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BRADY, K., J. W. BROWN AND J. B. THURMOND. Behavioral and neurochemical effects of dietary tyrosine in young
and aged mice following cold-swim stress. PHARMAC. BIOCHEM. BEHAV. 12(5) 667-674, 1980.—The effects of dietary
supplements of L-tyrosine on aggressive behavior, locomotor activity, and brain neurochemical changes were assessed in
young and aged mice following cold-swim stress. Male CF-1 mice, ages 3 months and 21 months, were maintained on a
semi-synthetic basal diet for one week, pretested for aggressive behavior and locomotor activity, then switched to diets
modified by the addition of tyrosine or casein (control). After one week on the diet supplements, half of the mice were
stressed by cold water swim and all were again subjected to behavioral testing. Members of each group were sacrificed for
analysis of amino acids and monoamines in brain tissue and corticosterones in blood. It was found that tyrosine supple-
mentation induced a marked increase in aggressive behavior in young, nonstressed mice but not in aged mice. Stress
decreased the aggressiveness of both young and aged mice, and tyrosine prevented this stress-induced decrease in both
groups. Young mice exhibited no changes in locomotion as a function of stress or diet. However, tyrosine prevented
decreases in locomotion observed on second testing of both stressed and nonstressed older mice. The effect of stress was to
lower levels of brain norepinephrine (NE) and dopamine (DA) in both young and aged mice. Tyrosine supplementation
increased brain tyrosine and DA in both groups. Brain serotonin levels were lower in the aged mice compared to the
younger ones, and this was associated with relatively higher concentrations of 5-hydroxyindoleacetic acid. It appears that
tyrosine supplementation was effective in reducing the effects of stress in the aged animals, possibly by virtue of its

relationship to catecholamine metabolism.
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SIGNIFICANT reductions in brain catecholamine levels and
turnover occur with aging. Comparing senescent and mature
C57BL/6J male mice, Finch found a 25% reduction in striatal
DA concentrations and a 50% reduction in turnover of both
DA and NE [17]. Synthesis in brain of *H-DA or *H-NE from
3H-tyrosine or *H-DOPA injected IP was reduced 20-80% in
the older animals. No age-dependent differences were found
in the uptake of precursors. Comparing 4 months old and 25
months old male rats, Miller et al. reported a 50% reduction
in hypothalamic DA and NE concentrations [35]. Similar
findings have been reported for humans {5).

In general the plasma level of corticosterone does not
change significantly with age, but adrenocortical respon-
siveness to stress appears to decline somewhat in both mice
and rats. Finch et al. reported that plasma levels of cortico-
sterone (and most other hormones) did not change with age in
C57BL/6J and DBA/2J male mice, but after cold stress or
challenge with ACTH, plasma steroid levels showed smaller
increases in older mice [18,19]. These findings have been
confirmed by others [12, 25, 40]. Glucocorticoids or stress
reactions causing their production are known to stimulate
the induction of certain enzymes such as tyrosine amino-
transferase (TAT) in the liver [21]. This induction is delayed
in aging rodents, although no significant age-related impair-

ment in TAT induction was noted when corticosteroids were
injected IP [19]. Roth has observed that in vitro binding of
glucocorticoids declines significantly with aging in rat brain
and muscle but not in liver [42].

Finch has speculated that age-related neurochemical
changes originating at the brain-pituitary level may provide
the basis of the observed decline in the stress response as
measured by induction of liver enzymes [16]. Stress gener-
ally results in increased release of ACTH from the hypothal-
amus [34]. The roles of specific neurotransmitters in the con-
trol of this process have not yet been fully elucidated, but
there is a considerable body of evidence suggesting that
catecholamines are important [3, 26, 37, 44]. The feedback
inhibitory effects of adrenal steroids on ACTH release may
also be mediated by catecholaminergic mechanisms [27,31].

A number of investigators now have shown that brain
monoamine levels can be raised by increasing dietary levels
of tryptophan, tyrosine, or phenylalanine [11, 15, 22]. Re-
search conducted in our laboratory has confirmed these
neurochemical changes and demonstrated correlative altera-
tions in behavior resulting from the different dietary regi-
mens. Using male CF-1 mice, we found that dietary supple-
ments of tyrosine increased brain levels of tyrosine and DA
and at the same time increased aggressive behavior and
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locomotor activity {52,53]. Others have reported that ag-
gression in mice is increased by high doses of L-DOPA [57].

Little is known about the behavioral effects of stress in
aging animals, although one would anticipate that recovery
from stress as determined by measurements of active behav-
ior would show a deficiency in comparing aged with young
adult animals. Such a deficiency might be related to differ-
ences in adrenocortical response which may in turn be re-
lated to reductions in brain catecholamine levels and turn-
over occurring with age. Hence, the research described here
was designed to determine the effect of dietary tyrosine
supplements on both neurochemical and behavioral changes
taking place in aged mice subjected to stress.

METHOD
Animals

Male albino CF-1 mice were obtained from Carworth
Farms (Wilmington, MA). Young mice (2 months old) and
older retired breeders (12 months old) were housed in spe-
cially constructed cages designed to reduce damage from
aggressive encounters. These cages consisted of ten com-
partments with small holed (6 mm square) hardware cloth
partitions which allowed some contact (sniffing, touching)
but prevented fighting. At the time of experimentation, the
young mice were 3 months old whereas the aged mice were
21 months old. Both groups of mice were housed under
identical conditions (5 per polypropylene cage) during the
period of the experiments. The laboratory was maintained at
a temperature 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 per-
formed during the first half of the dim portion of the cycle,
between 12 noon and 5 p.m.

Diet

All mice were given free access to water and Rat/Mouse
Purina Chow until initiation of the experiment. At this time,
all mice designated as ‘“‘residents’’ in behavioral tests were
given free access for one week to water and a semi-synthetic
basal diet (all diet materials were obtained from ICN Phar-
maceuticals, Cleveland, OH) of the following composition:
12% casein protein, 5% corn oil, 70% corn starch, 2% cel-
luiose, 4% Salt Mixture XIV, 2.29% Vitamin Diet Fortifica-
tion Mixture, 4.8% dextrose. The animals were then assigned
to one of eight groups (N=20 per group). During the second
week, four of these groups received the 12% casein diet
supplemented with 4% L-tyrosine, and the other four groups
received a supplement of 4% casein (to provide a total of 16%
protein having the same balance of amino acids as the basal
diet). The supplements replaced equal weights of dextrose;
thus, all diets were isocaloric. All dietary materials 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 pur-
poses of feeding. Other mice, designated as ‘‘intruders’’ in
the behavioral test, were continued on Rat/Mouse Purina
Chow. Animals were weighed weekly to determine if any
major physical differences occurred as a result of the dietary
regimens.

Behavior

A complete description of the apparatus used for produc-
ing and measuring territorial aggression has been published
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[51]. 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 bedding.
After this interval, a naive intruder mouse is placed on the
tower and aggressive behavior is observed. Typically, the
resident mouse intercepts and attacks the intruder within the
first several min of the test. Most of the resident’s aggression
displayed toward the intruder 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. An attack is defined as a
bout of activity lasting 1-5 sec during which at least one bite
is inflicted.

In order to obtain a measure of recovery from the cold
water stress, locomotor activity was measured by using the
motimeter described by Knoll [28]. In this device the animal
moves over aluminum contact plates mounted 4 mm apart in
a clear Plexiglas box (testing cage) and a count is recorded
for every passage between two plates. Each mouse was
tested singly in one of five identical testing cages thus per-
mitting the automatic recording of locomotor activity.

Stress

The stress apparatus consisted of a 20x48 cm Plexiglas
tank, 23 cm deep, partially filled with water to a depth of 11
cm. Water temperature ranged from 2° to 6°C. Forty-eight
minutes prior to observing aggressive behavior, half of the
animals on each diet supplement (4% tyrosine and 4% casein)
were cold water stressed for 3 min. Each animal was re-
moved from its behavioral test chamber and placed gently in
the tank of water and permitted to swim for the required
period. Immediately after removal from the tank, rectal tem-
perature was recorded by inserting a telethermometer probe
3.5 c¢m into the rectum. Nonstressed animals were treated
identically, except that they were placed for 3 min in a clean
polypropylene mouse cage during this interval. This control
procedure was used rather than placing the animals into am-
bient temperature water since Stone [48] has shown that the
behavioral and neurochemical effects of acute swim stress
are due to hypothermia rather than forced swimming per se.

Procedure

Two sets of behavioral measures were recorded, the first
to provide a baseline for all animals prior to treatment, and
the second set to determine the diet and stress treatment
effects. One week after mice were placed on the 12% basal
casein diet, the first set of behavioral tests was administered.
On the basis of these tests, the young and aged animals were
randomly divided into eight groups, with the constraint that
each group showed comparable levels of aggression and
locomotor activity. Two groups of young and two groups of
aged mice were then fed the 4% tyrosine supplement for one
week; the remaining groups were fed the 4% casein supple-
ment. Following this, one group on each diet supplement
was cold-water stressed whereas the other was not, then all
groups were subjected to a second series of behavioral tests.

Biochemical Determinations

Separate groups of young and aged animals (N=5 per
group) were maintained on dietary supplements and treated
identically except that they were not subjected to the second
set of behavioral tests. At the same time that these tests
would have been initiated, the animals were sacrificed by
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FIG. 1. Comparison of the effects of cold-swim stress on number of
attacks in young and aged male mice. Animals were maintained on a
12% casein basal diet for one week (before treatment) then switched
to supplements consisting of the basal diet plus 4% casein or 4%
L-tyrosine. Results are given as mean with SEM of 20 determina-
tions.

cervical dislocation, their brains rapidly removed and
homogenized in ten volumes of cold acidified n-butanol.
Serotonin (5-HT),5-hydroxyindoleacetic acid (5-HIAA), DA
and NE in whole brain were determined spectrophoto-
fluorometrically according to the method of Chang [6] and
Cox and Perhach [7]. Amino acids were also analyzed,
tyrosine (TYR) according to the method of Wong et al. [54]
as modified by Phillips [38], and tryptophan (TRP) according
to Denckla and Dewey [10].

Blood was collected at the time of sacrifice, and plasma
corticosterone levels were determined by the method of
Silber et al. [46].

Statistical Analyses

The data were analyzed with use of multivariate analyses
of variance; for the behavioral data, analyses of covariance
were conducted using the pre-test baseline data obtained for
aggression scores and activity measures as covariates [36].
Where the overall analysis of treatment effects indicated
statistical significance, planned orthogonal comparisons
were made to determine more specifically the interactive
effects of age, diet, and stress on the dependent measures
recorded [30].

RESULTS
Weight Gain

The young and aged mice in each of the diet supple-
mented groups gained approximately the same amount of
weight during the period of maintenance on the diets. No
differences in weight gain were noted between animals on
the “‘cake’ diets used in these studies and those fed either
Rat/Mouse Purina laboratory chow or powdered semi-
synthetic diets of the same composition used in earlier
studies. The young mice ranged between 25-41 g in weight
before administration of the diet and 31-42 g following diet
treatment; for aged mice, the range was 33-48 g before diet
treatment and 34-50 g afterwards.

Behavioral

The multivariate analysis of covariance indicated signifi-
cant effects due to the type of diet: F(3,147)=9.39, p<0.001,
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FIG. 2. Comparison of the effects of stress on latency to attack in
young and aged mice maintained on the casein and tyrosine dietary
supplements. Results are given as mean with SEM of 20 determina-
tions.

stress, F(3,147)=12.36, p<0.001, age, F(3,147)=2.65,
p<0.05, and age X stress interaction, F(3,147)=3.96, p<0.01.
Univariate tests provided by the analysis indicated sig-
cant effects on number of attacks due to diet, F(1,149)=
14.10, p<0.001, stress, F(1,149)=9.05, p<0.01, age
x stress interaction, F(1,149)=8.51, p<0.01; effects on
latency to attack due to stress, F(1,149)=35.97, p<0.001,
ageXstress interaction, F(1,149)=9.58, p<0.01, dietxstress
interaction, F(1,149)=6.19, p<0.05; effects on locomotor
activity due to diet, F(1,149)=9.93, p<0.01.

Figure 1 shows the effects of diet, stress and age on the
number of attacks inflicted by resident (treated) mice on in-
truder mice before and after treatment. The results of
planned comparisons made following significant effects ob-
tained based on the overall analyses of variance indicated the
significance of specific treatment effects. In Fig. 1 it can be
seen for the young nonstressed animals that the number of
attacks increased markedly after treatment with the tyrosine
supplemented diet, F(1,4)=8.04, p<0.05. However, the
number of attacks in the young tyrosine supplemented mice
decreased after stress relative to the nonstressed group,
F(1,4)=14.86, p<0.05. By comparison, the effect of stress
was more severe when no tyrosine supplement was provided
(i.e., in mice fed the 4% casein supplement), but the differ-
ence here did not reach statistical significance. Whereas ag-
gression decreased following stress in the aged males fed the
casein supplement, a slight increase in number of attacks
was evidenced by the aged animals on the tyrosine supple-
ment, F(1,4)=14.06, p<0.05. Compared to the young
nonstressed mice, which showed a marked increase in ag-
gression after the tyrosine supplement, the number of at-
tacks following tyrosine in the aged control animals did not
change.

The data in Fig. 2 showing the effects of diet, stress, and
age on latency to attack generally are consistent with those
obtained for number of attacks, as would be expected since
these two measures of aggression tend to co-vary inversely
with changes in levels of aggression. Comparison of control
and stress groups shows that latency to attack in the young
animals increased following stress in both the tyrosine sup-
plemented group, F(1,4)=14.68, p<0.05, and the casein
supplemented group, F(1,4)=27.7, p<0.01. In the aged mice,
latency to attack increased following stress when the casein
supplement was provided, F(1,4)=10.41, p<0.05, but la-
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FIG. 3. Comparison of the effects of stress on locomotor activity in
young and aged mice maintained on the casein and tyrosine dietary
supplements. Results are given as mean with SEM of 20 determina-
tions.

tency did not change in those fed the tyrosine supplement.

Figure 3, showing the effects of the treatments on
locomotor activity, reveals that motor activity decreased
slightly between the before and after treatment measures for
all conditions, possibly reflecting habituation to the motime-
ter tests. Levels of motor activity in the young stressed
animals after treatment can be seen in Fig. 3 to be approx-
imately the same as those for control (nonstressed) mice,
indicating that 2 hr was sufficient for these animals to evi-
dence recovery from the cold water swim. Aged mice fed the
tyrosine supplement, in both the control and stressed
groups, evidenced smaller drops in motor activity after
treatment than did the aged control animals under the same
conditions. This finding is significant as indicated by the re-
sults of the multivariate analysis of variance which yielded
an overall effect of diet on locomotor activity,
F(1,149)=9.93, p<0.01.

Body Temperature

Rectal temperatures recorded for animals that were not
cold-swim stressed averaged 38.4°C. Mean temperature for
the young and aged mice immediately following stress were
24.9°C and 28.6°C, respectively (p<0.001). Thus, im-
mediately following the cold-swim, the drop in body tem-
perature was less for the aged mice than for the young ones,
a finding no doubt related to the insulation provided by the
fat deposits typical of older, heavier mice. At the time of
aggression testing, rectal temperatures for both the young
and aged mice had returned to approximately 37.0°C and did
not differ significantly.

Because of the difference in temperature between the two
age groups observed immediately after stress, a multivariate
analysis of covariance was conducted on all of the behavioral
data using the rectal temperature of each animal measured
immediately after stress as a fourth covariate (along with the
three pretreatment behavioral measures of number of at-
tacks, latency to attack, and locomotor activity). The results
of this analysis indicated that the main effects of the diet
factor on the posttreatment behavioral measures remained
significant, F(3,146)=9.40, p<0.001, as did also the main
effect of age, F(3,146)=3.5, p<0.05. There was no change in
the significant effects obtained as a result of the planned
comparisons when rectal temperature was included as a
covariate.
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Plasma Corticosterone

Although the cold swim provides a rather severe stress as
borne out by behavioral and neurochemical data (see below),
no statistically significant changes were noted in plasma cor-
ticosterone levels in the young mice; plasma concentrations
for young animals averaged 10.8 n.g/100ml + 3.3. Plasma cor-
ticosterone levels rose significantly following cold swim in
the aged mice, from 13.6 ug/100 ml + 5.5 to 18.7 ug/100
ml = 5.9, 1(27)=2.36, p<0.05.

Neurochemical

Table 1 summarizes data on brain catecholes, indoles and
amino acids in the eight groups of mice tested. The data were
analyzed with use of multivariate analysis of variance proce-
dures in which the three independent variables (diet, stress,
and age) were manipulated and six dependent measures (NE,
DA, 5-HT, 5-HIAA, TYR, and TRP) were analyzed. A set of
planned comparisons, identical to those used for determining
effects of behavior, were also used in this analysis.

The multivariate analysis of variance indicated signifi-
cant effects of diet, F(6,27)=14.94, p<0.001, stress,
F(6,27)=7.23, p<0.001, and age, F(6,27)=8.42, p<0.001.
Univariate tests provided by the analysis indicated signifi-
cant effects on NE due to stress, F(1,32)=41.53, p<0.001;
DA due to diet, F(1,32)=36.19, p<0.001, and stress,
F(1,32)=5.75, p<0.05; 5-HT due to age, F(1,32)=21.32,
p<0.001; 5-HIAA due to age, F(1,32)=16.43, p<0.001; TYR
due to diet, F(1,32)=77.78, p<0.001, and age, F(1,32)=5.01,
p<0.05; TRP due to stress, F(1,32)=6.93, p<0.05.

There were no significant effects revealed by the uni-
variate tests for either the diet or age factor in the analysis of
NE. The stress induced decrease in levels of NE shown in
Table 1 for the aged mice is significant for both the tyrosine-
fed group, F(1,4)=27.24, p<<0.001, and the group fed the
casein supplement, F(1,4)=12.84, p<0.05. The higher con-
centrations of DA shown in Table 1 for animals fed the
tyrosine supplement was significant for young nonstressed
mice compared to those on the casein supplement,
F(1,4)=9.35, p<0.05, and between the aged groups of mice
under the same conditions, F(1,4)=12.56, p<0.05. Also, the
aged stressed animals fed tyrosine had higher DA levels than
their stressed counterparts on the casein supplement,
F(1,4)=12.83, p<0.05.

It is apparent from the data of Table 1 that the young
animals evidenced higher brain concentrations of 5-HT
across all treatment conditions compared to the aged mice.
The mean 5-HT level for the four groups of young animals
was 0.904 ung/g whereas that for the aged animals was 0.648
ng/g, hence the significant effect of age on 5-HT indicated by
the univariate test noted above. The main contribution to
this effect can be seen to come from a comparison between
the 5-HT levels of the young and aged animals who were
fed the tyrosine supplement and subjected to stress,
F(1,4)=13.71, p<0.05. The age factor also significantly af-
fected 5-HIAA, as noted above, the aged animals having
higher levels of this 5-HT metabolite than the younger
animals. In particular, examination of Table 1 shows that the
mean level of 5-HIAA was considerably higher for the aged
animals on the tyrosine supplement who were not stressed
than the young animals under the same treatment conditions,
F(1,4)=12.67, p<0.05.

As might be expected, treatment with the tyrosine sup-
plement raised the levels of TYR in both age groups and
under stressed and nonstressed conditions (Table 1). The
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TABLE 1

EFFECTS OF DIET SUPPLEMENT, STRESS, AND AGING ON CONCENTRATIONS OF
NOREPINEPHRINE (NE), DOPAMINE (DA), SEROTONIN (5-HT),
5-HYDROXYINDOLEACETIC ACID (5-HIAA), TYROSINE (TYR), AND TRYPTOPHAN (TRP)
IN MOUSE BRAIN. RESULTS ARE GIVEN AS MEAN ug/g WET WEIGHT + SD (N=5 FOR
EACH DETERMINATION)

Group NE DA S-HT S-HIAA TYR TRP
Young tyrosine nonstressed  0.501 2.264  0.746  0.787 56.861 3.467
+0.025 %0974 =+0.113 ==0.321 =24.116 =0.429
Young tyrosine stressed 0.416 1.577 1.003 0.820 43.734 3.168
+0.043 +0.464 =+0.337 =0.119 =12.031 =+0.740
Young casein nonstressed 0.530 1.270 0.931 0.743 14.182 2.824
+0.087 +0.260 =0.166 =0.270 =4.253 =0.495
Young casein stressed 0.463 0.978 0.939 0.814 17.141 3.763
+0.055 =+0.616 =0.146 =0.089 =+6.942 +0.238
Aged tyrosine nonstressed 0.614 2.416 0.633 1.272 31.253 2.936
+0.070 +0.232 =0.160 =0.369 +5295 =+0.530
Aged tyrosine stressed 0.396 2.132 0.584 0.979  47.082 3.486
+0.070 +0.628 +0.070 +0.098 =14.001 =0.400
Aged casein nonstressed 0.537 1.264 0.710 1.075 12.407 2.803
+0.091 =+0.199 =+0.141 =+0.167 =1.689 =0.489
Aged casein stressed 0.387  0.968  0.665 0.947 9.194 3.370
+0.035 +0.104 =0.149 =0.047 +1.076 =0.713

results of planned comparisons among the different treat-
ment groups indicated significantly higher levels of brain
tyrosine for young animals fed the tyrosine supplement
whether stressed, F(1,4)=13.87, p<0.05, or nonstressed,
F(1,4)=35.74, p<0.01, and for aged animals when stressed,
F(1,4)=28.17, p<0.01; the lesser increase observed for aged
nonstressed animals on the tyrosine supplement nearly
reached significance as well, F(1,4)=6.97, p<0.06. Compari-
sons between the young and aged mice concerning these diet
effects indicated that the young mice fed tyrosine who were
not stressed had significantly higher levels of brain tyrosine
than the group of aged mice receiving identical treatment
conditions, F(1,4)=12.87, p<0.05.

As indicated above, a significant overall effect on TRP
was obtained due to the effects of stress, and Table 1 shows
that levels of brain tryptophan in the stressed animals ex-
ceeded those of the nonstressed animals for all groups except
the young mice fed the tyrosine supplement. However, only
the increase in brain tryptophan seen in the young stressed
animals fed the casein supplement is significantly higher than
those who were not stressed, F(1,4)=7.93, p<0.05.

DISCUSSION

Our data showing increased levels of brain tyrosine and
DA in both young and old animals following tyrosine sup-
plementation confirm and extend the findings of Wurtman et
al. [56] and Gibson and Wurtman [20]. These investigators
have demonstrated that tyrosine supplementation in con-
junction with a central L-aromatic decarboxylase inhibitor
resulted in an increase in DOPA, the immediate precursor of
DA. Some age-related differences in brain tyrosine also were
noted, but these may be of marginal significance in that
Finch [16] reported no differences in tyrosine uptake ability.

Brain NE levels showed no significant changes as a result of
the diet treatment. This was not unexpected, since others
have shown that NE levels are closely regulated by feedback
on tyrosine hydroxylase [55].

Prior work in our laboratory has demonstrated that main-
taining male albino mice on a semi-synthetic 12% casein
protein diet supplemented with 4% tyrosine results in a
marked increase in aggressive behavior [52]. Those findings
were replicated here, although only in the younger nonstres-
sed mice did the tyrosine supplement produce a large in-
crease in levels in aggression. Also, the tyrosine supplement
was somewhat effective in reducing the detrimental effects
of the cold swim stress on behavior in the young mice. Ad-
ministration of the stressor to the young mice produced
comparable drops in brain NE concentrations in the tyrosine
and casein supplemented groups, but brain TYR and DA
levels were higher for mice given the tyrosine supplement.

The tyrosine supplement produced rather different behav-
ioral results in the aged mice. It had only a mild stimulating
effect on aggressive behavior but had surprisingly strong ef-
fects in reducing the debilitating effects of the cold swim
stress on aggression and motor activity. Indeed, the aged
animals fed the tyrosine supplement evidenced slightly
higher levels of aggression (in terms of number of attacks)
after the stress than the control group of tyrosine-fed animals
that were not stressed.

Much of the literature suggests an age-related vulnerabil-
ity of the DA system [17], but no differences in DA or NE
brain concentrations were observed in the present study be-
tween the nonstressed young and aged mice. This may have
resulted from the use of whole brain analyses which would
not reflect a decline in a specific brain region. It was
anticipated, however, that the cold-swim stress would
exacerbate age-related changes in the catecholamines (CA).
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While the stress resulted in a decrease in CA in both age
groups, very marked drops in NE levels occurred in the aged
animals following stress. Others have shown that a cold
stress-induced depletion of NE is much more severe in 7
months old than in 3 months old rats [41]. Moreover, the
time required for restoration of NE levels in the older
animals was twice as long as that for the younger group.

Brain TRP levels generally were higher in stressed than
nonstressed animals. Stress has been shown to result in an
increase in S5-HT synthesis in the rat brainstem-
mesencephalon [49] and various other brain regions [4]. Bliss
[4] has suggested that while foot shock accelerates the
metabolism of 5-HT in rats, it is rapidly resynthesized so that
decrements are rarely found; however, the accelerated
metabolism of serotonin with foot shock was indicated by
increases in S-HIAA. Curzon [9] suggested a possible mech-
anism for a stress-induced decrease in S5-HT levels.
Serotonergic mechanisms have been implicated in the regu-
lation of adrenocorticotropin hormone (ACTH). Injection of
cortisol results in a decrease in brain levels of 5-HT and
5-HIAA within a matter of hours. Thus, there may be a
feedback mechanism whereby S-HT stimulation facilitates
corticosterone production which in turn decreases 5-HT.
Azimitia and McEwen [1] reported that tryptophan hy-
droxylase, the enzyme catalyzing the rate determining step
in 5-HT synthesis, is regulated by corticosterone. Thus,
stress-induced increases in corticosterone may result in a
decrease in the synthesis of 5-HT.

Although the cold swim provided a rather severe stress,
no significant changes in the concentrations of plasma cor-
ticosterone were noted in the young mice. Data from prior
studies indicate that the plasma corticosterone response to
stress in mice is quite variable, depending upon both the
strain of mouse and type of stress. For example, following
cold exposure, C57BL/10J mice have shown an increase in
corticosterone response, CBA/J animals exhibit no re-
sponse, and BALB/cJ mice show a significant reduction [43].
Levine and Treiman [29] have shown that not only does the
magnitude of the plasma corticosterone response to stress
vary but the time of this response differs greatly among ge-
netic strains of mice.

One might speculate on a possible peripheral mechanism
for the increase in tryptophan. Curry and Curry [8] reported
the finding in an in vitro study (perfused rat pancreas) that
hypothermia directly inhibits insulin secretion and that there
exists a direct relationship between tissue temperature and
the total quantity of insulin released. They suggest that re-
warming could possibly result in a hypersecretion of insulin.
Fernstrom et al. [14] have shown that insulin increases total
serum tryptophan and decreases serum concentrations of
other amino acids which compete with it for uptake by brain.
The result is that insulin secretion increases brain tryptophan
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and S-HT concentrations.

Serotonin has been implicated in temperature control.
Studies in mice after prolonged exposure to cold have shown
a brief initial increase in 5-HT followed by a marked de-
crease [24]. Others have reported that intra-hypothalamic
injection of 5-HT in the rat resulted in hyperthermia when
low doses were employed [39]. Barofsky and Feldstein [2]
postulated that S-HT was hyperthermic in the mouse but that
its metabolite, 5-hydroxytryptophol, was hypothermic. Others
have obtained results which support this idea [45].

Neurochemically, the young and aged mice differed re-
garding brain levels of 5-HT and 5-HIAA as a function of the
kind of diet supplement and the effects of stress. Aged
animals taken as a whole had relatively lower levels of 5-HT
and higher levels of 5-HIAA. When these results are consid-
ered in relation to changes in brain CA concentration with
stress, they suggest that all three monoamines acting in con-
cert may have been responsible for the behavioral changes
observed. Other investigators have postulated a reciprocal
relationship between CA and 5-HT functions to account for
affective aggressive behavior in mice [32]. There also is evi-
dence that a number of behaviors in rodents may be related
to the ratio of brain DA and NE concentrations. Increased
shock-induced fighting in rats has been found due to treat-
ment with 6-hydroxydopa, which reduced brain NE but left
brain DA unaffected [50]. In another study, rats adminis-
tered PCPA in combination with 6-hydroxydopa showed
higher levels of aggression than animals receiving
6-hydroxydopa alone [13]. Although brain NE and 5-HT
were lowered substantially, DA was changed little. It has
been suggested that a ratio which takes into account the
DA-+(NE+5-HT) relationship might best account for the
facilitation of aggression. The significant increases in
5-HIAA which we observed in the aging mice may be taken
to indicate, as others [47] have reported, an enhanced
metabolism of 5-HT. When the ratios of DA+(NE+5-HIAA)
were calculated, these turned out to be highly correlated
with the mean aggression scores for both young and aged
groups of animals, r=.889, 1(14)=7.05, p<0.001. The aged
mice fed the tyrosine supplement had the highest levels of
NE and 5-HIAA of any groups in the experiment. This may
account for the failure of tyrosine to facilitate aggression in
these older animals, although DA concentrations were high.
The DA+ (NE+5-HIAA) ratio also was lower in the aged
casein supplemented animals, and so was the mean level of
aggression. On the other hand, the aged tyrosine fed animals
showed a high level of aggression following the cold-swim
stress compared to the young animals on tyrosine; associ-
ated with this enhanced behavioral effect was an increased
DA-+(NE+5-HIAA) ratio which resulted mainly from the
relatively low brain levels of NE and 5-HIAA in this group.
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