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Abstract

Stress adaptation is fundamental for health, and the hypothalamic-pituitary-adrenal axis (HPA) is
one of its main mechanisms. Considerable data indicate that arginine vasopressin (AVP) related
disturbances of stress adaptation can occur with aging. However, most studies of such kind have
been performed on rodents, give contradictory results and fail to consider individual characteris-
tics of the animals. The purpose of this study was to investigate individual HPA responsiveness to
acute stress and its vasopressinergic regulation in old female rhesus monkeys that differ in their
behavioral responses to stress. Animals with depression-like or anxiety-like behavior (DAB) re-
sponded with higher plasma levels of ACTH and AVP, lower levels of corticosteroids and higher
cortisol/DHEAS molar ratios to restraint stress and to insulin-induced hypoglycemia compared
with animals with healthy adaptive behavior. AVP and ACTH dynamics were closely correlated in
most animals. AVP treatment produced differences in HPA responses similar to those produced by
the stressors. The ACTH response to hypoglycemic stress in the DAB animal with highest HPA res-
ponsiveness was dramatically reduced by prior administration of a V1b receptor antagonist.
These results suggest that the dysfunctions of HPA observed in old animals with DAB are caused
by increased tone of the vasopressinergic system in regulation of HPA stress reactivity.
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1. Introduction

Stress adaptation is fundamental for health, and the hypothalamic-pituitary-adrenal (HPA) axis is one of its main
mechanisms. Considerable data indicate that arginine vasopressin (AVP) related disturbances of stress adapta-
tion can occur with aging [1]-[10]. However, most studies of such kind have been performed on rodents, give
contradictory results and fail to consider individual characteristics of the animals [1] [5]-[7]. At the same time,
there is evidence that links behavioral features of the individual with peculiarities in their HPA axis function [3]
[4] [8] [11]-[14]. Hyperactivation of the HPA axis occurs in persons who exhibit increased anxiety, in those with
some forms of depression [15]-[18] as well as in animals with depression-like behavior [11]-[19]. Moreover,
there are data showing a decline in dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate
(DHEA-S) secretion in depressed persons [20] [21].

Several studies have shown that age-related dysfunctions of the HPA axis of nonhuman primates are related
to the adaptive behavior patterns of the animals [3] [4] [12] [13]. The most pronounced age-related dysfunctions
observed in female rhesus monkeys with depression-like and anxiety-like behavior as compared with monkeys
with standard adaptive behavior [3] [4] [12] [13] [22]. Pronounced disturbances of the HPA axis similar to those
identified in nonhuman primates were found in elderly male patients with depression [23]. The mechanisms of
differential HPA axis vulnerability to stress and aging, both in monkeys with maladaptive behavior and in hu-
mans with depression are not clear. Identifying such mechanisms is important, since disturbances of HPA axis
functioning is a significant pathogenic factor in many psychiatric disorders, including depression [16] [24] [25],
the incidence of which increases in the elderly [26] [27].

Experimental data suggest an important role of AVP in the regulation of HPA axis stress reactivity and de-
pression-like and anxiety-like behavior [22] [28]. For example, recent experiments on female rhesus monkeys
demonstrated different age-related changes in reaction of the adenohypophysis to AVP administration in female
rhesus monkeys with various types of behavior [22]. While ACTH secretion did not change in response to AVP
injection in old monkeys with depression-like and anxiety-like behavior as compared with young monkeys with
the same behavior, it decreased in old monkeys with standard adaptive behavior compared with young ones of
the same behavior [22]. These data suggest that age-related changes in the tone of the vasopressinergic system in
the regulation of HPA axis stress reactivity in animals with various types of behavior are different and, perhaps,
underlie individual differences in vulnerability of the HPA axis to stress and aging. Some authors believe that
disturbances in the production of AVP play an important role in the pathogenesis of some forms of depression
[29] [30]. The purpose of this study was to investigate individual HPA responsiveness to acute stress and its va-
sopressinergic regulation in physically healthy old female rhesus monkeys that differ in their behavioral res-
ponses to stress, i.e. with depression-like and anxiety-like behavior (DAB) on the one hand and healthy adaptive
behavior (standard behavior, SB) on the other.

2. Material and Methods
2.1. Animals

Seven old (20 - 27 years) physically healthy female rhesus monkeys (Macaca mulatta) were used in the experi-
ments. The monkeys originated from the Adler monkey colony (Research Institute of Medical Primatology, So-
chi-Adler, Russia). The animals usually were housed in open enclosures (housing 10 - 15 or 40 - 50 individuals
of various ages, including newborns and elderly animals) or cages designed for small-group housing (3 - 5 indi-
viduals). Lighting, humidity, and temperature were as per the ambient environment, though each enclosure fea-
tured a small closed section that is heated in winter, and where animals can hide in adverse weather conditions.

During the observation period the animals were moved into individual metabolic cages in a separate room
with narrow windows, natural illumination (from 06:00 h to 18:00 h) and ambient surrounding temperature
(22°C - 28°C). All experiments were carried out in the period of June-August when ovarian cycles are not typi-
cal for female rhesus monkeys (due to seasonality in the process of reproduction). Additional artificial illumina-
tion could be switched on as required, for example when taking blood samples in the evening; in such a case,
soft illumination was switched on for 10 - 20 minutes. The animals were fed pellets prepared in the Institute ac-
cording to the technique of Altromin Spezialfutter GmbH & Co. KG (Lage, Germany). The pellet diet was sup-
plemented with bread, boiled eggs, fresh vegetables, and fruit. Water was available ad libitum.

The animals were adapted to living in metabolic cages and to the procedure of bleeding for 4 weeks before the
experiments. During this period the animals were attended by the same keepers and researchers. The animals
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were subjected to blood sampling followed by food reinforcement (fruit, sweets) once or twice weekly. It was
established previously that this period of time is sufficient for elimination of orientation and aggressive-defen-
sive unconditional reflexes of animals to a new habitat as well as to experimental procedures (so called “proce-
dural” stress).

The animals’ behavior was recorded while they were housed in the metabolic cages, both during the period of
adaptation, and throughout experimentation. Classification of behavior into depression-like and standard was
done according to recommendations for nonhuman primates [31] [32] and published previously [13] [33]. De-
pending on behavioral features animals were divided into two groups: the first group comprised 4 old animals
with active healthy adaptive behavior (standard behavior) (SB, 27.0 £ 0.6 years, 7.7 + 1.0 kg); the second group
consisted of 2 old animals with passive, depression-like behavior and 1 old animal with anxiety behavior (DAB,
23.3 + 1.5 years, 6.9 + 1.9 kg).

Animals with depression-like behavior were characterized by a typical exaggerated avoidance of the experi-
menters, which persisted throughout the adaptation period, as well as through the rest of the experiment. The in-
itial reactions of the animals with SB to experimenter (movements of the head and eyes in the direction of the
experimenter, lying without movement, etc.) disappeared within the 2 - 4 weeks of the adaptation period. The
animal with anxiety behavior showed unusually frantic motor activity and screeching during the blood-draw
procedure and did not respond to food reinforcement in the presence of experimenters.

In our experiments, we used old females, not males of rhesus monkeys. The reason is simple. There are prac-
tically no old males (20 years and older) with DAB in the monkey colony of our institute just because of prema-
ture deaths of the old males with DAB compared to the males with SB.

2.2. Methods

The hormonal function of the HPA axis was evaluated by measuring cortisol (F), dehydroepiandrosterone sul-
fate (DHEAS), ACTH, and AVP levels in peripheral blood plasma under basal conditions, under acute stress
exposure (restraint and insulin induced hypoglycemia), and during tests with AVP and vasopressin V1b receptor
antagonist. Basal blood samples were taken in the afternoon (at 14:30 - 15:00 h). Stress exposure and the tests
were performed at intervals between 14 and 21 days and were started at 15:00 h. Animal caretaking was per-
formed in accordance with the bioethical rules of the Primate Committee of the Presidium of the Russian
Academy of Medical Sciences (No 21/3, January 2002).

All blood samples were taken from the cubital vein of the animals. At each time point, 2.0 - 2.5 ml of blood
was taken. Blood samples were collected in chilled tubes with EDTA (10.0 mg EDTA/mI blood) for hormones
and glucose determination. Blood samples were immediately centrifuged at 2000 g and +4°C, plasma was stored
at —70°C for later analysis. Plasma levels of F, DHEAS, and AVP were measured by enzyme immunoassay us-
ing standard hormone kits (AlkorBio Ltd., St. Petersburg, Russia for F and DHEA-S; Biomerica Inc., USA for
ACTH; Peninsula Laboratories, LLS, USA for AVP). The intra-assay variation coefficients for F, DHEAS,
ACTH, and AVP did not exceed 10% and inter-assay variation coefficients did not exceed 15%. All plasma
samples obtained in the experiment with the administration of vasopressin V1b antagonist were analyzed for
ACTH in one assay to eliminate inter-assay variations. Concentration of plasma glucose was measured imme-
diately after obtaining of plasma by the glucose oxidization method using commercial kits (Vital Diagnostics,
Saint Petersburg, Russia).

2.2.1. Stress
After the adaptation period all animals were subjected to psycho-emotional stress (2-h moderate restraint in me-
tabolic cages). Restraint was achieved by using a conventional squeeze board to press the animal to the front
wall of the metabolic cage. Blood samples were taken before restraint (0) and 30, 60, and 120 min during appli-
cation of the stressor, and at 240 minutes, i.e., 2 hours after termination of the stressor. Further blood samples
were taken 24 hours (1440 minutes) after onset of restraint. Plasma concentrations of ACTH, F, and DHEAS
were determined. Furthermore, AVP concentrations were measured before restraint (0), 60, and 120 min after
the beginning of restraint.

Six of the animals (all except one of the controls) were subjected to the metabolic stressor insulin-induced
hypoglycemia. Insulin (Biosulin P, “Pharmstandard-UfaVita”, Russia; 0.1 IU/kg b. w.) was administered intra-
venously. The animals were fasted about 24 hours. Blood samples were taken before (0) and 30, 60, 120 and 240
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minutes and 24 hours after administration of insulin. Plasma concentrations of glucose, ACTH, F, and AVP
were determined.

2.2.2. Arginine Vasopressin Test

AVP (Sigma, USA; 1 ug/kg b. w.) was administered intravenously to all 7 animals. Blood samples were col-
lected before the AVP injection (0) and 30, 60, 120, and 240 minutes and 24 hours after the injection. Plasma
concentrations of ACTH, F, and DHEAS were determined.

2.2.3. Vasopressin V1b Receptor Antagonist Test

Insulin (Biosulin P, “Pharmstandard-UfaVita”, Russia; 0.1 1U/kg b. w.) was injected intravenously to the mon-
key with anxiety behavior (showing the highest responsiveness of the HPA axis to stress exposure) for the in-
duction of hypoglycemia stress. The animal was fasted about 24 hours. Blood samples were drawn before (0)
and 30, 60 minutes and 24 hours after insulin administration. Two weeks after this test vasopressin VV1b receptor
antagonist (SSR149415, Nelivaptan, “Axon”, Netherlands) was administered to the same female at 14:30 h
(intravenously, 1 mg/kg b. w., dissolved in solution of dimethyl sulfoxide: saline 1:1) and 30 min after the anta-
gonist administration insulin was injected again on the above mentioned scheme. Blood samples were taken be-
fore the administration of insulin (0) and 30, 60, 120 minutes and 24 hours after its administration. Plasma con-
centrations of glucose and ACTH were determined.

2.2.4. Statistical Analyses

The experimental values are presented in tables and figures as means + S.E.M. The statistical comparisons of
hormone level differences were performed using repeated ANOVA with behavior type as between-groups factor
and time as repeated measure factor. The statistical comparisons of hormone concentration differences at various
time intervals after the start of exposure in comparison with the initial levels (basal levels) of the same hormones
were performed using two-sided t-test for dependent samples and statistical comparisons of hormone level con-
centrations in different behavior groups in the same time were performed using two-sided t-test for independent
samples. Correlation analysis was performed where appropriate. The areas under curves representing hormone
concentration as a function of time (min 0 to min 240) were calculated using the trapezium rule [34].

3. Results
3.1. Dynamics of HPA Axis Activity in Response to Restraint

The initial values of ACTH in old animals with DAB were higher than in old animals with SB (84.7 + 24.9
pg/ml and 27.5 £ 6.4 pg/ml, p < 0.05) (Figure 1). The peak ACTH concentration was recorded 60 min after the
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Figure 1. Dynamics of plasma ACTH concentration in response to restraint in old female rhesus monkeys with
different types of behavior (mean = S.E.M.). "p < 0.05, ~p < 0.01—intergroup differences; *p < 0.05—vs. basal

values before stress exposure (0 min).
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onset of restraint in all animals of both behavioral groups (DAB: 193.3 + 6.7 pg/ml; SB: 76.3 £ 21.0 pg/ml).
ACTH concentration normalized after 120 - 240 minutes in animals of both groups.

Marked intergroup differences in magnitude of ACTH secretion in response to the stress exposure were iden-
tified in animals of the two behavioral groups, while the dynamics of change in ACTH levels were similar
(Figure 1). The animals with DAB had significantly higher concentrations of ACTH 30, 60, 120, 240, and 1440
minutes (24 hours) after the beginning of stress as compared with the animals with SB. Significant intergroup
differences were noted with regard to the area under the curve of ACTH response “concentration-time” (Table
1).

The initial values of F in old animals with DAB and in old animals with SB were not significantly different
(Figure 2). The peak F concentration was recorded 120 min after the onset of stress exposure in animals of both
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Figure 2. Dynamics of plasma F, DHEAS and the molar ratio of F to DHEAS (F/DHEAS) in response to restraint in old fe-

male rhesus monkeys with different types of behavior (mean + S.E.M.). "p < 0.05—intergroup differences; “p < 0.05, #p <

0.01—vs. basal values F before stress exposure (0 min).

Table 1. The area under the curves of ACTH, F, DHEAS, and the molar ratios of F/DHEAS in response to restraint in old
female rhesus monkeys with different types of behavior (mean + S.E.M.).

Hormones
Group - - .
ACTH, pg/ml x min F, nmol/l x min DHEAS, ng/ml x min F/IDHEAS
Standard (SB) 11,600 + 2250 304,300 + 11,000 189,100 + 16,800 129.6 +27.3
Depression-like & anxiety-like (DAB) 34,300 + 3350™ 264,500 + 10,000 95,100 + 11,500 251.1+256"

“p < 0.05; “'p < 0.01—intergroup differences.
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groups. It was lower in animals with DAB than in animals with SB (1300 + 58 nmol/l and 1440 + 24 nmol/l re-
spectively for monkeys of DAB and SB, p < 0.05). F concentration normalized 240 - 1440 min after the onset of
stress in animals of both behavioral groups. As for the peak values, the F response area under the curve concen-
tration-time was significantly lower in the animals with DAB than the F response area in the animals of SB
(Table 1).

DHEAS levels showed significant increase 60 minutes after the beginning of restraint in SB group and they
showed no statistically significant increase in response to the same impact in animals with DAB (Figure 2).
However, significant intergroup differences were detected for DHEAS concentrations in basal conditions and 60,
120, and 240 minutes after the start of stress exposure with lower values in the animals with DAB. Significant
intergroup differences were also noted for the area under the curve of DHEAS response concentration-time
(Table 1).

The molar ratio of F to DHEAS, i.e., the coefficient F/DHEAS increased in response to restraint in animals
with DAB 60 and 120 minutes after the beginning of stress exposure (Figure 2). Marked intergroup differences
in the values of the molar ratio of F to DHEAS were identified in animals of the two behavioral groups. The
animals with DAB had significantly higher values of this coefficient 60 and 120 minutes after the onset of stress
exposure as compared with the animals of SB. In addition, statistically significant differences between the
groups in the coefficient F/DHEAS, with higher values in animals with DAB, were identified in the correspond-
ing area under the curve (Table 1).

The concentration of AVP gradually increased in response to restraint, reaching a maximal value in both
groups 120 minutes after the start of stress exposure (Figure 3). There were no significant intergroup differences
in basal plasma AVP. At the same time, essential intergroup differences were found in the values of plasma
AVP concentration in animals 120 minutes after the start of stress, with greater increases in animals with DAB.
The dynamics of AVP concentration in the animals of DAB were positively correlated with the dynamics of
ACTH (correlation coefficient r = 0.88 £+ 0.07). At the same time, there was no correlation between the kinetics
of AVP and ACTH in the animals of SB (r = 0.04 + 0.03).

3.2. Dynamics of HPA Axis Activity in Response to Insulin-Induced Hypoglycemia

Injection of insulin induced hypoglycemia in all animals of both behavioral groups, severity and duration of
which was of a similar character in animals with DAB and SB (Table 2).

The initial values of ACTH in old animals with DAB were higher than in old animals with SB (Figure 4). As
in the case of restraint stress, old animals with DAB responded to insulin-induced hypoglycemia with signifi-
cantly higher plasma ACTH levels than animals of SB (Figure 4). The animals with DAB had significantly
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Figure 3. Dynamics of plasma AVP in response to restraint in old female rhesus monkeys with differ-
ent types of adaptive behavior (mean + S.E.M.). “p < 0.01—intergroup differences; *p < 0.01—uvs.
basal values before stress exposure (0 min).



N. D. Goncharova et al.

800 - —o= standard behavior 2000 + —o= standard behavior
700 -o- depression & anxiety behavior 1800 4 -o- depression & anxiety behavior
% * 1600 1
600 o *
1400 +
g 5001 —— <1200
& -=" S
& 400 1 J/ \ £ 1000 -
= ’ \ = ]
5 300 - J # oy \ 3 800
< K - T 600 A
201 =/ “ © 400
100 - M 200 -
0 T v T T r ) 0 T T T T T J
0 30 60 120 240 1440 0 30 60 120 240 1440
Time (min) Time (min)

Figure 4. Dynamics of plasma ACTH and F concentration in response to insulin-induced hypoglycemia in old female rhesus
monkeys with different types of behavior (injection of insulin at 15:00 h, mean + S.E.M.). "p < 0.05—intergroup differences;
#*p < 0.05, #p < 0.01—vs. basal values ACTH or F before stress exposure (0 min).

Table 2. Dynamics of plasma glucose level in response to injection of insulin in old female rhesus monkeys with different
types of behavior (mean + S.E.M., mmol/l).

Time, min
Group
0 30 60 120 240 1440
Standard (SB) 4,10 £0.49 2.69+0.16 2.54 +0.12% 258+0.10° 2.66+0.09° 5.30+0.55

Depression-like & anxiety-like (DAB) ~ 3.38+0.20 2.22+025°  2.10+0.34% 2.50 +0.67 264+079 4.88+0.18%

#p < 0.05, *p < 0.01—vs. basal values before stress exposure (0 min).

higher concentrations of ACTH 60, 120, 240, and 1440 minutes (24 hours) after the beginning of stress as com-
pared with the animals with SB. However, a rise of ACTH level in animals with DAB under hypoglycemia
stress was longer than in response to restraint. ACTH reached maximum concentration 30 minutes after stress
exposure, remained at this level for two hours, and returned to baseline values only 1440 minutes after stress
impact. At the same time the dynamics of the ACTH response in animals with SB to hypoglycemia was similar
to that under restraint stress. As with restraint, significant intergroup differences were noted with regard to the
area under the curve of ACTH response concentration-time (Table 3).

The initial values of F in old animals with DAB and in old animals with SB were not significantly different
(Figure 4). The concentration of F increased in response to hypoglycemic stress (Figure 4). The dynamics of
plasma F in animals of both groups was of a similar character, gradually reaching maximal values after 240 mi-
nutes and returning to baseline only 1440 minutes after insulin injection. Unlike responses of ACTH, there were
no significant intergroup differences either in the concentrations of F at different time points or in the area under
the curve of the F response (Table 3).

The dynamics of plasma AVP in response to insulin-induced hypoglycemia showed a high positive correla-
tion with the dynamics of the ACTH response for the all animals but one. The correlations were: for the SB
group, r = 0.61 * 0.06; for one monkey, with depression-like behavior (Ne 30858) r = 0.93, and for the monkey
with anxiety behavior (Ne 3881) r = 0.93 (Figure 5). At the same time, there was no significant correlation be-
tween the levels of AVP and ACTH in the other animal with depression-like behavior (Ne 26023, r = —0.36).

The high positive correlation between the dynamics of plasma AVP and ACTH levels under both types of
stress (hypoglycemia and restraint) in the part animals (mainly with DAB) (Figure 3 and Figure 5) indicates the
possible involvement of AVP in the reaction of hypothalamic-pituitary axis in response to stress exposure,
which associates with the behavioral characteristics of animals. In order to confirm or refute this hypothesis we
performed a functional test with the administration of AVP to animals of both behavioral groups, as well as a
test with the antagonist vasopressin V1b receptors.
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Figure 5. Dynamics of plasma AVP and ACTH in response to insulin-induced hypoglycemia (injection of insulin at 15:00 h)
in old female rhesus monkeys with SB (mean + S.E.M.) and DAB.

Table 3. The area under the curves of ACTH and F level response to insulin-induced hypoglycemia in old female rhesus
monkeys with different types of behavior (mean + S.E.M.).

Hormones
Group
ACTH, pg/ml x min F, nmol/l x min
Standard (SB) 20,100 + 4600 291,200 + 13,000
Depression-like & anxiety-like (DAB) 99,200 + 28,000 264,000 £ 13,000

“p < 0.05—intergroup differences.

3.3. Dynamics of HPA Axis Activity in Response to AVP Administration

ACTH concentration before the injection of AVP in the animals of DAB showed a trend toward higher values
compared to the animals of SB (Figure 6). Administration of AVP lead to a significant rise of ACTH levels 30
min after its administration for animals of SB and of DAB. ACTH levels returned to baseline values 120 and
240 minutes after AVP administration for animals of SB and DAB respectively. The concentrations of ACTH 30,
60, 120, and 1440 minutes after administration of AVP were significantly higher in the animals with DAB than
in animals of the SB group. Significant intergroup differences, with a higher rise in animals with DAB were
seen in the area under the curve of the ACTH response (Table 4).

The initial values of F in old animals with DAB were lower than in old animals with SB (respectively 673 +
98 nmol/l versus 932 £ 56 nmol/l, p < 0.05) (Figure 7). The peak F concentration was recorded 60 min after the
injection of AVP in animals of SB and 120 min after AVP injection in animals with DAB. No significant be-
tween-group differences in the dynamics of F concentration were seen. In addition, the area under the curve of F
responses to AVP administration was almost identical in animals of both groups (Table 4).

The dynamics of DHEAS level were similar to the dynamics of F level (Figure 7). In contrast to F, marked
intergroup differences were found in the concentration of DHEAS 60 min after AVP injection, with lower val-
ues observed in the animals of DAB. Significant intergroup differences were noted for the area under the curve
of the DHEAS response concentration-time (Table 4).

The molar ratio of F to DHEAS in monkeys with DAB was significantly higher 240 minutes after AVP ad-
ministration than in the animals with SB (Figure 7). Significant intergroup differences were identified for the
area under the curve of the coefficient F/DHEAS response, with higher values in animals with DAB (Table 4).

3.4. Dynamics of ACTH Response to Administration of a Vasopressin V1b
Receptor Antagonist

Administration of the vasopressin V1b receptor antagonist to DAB animal with highest HPA responsiveness re-
sulted in a marked reduction in the amount of plasma ACTH rise in response to insulin-induced hypoglycemia



N. D. Goncharova et al.

450 -
400 -
350 -
300 -
250 -
200 -

ACTH (pg/ml)

150 1
100 o
50 1

*

=O= standard

== depression &

behavior

anxiety
behavior

\ * %

\
\ Hit -
\ Pig

240 1440

/
/
/
/
/
'%I
.-
# [}’##
0 30 60 120
Time (min)

Figure 6. Dynamics of plasma ACTH in response to administration of AVP (at 15:00 h) in old female rhesus monkeys with
different types of behavior (mean + S.E.M.). “p < 0.05, ~p < 0.05—intergroup differences; *p < 0.05, *p < 0.01—vs. basal
values before stress exposure (0 min).
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Figure 7. Dynamics of plasma F, DHEAS, and molar ratio of F to DHEAS (F/DHEAS) in response to administration of
AVP (at 15:00 h) in old female rhesus monkeys with different types of behavior (mean + S.E.M.). 'p < 0.05—intergroup
differences; *p < 0.05, *p < 0.01—vs. basal values before stress exposure (0 min).
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Table 4. The area under the curves of ACTH, F, DHEAS, and the molar ratio F/DHEAS level response to injection of AVP
in old female rhesus monkeys with different types of behavior (mean + S.E.M.).

Hormones
Group
ACTH, pg/ml x min F, nmol/l x min DHEAS, ng/ml x min F/IDHEAS
Standard (SB) 10,850 * 1,600 269,200 * 16,200 143,400 + 12,000 177.0 £24.3
Depression-like & anxiety-like (DAB) 50,160 + 13,500 255,700 + 6700 92,600 + 13,700 280.5+23.8"

“p < 0.05—intergroup differences.

(Figure 8). The baseline ACTH level was not reduced. The levels of hypoglycemia induced by insulin adminis-
tration to the animal in basal conditions and after preliminary administration of the antagonist were similar
(Table 5).

4. Discussion

Analysis of the characteristics of the HPA axis reaction to acute psycho-emotional stress and metabolic stress in
old female rhesus monkeys revealed marked differences in animals with DAB and SB (control monkeys). It was
found that the old animals with DAB had significantly higher concentrations of ACTH under basal conditions
and in response to acute stress exposure compared to old animals with SB. This indicates higher secretory activ-
ity of the adenohypophysis in animals with DAB in comparison with animals of SB, both under basal conditions
and under acute stress. Higher secretary response of the adenohypophysis to acute stress caused by physical ex-
ertion has been previously reported for healthy young men who showed a trend for higher ratings on trait anxie-
ty [35].

Along with higher levels of ACTH in response to the two kinds of stress, we found significantly lower levels
of circulating corticosteroids, F and DHEAS in monkeys with DAB as compared with SB animals. The lack of
correspondence between the dynamics of ACTH and corticosteroid levels in response to acute stress in the ani-
mals with DAB may be due to a decrease in sensitivity of the adrenal cortex to ACTH. It may be caused due to
adrenal melanocortin receptor desensitization developing as a result of a prolonged increase of ACTH secretion.
That finding is consistent with data from clinical studies showing that increase of F and DHEAS secretion in re-
sponse to ACTH stimulation test is lower in old patients than in young ones [36].

In contrast to intergroup differences in the level of corticosteroids, the molar ratio of F to DHEAS in basal
conditions and in response to stress in animals with DAB, was higher compared to animals of SB. As is known,
the molar ratio of F to DHEAS is a better measure of hypercortisolemia than F alone in humans and nonhuman
primates [4] [13] [37]-[39]. Hypercortisolemia plays a pathophysiological role in the development of a variety of
stress-related diseases: psychiatric, reproductive, immune, metabolic, and others. It is a major factor in aging
and age-related pathology [4] [40] [41]. For example, we have previously identified more severe disturbances of
antioxidant enzyme defense of erythrocytes and higher values of the molar ratio F/DHEAS in old animals with
depression-like adaptive behavior as compared with animals of the same age but with SB [33]. Depressive
symptoms that correlate with an increased F/DHEAS ratio are a major driver of reduced immunity after hip
fracture [37]. Taken together, this ratio is considered an important biomarker of aging in primates, including
humans [4] [13] [42]-[44].

Along with an increase of ACTH secretion in response to acute stress plasma concentration of AVP also in-
creased. This increase was more pronounced in the group of animals with DAB. Most of the animals showed a
close correlation between the dynamics of AVP and ACTH levels. Our data are in good agreement with the re-
sults of clinical studies demonstrating a higher rise in plasma AVP concentration in peripheral blood of healthy
men showing high secretion of ACTH in response to strenuous treadmill exercise as compared with the increase
of AVP level in men with low secretion of ACTH in response to the same physical stress [33] [45]. Interestingly,
high responders exhibited a trend toward higher trait anxiety ratings [35]. Some studies have shown a correlation
between increased levels of F and AVP in the plasma of patients with depression [29] [46].

Between-group differences in HPA axis response and in the rise of AVP concentration in peripheral blood
plasma with two kinds of acute stressor indicated the possible involvement of AVP of neurohypophyseal origin,
i.e., synthesized in the magnocellular neurons of the hypothalamic paraventricular nucleus (PVN) and the su-
praoptic nucleus, in the regulation of ACTH secretion in response to acute stress exposure. Indeed, a number of
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Figure 8. Dynamics of plasma ACTH level in the old female rhesus monkey with anxiety-

like behavior in response to injection of insulin in basal conditions and 30 min after the pre-
liminary administration of the antagonist of vasopressin V1b receptor (the SSR149415).

Table 5. Dynamics of the plasma glucose concentration in old rhesus monkey with anxiety-like behavior in response to in-
jection of insulin in basal conditions and 30 min after the preliminary administration of the antagonist of vasopressin V1b
receptor (the SSR149415).

Time, min
Type of test
—30 (SSR149415 injection) 0 (insulin injection) 30 60 120 1440
Under basal conditions 2.98 2.98 1.79 1.83 - 5.10
On the background of the SSR149415 2.96 3.16 1.60 2.20 2.60 497

anatomical studies on small laboratory animals and postmortem tissue of people have demonstrated the possibil-
ity of a certain contribution of AVP synthesized by magnocellular neurons to the activation of ACTH secretion
[47]-[49].

On the other hand, hyper-responsiveness of the anterior pituitary in response to acute stress in animals with
DAB may be due to increased vasopressin-producing activity of the parvicellular neurons of the PVN, i.e., the
usual suppliers of AVP into the pituitary portal vascular system and, perhaps, greater activation of vasopressin
V1b receptors. This assumption is consistent with data from experimental studies showing that enhanced AVP
neuronal activation and potentiated AVP systems are associated with conditioned anxiety [10]. Furthermore,
experiments on mice subjected to stress in early life have shown, along with an increase in stress responsibility
in adult mice, increased expression of the AVP gene by neurons of the PVN through epigenetic marking at the
downstream enhancer region of the gene [50] [51]. In addition, some clinical studies have shown increased
numbers of vasopressin-expressing neurons in the PVVN in depression [52].

The V1b receptor of the pituitary is known to mediate the action of AVP in control of HPA axis activity [3]
[53]-[55]. To test the hypothesis that the basis for enhanced responsiveness of the adenohypophysis to acute
stress exposure in animals with DAB is hyper-responsiveness of vasopressin VV1b receptors, we conducted the
AVP test. The results of this test revealed a similarity in HPA axis response in animals of both behavioral
groups to AVP administration and acute stress exposure. As in the case of acute stress, administration of AVP
induced in the animals with DAB a higher rise of ACTH level, a lower rise of DHEAS level in peripheral blood,
and increase in the molar ratio of F to DHEAS as compared with SB animals.

These findings are consistent with the results of clinical studies showing that, in men with a trend toward
higher trait anxiety ratings and greater response of the HPA axis to acute physical stress, higher plasma ACTH
responses to administration of AVP compared to individuals with lower anxiety ratings [35]. Furthermore, sev-
eral studies noted hyper-reaction of the HPA axis to AVP-stimulation in patients with depression [30] [56].

The similarity in HPA axis responses to acute stress and to AVP administration in animals of both behavioral
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groups suggest that group differences in vasopressinergic regulation of the anterior pituitary with hyper-respon-
siveness of corticotrophs in the animals with DAB, perhaps, underlie between-group differences in HPA axis
responsiveness to acute stress.

The experiment with the vasopressin VV1b antagonist, the first selective non-peptide V1b receptor antagonist,
SSR149415 [55], revealed that the prior administration of the vasopressin V1b receptor antagonist to DAB ani-
mal with highest HPA responsiveness induce a sharp reduction in the secretion of ACTH in response to insulin-
induced hypoglycemia. This experiment together with previous findings suggests that increased tone of the va-
sopressinergic system in regulation of HPA stress reactivity may underlie the group differences in HPA axis re-
sponse to acute stress exposure.

5. Conclusion

Our results illustrate that old female rhesus monkeys differ in their behavioral responses to stress and in HPA
axis stress responsiveness. Animals with DAB responded with higher plasma levels of ACTH and AVP, lower
levels of corticosteroids and higher cortisol/DHEAS molar ratios to restraint stress and to insulin-induced hy-
poglycemia compared with animals with SB (healthy adaptive behavior). AVP and ACTH dynamics were
closely correlated in most animals. AVP treatment produced differences in HPA responses similar to those pro-
duced by the stressors. The ACTH response to hypoglycemic stress in the DAB animal with highest HPA res-
ponsiveness was dramatically reduced by prior administration of a VV1b receptor antagonist. These results sug-
gest that the more pronounced dysfunctions of the HPA axis observed in old monkeys with DAB and they are
caused by increased tone of the vasopressinergic system in regulation of HPA stress reactivity.
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