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= Abstract = Immobilization stress was adopted as a prototype stress model for study-
ing the effects of stress on dopaminergic and noradrenergic neuronal activity in the rat
hypothalamus. Norepinephrine content was significantly increased after 4 hours of
immobilization stress. Also, the turnover rates of both dopamine and norepinephrine
were found to be significantly increased after the stress, providing the evidence of
increased synthesis rates of both neurotransmitters. These findings were consistent with
the increase in plasma corticosterone and catecholamine levels. The activities of tyro-
sine hydroxylase and dopamine-fi-hydroxylase, the synthesizing enzymes for cate-
cholamines, were significantly increased after the stress, while that of monoamine oxi-
dase, the catabolizing enzyme, did not change to a significant degree at all. Kinetic
analysis of tyrosine hydroxylase, the rate-limiting step in catecholamine biosynthesis,
revealed that Vmax was significantly increased after the stress without significant
change of Km. These findings suggest that dopamine and norepinephrine may play a
significant role in mediating stress responses by increasing their neuronal activities.
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INTRODUCTION

Decades of research have shown that
stress induces significant changes in our
bodily processes and consequently acts as a
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possible cause of physical illnesses as well as
mental ones. It is well known that the central
nervous system plays an essential role in
mediating stress responses. However, the exact
mechanism of the central nervous system in
mediating stress responses has not been clari-
fied sufficiently as yet.

Studies on stress effects historically started
with the adrenal glands and revealed that stress
causes increased secretion of adrenal hormones
such as cortisol and catecholamines(CAs). And
the majority of the studies have been focused on
the peripheral effects of stressful stimuli(Kvetnan-
sky and Mikulaj 1970; McCarty and Kopin 1978).
With the advent of neuroscience and the develop-
ment of sophisticated technology, researchers on
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stress began to shift their zone of interest to the
central nervous system(Roth et al. 1982).

Among the studies done on the central
nervous system, the effects of stress on the
hypothalamo-pituitary-adrenal axis have received
the most consistent attention. It has been
revealed that stressful stimuli activate the axis
in humans as well as in animals(Hennessy and
Levine 1979; Sourkes 1983). It is generally
recognized that the adrenal cortical function
changes during short-term and long-term
adaptation responses to stressful stimuli. These
responses are known to be mediated by the
hypothalamo-pituitary-adrenal axis, with adre-
nocorticotropic hormone(ACTH) secretion re-
gulated by corticotropin-releasing factor(CRF)
(Weiner and Ganong 1978). CRF secretion is
known to be regulated by neurotransmitters
and the CRF structure has been identified(Vale
et al. 1981). The relationship between neu-
rotransmitters and the hypothalamo-pituitary-
adrenal axis has been widely studied:
monoamines and the circadian rhythm of
corticosteroid(Lee et al. 1982), serotonin and
the hypothalamo-pituitary-adrenal axis(Suh and
Park 1983; Suh et al. 1983), and CAs and sero-
tonin and ether stress(Suh et al. 1986).

However, the studies on neurotransmitters
and stress so far have not produced consistent
findings. For example, regarding stress effects
on dopamine(DA), there have been conflicting
results of increased content(Goldstein et al.
1980), decreased content(Herve et al. 1979).
and no change(Gordon et al. 1966; Bliss et al.
1968; Carr and Moore 1968; Gibson et al. 1969).
The effects of stress on norepinephrine(NE) is
no exception with results of decreased content
(Bliss et al. 1968; Carr and Moore 1968;
Palkovits et al. 1975) and increased content
(Roth et al. 1982).

These contradictory conclusions seem to
have been derived from limitations in the metho-
dology adopted in the studies reviewed. First,
despite the fact that content changes can be
reflections of various factors involved in
catecholamine(CA) synthesis and catabolism
and do not always reflect the activity of the

involved nervous system per se, simple
measurement of content change was mainly
adopted in the previous studies. Secondly,
stress induction methods have varied greatly,
such as surgery(Van Loon et al. 1971), electric
shock including footshock(Thierry et al. 1976;
Fadda et al. 1978; Lavielle et al. 1978; Herve et
al. 1979, Herman et al. 1982), cold stress
(Zigmond et al. 1974), drugs(Lidbrink et al.
1972: Dairman and Udenfriend 1970), insulin-
induced hypoglycemia(Weiner and Mosimann
1970), food deprivation(Knott et al. 1973),
subcutaneous injection of formalin(Palkovits et
al. 1975), ether stress(Hedge et al. 1976; Smythe
et al. 1983), and cold swimming(Hedge et al.
1976;Roth et al. 1982; Smythe et al. 1983). Stress
effects may depend on the method of induction,
stressor intensity, and duration of the applied
stressor.

Considering these factors, we in this study
tried to further elaborate the mediating mech-
anisms of stress by the CA system, determining
the CA(DA and NE) turnover rates and the ac-
tivities of CA synthesizing enzymes, tyrosine
hydroxylase(TH) and dopamine-fS-hydroxylase
(DBH), and CA catabolizing enzyme, mono-
amine oxidase(MAQ), as well as the simple
measurement of CA contents. As a prototype
stress model, we employed 4-hour immobili-
zation in our study.

MATERIALS AND METHODS

Animals

Male Wistar rats(wt. 200-250 g), raised under
controlled conditions at Seoul National University
Laboratory Animal Service, were used. The
animals were housed five in a cage in a constant
temperature  room(20-25°C) with a 12 hour
light-dark cycle(lights on from 7:.00 am to 7:00
pm) and were given commercial ratchow and
tap water ad libitum. They were allowed to
acclimatize to the conditions of a quiet labora-
tory for at least 1 hour before starting expe-
rimental procedures. They were exposed to
minimum stimuli during transport. We started all
experiments between 1:00pm and 2:00pm.



Forced immobilization was adopted as
stressor, 1.e., binding four legs on a hard board
in the supine position for 4 hours. After that, the
rats were sacrificed by neck dislocation and de-
capitation. Blood for measuring plasma cortico-
sterone was collected from severed neck blood
vessels into a heparinized tube. The whole
brain was immediately extracted and the hypo-
thalamus dissected out at 0°C(Glowinski and
lversen 1966).

Determination of corticosterone and CA con-
tents in plasma, and DA and NE contents in
the hypothalamus

Plasma corticosterone was measured with
the spectrofluorometric method of Zenker and
Bernstein(1958). Plasma CA content and hypo-
thalamic DA and NE contents were measured
by fluorometric assay as described by Ansell
and Beeson(1968).

DA and NE turnover rate measurements in the
hypothalamus

CA turnover rates were determined using
alpha-methyl-para-tyrosine, a selective anta-
gonist of TH, as an inhibitor of CA synthesis.
Rats were sacrificed by decapitation at pre-de-
fined time intervals(0, 1, 2, 4 hours) after injec-
tion of alpha-methyl-para-tyrosine(250 mg per
kg. intraperitoneal). The hypothalami were ra-
pidly removed and frozen on dry ice and kept
at -25°C until used. The rate constant(hr ' +=SE)
and turnover time(hr+SE) were calculated
using the exponential decline slope described
by Brodie et al. (1966). The synthesis rate was
calculated by multiplying steady state level and
rate constant of amine loss.

Determination of TH, DBH, and MAO activities
Hypothalamic tissue was weighed and
homogenized. After centrifugation at 6,000xg for
10 minutes, the supernatant was used for assay-
ing TH and DBH. The precipitated pellet was
dissolved again and used for measuring MAO
activity. Protein in the hypothalamic tissue was
measured as described by Lowry et al. (1951).
TH activity was measured radiochemically
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by the method of Reis et al. {1975). TH activity
was defined by the amount of dihydroxyphenyl-
alanine(DOPA) converted from tyrosine per
minute. For measuring DBH activity, dual-wave-
length spectrophotometry described by Kato et
al. (1974) was used. DBH activity was defined
as the amount of octopamine converted from
tyramine per minute.

MAQO activity was determined radioche-
mically with the method described by Fowler et
al. (1979). MAO activity was defined as the
amount of phenylacetic acid converted from
phenylethylamine per minute.

Statistical analysis

Student's t-test{paired) was used in com-
paring plasma corticosterone level and CA con-
tent, hypothalamic DA and NE contents and
turnover rates, and activities of TH, DBH and
MAQO, between the non-stressed control and the
stressed groups. Vmax and Km were deter-
mined using the least-squares method in linear
regression. All measured values were expressed
as mean *= SE.

RESULTS

Change of plasma corticosterone and CA con-
tents after immobilization stress

In stressed rats, the plasma corticosterone
content showed an increase to 4940 + 279
(mean £+ SE) ng/ml of plasma compared to
1049 + 302 ng/ml of plasma in the controls,
with a 4.7 fold increase. Comparison of the
control and the stressed groups showed a 4.4
fold increase of plasma CA content in the
stressed group(1.997 + 1.102 ng/ml of plasma
vs. 0.452 + 0.080 ng/mi of plasma) as shown in
Fig. 1(p ( 0.01 by Student's t-test, paired).

Change of DA and NE contents and turnover
rates in the hypothalamus after stress
Immobilization stress did not cause a sig-
nificant change in hypothalamic DA content
from the control level(1.017+0.090 ug/g of tis-
sue vs. 0.974+0101 ug/g of tissue)(N.S. by
Student’s t-test, paired). However, NE content
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Fig. 1. Plasma corticosterone and catechola-
mines after immobilization stress in the
rat. Results are expressed as ng per mi
of plasma(mean £ SE). Groups consisted
of 10 animals, assayed individually in
duplicate samples.
6% P(0.001 compared to non-immobilized

control rats

increased significantly in the stressed group
(1.836+0.136 ug/g of tissue vs. 1.578+0.123
ug/g of tissue)(Table 1, p{0.01 by Student’s t-test,
paired).

Table 1. Levels of dopamine(DA) and norepine-
phrine(NE) in the rat hypothalamus
before and after immobilization stress

DA NE
Control 0.974+0101 1.578+0.123
Immobilization ok
stress 1.017 +0.090 1.836 +0.136

Results are expressed as ug/g of tissue(mean
SE). Groups consisted of 10 animals, assayed
in duplicate samples.

** p¢0.01 compared to control

Regarding DA turnover, rate constant in
the stressed group significantly increased to
0.993+0.113 per hour compared to 0.731 %

0.047 per hour in the controls, with an increase
of 35.8%. Calculated turnover time decreased
significantly to 1.007 £0.095 hours by 26.4% in
the stressed group compared to 1.368+0.142
hours in the controls. Synthesis rate increased
to 1.010x0134 ug/g/hr by 419% in the
stressed group compared to the controis(Table
2, p(0.01 by Student's t-test, paired).

Table 2. Kinetic parameters of DA turnover in
the rat hypothalamus before and after
immobilization stress

rate constant turnover time synthesis rate
(hr' +SE) (hr+SE)  (ug/g/hr £ SE)

Control 07310047 1368410142 0.71210.069

Immobilization 0.993+0.113%* 1.007 £0.095** 1.010 +0.134**
stress {135.8%) (73.6%) (141.9%)

The values represent mean = SE of 5 animals of
two different experiments and were measured
from the decline of DA after alpha-methyl-para
-tyrosine administration(250 mg/Kg).

( ): % of control

** p(0.01 compared to control

Rate constant of NE in the stressed group
increased by 60.6% compared to the controls
(0.342+0.037 per hour vs. 0213+0.042 per
hour). Turnover time decreased significantly
after stress by 37.3% to 2.928=+0.311 hours
compared to 4.669+0.392 hours in the con-
trols. Synthesis rate increased significantly
by 855% to 0.627+0.090 ug/g/hour in the
stressed group compared to 0.338+0.045 ug/g/
hour in the controls(Table 3, p<0.01 by
Student's t-test, paired).

Change of TH, DBH and MAO activities in the
hypothalamus after stress

In the stressed group, TH activity increased
markedly by 63% to 48.22+451 pmoles/mg pro-
tein compared to 29.58+3.76 pmoles/mg pro-
tein in the controls, as shown in Fig. 2(p<0.01
by Student's t-test, paired). DBH also showed
an increased activity after stress to 112.2+6.51



Table 3. Kinetic parameters of NE turnover in
the rat hypothalamus before and after
immobilization stress

rate constant turnover time synthesis rate
(hr' £ SE) (hr£SE)  (ug/g/hr £ SE)

Control 0213+0.042 4669+0.392 0.338+£0.045

Immobilization 0.342 +0.037** 2.928+-0.311** 0.627  0.090**
stress (160.6%) (62.7%) (185.5%)

The values represent mean +SE of 5 animals of
two different experiments and were measured
from the decline of NE after alpha-methyl-para
-tyrosine administration(250 mg/Kg).

( ): % of control

** P(0.01 compared to control
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Fig. 2. Tyrosine hydroxylase(TH), dopamine-f-
hydroxylase(DBH) and monoamine oxi-
dase(MAQ) activities in the rat hypo-
thalamus before and after immobilization
stress. Results are expressed as pmoles/
mg protein/min. Values are means*SE
for group of 10 rats.

(] control group

stress group

*  p{0.05 compared to control
p(0.01 compared to control
N.S. non-significant

ok

pmoles/mg protein compared to 94.0%545
pmoles/mg protein in the controls, but with only
a moderate increase of 19.4% (Fig. 2, p{0.05 by
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Student's t-test, paired).

On the contrary to the increased activities
of synthesizing enzymes, the activity of MAO,
the catabolizing enzyme, did not show signifi-
cant stress effects(959.7 = 60.8 pmoles /mg
protein vs. 956.2 + 69.7 pmoles/mg protein)(Fig-
ure 2).

Change of kinetic parameters of TH in the
hypothalamus after stress

No significant change of Km was observed
in the kinetic analysis of hypothalamic TH-ac-
tivity in the stressed group compared to the
controls. On the contrary, Vmax showed a sig-
nificant increase of 55.8% in the stressed group
compared to the controls(Table 4, p<0.01 by
Student's t-test, paired).

Table 4. Kinetic parameters of tyrosine hydroxy-
lase activity in the rat hypothalamus

Km Vmax
(M) (pmoles/mg/min)
Control 257512772 942+57
Immobilization 264.0+39.1 146.8+53**
stress (155.8%)

The values represent mean +SE of 10 animals.
(). % of control
** p(0.01 compared to control

DISCUSSION

Considerable progress has been made in
the past two decades on the elucidation of the
role of neurotransmitters in mediating stress ef-
fects. Among the neurotransmitters widely stu-
died, we now know that serotonin content
changes in stress situations: it has been shown
that stress increases 5-hydroxyindoleacetic acid
content and the turnover rate of brain sero-
tonin(Bliss et al. 1968; Curzon and Green 1969;
De Souza and Van Loon 1986). The role of CA
in modulating neuroendocrine functions in the
hypothalamus has also been studied(George
and Van Loon 1982). However, many details
still remain to be clarified regarding the role of
neurotransmitters in mediating stress responses.
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We have noted that most studies have put
emphasis on the simple content change of
neurotransmitters with little attention paid to
further elaboration of the related mechanisms.
As indicated in the literature reviewed and the
inconsistent findings observed, simple measure-
ments of content change do not reveal suf-
ficient information regarding the activity of a
specific neuronal system. For example, even
when synthesis is slowed down, if secretion is
decreased further, the net content change
could be measured as increased and vice
versa.

Also, stress induction methods and du-
ration of the stressor applied have not been
standardized across the studies. The variability
of stress induction methods may have affected
metabolism by the particular method per se.
For example, it would be difficult to determine
which one contributes more between drug ef-
fect causing biochemical change in the brain
and physical stimuli of being injected. Electrical
stimuli may potentially affect neuronal functions
and may not be considered as a neutral stimu-
lus. Therefore, stress induction methods pos-
sibly affect the study outcome and it should be
taken into account as an important variable
when interpreting the findings(Hedge et al.
1976, Smythe et al. 1983). Even with the same
stressor, duration of application of the stressor
may also confound the outcome(Roth et al.
1982), making comparisons of the research out-
come difficult. It has been already noted that
content change can vary depending on the
duration of the stressor applied(Curzon and
Green 1969; Curzon and Green 1971; Kvetnansky
et al. 1977).

Therefore, we were interested in studying
the following points in this experiment: First, in
order to elaborate the role of CA in the hypo-
thalamus, which is known to react sensitively to
stressors, we did not rely solely on the simple
measurement of CA contents. We also included
measurement of CA turnover rates, which con-
tribute very significantly to the content change.
Second, we also measured all the major
enzymes involved in the synthesis and the ca-

tabolism of CA, ie., TH, the synthesizing en-
zyme, DBH, the enzyme involved during the
conversion of DA into NE, and MAQO, the major
CA catabolizing enzyme. Third, the immobilization
stressor was adopted as a prototype model
stressor(Zebrowska-Lupina et al. 1990; Hirano
et al. 1991), in order to isolate stress effects
from unnecessary confounding effects. Du-
ration of the stressor applied was determined
as 4 hours depending on the preliminary study.
We also confirmed the validity of immobilization
as a potent stressor by showing the increase of
corticosterone and CA in plasma in the stressed
group vs. the controls.

NE content was significantly increased
after stress, while DA showed no significant
content change after stress. One may simply
speculate then that NE activity is much more
facilitated under stress than DA activity(Van
Loon et al. 1971; Ganong et al. 1976). However,
there seem to be certain factors which need to
be considered. It should be taken into account
that NE neurons are more densely distributed in
the hypothalamus than DA neurons and are
probably more available to react to stress. Also,
the duration of stress, i.e., 4 hours. may be long
enough to permit a substantial amount of DA
to be converted to NE(Stone 1973).

The advantage of measuring turnover rates
is evident with the observation in the stressed
group that both DA and NE turnover rates were
increased significantly while the steady state
content change was noted only in NE. There-
fore, it is certain that turnover rate measure-
ment can provide us with more reliable infor-
mation regarding the neuronal activity of the
neurotransmitter system involved.

Further elaboration of turnover rate changes
by measuring the enzyme activities involved
showed that TH activity, the physiological rate-
limiting step in CA synthesis(Nagatsu et al.
1964), and DBH activity, were enhanced under
immobilization stress. The increased TH activity
Is thought to be an adaptation process to the
stressor, increasing CA output without decreasing
steady-state CA content. DBH activity increase
is also regarded as an adaptation mechanism



for rapid conversion of NE from DA. However,
as shown in Fig. 2, TH seems to have a domi-
nant role over DA

Measurements of Vmax(representing maxi-
mal specific activity of enzyme) and Km(repre-
senting substrate affinity) of TH provided
further elaboration on the catecholaminergic
mechanism of mediating stress responses.
Using the kinetic concepts, increased TH ac-
tivity observed could be interpreted in two
steps: 1) TH increasing its affinity to cofactor
(co-substrate) under stress situation; 2) TH in-
creasing the absolute amount of enzyme under
stress situation. The first step seems to occur in
short-term adaptation to stress and the second
one in long-term adaptation(Joh et al. 1973,
Fluharty et al. 1985). It seems that the choice of
a certain step depends on the stress-induction
method and the stress duration. In this study,
considering the duration of the stressor applied,
l.e., 4 hours, it is probable that at the initial
phase increased affinity for cofactor was
adopted. However, as the process went on, the
second step, the increase of the absolute
amount of the enzyme took over and became
the major mechanism involved. This speculation
IS supported by the finding in our study that a
significant increase of Vmax was observed with-
out a significant change of Km.

Depending on the observation that MAO
activity did not show a significant change after
stress, it may be possible that MAO does not
play a significant role in stress adaptation. A-
daptation to stress seems to involve an active
increase of synthesizing enzyme activity and
consequently an increased amount of synthesis
rather than a decreased catabolic rate by
decreasing catabolic enzyme activity(Stone
1973).

In summary, we observed findings supporting
the presence of DA and NE synthetic changes
in the hypothalamus under immobilization
stress. Increases in turnover rates of DA and NE
were evidently observed. More specifically,
synthesizing enzyme activities(TH and DBH),
major determinants of turnover rate, were found
to be significantly increased. Finally, Kkinetic
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analysis of TH revealed increased synthesis of
enzyme amount acting as a mediating mecha-
nism. Catabolizing enzyme(MAQ) did not seem
to be a major contributing factor to stress ad-
aptation. These observations provide further
elaboration on the activity of the DA and NE
neuronal systems under a stress situation.

REFERENCES

Ansell GB, Beeson MF. A rapid and sensitive
procedure for the combined assay of norad-
renaline, dopamine and serotonin in a sin-
gle brain sample. Anal Biochem 1968; 27:
196-206

Bliss EL, Ailion J, Zwanziger J. Metabolism of
norepinephrine, serotonin and dopamine in
rat brain with stress. J Pharmacol Exp Ther
1968, 164:122-34

Brodie BB, Costa E, Dlabac A, Neff NH,
Smookler HH. Application of steady state
kinetics to the estimation of synthesis rate
and turnover time of tissue catecholamines. J
Pharmacol Exp Ther 1966; 154.493-8

Carr LA, Moore KE. Effects of reserpine and
alpha-methylityrosine  on Dbrain catechol-
amines and the pituitary-adrenal response to
stress. Neuroendocrinology 1968; 3:285-302

Curzon G, Green AR. Effects of immobilization
on rat liver tryptophan pyrrolase and brain 5-
hydroxytryptamine metabolism, Br J Pharmacol
1969, 37:689-97

Curzon G, Green AR. Regional and subceliular
changes in the concentration of 5-hydroxytryp-
tamine and 5-hydroxyindoleacetic acid in the
rat brain caused by hydrocortisone, DL-
alpha-methyl-tryptophan 1-kynurenine and
immobilization. Br J Pharmacol 1971; 43:
39-52

Dairman W, Udenfrriend S. Increased conver-
sion of tyrosine to catecholamines in the in-
tact rat following elevation of tissue tyrosine
hydroxylase levels by administered phenoxy-
benzamine. Mol Pharmacol 1970; 6:350-6

De Souza EB, Van Loon GR. Brain serotonin
and catecholamine responses to repeated
stress in rats. Brain Res 1986; 367:77-86



—298—

Fadda F, Argiolas A, Melis MR, Tissari AH, Onali
PL, Gessa GL. Stress-induced increase in 3,
4-dihydroxyphenylacetic acid(DOPAC)levels
in the cerebral cortex and in nucleus
accumbens: reversal by diazepam. Life Sci
1978; 23:2219-24

Fluharty SJ, Snyder GL, Zigmond MJ, Stricker
EM. Tyrosine hydroxylase activity and cate-
cholamine biosynthesis in the adrenal me-
dulla of rats during stress. J Pharmacol Exp
Ther 1985, 233:32-8

Fowler CJ, Ekstedt B, Egashira T, Kinemuchi H,
Oreland L. The interaction between human
platelet monoamine oxidase, its monamine
substrates and oxygen. Biochem Pharmacol
1979; 28:3063-8

Ganong WEF, Kramer N, Saimon J, Reid IA,
Lovinger R, Scapagnini U, Broyczka AT,
Shackelfor R. Pharmacological evidence for
inhibition of ACTH secretion by a central
adrenergic system in the dog. Neuroscience
1976, 1:167-74

George SR, Van Loon GR. Characterization of
high affinity dopamine uptake into the
dopamine neurons of the hypothalamus.
Brain Res 1982; 234:339-55

Gibson S, McGeer EG, McGeer PL. Metabolism
of catecholamines in cold-exposed rats. J
Neurochem 1969; 16:1491-3

Glowinski J, iversen LL. Regional studies of
catecholamines in the rat brain-1. The dis-
position of (3H) norepinephrine, (3H) dopa-
mine and (3H) DOPA in various regions of
the brain. J Neurochem 1966, 13:655-69

Goldstein M, Sauter A, Ueta K, Fuxe K. Effect of
stress on central catecholamine levels. In
Usdin E, Kvetnansky R, Kopin IJ (Eds)
Catecholamines and stress: recent ad-
vances. Elsevier/North-Holland, New York,
1980: pp. 47-52

Gordon R, Spector S, Sjoerdsma A, Udenfriend
S. Increased synthesis of norepinephrine
and epinephrine in the intact rat during
exercise and exposure to cold. J Pharmacol
Exp Ther 1966; 153:440-7

Hedge GA, Van Ree JM, Versteeg DHG. Corre-
lation between hypothalamic catecholamine

synthesis and ether stress-induced ACTH
secretion. Neuroendocrinology 1976; 21:
236-46

Hennessy JW, Levine S. Stress, arousal and the
pituitary-adrenal system: A psychoendocrine
hypothesis. In Sprague JM, Epstein AN(Eds)
Progress in psychobiology and physiologi-
cal psychology, Vol. 8 Academic Press,
New York, 1979: pp.133-78

Herman JP, Guillonneau D, Dantzer R, Scatton
B, Semerdjian-RouquierL, Le Moal M. Diffe-
rential effects of inescapable footshocks
and of stimuli previously paired with ines-
capable footshocks on dopamine turnover
in cortical and limbic areas of the rat. Life
Sci 1982; 30:2207-14

Herve D, Tassin JP, Barthelemy C, Blanc G,
Lavielle S, Glowinski J. Difference in the re-
activity ot the mesocortical dopaminergic
neurons to stress in the BALB/C mice and
C57BL/6 mice. Lite Sci 1979; 25: 1659-64

Hirano T, Nagai K, Bando T, Nakagawa H. Ef-
fect of repeated immobilization stress on
the uptake of exogenous (3H) dopamine in
adrenal chromaffin cells of mice. Neurosci
Lett 1991; 129: 273-6

Joh TH, Geghman C, Reis D. Immunochemical
demonstration of increased accumulation
of tyrosine hydroxylase protein. Proc Natl
Acad Sci USA 1973; 70:2767-71

Kato T, Kuzuya H, Nagatsu T. A simple and
sensitive assay for dopamine-beta-hydro-
xylase activity by dual-wavelength spectro-
photometry. Biochem Med 1974, 10:320-8

Knott PJ, Joseph MH, Curzon G. Effects of food
deprivation and immobilization on trypto-
phan and other amino acids in rat brain. J
Neurochem 1973; 20:249-51

Kvetnansky R, Mikulaj L. Adrenal and urinary
catecholamines in rats during adaptation to
repeated immobilization stress. Endocri-
nology 1970; 87:738-43

Kvetnansky R, Palkovits M, Mltro A, Torda T,
Mikulaj L. Catecholamines in individual
hypothalamic nuclei of acutely and repeat-
edly stressed rats. Neuroendocrinology
1977, 23.257-67



Lavielle S, Tassin JP, Thierry AM, Blanc G,
Herve D, Barthelemy C, Glowinski J. Bloc-
kade by benzodiazepines of the selective
high increase in dopamine turnover induced
by stress in mesocortical dopaminergic
neurons of the rat. Brain Res 1978; 168:
585-94

Lee JS, Suh YH, Park CW. Roles of monoamine
neurotransmitters in regulation of hypotha-
lamo-pituitary-adrenal axis(HPA) - |. About
circadian rhythm of monoamines and
corticosteroid. Seoul J Med 1982; 23:181-7

Lidbrink P, Corrodi H, Fuxe K, Olson L.
Barbiturates and meprobamate: decreases
in catecholamine turnover of central
dopamine and noradrenaline neuronal
systems and the influence of immobilization
stress. Brain Res 1972; 45.507-24

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ.
Protein measurement with the Folin phenol
reagent. J Biol Chem 1951, 193:265-75

McCarty R, Kopin IJ. Sympatho-adrenal medul-
lary activity and behavior during exposure
to footshock stress: a comparison of seven
rat brains. Physiol Behav 1978; 21:567-72

Nagatsu T, Levitt M, Udenfriend S. Tyrosine
hydroxylase: the initial step in norepi-
nephrine biosynthesis. J Biol Chem 1964,
239:2910-7

Palkovits M, Kobayashi RM, Kizer JS, Jaco-
bowitz DM, Kopin IJ. Effects of stress on
catecholamines and tyrosine hydroxylase
activity of individual hypothalamic nuclei.
Neuroendocrinology 1975; 18:144-53

Reis DJ, Joh TH, Ross RA. Effects of reserpine
on activities and amounts of tyrosine
hydroxylase and dopamine-beta-hydroxy-
lase in catecholamine neuronal systems in
rat brain. J Pharmacol Exp Ther 1975; 193:
775-84

Roth KA, Mefford IM, Barchas JD. Epinephrine,
norepinephrine, dopamine and serotonin:
ditfferential effects of acute and chronic
stress on regional brain amines. Brain Res
1982; 239:417-24

Smythe GA, Bradshaw JE, Vining RF. Hypo-
thalamic monoamine control of stress-

—299—

induced adrenocorticotropin release in the
rat. Endocrinology 1983; 113:1062-71

Sourkes TL. Pathways of stress in the CNS.
Prog Neuropsychopharmacol Biol Psy-
chiatry 1983; 7:389-411

Stone EA. Accumulation and metabolism of
norepinephrine in rat hypothalamus after
exhaustive stress. J Neurochem 1973, 21:
589-601

Suh YH, Lim JK, Park CW. Roles of monoamine
neurotransmitters in regulation of hypo-
thalamic pituitary-adrenal axis (HPA)(Ill)-
role of 5-hydroxytryptamine in controlling
the stress-induced elevation of cortico-
sterone in rat. Korean J Pharmacol 1983;
19:45-55

Suh YH, Park CW. Roles of
neurotransmitters in  the regulation of
hypothalamo-pituitary-adrenal axis (HPA)
() - role of 5-hydroxytryptamine (serotonin)
in controlling the circadian rhythmicity of
corticosterone in rat. Seoul J Med 1983,
24.82-90

Suh YH, Kim YS, Woo JI, Park CW. Kinetic
parameters of turnover of catecholamines
and 5-HT in the rat hypothalamus during
stress-roles of monoamines in the regu-
lation of HPA axis(V). J Korean §oc
Endocrinol 1986; 1:125-31

Thierry AM, Tassin JP. Blanc G, Glowinski J.
Selective activation of the mesocortical DA
system by stress. Nature 1976; 263.242-4

Vale W, Spiess J, Rivier C, Rivier J. Characteri-
zation of a 41-residue ovine hypothalamic
peptide that stimulates secretion of cor-
ticotropin  and beta-endorphin. Science
1981; 213:1394-7

Van Loon GR, Scapagnini U, Cohen R, Ganong
WEF. Effect of the intraventricular admini-
stration of adrenergic drugs on the adrenal
venous 17-hydroxycorticosteroid response
to surgical stress in the dog. Neuroen-
docrinology 1971, 8:257-72

Weiner N, Mosimann WF. The effect of insulin
on the catecholamine content and tyrosine
hydroxylase activity of cat adrenal glands.
Biochem Pharmacol 1970. 19:1189-99

monoamine



—300—

Weiner RIl, Ganong WF. Role of brain
monoamines and histamine in regulation of
anterior pituitary secretion. Physiol Rev
1978;58:905-76

Zebrowska-Lupina |, Steimasiak M, Porowska A.
Stress-induced depression of basal motility:
effects of antidepressant drugs. Pol J
Pharmacol Pharm 1990; 42:97-104

Zenker N, Bernstein DE. The estimation of small
amounts of corticosterone in rat plasma. J
Biol Chem 1958; 231:695-701

Zigmond RE, Schon F. Iversen LL. Increased
tyrosine hydroxylase activity in the locus
coeruleus of rat brain stem after reserpine
treatment and cold stress. Brain Res 1974;
70:547-52



