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THURMOND, J. B., N. R. KRAMARCY, S. M. LASLEY AND J. W. BROWN. Dietary amino acid precursors: Effects
on central monoamines, aggression, and locomotor activity in the mouse. PHARMAC. BIOCHEM. BEHAV. 12(4)
525-532, 1980.—Behavioral and brain neurochemical changes were assessed in mice maintained on amino acid supple-
mented 12% protein diets for two and six weeks. Addition of 1, 2, or 4% L-phenylalanine increased aggression but only the
1% supplement increased locomotion. Addition of 0.25 or 0.5% L-tryptophan to the basal diet also increased aggression. All
behavioral effects were noted after two weeks but not after six weeks on the diets, suggesting the development of
behavioral tolerance. All groups of mice gained the same amount of weight on the various diets over a seven-week period
and no ill effects were observed. Mice on 16% protein diets displayed only marginal differences in brain concentrations of
phenylalanine, tyrosine, tryptophan, dopamine, norepinephrine, serotonin or 5-hydroxyindoleacetic acid. Brain concentra-
tions of tyrosine, phenylalanine and tryptophan were significantly reduced in animals receiving supplements of leucine for
two and six weeks. L-phenylalanine supplementation caused marked increases in brain phenylalanine and tyrosine concen-
trations after two and six weeks. Changes in brain dopamine and 5-hydroxyindoleacetic acid also were noted. Supplements
of 0.25, 0.5, and 1.0% L-tryptophan increased brain indoles, and these changes also appeared to be sustained over the

six-week period.

Amino acids Diet Monoamines Aggression

Locomotion

Tolerance

IT HAS recently been shown that the normal functioning of
brain catecholaminergic and serotonergic systems is related
to the availability of amino acid precursors in the diet [66].
Brain tryptophan and serotonin (5-HT) rise after an IP injec-
tion of tryptophan, or following dietary intake of tryptophan
[18,67]. Brain tyrosine is elevated following an IP injection of
tyrosine or after the consumption of a single, high-protein
meal, and brain catecholaminergic synthesis is accelerated
[68]. Brain dopamine (DA) concentration is increased in rats
by dietary supplements of phenylalanine [24].

Tyrosine and tryptophan share the same blood-brain
transport mechanism with at least four other neutral amino
acids (phenylalanine, leucine, isoleucine, valine), and the
relative concentration of these amino acids reaching the
brain is probably more significant than their absolute quan-
tities [6, 26, 46, 66]. Thus, a high relative concentration of
phenylalanine or tyrosine in the blood not only favors brain
catecholamine (CA) synthesis, but also diminishes 5-HT by
competing with tryptophan for transport [26]. Also,
phenylalanine inhibits tryptophan hydroxylase required for
the synthesis of 5-HT; thus brains of animals on high
phenylalanine diets contain more CA but less hydroxylated
indole [11, 47, 61].

In recent years it has been shown that administration of
neurotransmitter precursor amino acids can produce altera-
tions in behavior. Decreases in dietary tryptophan, the
amino acid manipulated in most studies, increases pain sen-
sitivity [38] and facilitates mouse killing in rats [21]. Tryp-

tophan injected (IP) in rats pretreated with a monoamine
oxidase inhibitor (MAOQI) increases locomotor activity [19]
and produces a behavioral syndrome characterized by
hyperactivity and stereotyped behaviors [34,41]. Except for
findings from studies of experimental phenylketonuria in rats
relating dietary administration of phenylalanine to deficits in
learning [1,51], animal studies have not dealt with the behav-
ioral effects of CA dietary precursors. Nor have animal
studies examined the effects of additions of tryptophan sup-
plements to the diet, with the exception of instances where it
was added in order to reverse effects produced by a
tryptophan-free diet [21].

We have obtained mixed behavioral effects due to dietary
tryptophan supplements; however, we found that additions
of phenylalanine to the diet increased open-field activity and
tyrosine markedly increased aggressive behavior [55,56]. In
the present experiment we have investigated the effects on
aggression and open-field locomotor activity of varying
levels of dietary phenylalanine and tryptophan. The effects
of leucine were also determined, a neutral dietary amino acid
which is unrelated metabolically to CA or indoleamine syn-
thesis, but which competes for transport with the neuro-
transmitter precursor amino acids [26].

METHOD
Animals

Male CF-1 mice, 42 and 84 days old were obtained from
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Carworth Farms (Wilmington, Massachusetts) and housed
five per cage. The laboratory was maintained at a tempera-
ture of 21°C, with a light cycle of 12 hr on, 12 hr off governed
by three 100 W red bulbs superimposed for 12 hr with bright
fluorescent lights. All procedures were performed during the
first half of the dim portion of the cycle, between 12 noon
and 5 p.m.

Diet Manipulations

Mice were randomly designated as residents and im-
mediately given free access to water and a semi-synthetic
basal diet (all diet materials were obtained from ICN Phar-
maceuticals, Cleveland, OH). The basal diet contained: 12%
casein protein, 5% corn oil, 70% corn starch, 2% cellulose,
4% Salt Mixture X1V, 2.2% Vitamin Diet Fortification Mix-
ture, and 4.8% dextrose. The animals were randomly as-
signed to one of nine groups (n=20 per group). Seven ex-
perimental groups received the basal 12% casein diet
supplemented with (a) 4% L-leucine, (b) 1, 2, or 4%
L-phenylalanine, (¢) 0.25, 0.5 or 1.0% L-tryptophan. The
eighth group of animals received a supplement of 4% casein
to provide a total of 16% protein having the same balance of
amino acids as the basal diet. A ninth group of animals was
maintained on the semi-synthetic 12% basal casein diet with
no supplement. The supplements replaced equal weights of
dextrose; thus, all diets were isocaloric. The dietary materi-
als for the resident mice were thoroughly mixed with enough
water to make a batter, then oven-dried at 105°C for 40 min.
The result was a cream-colored cake which could be easily
cut into pieces for purposes of feeding. Other mice, desig-
nated as intruders, were given free access to Rat/Mouse
Purina Chow. Mice on both the semi-synthetic diets and
Purina Chow diets were weighed weekly to determine if any
physical differences occurred as a result of the various die-
tary regimens.

Behavioral Tests

A complete description of the apparatus used for produc-
ing and measuring territorial aggression has been published
[54]. Briefly, the test animal (resident mouse) takes up lone
residence for 24 hr in a 60 cm square box containing a 30 cm
high tower in the center and has access through a 12 cm long
tube to a standard mouse cage with food, water, and bed-
ding. After this interval, a naive intruder mouse is placed on
the tower. Typically, the resident mouse intercepts and at-
tacks the intruder within the first several min of the test.
Most of the resident’s aggression displayed toward the in-
truder takes place during the first 15 min of the test. The
latency (in min) to first attack and the number of attacks over
a 20-min observation period are used to quantify the level of
aggression.

All 20 animals in a given condition were tested after two
weeks on the diets. All four cages of diet-fed mice in a par-
ticular condition were transferred to the testing room con-
taining the five identical test boxes for assessing aggressive
behavior and a 60 cm square open-field marked off into 16
equal squares for assessing locomotor behavior [7].
Locomotor behavior was measured by gently placing each
diet-fed mouse in the center of the open-field apparatus and
counting the number of squares crossed for five min. Im-
mediately after the open-field test, a spot of blue liquid food
dye was rubbed on the mouse’s head for identification during
the aggression test, and the mouse was placed on the tower
in the middle of the test box. On the next day, exactly 24 hr
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later, the intruder mice were introduced, and the ensuing
aggression was measured.

At the conclusion of this test period, this entire procedure
was replicated with separate groups of 20 animals in each
diet condition, except that the mice were maintained on the
diet for six weeks instead of two weeks. These animals were
behaviorally tested for aggression and locomotor activity in
the same manner. The observers of behavior were blind to
the animal’s treatment condition.

Biochemical Determination

Separate groups of animals (n=5), maintained for two
weeks on the semi-synthetic diets, were sacrificed by cervi-
cal dislocation. Their brains were rapidly removed and im-
mediately homogenized in ten volumes of cold acidified
n-butanol. Serotonin, 5-hydroxyindoleacetic acid (5-HIAA),
dopamine (DA), and norepinephrine (NE) in whole brain
were determined spectrophotofluorometrically according to
the method of Chang [9] and Cox and Perhach [10]. Amino
acid fractions were also analyzed, tyrosine according to the
method of Wong er al. [65] as modified by Phillips [48],
phenylalanine according to McCaman and Robins [39], and
tryptophan according to Denckla and Dewey [13].

Five additional groups of five animals were designated for
six weeks diet administration: (a) 12% casein (basal) control,
(b) 4% casein, (¢) 4% pehnylalanine, (d) 1% tryptophan, and
(e) 4% leucine supplements. At the conclusion of the six-
week period the animals were sacrificed by cervical disloca-
tion and their brains homogenized and analyzed for the
neurotransmitters and amino acids as before.

Statistical Analysis

Control (12% casein) groups and groups on the supple-
mented diets were compared by separate one-way analyses
of variance followed where significant by tests for comparing
individual treatment means with the control group mean.

RESULTS
Weight Gain

Average weights varied from 32 g to 36 g over the period
of the experiment. Weight gain over the period of mainte-
nance on the diets was significant for each condition
(p<0.01, in each case).

Behavioral

In all analyses reported here, animals on 12% casein
(basal) diets were considered as controls. Figure 1 and Fig. 2
show results of behavioral testing after two weeks and six
weeks, respectively, on the semi-synthetic diets. All results
are shown as percentage of control activity. Addition of 4%
casein, which maintained the amino acid balance of the basal
diet but increased its protein content from 12% to 16%, had
little effect on aggressive behavior or locomotion after two or
six weeks of feeding. A slight increase in aggression was
suggested, but differences were not statistically significant.

Addition of 1, 2, or 4% phenylalanine to basal diets re-
sulted in a significant increase in aggression as measured by
either decreased attack latency, F(3,76)=2.78, p<<0.05, or
increased number of attacks, F(3,76)=2.75, p<0.03, after
two weeks. However, only the group on the 1% phen-
ylalanine supplement showed significantly increased lo-
comotion, F(3,76)=9.86, p<0.001, within this period.
After six weeks, no significant behavioral differences were
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FIG. 1. Comparison of the attack latency, number of attacks, and
locomotor activity following two weeks maintenance on the various
dietary supplements consisting of 12% casein basal diet plus 4%
casein (balanced diet), 4% L-leucine, 19%-4% L-phenylalanine,
and 0.25%-1.0% L-tryptophan. Results are given as mean with SEM
of 20 determinations and expressed as a percentage of the basal 12%
casein control values (100). Significance levels are based on analyses
of variance followed where significant by comparisons of the control
mean with individual treatment means (two-tailed tests). *p <0.05;
*k5 <0.01; ***p<0.001.
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Six Weeks
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FIG. 2. Comparison of the attack latency, number of attacks, and
locomotor activity following six weeks maintenance on the various
dietary supplements. See Fig. 1 for explanatory details. Results are
given as mean with SEM of 20 determinations and expressed as a
percentage of the basal 12% casein control values (100). See Fig. 1
for explanations of statistical procedures.
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TABLE 1

EFFECTS OF PRECURSOR AMINO ACIDS ON CONCENTRATIONS OF NOREPINEPHRINE (NE), DOPAMINE
(DA), SEROTONIN (5-HT), 5-HYDROXYINDOLEACETIC ACID (5-HIAA), TRYPTOPHAN (TRYP), TYROSINE
(TYRO) AND PHENYLALANINE (PHEN) IN MOUSE BRAIN TWO WEEKS FOLLOWING DIETARY

SUPPLEMENTS
Treatment NE DA 5-HT 5-HIAA TRYP TYRO PHEN
Control (basal diet) 100 = 8 10016 100+ 6 100x 2 100 9 100x 8 100 7
+4% casein 112 = 2 94 + 18 107 = 3 92+ 9 85+ S5 128 10 123 = 4%
+1% phenylalanine 116 + 2 8 + 4 131+ 5t 98«14 75« 9 124= 16 145 = 117
+2% phenylalanine 108 = 6 81+ 4 111 =11 68 2f 100+ 9 263 = 16f 185 = 13%
+4% phenylalanine 104 = 2 104 = 7 104 = 13 68 + 4% 77 =13 689 = 1247 367 = 91*
+0.25% tryptophan 90 = 4 77+ 4 128 9% 131 9* 92+ 5 8= 9 91=x 5
+0.50% tryptophan 116 = 2 102+ 7 135+ 2% 152+ 6% 129+x13 9= 6 114+ 3
+1.00% tryptophan 112 = 4 94+ 4 165+ 6% 162+ 11f 186+ 10f 9% + 6 88+ 3
+4% leucine 782 8x 7 78 9 72+ 2f 37x 3% 29x 2% 64=x 2%

Results are given as mean + SEM (n=35 for each determination) and expressed as a percentage of basal diet
control values (100). Treatment means were compared with basal diet control group values following analyses
of variance where significant (two-tailed tests). *p<<0.05; Tp<0.01; ip<0.001. Mean ug/g + SEM for 12%
casein basal control diet: NE=0.50 + 0.04; DA=1.13 + 0.18; 5-HT=0.54 + 0.03; 5-HIAA=0.85 = 0.02;
TRYP=4.33 + 0.37; TYRO=12.62 = 1.03; PHEN=17.00 + 1.17.

TABLE 2

EFFECTS OF PRECURSOR AMINO ACIDS ON CONCENTRATIONS OF NOREPINEPHRINE (NE), DOPAMINE
(DA), SEROTONIN (5-HT), 5-HYDROXYINDOLEACETIC ACID (5-HIAA), TRYPTOPHAN (TRYP), TYROSINE
(TYRO) AND PHENYLALANINE (PHEN) IN MOUSE BRAIN SIX WEEKS FOLLOWING DIETARY

SUPPLEMENTS
Treatment NE DA 5-HT 5-HIAA TRYP TYRO PHEN
Control (basal diet) 100+ 6 100 + 10 100 = 2 100 = 3 100+ 6 100+ 7 100+ 8
+4% casein 112+ 6 111+ 4 104 = 4 92 +6* 130+ 8 B84+ 4 98 + 4
+4% phenylalanine 100 4 152+ 2% 91 =11 56 + 2% 111 =12 251 = 15% 350 = 21%
+ 1% tryptophan 100+ 4 78+ 4 173+ 9% 160+6f 190 =13 79+ 6% 96+ 2
+4% leucine 110+ 6 100+ 7 102+ 7 99 + 5 48+ 6f 31 = 28 79x 6
Purina Lab Chow 108+15 96+ 4 115+ 6 89 + 3 119+ 6 112+ 5 132+ 12

Resulits are given as mean = SEM (n=>5 for each determination) and expressed as a percentage of basal diet
control values (100). Treatment means were compared with basal diet control group values following analyses
of variance where significant (two-tailed tests). *p<0.05; tp<0.01; £p<0.001. Mean ug/g = SEM for 12%
casein basal control diet: NE=0.49 = 0.03; DA=1.14 = 0.11; 5-HT=0.54 + 0.01; S-HIAA=0.88 = 0.03;
TRYP=3.53 = 0.22; TYRO=14.34 = 0.95; PHEN=15.05 = 1.21.

noted, although a slight, dose-dependent increase in attack
frequency is suggested by the data.

Supplementation of diets with 0.25% or 0.50% tryptophan
significantly increased aggression after two weeks as meas-
ured by either the attack latency, F(3,76)=3.53, p<0.02, or
number of attacks, F(3,76)=5.46, p<0.01. However, animals
on the 1.0% tryptophan supplement were not significantly
different from controls, and no changes in aggression were
noted at any level of tryptophan supplementation after six
weeks. No differences in locomotion were noted after either
two or six weeks on these diets.

Animals receiving a 4% leucine supplement displayed no
significant behavioral effects after two or six weeks and ap-
peared similar in almost all behavioral measures to the group
on the casein supplement.

Biochemical

Tables 1 and 2 summarize biochemical data from analyses

of mouse brains after two weeks and six weeks, respectively,
on the semisynthetic diets. Results are expressed as percent
of control (basal diet) brain concentrations. Animals receiv-
ing a 4% casein supplement displayed only marginal differ-
ences in brain concentration of tryptophan, tyrosine or
phenylalanine after either two or six weeks. No differences
were noted at either time in the brain content of NE, DA, or
S-HT.

Phenylalanine supplementation (1, 2, and 4%) resulted in
large increases after two weeks in both brain phenylalanine
and tyrosine. There were no increases in either NE or DA. A
decrease in the brain concentration of S-HIAA was seen with
both 2 and 4%. The amino acid increases and 5-HIAA de-
creases were sustained for six weeks. There was a significant
increase in DA after six weeks on the 4% supplement.

Tryptophan supplementation at 0.25, 0.50, and 1.0% of
diet for two weeks resulted in consistent increases in both
brain 5-HT and S-HIAA concentrations. Significant in-
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creases in brain tryptophan concentrations were noted only
at the 1% level of supplementation. Analyses of brains from
animals on the 1% supplement for six weeks indicate that
these biochemical differences were sustained. The data also
suggest that some decreases in brain tyrosine and DA re-
sulted after this period of tryptophan supplementation.

Dietary supplements of 4% leucine resulted in striking
decreases in brain tryptophan, tyrosine and phenylalanine
concentrations. In general these effects were sustained after
six weeks. After two weeks both the catechols and the in-
doles appeared to be somewhat diminished, although only
NE and 5-HIA A were significantly below controls. After six
weeks, however, these values had returned to control levels.
Thus, the leucine-supplemented animals stood in sharp con-
trast biochemically to the casein-supplemented groups, al-
though the two sets appeared to be quite similar behav-
iorally. The data given in Table 2 for animals maintained on
Rat/Mouse Purina Chow also show that the semi-synthetic
casein control diet does not result in artificial neurochemical
control values.

DISCUSSION

It is apparent that the source or level of dietary protein in
the present study had no significant effect on the measured
behaviors. Only marginal differences were noted in brain
amino acids or their metabolites from animals on Purina
Chow (22% protein) or the semi-synthetic diets containing 12
or 16% casein protein. Weight gains of the animals was the
same on all diets at all times, and no physical differences
between animals in the various groups were apparent. Ani-
mals on the 16% casein diets appeared to be slightly more
aggressive than those on 12% casein, but the difference was
not significant. Similarly, no significant behavioral changes
in leucine-supplemented animals were observed at either two
or six weeks.

Tryptophan supplementation at low levels significantly
increased aggression after two weeks. No differences in ag-
gression were obtained, however, at the highest level of
supplementation at either two or six weeks. Others have
reported that administration of 5-HTP decreased aggression
in mice [30] and muricide in rats [35] whereas a tryptophan-
free diet increased muricide in rats [21]. Also it has been
reported that lesioning of the dorsal raphe nucleus or re-
moval of the olfactory bulbs, reducing the 5-HT level, in-
creased aggression in rats [33]. Inhibition of 5-HT synthesis
by PCPA or PCMA reportedly increases aggression in rats
[49] and mice [29].

In the present study, no differences in motor activity after
either two or six weeks on the tryptophan supplemented
diets were observed. The findings of others vary. some have
observed that administration of tryptophan, 5-HTP (IP) or
5-HT (intraventricularly) resulted in decreased motor activ-
ity [17, 23, 43]. Others, administering tryptophan or S-HTP
together with MAO or peripheral decarboxylase inhibitors
have reported an increase in mouse activity [40], and
stereotyped hyperactivity in rats, which can be blocked by
PCPA [32,41]. Some evidence has indicated that peripherally
formed tryptamine, which can pass the blood-brain barrier
[25], is responsible for this hyperactivity when it occurs [19].
It has been shown recently that brain tryptamine changes
contribute to enhanced motor activity produced by tranyl-
cypromine plus tryptophan in rats [41].

Phenylalanine supplementation at the lowest (1%) level
was correlated with a significant increase in locomotor ac-
tivity after two weeks in the present study. No differences
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were noted at higher levels of supplementation after either
two or six weeks. These findings are in general agreement
with the reports of others. DOPA administered with or with-
out PCPA to retard 5-HT formation caused increased
locomotor activity [37]. Intraventricular administration of
NE or DA also increased locomotor activity [27]. Further-
more, DA agonists such as apomorphine or releasers such as
amphetamine or methylphenidate increase motor activity
[14,16]. On the other hand, 6-OHDA and pimozide, a DA
receptor blocker, cause a decrease in locomotor activity [2,
8, 28, 36].

All levels of phenylalanine supplements tested signifi-
cantly increased aggression after two weeks. Studies in
which DOPA was utilized to increase brain CA have yielded
conflicting results. Some have reported that DOPA at high
doses, or at lower doses in the presence of MAOI, results in
increased aggression and excitation [70] whereas others have
reported the opposite effect [30,62]. Apomorphine, a DA
agonist, has been reported to increase aggression in rats
[20,31] but decrease aggression in mice [30]. Amphetamine
at low doses reportedly increases mouse aggression, but at
high doses decreases this behavior [30). Inhibitors of
dopamine-B-hydroxylase have been reported to both in-
crease and decrease aggression [30, 42, 50, 52].

Differences in brain CA levels in aggressive and non-
aggressive animals also are not consistent. Although some
studies have reported no differences in DA levels between
isolated aggressive mice and aggregated non-aggressive mice
in whole brain, olfactory bulbs, mesencephalon, or di-
encephalon [12,59], recent studies indicate that steady-state
DA levels are higher in the hypothalamus of aggressive rats
[4] and aggressive mice [57] when compared to non-
aggressive animals. These results are consistent with earlier
reports of higher steady-state levels and higher turnover of
CA in the whole brain of fighting mice [63].

All levels of phenylalanine supplementation resulted in
large increases in brain phenylalanine and brain tyrosine, the
amino acid derived from it which serves as the immediate
precursor for CA synthesis. These amino acid increases were
sustained over the six-week interval. No changes in brain
catechols were observed after two weeks, although DA was
significantly increased after six weeks on the 4% supple-
ment. Similar increases following administration of
phenylalanine or tyrosine in these amino acids in the brain
have been reported [67]. Also, administration of tyrosine
systemically in rats pretreated with a peripheral decar-
boxylase inhibitor has been shown to increase brain DOPA
[68]. Oral administration of phenylalanine, as part of a pro-
cedure to produce experimental phenylketonuria in rats, re-
portedly increased brain NE or DA [1,24]. It is often as-
sumed that the concentration in brain of both of these
catechols is under feed-back control on tyrosine hy-
droxylase, the first enzyme in the pathway to their formation
[44,45]. Evidently, however, some changes in this system
occur after prolonged periods of amino acid administration.
This was confirmed in another study in our laboratory in
which animals maintained on phenylalanine supplements
showed an approximately 50% increase in brain DA com-
pared to controls after five weeks but not after one week
[56]. The finding that dietary supplements of tryptophan in-
creased brain tryptophan, 5-HT and 5-HIAA agrees with re-
ports of similar increases obtained in other studies [18, 22,
67, 69]. It is noteworthy that these levels were also sustained
after six weeks on the dietary regimen.
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Thus, the present findings indicate that changes in brain
amino acid, catechol or indole content resulting from the
amino acid supplements, were relatively stable over the
six-week period. Behavioral differences seemed to be much
less permanent, however, appearing within two weeks and
disappearing after six weeks of the dietary regimens. A
number of studies in animals and humans have indicated that
tolerance develops to drug-induced alterations of
monoamine neurotransmitter metabolism. Tolerance in mice
has been reported to develop to increased locomotor activity
induced by repeated injections of S-HTP following peripheral
decarboxylase inhibition [40]. Also, rapid tolerance to in-
creased motor activity in rats was observed following re-
peated injections of PCMA [15]. Marked increases in psychic
and motor activity have been produced in chronic schizo-
phrenic patients by oral administration of 5-HTP with a pe-
ripheral decarboxylase inhibitor, but these effects were
greatly attenuated with continued maintenance at very high
doses [69]. These instances of behavioral tolerance, includ-
ing the present results, may be explained at a biochemical
level by studies of the adenylate cyclase system responsible
for mediating the effects of catecholamines. Chronic recep-
tor stimulation with catecholamines produces a subsensitiv-
ity of the adenylate cyclase to adrenergic agonist [5, 60, 64].
The application of adrenergic agonists to tissues frequently
results in a subsensitive response (i.e., tolerance) to the sub-
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sequent addition of agonists [53,58].

Presumably because of competition for uptake by a com-
mon carrier, a given amino acid may exert an indirect influ-
ence on the brain level of another amino acid and neuro-
transmitters or other metabolites derived from it [6,46]. We
observed that after six weeks on the highest level of tryp-
tophan supplementation, brain tyrosine and DA levels were
somewhat below control levels. Similar effects have been
observed caused by the administration of S-HTP [3]. We also
noted that phenylalanine supplements significantly reduced
5-HIAA levels at both two and six weeks. Surprisingly, no
major changes in tryptophan or 5-HT were observed. This
might be expected not only by reason of ‘‘competition for
carrier’’, but also because phenylalanine has been noted to
have a direct inhibitory effect in vitro on tryptophan hy-
droxylase [47]. Indeed, others have reported that
phenylalanine administration reduces brain tryptophan und
5-HT [24]. Also as anticipated, leucine supplements caused a
striking reduction in brain tyrosine, phenylalanine and tryp-
tophan, a finding generally in accord with the observations of
others [67].

In addition to 5-HIAA, other indices of monoamine re-
lease such as HVA and DOPAC might indicate the variables
responsible for the behavioral changes observed. Also, it
should be noted that analysis of whole brain constituents
provides only a baseline for further, more specific analyses
of biochemical events [45].
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