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REPRODUCTIVE BIOLOGY
Sensitivity to stress-induced reproductive dysfunction
linked to activity of the serotonin system
Cynthia L. Bethea, Ph.D.,a,b,c Francis K.-Y. Pau, Ph.D.,a,b Sam Fox, B.S.,a David L. Hess, Ph.D.,a,c

Sarah L. Berga, M.D.,d,e and Judy L. Cameron, Ph.D.a,b,c,d,e

a Division of Reproductive Sciences, and b Division of Neuroscience, Oregon National Primate Research Center, Beaverton,
Oregon; c Department of Physiology and Pharmacology, Oregon Health and Science University, Portland, Oregon; d Depart-
ment of Psychiatry, University of Pittsburgh, Pittsburgh, Pennsylvania; and e Department of Obstetrics and Gynecology,
University of Pittsburgh, Pittsburgh, Pennsylvania

Objective: To use a nonhuman primate model and determine whether individuals sensitive to stress-induced
reproductive dysfunction have lower activity of central serotonergic neurons under nonstressed conditions.
Design: The activity of the central serotonergic system was assessed by measuring responsiveness to a
fenfluramine challenge (5 mg/kg, IV) in sedated monkeys previously categorized as highly stress resistant (HSR;
n � 4; normal menstrual cyclicity through two stress cycles), medium stress resistant (MSR; n � 5; ovulatory
in the first stress cycle but anovulatory in the second stress cycle), or low stress resistant (i.e., stress sensitive, SS;
n � 4; anovulatory as soon as stress is initiated). To control for differences in pituitary stores of prolactin or
ACTH, the animals were subsequently administered a bolus of thyrotropin-releasing hormone (3 �g/kg) plus
corticotropin releasing factor (CRF), (3 �g/kg).
Setting: Oregon National Primate Research Center, Animal Services Building.
Patient(s): Female cynomolgus macaques exhibiting normal menstrual cycles.
Intervention(s): Administration of fenfluramine, a serotonin-releasing drug.
Main Outcomes Measure(s): Serum concentrations of prolactin (PRL) and cortisol (F).
Result(s): Prolactin release in response to fenfluramine was significantly greater in the HSR group compared with
the MSR or SS groups. In contrast, cortisol was higher in the SS group compared with the other two groups.
Similar responses were not evident after thyrotropin-releasing hormone � CRF stimulation.
Conclusion(s): The lower PRL response to fenfluramine in the stress-sensitive animals suggests that stress-sensitive
individuals have decreased activity in central serotonergic neurons. However, the F data suggest that the hypothalamic-
pituitary-adrenal axis in stress-sensitive individuals is highly responsive to even small increases in serotonin. (Fertil
Steril� 2005;83:148–55. ©2005 by American Society for Reproductive Medicine.)
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l
i
t
d

e
n
p
e
t
t
a
s
a
i
(

xposure to stressful stimuli can lead to a variety of second-
ry diseases such as anxiety, depression, cardiovascular dis-
ase, and immune suppression (1). Reproductive dysfunction
lso occurs with many forms of stress, including psychoso-
ial stress (2), nutritional stress (3–5), participation in vig-
rous exercise regimens (6), and immune stress (7). Women
resenting at infertility clinics with stress-associated repro-
uctive dysfunction have significantly higher than average
cores on a number of psychometric tests indicating higher
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evels of eating disorders, dysfunctional attitudes about eat-
ng, and obsessive attributes (8–11). These studies suggest
hat there may be a link between stress-related psychiatric
isorders and reproductive dysfunction.

Women seeking relief from infertility also tend to have
xposure to multiple stressors and there is increasing recog-
ition that in real-life situations individuals are often ex-
osed to multiple stresses at the same time (2, 7). For
xample, the reproductive dysfunction associated with func-
ional hypothalamic amenorrhea was thought for many years
o stem from exposure to psychosocial stresses, but it is now
pparent that some of the neuroendocrine abnormalities as-
ociated with functional hypothalamic amenorrhea are indic-
tive of metabolic stress (8–14), and that there is a high
ncidence of eating abnormalities in this patient population
15–17). Moreover, new treatment therapies for functional

ypothalamic amenorrhea that target both strategies for cop-
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ng with psychological stress and removal of metabolic
tresses look very promising (18).

We have recently developed an experimental nonhuman
rimate model of hypothalamic amenorrhea in which mild
sychosocial stress combined with a mild diet and moderate
xercise regimen lead to a suppression of reproductive func-
ion (19, 20). Using this monkey model we find that some
ndividuals are sensitive to stress-induced suppression of
eproductive hormone secretion, whereas others are stress
esilient. Female cynomolgus monkeys are either highly
tress resistant (HSR), and maintain normal menstrual cy-
licity when exposed to two cycles of combined stress, or
edium stress resistant (MSR) and are ovulatory in the first

tress cycle, but anovulatory in the second stress cycle, or
tress sensitive (SS) and become anovulatory as soon as
tress is initiated (19, 20). We have also identified several
haracteristics of stress-sensitive individuals. They have
igher basal heart rates throughout the 24-hour day com-
ared with more stress-resistant animals (21), and they have
ignificantly lower peak E2 levels in the follicular phase and
ignificantly lower peak P levels in the luteal phase of a
ormal, nonstressed, menstrual cycle compared with more
tress-resistant animals (19).

The serotonin neural system plays a pivotal role in mood and
ffective regulation, cognition, satiety, and numerous auto-
omic functions in response to stress (22–25). Decreased ac-
ivity of the central serotonin system is found in individuals
ith increased stress sensitivity and anxiety disorders (26–28).

n addition, stress impacts serotonin function in a variety of
ays depending on the intensity and duration of the stress

29–31). Although many studies have shown individual re-
ponses to stress, we probed the neural function of animals long
fter the stress was removed and the animals were all cycling
ormally. We hypothesized that monkeys that show sensitivity
f the reproductive axis to stress may have lower activity of the
entral serotonin system.

Thus, the goal of this study was to determine whether
here are differences in endogenous function of the central
erotonergic system in stress-sensitive vs. stress-resistant
nimals in the absence of stress. We used fenfluramine
dministration followed by measurement of prolactin (PRL)
nd cortisol to access global serotonin availability (32–37).
enfluramine causes an immediate release of serotonin

hrough transporter reversal and then blocks serotonin
euptake. Fenfluramine-induced release of pituitary hor-
ones thus reflects the level of endogenous activity in the

erotonergic neurons regulating hypothalamic neuroendo-
rine systems (32, 38).

ATERIALS AND METHODS
nimals
ll studies were reviewed and approved by the Institutional
nimal Care and Use Committee of the Oregon National

rimate Research Center and performed according to federal m

ertility and Sterility�
uidelines. Thirteen adult female cynomolgus monkeys (Ma-
aca fascicularis) were housed in single stainless steel cages
n a temperature-controlled room (24° � 2°C), with lights on
or 12 hours a day (0700–1900). Monkeys were imported in
993 and approximate ages established by dental examina-
ion. At the time of this study, the monkeys were 12–15 years
f age. Monkeys were provided with two meals a day at
930 and 1500. At each meal they received six high protein
onkey chow biscuits (no. 5047, jumbo biscuits, Ralston
urina Co., St. Louis, MO; approximately 16.5 g each, 3.11
etabolizable Cal/g, 308 Cal/meal). In addition, one-quarter

pple was provided with the morning meal. Water was
vailable ad libitum. Animals also received noncaloric treats
ice cubes) and toys in their cages, as well as occasional
ccess to television viewing, as part of the Oregon National
rimate Research Center primate enrichment program.

iming of Studies
hirteen female cynomolgus macaques were characterized

or sensitivity to stress-induced anovulation in 1999 (20) and
ensitivity to stress-induced infertility in 2000 (unpublished
ata). The animals were housed in single cages and moni-
ored daily for menstruation. Upon detection of menstrua-
ion, the animals were scheduled for fenfluramine challenge
efore day 5 of the follicular phase of their cycle in July
001 and for thyrotropin-releasing hormone/corticotropin
eleasing factor (CRF) challenge in September 2001.

ssessment of Stress Sensitivity
ensitivity of the reproductive axis to stress for each monkey
ad been tested in a previous study (19), by assessing
hanges in menstrual cyclicity and reproductive hormone
ecretion when animals were exposed to a combined stress
hat encompassed mild psychosocial stress � moderate di-
ting � moderate exercise. The mild psychosocial stress
nvolved moving single-caged monkeys to a new housing
oom, where unfamiliar animals surrounded them. The mod-
rate diet was a 20% decrease in calorie intake, and the
oderate exercise was provided by running monkeys on a
otorized treadmill at 80% of each individual’s maximum

peed (determined for each monkey in the first week of the
tudy) for 1 hour per day, 5 days per week.

The initial study involved a five menstrual cycle design:
ycle 1, a control menstrual cycle in which blood samples
ere collected daily to track reproductive hormone secre-

ion; cycle 2, a learn-to-run cycle in which monkeys were
ccustomed to the treadmill (first sitting on it, and then
alking) while blood sample collection was continued; cycle
, stress cycle 1, in which monkeys were moved to a new
oom on day 1 of the menstrual cycle, calorie intake was
ecreased by 20%, and monkeys initiated running 5 days a
eek; cycle 4, stress cycle 2, in which monkeys moved to a

econd new room on day 1 and calorie restriction and run-
ing were continued; and cycle 5, a recovery cycle in which

onkeys were moved back to their home environment, food
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ntake was increased back to ad libitum, and exercise was
erminated.

Monkeys were classified as either highly stress resistant
HSR; n � 4; maintained normal menstrual cycles through-
ut two menstrual cycles of stress exposure), medium stress
esistant (MSR; n � 5; were ovulatory in the first stress
ycle, but anovulatory in the second stress cycle), or stress
ensitive (SS; n � 4; become anovulatory as soon as stress
as initiated). After termination of the initial stress para-
igm, blood samples were obtained through an additional
hree menstrual cycles under nonstress conditions for deter-
ination of peak estrogen (E) and progesterone (P) concen-

rations. Of note, the original study characterizing stress
ensitivity in 1999/2000 was initiated with 15 animals, but 2
nimals were euthanized for clinical reasons during the
roject period.

reliminary Test of Anesthesia
wo male rhesus macaques were maintained for 2 hours
nder either ketamine or propofol anesthesia. Both animals
ere initially sedated with ketamine (40 mg, IM, Ketaset,
ort Dodge Animal Health, Fort Dodge, IO) in the home
age and transported to the surgical suite. The monkeys were
laced on a temperature-regulated surgical table and con-
ected to vital sign monitors under the supervision of the
eterinary surgical staff. A catheter was inserted into the
ephalic vein in the forearm for anesthesia administration.
he saphenous vein in the leg was catheterized for blood
ampling.

For anesthesia maintenance on ketamine, the animal
ontinued to receive 50 mg IV at 20-minute intervals
hrough the cephalic catheter. For anesthesia maintenance
n propofol (Diprivan 1%, AstraZeneca Pharmaceuticals,
ilmington, DE) the animal received five bolus doses of

00 �g/kg body weight IV, followed by constant infusion
t 160 �g/kg body weight through the cephalic catheter.
eart rate and oxygen flow were monitored continuously.
lood samples were obtained every 10 minutes for PRL
nd cortisol radioimmunoassay. The blood samples were
aintained on ice until the end of the experimental period.
hey were transported to the laboratory and processed for
lasma immediately. Plasma samples were stored at
20°C until assay.

enfuramine Challenge Protocol
n day 1 of a nonstressed menstrual cycle, animals were

cheduled for a fenfluramine challenge before day 5 of the
ycle. On the day of the challenge each animal was sedated
ith ketamine (100 mg) in their home cage and transported

o a surgical suite. The monkeys were placed on a
emperature-regulated surgical table and connected to vital
ign monitors under the supervision of the veterinary surgi-
al staff. A catheter was inserted into the cephalic vein in the

orearm and IV infusion of propofol for anesthesia was S

150 Bethea et al. Serotonin, stress, and infertility
nitiated at 160 mg/min/kg body weight and maintained
hroughout the duration of the experiment with a Harvard
ump. The saphenous vein in the leg was catheterized for
lood sampling and for administration of the fenfluramine
ith a short extension tube connected to a three-way stop-

ock.

When the animals reached deep sedation/light anesthetic
ondition (usually within 20 minutes after propofol takes
ffect), blood sampling was initiated. Blood samples (0.5
L) were obtained every 10 minutes for 2 hours to establish
baseline of hormone secretion. Then, fenfluramine (5
g/kg in saline; Sigma, St. Louis, MO) was injected and

lood samples were obtained for an additional 2 hours at
0-minute intervals. After completion of sampling, the cath-
ters were removed by the surgical staff and the animals
ere awake within 5 minutes of termination of the propofol

nfusion. Animals were then returned to their home cage and
onitored for return of normal activities.

The blood samples were maintained on ice until the end of
he experimental period and then processed as described.

hyrotropin-releasing Hormone/CRF Challenge Protocol
control experiment was performed to determine whether

esponses in the fenfluramine challenge resulted from differ-
ntial responses of the serotonin system to fenfluramine or
ifferences in pituitary stores of PRL and ACTH in the
ifferent groups. In the control study, the animals were
dministered a bolus of thyrotropin-releasing hormone (Pen-
nsula Lab, Belmont, CA; 3 �g/kg, IV) plus CRF (Peninsula
ab; 3 mg/kg, IV) in the early follicular phase of a subse-
uent menstrual cycle and blood samples were processed as
escribed.

ssays
ssays for PRL, cortisol, E, and P were performed using a
oche Diagnostics 2010 Elecsys assay instrument. Each
ssay had been validated for macaque plasma in comparison
ith traditional RIA. Interassay coefficients of variation
ere less than 10% for each assay.

tatistical Analysis
two-factor analysis of variance (ANOVA) was conducted

n the data with group and time as the dependent variables
sing the Statistix Analytical Software package (Tallahassee,
L). Specific post-hoc comparisons were made by Tukey’s
nalysis with a Bonferroni correction for multiple compari-
ons. The treatment response within a group was analyzed
ith a nonparametric ANOVA (Freidman’s) for repeated
easures followed by Dunn’s post-hoc comparison. When

ndicated, comparisons were made with Student’s or
elch’s t test as determined by variances. Differences were

onsidered significant if P�.05. Data is presented as mean �

E.
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ESULTS
nder ketamine anesthesia, heart rate varied from 105 to 120
eats/min (117.67 � 2.72) and under propofol, heart rate
aried from 110 to 135 beats/min (123.8 � 2.11). There was
o statistically significant difference between the means
P�.08; Student’s t test). Prolactin was significantly ele-
ated under ketamine anesthesia compared with propofol
Fig. 1). The mean of all samples obtained under ketamine
qualed 29.65 � 3.8 and the mean of all samples obtained
nder propofol equaled 4.21 � 0.35 (P�.0001, Welch’s t
est for unequal variances). Cortisol varied from 151 to 215
nder ketamine and varied from 157 to 294 under propofol
means 170.62 � 5.1 vs. 225.55 � 14.1, respectively,
�.003; Welch’s t test). In brief, PRL was nearly six-fold
igher under ketamine than propofol, whereas cortisol was
nly 1.3-fold higher under propofol and heart rate was sim-
lar under both anesthetics. Because the PRL response was of
reatest interest, propofol was chosen for all further exper-
ments.

As shown in Figure 2, top panel, PRL secretion was
ignificantly different between the experimental groups
two-way ANOVA, P�.0001). Prolactin levels before fen-
uramine challenge were higher in the stress-sensitive group

han in the high or medium stress resistant groups (P�.01).

FIGURE 1

Plasma prolactin concentrations at 10-minute
intervals for 2 hours in animals maintained under
ketamine anesthesia (n � 1) or propofol
anesthesia (n � 1). The average prolactin
concentration for the 2-hour period was almost six
fold higher with ketamine compared with propofol
(P�.0001, Welch’s t test).

Bethea. Serotonin, stress, and infertility. Fertil Steril 2005.
owever, stress-sensitive animals had a lower response to o

ertility and Sterility�
enfluramine compared with high stress-resistant animals
post-hoc test HSR vs. SS, P�.001). The PRL response of
he medium stress-resistant animals did not differ from the

FIGURE 2

Prolactin (top) and cortisol (bottom) responses to
an injection of fenfluramine (5 mg/kg, IV) in saline
while monkeys were maintained under propofol
anesthesia. In the top panel, there was a
significant difference between the groups in the
amount of prolactin secreted after fenfluramine
two-way ANOVA, P�.0001), with the HSR group
secreting significantly more prolactin compared
with the SS group (Tukey’s post-hoc test,
P�.001). In the bottom panel, the cortisol
response to fenfluramine was significantly different
between the experimental groups (two-way
ANOVA, P�.0001), with the SS group secreting
more cortisol compared with the HSR group
(Tukey’s post-hoc test, P�.001).

Bethea. Serotonin, stress, and infertility. Fertil Steril 2005.
ther two groups. Cortisol secretion in response to fenflura-
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Bethea. Serotonin, stress, and infertility. Fertil Steril 2005.
ine (Fig. 2, bottom panel) was also significantly different
etween the experimental groups (two-way ANOVA,
�.0001; post-hoc test HSR vs. SS, P�.001). Stress-
ensitive animals had a greater release of cortisol compared
ith high stress-resilient animals, with the medium stress-

esistant animals again showing no significant difference
rom the other two groups.

In contrast, PRL secretion in response to the thyrotropin-
eleasing hormone � CRF challenge (Fig. 3, top panel) was
ot suppressed in the stress-sensitive group, as it was in
esponse to fenfluramine. After thyrotropin-releasing hor-
one � CRF, prolactin levels were significantly higher in

tress-sensitive compared with stress resistant animals
P�.01). Basal levels of PRL before challenge were again
igher in the stress-sensitive group (P�.01). As illustrated in
igure 3, bottom panel, cortisol increased in response to the

hyrotropin-releasing hormone � CRF challenge in each
roup (P�.04, Freidman’s ANOVA), but it was not different
etween the three groups (two-way ANOVA, P�.1).

Examination of the ovarian hormone secretion during
hree control menstrual cycles before this study indicated
hat the peak E and P concentrations were consistently and
ignificantly higher in the HSR animals than in the SS
nimals. The follicular E peak averaged 653 � 40.8 pg/mL
n HSR animals vs. 416.7 � 25.6 pg/mL in SS animals
Student’s t test, P�.008). The luteal P peak averaged
6.3 � 2.4 ng/mL in HSR animals vs. 12.5 � 1.3 ng/mL in
S animals (Student’s t test, P�.007).

ISCUSSION
tress can lead to a variety of secondary disease processes,

ncluding reproductive dysfunction in sensitive individuals
1–7, 39). Serotonin appears to be a key neurotransmitter in
he regulation of mood, including affective state and anxiety
evel, and serotonin secretion is decreased in response to
tress (24–26). Moreover, it has been generally hypothesized
hat a diminished capacity of the serotonergic system may
nderlie a heightened susceptibility to stress as well as
ulnerability to depression or drug abuse (40, 41). Decreases
n ovarian steroid hormones also lead to decreases in various
spects of serotonin neural function (42–44).

Therefore, we questioned whether differences in the ac-
ivity of the serotonin system could be associated with dif-
erences in sensitivity to stress-induced reproductive dys-
unction. Macaques have monthly menstrual cycles, like
omen, as well as highly developed cerebral cortices, and

hey live in complex social groups. Thus, they are excep-
ionally good models for understanding the neural underpin-
ings of stress-induced reproductive dysfunction.

We recently demonstrated that female cynomolgus mon-
eys show striking individual differences in the response of
he reproductive axis to a moderate level of combined psy-
hosocial and metabolic stress (19). About one third of

nimals showed a rapid and profound suppression of repro-

152 Bethea et al. Serotonin, stress, and infertility
FIGURE 3

Prolactin (top) and cortisol (bottom) responses to
an injection of thyrotropin-releasing hormone
(TRH) (3 �g/kg) �CRF (3 �g/kg) while the animals
were maintained under propofol anesthesia. In the
top panel, prolactin secretion in response to the
TRH�CRF challenge was not suppressed in the
SS group. The stress-sensitive animals released
the largest amount of prolactin in response to TRH
(P�.01, two-way ANOVA). In the bottom panel,
cortisol secretion increased in response to the
TRH � CRF challenge in each group (P�.04,
Friedman’s ANOVA), but cortisol was not different
between the three groups (P�.1, two-way
ANOVA).
Vol. 83, No. 1, January 2005
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uctive hormone secretion (SS), whereas about one third
etained normal menstrual cyclicity throughout 2 months of
tress exposure (HSR). The final one third retained menstrual
yclicity during the initial phases of stress exposure but then
ost cyclic secretion of reproductive hormones (MSR). The
verage peak concentrations of E and P across three control
enstrual cycles were significantly higher in the HSR than
S animals, with the MSR group showing intermediate lev-
ls of these hormones, even before stress was initiated.

The fact that this difference in peak ovarian steroid hor-
one levels was maintained across three consecutive control
enstrual cycles suggests that secretion of ovarian steroid

ormones is a stable characteristic of individuals with an
ncreased propensity for sensitivity to stress-induced repro-
uctive dysfunction. On the other hand, characteristics such
s body weight, weight loss, menstrual cycle length, or
ength of the follicular phase appear to have no relationship
o propensity to develop stress-induced reproductive dys-
unction to a moderate, short-term stress exposure.

Serotonin plays a pivotal role in sensitivity to stress and
e questioned whether animals with different sensitivities to

tress could have endogenous differences in their serotonin
ystem. Fenfluramine is a serotonin-releasing agent, which
auses an increase in PRL or cortisol believed to directly
eflect the endogenous availability of serotonin (32, 38, 45).

e administered fenfluramine to the previously character-
zed animals long after they were returned to control, non-
tressed conditions and cycling normally. We found that
tress-sensitive animals secreted significantly less PRL than
tress-resilient animals after an injection of fenfluramine.
hese data support the idea that the serotonin system of
tress-sensitive individuals has a lower functional capacity
han that of stress-resilient individuals, even in the absence
f stress and supports the long-standing notion that individ-
als with heightened sensitivity to stress have diminished
erotonin function.

Nonetheless, the stress-sensitive group had a higher re-
ease of cortisol than the stress-resilient group. This is con-
ounding if cortisol release also reflects the serotonin capac-
ty. There are two potential explanations. One possibility is
hat in the stress-sensitive individuals, the CRF neurons
riving the hypothalamic-adrenal axis are supersensitive to
erotonin. Earlier work demonstrated that serotonergic de-
ervation increases the functional neuroendocrine response
f the hypothalamic-pituitary-adrenal axis to serotonin ago-
ists (46). Hence, in the stress-sensitive group, even the
ower amount of serotonin that was released by fenfluramine
ay have acted on supersensitive CRF neurons. This line of

easoning is supported by a report that serotonergic stimu-
ation of PRL and corticosterone secretion is mediated by
ifferent pathways from the mediobasal hypothalamus in
odents (47, 48). The cellular or molecular mechanism in-
olved in the switch of axis sensitivity between stress-
ensitive and stress-resilient animals could be of great inter-

st. m

ertility and Sterility�
Alternatively, rodent studies suggest that the effect of
enfluramine on corticosterone is not mediated by serotonin
elease (34). If this is true in primates, then perhaps the
onserotonin-mediated effect of fenfluramine on cortisol is
reater in stress-sensitive than in stress-resilient animals.
owever, the nature of the nonserotonin mechanism remains
nresolved.

The control study with thyrotropin-releasing hormone �
RF administration showed that the pituitary stores of PRL
re not reduced in stress-sensitive animals. The stress-sensi-
ive animals released more PRL when challenged with
hyrotropin-releasing hormone than the other groups, indi-
ating that they have robust pituitary stores of PRL. Thus,
e conclude that the release of PRL was dependent on

enfluramine-induced serotonin release, and that more sero-
onin was released in stress-resilient than stress-sensitive
ndividuals. Unlike stress-resilient animals, stress-sensitive
nimals exhibited an increase in cortisol in response to
enfluramine that was not due to increased pituitary stores of
CTH. Thus, although stress-sensitive individuals appear to
ave less endogenous serotonin available for release, their
ypothalamic-pituitary-adrenal axis has greater sensitivity to
enfluramine than their PRL axis. In a similar manner, fen-
uramine challenges in alcoholic patients produce lower
RL and higher cortisol secretion than in nonalcoholic con-

rols (49, 50).

Exactly how stressors are transduced by the brain into
erceptions of stress, physiological stress responses, and
eleterious effects on mood and many other health outcomes
s not understood. However, this study probed neural func-
ion in nonstressed animals that had a previously docu-
ented difference in reproductive function under stress. We

how that there are endogenous differences in serotonin
apacity even in the nonstressed state. It is attractive to
peculate that the lower endogenous serotonin makes the
ndividual more sensitive to stress. Thus, the “stressfulness”
f a stimulus may reside more in the individual nervous
ystem than in the stimulus. Our animals were individually
oused and not stressed at the time of the fenfluramine
hallenge, therefore the basal cortisol secretion was not a
ariable between the groups. Thus, the differences observed
n stress sensitivity may have resulted from differences in
enetic predisposition or early rearing experiences, factors
nown to influence activity of the hypothalamic-pituitary-
drenal axis (51). A relationship between low socioeconomic
tatus and low serotonergic activity, also measured by the
RL response to fenfluramine, has been observed in a study
f men and women (52).

From the earlier studies in which reproductive function
as characterized, we know that the stress-sensitive animals
ave lower peak and lower average E and P levels across
hree nonstressed menstrual cycles. Ovarian steroid produc-
ion appears to be a stable endogenous and individual state.
uantitative Trait Locus studies in baboons have found a

icrosatellite polymorphism that has a significant effect on
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(53). Hence, the apparent decrease in endogenous seroto-
in in the stress-sensitive animals could be a result of genetic
actors leading to lower ovarian steroids across a typical
ycle. Moreover, E and P regulate serotonin gene expression
n the raphe nucleus of the macaque in a manner that would
romote an increase in serotonin capacity (42). It is attractive
o speculate that better ovarian function in the HSR animals
romotes higher serotonin functional capacity. Further stud-
es on gene expression in the serotonin system of these
nimals are underway.

In conclusion, cynomolgus macaques exhibit different re-
roductive responses to moderate stress indicative of high,
edium, or low stress resilience. Their stress sensitivity

orrelates with PRL secretion in response to the serotonin
eleaser; fenfluramine, suggesting that highly stress resistant
nimals have higher levels of endogenous serotonin than
tress-sensitive animals in the absence of stress. Further
tudy is needed to determine whether this is due to ovarian
teroid secretion, social status, or genetic predisposition.
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