMS.
Williams and others (56) found that
L-tryptophan increased the amount of
slow-wave sleep in all subjects and
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REMS tendency (latency to the first
REMS period) in a few. In most of
these studies it has been assumed that,
by increasing the amount of available
indoleamino acid substrate, the amine
product serotonin would be increased
in the brain. Spooner and Winters (68)
in a series of studies in the young chick
(with a reduced blood-brain barrier to
the biogenic amines), were able to dem-
onstrate more directly the induction of
behavioral and electrophysiological sleep
by injection of serotonin in a mono-
tonic, dose-response manner. Weitzman
(69), administered an inhibitor of tryp-
tophan hydroxylase, p-chlorphenylala-
nine, to an animal which then, as a
result, showed reduced slow-wave sleep
and markedly lowered brain serotonin
levels. Jouvet (5), in a series of studies
with cats, has shown that reserpine,
given at a ‘“‘unique” dose of 0.5 milli-
gram per kilogram of body weight,
suppressed both slow-wave sleep and
rapid eye movement sleep for several
hours. Slow-wave sleep was returned
with the administration of the serotonin
precursor, S-hydroxytryptophan. These
and similar studies had led to a “seroto-
nin school” of sleep with an apparent
disagreement about which sleep stage
is most influenced by this biogenic
amine.

As noted, work going back as far as
that of Bass in 1914 implicated epi-
nephrine and norepinephrine in the pro-
duction of soporific states in various
animals including man, when these sub-
stances were given so that they get into
the brain (22). Jouvet emphasized the
role of norepinephrine in REM sleep
as the result of his experiments show-
ing that dihydroxyphenylalanine (a dop-
amine and norepinephrine precursor)
returns that stage of sleep in cats given
reserpine. Lester and co-workers (70)
reported that patients on a diet deficient
in phenylalanine and tyrosine have re-
duced REM sleep with no reduction in
slow-wave sleep; this state was reversed
with the reintroduction of the missing
amino acids into their subjects’ diet.
They speculated that these changes were
due to a decrease in norepinephrine in-
duced by substrate deficiency. These
kinds of studies have buttressed a “nor-
epinephrine school” of sleep with some
continuing conflict about the particular
sleep stage involved.

In some of our work we have used
the newborn chick with an immature
blood-brain barrier and a mature elec-
troencephalogram. Using an activity
platform, behavioral rating scales, elec-

troencephalograms, and evoked poten-
tials (71), we showed that a number of
amino acids produce many elements of
the sleep syndrome. All these amino
acids have been shown to be present in
free form in the central nervous system
(72) (Fig. 5). Mandell and Mandell
reviewed studies implicating a number
of other chemicals in the role of “sleep
substances” including acetylcholine, ali-
phatic or hydroxy organic acids, steroid
and polypeptide hormones, and aro-
matic amines (5). Thus, it appears
that what initially seemed to be a rela-
tively standard, cross-species system of
dependent variables (sleep and sleep
stage) for use in the study of brain
chemistry that would be applicable to
man seems to be a very complex situa-
tion. These electrophysiological states
appear to be the end product of the
action of a large number of potential
brain-chemical systems.” Whether fur-
ther study will reveal a single common
chemical pathway to explain the action
of all these chemical compounds or
simply reflect the limits of the number
of response patterns the central nervous
system can make to a variety of chem-
ical manipulations remains to be seen.

4) The search for metabolic errors
that are reflected in changes in both
body chemistry and behavior. Looking
for evidence of metabolic disease, work-
ers in this area study the body fluids
of various behaviorally defined groups
of humans (that is, the mentally re-
tarded, epileptics, psychotics, depres-
sives, autistic children, and other groups
with relatively stereotyped behavioral
deformations). Attempts are made to
relate changes in amounts of normal or
abnormal metabolites or deviations from
normal in the metabolic dynamics (such
as turnover of administered load) with
behavioral patterns. The goal of this
approach is to establish the underlying
metabolic defect and to relate the ob-
served behavior to some direct (in the
brain itself) or indirect (the brain’s
response to the alteration in its milieu)
biochemical mechanism.

The most influential problem, with
attempts at solution based on this ap-
proach that has served as a model for
research workers using this strategy,
was broken open by Folling in 1934
(73). His discovery of marked increases
in acid products of phenylalanine in the
urine in a familial syndrome character-
ized by mental deficiency, defects in
pigmentation, growth retardation, and a
characteristic body aroma has led to
a most extensive program of re-
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search. Phenylketonuria was demon-
strated to be an autosomal recessive
genetic disease manifested by a marked
decrease in the enzyme phenylalanine
hydroxylase (74). This disease has
served as a goad and inspiration to those
who have been looking for metabolic
errors in the more nebulous syndromes,
such as depression or schizophrenia
(which also have, though less well-
defined, evidence of significant genetic
factors). In attempting to understand
some of the problems that exist in ap-
plying the “metabolic error” strategy
to an understanding of the chemistry
of the brain and behavior, it might be
worthwhile to examine some behavioral
and chemical studies derived from this
thoroughly researched area. With in-
creasing ease and application of case-
finding techniques, a far broader range
of behavioral manifestations is being
reported as part of this syndrome. These
include not only the range of mental
deficiency that was part of the original
descriptions, but also such features
(varying from case to case) as seizures,
agitation, hyperkinesis, apathy, passiv-
ity, emotional lability, destructiveness,
even-temperedness, manifestations of a
schizophrenic thought disorder, neu-
rosis, psychosis, and normal intelligence
(75). In heterozygotes for this syn-
drome an increased incidence of a
wide diversity of psychopathological
syndromes (76) has been reported. Even
this completely identifiable metabolic
disease altering brain function is mani-
fested by a remarkable array of human
behavior. An understanding of the neu-
rochemical side of this disease is at
least equally difficult at the present time,
After the demonstration of the ab-
sence of a labile protein component of
the liver-hydroxylating system in this
syndrome and the elucidation of some
of the changes in body fluids that re-
sulted, the question remains—How are
these abnormalities translated into the
‘variegated behavioral syndromes that
have been described? The specific brain
biochemical system that is necessarily
affected for the expression of the clini-
cal syndrome has not yet been estab-
lished. Studies of peripheral biochemi-
cal systems in man, and neurochemical
studies in animals made ‘“phenylketo-
nuric” by diets with increases in phe-
nylalanine, have suggested that the be-
havioral manifestations may be due to
toxic effects of abnormal amines, as
O-tyramine and phenylethylamine, of
amino acid decarboxylase inhibition re-
sulting in abnormalities in tryptophan,
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NO BEHAVIORALLY DEPRESSING BEHAVIORALLY
EFFECT AND/OR SOPORIFIC ACTIVATING
Alanine *5- hydroxytryptophan *5-hydroxytryptophan
Arginine *Tryptophan * Tryptophan
Proline Phenylalanine B-alanine
Lycine . Tyrosine Methionine
Serine Glutamic acid Dihydroxyphenylalanine
Valine Aspartic acid
Threonine Histidine
*Glycine Leucine
Isoleucine
*Glycine
GABA

Fig. 5. A summary of our studies on the behavioral effects of amino acid loads in the
chick. Asterisk indicates dose- and time-dependent mixed responses.

tyrosine, and glutamic acid metabolism
in brain, of deficiencies in catechol-
amines, of increases in metabolism of
tryptophan (along the pathway to in-
dican) leading to tryptophan wastage,
of serotonin deficiency, of abnormalities
in protcin and lipid synthesis, and of
abnormalities in transport of a number
of amino acids into the brain (74). A
review of experimental work focused
on just one of these systems leads to
another splay of potential mechanisms.
Using Auerbach’s model for cxperi-
mentally simulating this syndrome in
rats by a dict high in phenylalanine,
Yuweciler and Louttit demonstrated that
the animal was impaired in some prob-
lem-solving tasks and associated with
a significant decrease in their brain
serotonin (77). This finding is consistent
with the clinical chemical findings of a
decrease in the urinary end product of
serotonin, 5-hydroxyindoleacetic acid
and a decrease in blood serotonin in
patients with this discase (78). In a
review and experimental test of the
mechanisms that might produce this de-
crease in brain serotonin, Yuweciler and
co-authors (79) considered the follow-
ing specific and nonspecific inhibition
of amino acid decarboxylases and tryp-
tophan hydroxylase, inhibition of pre-
cursor transport through the blood-brain
barrier, increases in monoamine oxidase
activity, decrease in serotonin binding
or storage capacity, and steroid-induced
changes in tryptophan pyrrolase and
amino transferase. Only some of these
possibilities were ruled out. Thus it
appears that little about the specific
way a chemical abnormality can influ-
ence brain function and behavior can
be adduced from this well-identified
focus of research when the “metabolic
error” strategy is used. ‘

The history of research in another
metabolic disease characterized by in-

termittent psychosis and a number of
indole compounds in the urine is an
example of an even more seductive
model for those working with biochem-
ical methods in the so-called “psycho-
genic” psychoses. With the synthesis and
study of a number of indole psychoto-
gens (such as dimethyltryptamine,
psilocybin, and lysergic acid diethyl-
amide), it is no wonder that the first
reports of Hartnup’s syndrome (80),
manifested by schizophrenic-like symp-
toms and various indole products in the
urine, was looked upon as a potential
model for the psychochemist (81). As
rescarch progressed, however, it became
clear that this syndrome was probably
the result of a congenital error in the
renal and intestinal membrane transport
of amino acids. The indoluria is prob-
ably the result of bactcrial action on
the unabsorbed tryptophan in the gut,
and the central nervous system changes
arc probably due to a pellagra-like de-
ficiency of nicotinic acid resulting from
a reduction in one of its exogenous pre-
cursors, tryptophan (82). During the
past decade, various macro- and micro-
molecular chemical moieties in the body
fluids, which have been used to dis-
criminate among groups of people with
“psychiatric” disease, have come and
gonc. These studies have suffered from
the same kinds of initially oversimplified
theoretical assumptions, uncontrolled
studies, unestablished mechanisms, and
inept behavioral and chemical analyses,
which Kety over a decade ago outlined
(83). A possible exception to this trend
is the relatively frequently repeated
finding, first reported by Friedhoff and
Van Winkle, of an abnormal methylated
catecholamine (dimethoxyphenylethyl-
amine) in the urine of schizophrenic
patients (84). This observation con-
verged with a neuropharmacologically
derived hypothesis first put forward by
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Harley-Mason (85), namely, that phe-
nolic amines which are normally active
only peripherally because of their in-
ability to get through the blood-brain
barrier could transcend this barrier and
be centrally active if “hypermethylated”
(85, 86). The demonstration of the
enzymatic capacity of the liver from
schizophrenics to synthesize dimethoxy-
phenylethylamine and its positive iden-
tification by mass spectrometry (87) are
promising. The large amount of this
compound required to demonstrate cen-
tral action when compared with the
amount of this amine and its acid end
product in urine suggests that the mean-
ing of this finding is probably quite
complex (88). Does a single dose, for
example, really mimic what might be an
exposure to an abnormal metabolite
over a long period of time? Perhaps the
use of such a disease as familial high-
density lipoprotein deficiency (89)
which gradually becomes more symp-
tomatic over the years, rather than the
use of an acute toxicity syndrome, such
as gout (90) as a model would make
this single test of the potency of dimeth-
oxyphenylethylamine in the central
nervous system inappropriate. Perhaps
the discovery of this substance in urine
is just one of the manifestations (but
not a sufficient one) of a more general
defect in transmethylation (86). Thus,
there is a possibility that a number of
abnormally methylated amines may be
responsible for the observed behavioral
state. The report of the appearance of
bufotenine in the urine of schizophren-
ics 2 weeks before the appearance of
acute symptomatology when given
monoamine oxidase inhibitors might be
another example of the same general
phenomenon (9/). Another theoretical
possibility that would account for the
irregular finding or effect of this kind
of abnormal metabolite derives from a
source too often neglected in psycho-
chemical research—changes in regula-
tory dynamics of the kinds being eluci-
dated in molecular biology. That the
group involved with relating chemistry
to behavior should be thus far rather
insensitive to the suggestions growing
out of studies in metabolic regulation
is especially difficult to understand in
light of the apparent theoretical co-
herence between concepts of the phasic
manifestations of human behavioral
states and their sensitivity to environ-
mental conditions and observations ex-
plaining the graded shifts from latency
to expression of metabolic mechanisms
in such areas as enzyme regulation.
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Metabolic Regulation:
Psychochemical Research Strategies

In psychochemical studies the re-
searcher who looks for metabolic fac-
tors concomitant with behavioral states,
if he uses the “metabolic error” strategy,
appears to be using the “one gene, one
enzyme” concept (92). This formula-
tion suggests that a single gene is re-
sponsible for the presence or absence
of a cell’s capacity to carry out a single
metabolic process. This inheritable char-
acteristic was thought to be either pres-
ent or absent, and the chemical mani-
festations of either of these states could
be demonstrated in an all-or-none way.
The implications of such a position for
the research scientist looking for periph-
eral evidence of metabolic abnormalities
in behavioral states with significant ge-
netic histories (such as some forms of
mood disorders or schizophrenia) are
clear. Evidence of a metabolic error
should always be demonstrable, inde-
pendent of the time, environmental situ-
ation, or psychological status. With the
advent of the new era in thinking about
metabolism and the shift in emphasis
from mere concern for the delineation
of the sequential mechanisms for the
synthesis, utilization, and degradation
of metabolites to a focus on how these
processes are regulated and integrated,
a myriad of regulatory mechanisms be-
gan to be elucidated. Velocities of en-
zymatic reactions are seen as a joint
function of a number of important fac-
tors including transport of substrate
into cells or organs, amounts of avail-
able enzymes, characteristics of these en-
zymes, responsitivity of enzymatic mech-
anisms to activators or inhibitors and
intracellular location or attachment of
enzymes (93). In addition, numerous
scientists focus on the operation of a
hypothetical system of mechanisms in-
volving nucleic acid polymers regulating
in a graded way the expression of en-
zymatic potential as portrayed by Jacob
and Monod (94). Information influ-
encing these processes could apparently
be derived from within the cell (such
as the effective concentration of meta-
bolic intermediates) as well as influ-
ences from one organ system to another
(such as neural control of the pituitary-
adrenal axis) with resulting changes in
remote organs such as the liver (95).
One important implication of these
newer concepts of genetically derived
modulatory complexity (one gene—one
polypeptide, one protein, one enzyme,
one regulatory mechanism, or some

combination) is that both behavioral
state and metabolic evidence can tra-
verse a wide range of manifestations
depending upon a number of circum-
stances impinging on the organism at
the time of any particular study. Both
abnormalities in structural genes (for
example, glucose-6-dehydrogenase de-
ficiency) as well as a mutation in a
regulatory gene (such as in acute inter-
mittent porphyria) often required a defi-
nite environmental trigger (the ingestion
of particular drugs) for the manifesta-
tion of both the clinical syndrome and
its concomitant metabolic changes (96).
The various nutritional, hormonal, drug,
precursor load, and other influences on
mammalian enzyme regulation have
been well studied (95). These graded
metabolic responses to various kinds of
alterations in base line conditions seem
to fit human behavioral patterns as we
know them: phasic shifts in mood, tem-
porary changes in life style, intermittent
attacks of psychosis, and psychosomatic
illness apparently precipitated by altera-
tions in life’s stresses (97). These changes
in human behavior last varying lengths
of time and some peripheral biochemi-
cal correlates have already been tied to
them: a transient emotional change
leads to an increase in plasma-free fatty
acids (98); the breakdown of psycho-
logical defenses in psychotherapy or in
real life stresses, such as the experience
by a parent of the irregular clinical
course of a leukemic child, is reflected
by indices of adrenocortical function
(99); acute, intermittent catatonic epi-
sodes lasting several days are associated
with changes in the metabolism of ni-
trogenous substances (/00); mood shifts
lasting many months, such as seen in
the manic-depressive psychoses, are
characterized by changes in body elec-
trolyte metabolism and plasma and
urine corticosteroids (49). The strategy
dictated by this kind of thinking leads
to the use of repeated measures on the
same subject made over a length of
time in which he passes in and out of
the behavioral state of interest. A pres-
ently irrefutable objection to such work
with respect to the elucidation of links
in causal chains is that these chemical
findings may be in response to rather
than the determiner of behavioral states.
The investigator is left with correlates
rather than causes, but, as adduced from
the foregoing discussion of more basic
neurochemical data, this is the same for
the present state of the art in brain
chemistry as well.

We now present some data from
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studies exemplifying the use of both
repeated measures before and after the
onset of a behavioral state and an at-
tempt to capture some of the complex-
ity possible in psychochemical research
when metabolic regulatory factors are
considered. Previous work suggested
that release of adrenal glucocorticoid
increased during depression (99). In
addition, a series of studies beginning
with that of Knox in 1951 (/01) sug-
gested that adrenal corticosteroids al-
tered some hepatic amino acid enzymes.
We endeavored to combine these two
research themes. At first, an attempt
was made to adapt turnover techniques
to obtain a peripheral reflection of stress-
induced metabolic adaptations. The goal
was to detect parallel peripheral bio-
chemical changes reflecting those that
have been measurable with the use of
direct kinetic studies of hepatic enzymes
or precipitable protein, without serial
tissue biopsies in human subjects. We
studied the radioactivity of products of
several alternative pathways of tryp-
tophan metabolism simultaneously, un-
der control and artificial stress condi-
tions (adrenocorticotropic hormone in-
jection) after infusion of metabolically
insignificant amounts of #C ring-labeled
tryptophan (102) in man.

After the administration of adreno-
corticotropic hormone there was a sig-
nificant rise in the radioactivity of the
products of the two inducible path-
ways (kynurenine and indole-3-acetic
acid), but not in the products of the
noninducible pathways, S5-hydroxyin-
doleacetic acid, indolylacroylglycine, and
N-acetyltryptophan. Having demonstra-
ted that a rise induced by adrenocorti-
cotropic hormone in circulating corti-
coids produced a demonstrable meta-
bolic shift in tryptophan metabolism,
our next step was to see if this relation
could be demonstrated in patients with
psychiatrically related corticoid changes.
For this study, rapidly cycling manic-
depressive patients were used. Multiple
biochemical and behavioral measures
were made daily for several months in
which intermittent studies on C-
tryptophan turnover were done. Figure
6 is a representation of the daily values
of a number of determinations on one
patient. The turnover of 4C-tryptophan
to kynurenine on 16 December and 6
January, during a depressive phase, was
significantly increased and associated
with a rise in 17-hydroxycorticosteroids.
A report of a hydrocortisone-induced
decrease in brain serotonin may be con-
sistent with our demonstration of a
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steroid-related increase in the break-
down of the indole nucleus through the
kynurenine pathway (7103).

Studies of peripheral biochemical cor-
relates of behavioral states under vari-
ous conditions, may, in the future, lead
to the demonstration of differences in
metabolic adaptive capacity rather than
stable defects. The long history of psy-
chiatric clinical research in which at-
tempts were made to tie premorbid
psychological strength and amount of
environmental stress to subsequent de-
formations in behavior (called mental
illness) might reveal some biochemical
factors associated with, in part, abortive
behavioral adaptation. It is of interest
that in spite of the demonstration that
glucocorticoids influence the intermedi-
ary metabolism of a number of amino
acids (95), such metabolic hypotheses
of mental disease as Harley-Mason’s
“transmethylation hypothesis” (85) have
not been studied relative to the possible
corticoid influence on the enzymatic
system involved. Studies demonstrating
the corticosteroid sensitivity of a specific
methyltransferase, phenylethanolamine-
N-methyltransferase in the adrenal me-
dulla which converts norepinephrine to
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epinephrine (/04) may also apply to
the nonspecific methyltransferases that
can carry out such reactions as the con-
version of serotonin to bufotenine.
Might temporary steroid or other hor-
monal influences on such metabolic
mechanisms explain the intermittency
of “attacks” of schizophrenia precipi-
tated by life stresses? It would seem
that the era of research in biochemical
regulation is soon to influence styles in
psychochemical research strategies.

Summary

The current state of the art in theory
and methodology in some areas of re-
search attempting to relate biochemical
phenomena to brain function in man
with particular relevance to behavioral
states is presented. The reservations that
a critical witness must have about the
establishment of any substance as a
physiological modulator or transmitter
in the central nervous system are dis-
cussed. Four of the many research
strategies currently in use were de-
scribed, with examples.

As compared with other areas of re-
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search in biology the kinds of assump-
tions, operations, and conclusions ex-
tant in this field are crude. However,
when one compares work from earlier
decades in this area with current ac-
tivity, it is clear that the psychochemist
is benefiting from the basic advances in
chemistry and biology.
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Genotype, Environment, and
| Population Numbers

Animal numbers are regulated by the genetic composition
of the population and by environmental factors.

In his work On the Origin of Species,

Darwin wrote that “the causes which
check the natural tendency of each
species to increase in numbers are most
obscure. . . . We know not exactly
what the checks are even in a single
instance.” The regulation of population
numbers is of major importance for the
understanding of natural selection and
biological evolution. It has implications
of economic interest, particularly for
the control of animal pests. Finally, it
is a major problem for modern man
who has become ‘aware that the quality
of human life is seriously threatened
by the so-called “population explosion.”

Population biology is concerned with
the distribution and abundance of orga-
nisms. The factors considered when
studying a particular population are
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the relationship of the animals to their
food, to the places where they live, to
the weather, and to other animals that
share the same food or place to live,
that prey on them, or that are related
to them in any way. Unfortunately the
genetic constitution of the population
is usually not given sufficient attention.
Populations of a species are treated as
if they were genetically homogeneous
in space and in time. Yet, to under-
stand the causes which regulate animal
numbers, both genetic and environmen-
tal factors must be considered.
Students of natural populations of
animals encounter many difficulties,
particularly in the estimation of adult
numbers and the causes of mortality
(). Some problems can more easily be
approached in laboratory studies, which
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permit control of the more important
factors, while one or a few variables
are manipulated at a time. Models can
be produced; the validity of which
must, of course, be ultimately tested in
the field.

Drosophila flies are particularly fa-
vorable organisms for laboratory stud-
ies of some population problems. They
multiply rapidly in cultures which are
easy to maintain at moderate expense.
Moreover, much is known about their
biology, since they have been inten-
sively studied for the last 60 years. 1
now describe some experimental ap-
proaches using drosophila that have
provided information on the factors

which regulate population numbers.

Innate Capacity for Increase

All components of the life cycle of
drosophila are influenced by the genetic
constitution of the flies. Genetic vari-
ation has been found to affect fertility
of females and hatchability of eggs (2),
fertility and mating activity of males
(3), rate of development (4, 5), lon-
gevity (6), and others. The ability of
a population to increase in numbers or
to maintain a certain size is related to
these properties of the flies. However,
it is not clear how they interact with
each other to determine reproductive
capacity. A statistic variously named
the Malthusian parameter, intrinsic rate
of natural increase, or innate capacity
for increase has been proposed which
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