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Abstract
Female cynomolgus monkeys exhibit different degrees of reproductive dysfunction with moderate
metabolic and psychosocial stress. When stressed with a paradigm of relocation and diet for 60 days
or 2 menstrual cycles, highly stress resilient monkeys (HSR) continued to ovulate during the stress
cycles whereas stress sensitive monkeys (SS) did not. After cessation of stress, monkeys
characterized as HSR or SS were administered placebo (PL) or S-citalopram (CIT) for 15 weeks at
doses that normalized ovarian steroid secretion in the SS animals and that maintained blood
citalopram levels in a therapeutic range. After euthanasia, the brain was perfused with 4%
paraformaldehyde. The pontine midbrain was blocked and sectioned at 25μm. The expression of 4
genes pivotal to serotonin neural function was assessed in the 4 groups of monkeys (n=4/group). Fev
(fifth Ewing variant) ETS transcription factor, tryptophan hydroxylase 2 (TPH2), the serotonin
reuptake transporter (SERT), and the 5HT1A autoreceptor were determined at 7–8 levels of the dorsal
raphe nucleus with in situ hybridization (ISH) using radiolabeled- and digoxygenin-incorporated
riboprobes. Positive pixel area and cell number were measured with Slidebook 4.2 in the digoxigenin
assay for Fev. Optical density (OD) and positive pixel area were measured with NIH Image software
in the radiolabeled assays for TPH2, SERT and 5HT1A. All data were analyzed with 2-way ANOVA.
Stress-sensitive monkeys had significantly fewer Fev-positive cells and lower Fev-positive pixel area
in the dorsal raphe than stress-resilient monkeys. Stress-sensitive macaques also had significantly
lower levels of TPH2, SERT and 5HT1A mRNAs in the dorsal raphe nucleus than stress-resilient
macaques. However, citalopram did not alter the expression of either Fev, TPH2, SERT or 5HT1A
mRNAs. These data suggest that stress-sensitive macaques have fewer serotonin neurons than stress-
resilient macaques, and that they have deficient Fev expresssion, which in turn, leads to deficient
TPH2, SERT and 5HT1A expression. In addition, the therapeutic effect of citalopram is probably
achieved through mechanisms other than alteration of serotonin-related gene expression.
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Introduction
Exposure to stressful stimuli can lead to a variety of secondary diseases such as anxiety,
depression, cardiovascular disease, and immune suppression (McEwen, 2002). Reproductive
dysfunction has been recently added to this growing list of stress-related disorders (Xiao et al.,
1999, Cameron, 2000). Clinically, one of the most common forms of infertility is stress-induced
infertility, also called Functional Hypothalamic Amenorrhea (FHA; (Berga and Loucks,
2006)). FHA accounts for as much as 30% of female infertility (Reindollar et al., 1986), and
is defined as a sustained absence of normal menstrual cycles despite healthy reproductive
organs and the capability of showing normal physiologic functioning (Reifenstein, 1946).
Psychometric testing has shown that women with FHA report an increased amount of
psychosocial stress in their lives compared to control populations, or women with other forms
of infertility, despite experiencing comparable numbers of stressful life events (Giles and
Berga, 1993, Fioroni et al., 1994, Marcus et al., 2001). Women with FHA tend to be normal
weight and carefully watch their food intake, scoring higher on eating disorder inventories than
a control population, but not in the range of having eating disorders (Laughlin et al., 1998,
Marcus et al., 2001). They also tend to exercise on a regular basis, often to control life stress
(Berga and Girton, 1989, Giles and Berga, 1993, Berga et al., 2003). Thus, FHA appears to
result from exposure to a combination of common psychosocial and metabolic life stresses.
Clearly, not all women who experience these everyday life stresses develop fertility problems,
suggesting that there is a range of sensitivity to developing stress-induced reproductive
dysfunction in normal women.

We have developed an experimental nonhuman primate model of FHA in which mild
psychosocial stress (relocation) combined with a mild diet and/or a moderate exercise regimen
suppresses reproductive function that reverses upon stress removal (Williams et al., 1997,
Cameron, 2000, Bethea et al., 2005a, Williams et al., 2007). Using this monkey model, we find
that some individuals are sensitive to stress-induced suppression of reproductive hormone
secretion, while others are stress-resilient. Female cynomolgus monkeys are either highly
stress-resilient (HSR) and maintain normal menstrual cyclicity when exposed to two cycles of
combined stress, or medium stress-resilient (MSR) and are ovulatory in the first stress cycle,
but anovulatory in the second stress cycle, or stress-sensitive (SS) and become anovulatory as
soon as stress is initiated.

We have shown that even in non-stressed conditions there are differences in the functioning
of several key neural systems in stress-sensitive vs. stress-resilient monkeys. Stress-sensitive
animals chronically have lower release of serotonin (5HT) in response to fenfluramine (Bethea
et al., 2005a), and have a down regulation of the central serotonergic system as indicated by
less serotonin reuptake transporter (SERT) gene expression, less 5HT-1A receptor gene
expression and less expression of the genes that degrade serotonin (MAO-A and MAO-B) in
the raphe nucleus (Bethea et al., 2005b). In the hypothalamus, there is an up-regulation of
5HT-2A and –2C receptors (Centeno et al., 2007a), and an increase in GAD67 gene expression
(Centeno et al., 2007a) and CRH gene expression (Centeno et al., 2007c), which are inhibitory
to the reproductive axis. We also found that stress-sensitive animals have less immunoreactive
GnRH in the median eminence, lower pituitary LH and FSH secretion, and lower ovarian
estradiol and progesterone secretion compared to more stress-resilient monkeys, when they are
not experiencing stress (Centeno et al., 2007b).
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Recently, we characterized a new population of monkeys as stress-sensitive and stress-resilient,
and then treated them with citalopram or placebo for 15 weeks in the absence of stress (Cameron
et al., 2004). We found that there was an increase in estradiol and progesterone secretion only
in the SS group treated with citalopram, suggesting that central neural drive to the reproductive
axis was improved with citalopram treatment (Cameron et al., 2004).

Citalopram is a selective serotonin uptake inhibitor indicating that the serotonin system was a
primary cite of action. In this study, we examined the expression of 4 pivotal genes that regulate
the function of the serotonin neural system in the stress-sensitive and stress-resilient animals
treated with placebo or citalopram. The genes examined were tryptophan hydroxylase 2
(TPH2) which codes for the rate-limiting enzyme in serotonin synthesis; the serotonin reuptake
transporter (SERT) which regulates extracellular serotonin, and the 5HT1A autoreceptor which
inhibits serotonin neuron excitation, and Fev, an ETS domain transcription factor that
determines whether a neuron is serotonergic, and functions specifically in the differentiation
and maintenance of serotonin neurons. Conserved Fev-1 binding sites are present in or near
the promoter regions of the human and mouse TPH2, serotonin transporter and 5-HT1A
receptor genes (Hendricks et al., 1999, Hendricks et al., 2003). We found that the expression
of Fev, TPH2, SERT and 5HT1A mRNAs was compromised in stress-sensitive animals, but
that citalopram treatment for 15 weeks did not alter the expression of these genes.

Materials and Methods
Animals and treatments

All studies were reviewed and approved by the Institutional Animal Care and Use Committee
of the ONPRC and performed according to federal guidelines. Twenty-five female cynomolgus
monkeys started the study, but 16 were utilized for neuroanatomical assays in a 2 × 2 block
design with 4 animals per group. They were housed in single cages, in large rooms with other
monkeys. Movement of monkeys within the room, and in and out of the room, was limited so
that the monkeys had a stable social environment for 4 months. The monkeys were fed
commercially available monkey chow (12 pellets of Purina High Protein monkey chow) once
a day at about 1100 hours supplemented with fruit. Water was available ad libitum.

Menstrual cyclicity was monitored by daily swabbing of the vaginal area with a cotton-tipped
applicator. Blood samples were collected every other day by femoral venipuncture (monkeys
were trained to extend a leg for blood sampling) to monitor reproductive hormones throughout
the study. To categorize monkeys as highly stress resilient (HSR) or stress sensitive (SS) they
were moved to a new housing room, surrounded by unfamiliar monkeys and they were put on
a diet change eating 80% of the food they consumed during the control phase of the study.
Their menstrual cyclicity and reproductive hormones were evaluated for 2 months after the
move/diet. Based upon the menstrual response to this combined psychosocial and metabolic
stress, the monkeys were labeled highly stress resilient (HSR, n=8), medium stress resilient
(MSR, n=4), stress sensitive (SS, n=7) and very stress sensitive (VSS, n=6). The VSS animals
did not exhibit cycles during the 4-month control period indicating they were extremely
sensitive to the environmental change after purchase and so they were not moved. However,
they did cycle prior to necropsy.

All of the moved animals were then returned to their home cage and allowed to eat ad libitum.
Approximately half of each group was treated with vehicle (placebo) and the other half was
treated for 15 weeks with 1.2–4.8 mg/kg S-citalopram (b.i.d.) to elevate blood levels of
citalopram into the therapeutic range for treating depression. Blood samples were collected
twice from representative animals to monitor blood citalopram levels by HPLC and doses were
adjusted if necessary to keep levels in the target range of 20–40 ng/ml as observed in depressed
patients. After ~1–2 weeks, blood levels of citalopram at 3- and 6-hours after dosing averaged
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24.8±5.0 and 13.5±3.6 ng/ml, respectively, and desmethyl-citalopram averaged 12.1±1.7 and
8.7±1.8 ng/ml, respectively (n=5 animals), which required adjustment. After a further 3 weeks,
blood levels of citalopram at 3- and 6-hours after dosing averaged 23.7±6.2 and 22.4±5.7 ng/
ml, respectively, and desmethyl-citalopram averaged 13.0±3.1 and 13.0±3.1 ng/ml,
respectively (n=6 animals). It appeared that the monkeys metabolized s-citalopram faster than
reported for women (Sit, et al., 2008). Menstrual cyclicity and reproductive hormones were
monitored throughout the citalopram treatment.

For hormone analysis at the end of citalopram treatment, the groups that showed some
sensitivity to stress (MSR, SS and VSS groups) were combined (n=17) and compared to the
highly stress resilient group (n=8). In stress sensitive monkeys, citalopram treatment
significantly increased peak estradiol levels in the follicular phase of the menstrual cycle from
360±67 to 544±82 pg/ml (p < 0.05) and increased peak progesterone levels in the luteal phase
of the menstrual cycle from 6.7±1.4 to 11.3± 1.8 ng/ml (p < 0.05). In contrast, vehicle- and
citalopram-treated stress-resilient monkeys had similar peak estradiol and peak progesterone,
before and after treatment, which averaged (both groups) 575±100 pg/ml and 11.5±3 ng/ml,
respectively (Cameron et al., 2004). (For subsequent neuroanatomical analysis only the SS and
VSS groups were combined. The MSR animals were not included as explained below.)

Tissue Preparation
The monkeys were euthanized according to the procedures recommended by the Panel on
Euthanasia of the American Veterinary Association. Each animal was sedated with ketamine,
given an overdose of pentobarbitol (25 mg/kg, i.v.), and exsanguinated by severance of the
descending aorta.

The left ventricle of the heart was cannulated and the head was perfused with 1L of saline
(made with DEPC-treated water [0.1% diethyl pyrocarbonate] to minimize RNase
contamination) followed by 7 liters of 4% paraformaldehyde in 3.8% borate, pH 9.5 (Berod et
al., 1981, Simmons et al., 1989). The brain was removed and dissected. Blocks of tissue
containing the pontine midbrain were post-fixed for 3 hours in 4% paraformaldehyde, then
washed in 0.02 M potassium phosphate-buffered saline (KPBS) containing first 10%
(overnight), then 20% glycerol (48 h), plus 2% dimethyl sulfoxide (DMSO) to cryoprotect the
tissue. The blocks were frozen in precooled methylbutane (−55°C) and stored at −80°C for up
to 6 months.

Post hoc animal selection for tissue analysis
The eight HSR animals that were treated with placebo or citalopram were all included (n=4/
treatment). The four animals that were MSR yielded only 2 each for placebo or citalopram
treatment, so they were excluded due to insufficient numbers for statistical analysis. The SS
and VSS groups were considered together as highly stress sensitive. Five V/SS animals were
treated with placebo, but one animal had a poor perfusion of the brain, so the remaining four
animals were included. Eight V/SS animals were treated with citalopram. Four of the eight
animals, which never cycled or which exhibited immediate ceasation of ovulation upon
moving, were included in the tissue analysis providing an n of four in a 2 × 2 block design.
The midbrain blocks containing the dorsal raphe were cut on a sliding microtome at 25 μm,
and the sections were mounted on Superfrost Plus Slides (Fisher Scientific, Pittsburgh, PA),
dehydrated under vacuum overnight and then stored at −80°C until processing for in situ
hybridization (ISH) assays.
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Riboprobe
A 268 bp segment of Fev (Accession ID XM_001095962) was amplified by RT-PCR from
RNA extracted from rhesus monkey embryonic stem cell derived serotonin neurons (Bethea
et al., 2009). The primer sequences were as follows:

F_CAGAAAGGCAGCGGACAGAT (709bp–728bp)

R_CCTGGAAGTCGAAGCGGTAG (976bp–957bp)

The Fev amplicon was inserted into pGEM-T and sequenced with an Applied Biosystems
3730xl with capillary DNA sequencing in the ONPRC Cell and Molecular Biology Core. The
Fev sequence was compared to human Fev for sequence identity with BLAST at the NCBI
website. For riboprobe production, the Fev cDNA was linearized with NCO1.

A monkey specific partial cDNA clone of TPH2 containing 251 bp of the 5′ region, which has
very little homology to TPH1, was previously constructed and the TPH2 riboprobe-
incorporating 35S-UTP was synthesized as previously described (Sanchez et al., 2005). A
recombinant subclone of the 5′ cytoplasmic domain of human SERT was previously generated
with a 253 bp insert. The SERT riboprobe incorporating 35S-UTP was synthesized as
previously described (Pecins-Thompson et al., 1998, Bethea et al., 2005b). A monkey specific
partial cDNA clone of the 5HT1A autoreceptor was previously constructed that contained 432
bp extending from base 647 to 1078 of the 5HT1A receptor and the 5HT1A riboprobe
incorporating 35S-UTP was synthesized as previously described (Pecins-Thompson and
Bethea, 1998, Centeno et al., 2007a). This region corresponds to the area between
transmembrane domains V and VI and it has the least sequence homology with other 5HT
receptors, the β2-adrenergic and the α1-adrenergic receptors that also share sequence homology
with the 5HT1A receptor (Julius, 1991).

In situ hybridization (ISH) assays
The non-isotopic in situ hybridization procedure, described in detail elsewhere (Berg-von der
Emde et al., 1995) utilizing a digoxygenin-labeled Fev cRNA, was used to determine if Fev
mRNA abundance differs between SS and HSR monkeys treated with placebo or citalopram.
The cRNA was prepared using the cDNA mentioned above as template and SP6 RNA
polymerase to drive the transcription reaction (Berg-von der Emde et al., 1995). Following an
overnight hybridization at 55–56°C, the slides were washed and processed for digoxygenin
detection of Fev mRNA, as reported (Berg-von der Emde et al., 1995). After developing the
digoxygenin/antidigoxygenin-alkaline phosphatase conjugate reaction by an overnight
incubation in a 4-nitrobluetetrazolium chloride/5-bromo-4-chloro-3indoyl-phosphate staining
solution, the slides were extensively washed in potassium phosphate-sodium chloride buffer
pH 7.4, dehydrated in graded ethanol, dried, and coverslipped for microscopic examination.
Eight levels of the dorsal raphe were analyzed at 250 μm intervals. The sections were matched
anatomically and rostral, medial and caudal sections from all animals were processed together.

The details of the isotopic in situ hybridization assays for TPH2, SERT and 5HT1A have been
published (Pecins-Thompson and Bethea, 1998, Pecins-Thompson et al., 1998, Sanchez et al.,
2005) in which the prehybridization, hybridization and wash temperatures were empirically
optimized for each probe. In brief, raphe sections were removed from frozen storage and post-
fixed in 4% paraformaldehyde for 15 min, rinsed in TE (0.1M Tris, 0.05 M EDTA, in DEPC
water, pH 8) for 10 min, permeabilized at 37°C with proteinase K (10 μg/ml) in TE for 30 min,
then acetylated with 0.2% acetic anhydride in 0.1 M triethanolamine for 10 min, and rinsed in
2X saline sodium citrate (2X SSC: 0.3 M NaCl, 0.03 M sodium citrate) for 4 min. Following
rinses and dehydration in ethanol, sections were hybridized overnight at 40°C for TPH2, 50°
C for SERT, and at 60°C for 5HT1A. The following morning, sections were washed with 4X
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saline sodium citrate (SSC), ribonuclease A (RNase A) at 37°C for 30 min, 2X SSC, and 0.1X
SSC at a temperature of 60°C for TPH2 and SERT and 70°C for 5HT1A. Sections were
dehydrated and apposed to Hyperfilm b-max (Amersham Pharmacia Biotech, Arlington
Heights, IL) at room temperature for 5 days for all probes. Negative controls included an RNase
pretreatment before hybridization and hybridization with sense riboprobe. Seven levels of the
dorsal raphe at 250 μm intervals were examined in each animal. The sections were matched
anatomically and rostral, medial and caudal sections were run in separate assays.

Densitometric Analysis
In the digoxigenin ISH for Fev, sections (8 levels/animal) were video-captured with the
Marianas Stereology Workstation and Slidebook 4.2. A montage of the dorsal raphe was
created by Slidebook, which was subjected to further analysis. For each anatomical level, the
largest representation of the dorsal raphe was chosen from amongst all of the animals. A square
outline was placed over the chosen dorsal raphe and the exact dimensions were recorded. The
same size square was then used for all of the animals at that anatomical level. First, the operator
outlined (boxed) the dorsal raphe nucleus and counted the number of Fev-positive neurons by
marking each positive cell. The software program tallied the marks and provided the number
of cells in the defined area. Then, the image was segmented into positive (stained) and negative
(unstained) pixels. Two measurements were generated from the segmented image. The area
covered by the Fev-positive pixels was obtained, and called positive pixel area. Then, the
intensity of each pixel was obtained and summed for each level. This value was called pixel
intensity, which is analogous to optical density in autoradiographic analysis. While these
different parameters are related, it is possible for them to change independently depending on
Fev expression in individual cells. The same procedure was applied at each anatomical level
from the rostral to caudal extent of the dorsal raphe nucleus. The outlined area was also
measured to ensure equal areas were analyzed across all animals.

Autoradiographic films from TPH2, SERT and 5HT1A assays were developed, illuminated,
and images of sections (7 levels/animal) were video-captured using a CCD video camera
module (Sony, Japan). The images were digitized using the NIH Image Program. Two
measurements were generated from the autoradiographs that required the operator to outline
(box) the dorsal raphe nucleus. For each probe and each anatomical level, the largest
representation of the dorsal raphe was chosen from amongst all of the animals. A square outline
was placed over the chosen dorsal raphe and the exact dimensions were recorded. The same
size square was then used for all of the animals at that anatomical level. The same procedure
was applied at each anatomical level from the rostral to caudal extent of the dorsal raphe
nucleus.

The first measurement was the average gray scale optical density, obtained by subtracting the
background from the optical density of the region encircled. The second measurement yielded
the average positive pixel area, obtained by operator thresholding of signal to background
(subjectively set to best reflect the signal and then the same setting was used for all animals).
This indicates the area covered by the signal.

To verify the linearity of the autoradiographic films and to verify that individual films exhibited
similar responsiveness, 14C-autoradiographic standards (Amersham, Arlington Heights, IL)
were used which yield an exposure comparable to 35S. The standards are calibrated to reflect
rat brain gray matter impregnated with increasing amounts of 14C. The average optical density
measured from experimental regions fell within the linear range of the standards and film
responses were consistent between different films. The experimental films were exposed for
3 to 14 days depending on the probe.
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In the TPH2 assays, initially 9 levels were examined to get an accurate assessment of the
morphology of the dorsal and median raphe nuclei. The median raphe emerged irregularly at
levels 6–9. One animal appeared to lack a median raphe altogether and in the remaining
animals, the anatomy was inconsistent, sometimes consisting of scattered cells and other times
forming a dense central nucleus. These anatomical anomalies precluded rigorous analysis of
the median raphe.

Statistical Analysis of ISH signals
All measurements were averaged across the levels, generating one overall average for each
animal. In addition, the total number of Fev-positive cells and the number of cells per cubic
mm was determined. The data were compared with a two-by-two analysis of variance
(ANOVA) followed by Bonferroni’s post hoc pairwise comparison. Thus, the variance reflects
the difference between animals. All statistical analyses were conducted using the Prism
Statistic Program 5.0 (GraphPad, San Diego, CA). A confidence level of p<0.05 was considered
significant.

Results
The sequence of the rhesus macaque Fev amplification product was obtained and compared to
the human sequence in Figure 1. There is 98% sequence identity between the macaque and
human sequences in this region of Fev, which corresponds to nucleotides 121–389 of the coding
region. There were 5 nucleotide changes in the 268 bp macaque sequence, which were silent
and should not change the protein sequence of the Fev transcription factor.

One of the blocks from the HSR-citalopram group was apparently poorly perfused and adequate
signals were not obtained, which left 3 animals for gene analysis in the HSR+citalopram group
and 4 animals in all of the other groups.

As illustrated in Figure 2, there was robust expression of Fev in the HSR groups compared to
the SS groups. Fev expression was restricted to the neurons of the raphe nuclei and the presence
of Fev indicates that these neurons are solely serotonergic.

Figure 3 illustrates the morphological appearance of Fev-positive cells at levels 3, 5 and 7. The
change in the presentation and anatomy of the dorsal raphe nucleus from the rostral to caudal
levels is apparent. The anatomy of the dorsal raphe changes from a unified mass of Fev-positive
cells at the rostral levels to a bifurcated structure at the caudal levels. The entire dorsal raphe
nucleus was outlined for analysis excluding the dorsal raphe intrafascicularis.

The number of neurons in each level was summed generating the total number of neurons per
animal. The mean of the total number of neurons for each group is illustrated in Figure 4, top
left panel. Two way ANOVA indicated that there was a significant effect of stress sensitivity
(p = 0.008), but no effect of treatment (p= 0.18) and no interaction (p=0.57). Hence, SS animals
have significantly fewer Fev-positive serotonin neurons than HSR animals, but citalopram did
not change serotonin cell number. The volume of the analyzed region was computed by
multiplying the average outlined area of each animal by the total thickness of the sections
(200μm). Then, the number of Fev positive serotonin neurons per mm3 volume was calculated
and the results are shown in Figure 4, top right panel. Two way ANOVA indicated that there
was a significant effect of stress sensitivity (p = 0.008), but no effect of treatment (p= 0.31)
and no interaction (p=0.54). Hence, SS animals have significantly fewer Fev-positive serotonin
neurons per mm3 than HSR animals, but citalopram treatment did not change serotonin cell
number.
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The positive pixel area was obtained after segmentation of the image and computed by
Slidebook 4.2. The results are illustrated in Figure 4, middle left panel. Two way ANOVA
indicated that there was a significant effect of stress sensitivity (p = 0.001), but no effect of
treatment (p= 0.167) and no interaction (p=0.938). Hence, SS animals have significantly fewer
Fev-positive pixels than HSR animals, but citalopram did not change the positive pixel area,
suggesting that citalopram did not change Fev gene expression. Next, the intensity of each
positive pixel was obtained and summed for each level. The average pixel intensity across all
8 levels was obtained for each animal and this was used to obtain the group means of positive
pixel intensity. The results are illustrated in Figure 4, middle right panel. Two- way ANOVA
indicated that there was a significant effect of stress sensitivity (p = 0.002), but no effect of
treatment (p= 0.23) and no interaction (p=0.81). Hence, SS animals have significantly lower
Fev-positive pixel intensity than HSR animals, but citalopram treatment did not change the
positive pixel intensity further supporting the notion that citalopram did not change Fev gene
expression.

The outlined area was averaged for each animal across all 8 levels and this was used to obtain
the group means of the outlined area, which was subjected to further analysis. The results are
illustrated in Figure 4, bottom panel. There was no difference in the outlined area that was
analyzed between the groups.

The autoradiographic signal for TPH2 mRNA at a rostral level of the dorsal raphe nucleus is
illustrated in Figure 5. TPH2 was robustly expressed in the HSR animals treated with placebo
or citalopram. There was an apparent decrease in TPH2 mRNA in the SS animals treated with
placebo or citalopram. The optical density of the signal and the pixel area covered by the signal
was obtained from 7 levels of the dorsal raphe and the average signal/section was obtained for
each animal. The mean ± SEM of each group was compared with a 2-way ANOVA and the
results are shown in Figure 6. There was a significant effect of stress sensitivity on optical
density (p=0.0002) and on positive pixel area (p=0.0003). However, there was no effect of
drug treatment on optical density (p=0.13) or on positive pixel area (p= 0.10) and there was
no interaction (p=0.37 for OD; p=0.57 for pixels). Thus, TPH2 gene expression was lower in
the SS animals compared to the HSR animals, but citalopram treatment for 15 weeks did not
alter TPH2 gene expression.

The autoradiographic signal for SERT mRNA at a rostral level of the dorsal raphe nucleus is
illustrated in Figure 7. SERT was robustly expressed in the HSR animals treated with placebo
or citalopram. There was an apparent decrease in SERT mRNA in the SS animals treated with
placebo or citalopram. The optical density of the signal and the pixel area covered by the signal
was obtained from 7 levels of the dorsal raphe and the average signal/section was obtained for
each animal. The mean ± SEM of each group was compared with a 2-way ANOVA and the
results are shown in Figure 8. There was a significant effect of stress sensitivity on optical
density (p=0.005) and on positive pixel area (p=0.001). However, there was no effect of drug
treatment on optical density (p=0.27) or on positive pixel area (p= 0.22) and there was no
interaction (p=0.66 for OD; p=0.98 for pixels). Thus, SERT gene expression was lower in the
SS animals compared to the HSR animals, but citalopram treatment for 15 weeks did not alter
SERT gene expression.

The autoradiographic signal for 5HT1A mRNA at a rostral level of the dorsal raphe nucleus
is illustrated in Figure 9. 5HT1A was robustly expressed in the HSR animals treated with
placebo or citalopram. There was an apparent decrease in 5HT1A mRNA in the SS animals
treated with placebo or citalopram. The optical density of the signal and the pixel area covered
by the signal was obtained from 7 levels of the dorsal raphe and the average signal/section was
obtained for each animal. The mean ± SEM of each group was compared with a 2-way ANOVA
and the results are shown in Figure 10. There was a significant effect of stress sensitivity on
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optical density (p=0.004) and on positive pixel area (p=0.001). However, there was no effect
of drug treatment on optical density (p=0.89) or on positive pixel area (p= 0.83) and there was
no interaction (p=0.17 for OD; p=0.072 for pixels). Thus, 5HT1A gene expression was lower
in the SS animals compared to the HSR animals, but citalopram treatment for 15 weeks did
not alter 5HT1A gene expression.

Discussion
A large body of clinical research has found that individuals may be stress sensitive or stress
resilient, and that stress sensitive individuals have an increased incidence of mood and anxiety
disorders. We used a nonhuman primate model to study stress sensitivity, which was defined
as cessation of ovulation due to a combination of psychosocial (relocation) and metabolic (diet)
stress. Genetic, environmental, neurobiological and psychosocial factors contribute to stress
resilience and stress sensitivity in humans and animal models. Of the neurobiological factors
contributing to stress sensitivity, changes in functional aspects of the serotonin system play a
leading role.

This study examined the expression of 4 genes that determine a significant portion of serotonin
neuronal function, ie, Fev, TPH2, SERT and 5HT1A genes, in stress-sensitive and stress-
resilient monkeys treated with citalopram or placebo for 15 weeks in the absence of stress. We
found that the expression of each of these genes was significantly reduced in the stress-sensitive
animals, but that citalopram treatment did not alter their expression. Blood levels of citalopram
were maintained in a therapeutic range and the citalopram treatment was effective in increasing
ovarian steroid secretion in the stress- sensitive animals prior to euthanasia, suggesting that the
treatment was efficacious (Cameron et al., 2004).

Fev Expression
Fev (a homolog of PET1 in rats) is an ETS domain transcription factor that determines whether
a neuron is serotonergic; and it functions specifically in the differentiation and maintenance of
serotonin neurons. Fev is absolutely necessary for a neuron to become serotonergic and it is
not expressed in any other neurons of the CNS. Indeed, the rodent homolog of Fev, called Pet1,
marks and is restricted to, the entire rostral-caudal extent of the rat serotonergic hindbrain raphe
complex (Hendricks et al., 1999). Conserved Fev binding sites are present in or near the
promoter regions of the human and mouse TPH2, 5-HT1A receptor, serotonin transporter, and
aromatic L-amino acid decarboxylase genes, whose expression is characteristic of the
serotonergic neuron phenotype (Hendricks et al., 1999, Hendricks et al., 2003).

Fev expression was significantly lower and the number of detectable Fev-positive neurons was
reduced in the stress-sensitive monkeys compared to stress-resilient monkeys. Thus, stress-
sensitive macaques have reduced expression of the gene that governs serotonin-related gene
expression and neuron function. The reduction in Fev-positive cell number strongly suggests
that stress-sensitive animals have fewer serotonin neurons. It may be argued that serotonin
neurons with little or no Fev expression were missed, but this seems to be a contradiction in
terms. Other reports contend that Fev/Pet1 is a key transcriptional regulator of genes required
specifically for the terminal serotonergic phenotype (Hendricks et al., 1999). Extending this
line of reasoning (with a very sensitive assay), one could deduce that if a neuron does not have
detectable Fev expression, then it is unlikely to be a serotonin neuron. This observation explains
why stress-sensitive monkeys have lower expression of all of the serotonin-related genes and
why, even with lower but adequate levels of ovarian steroids, they have compromised serotonin
function. Very likely, this type of deficit has a developmental component.
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Tryptophan Hydroxylase 2 Expression
TPH2 expression in stress-sensitive monkeys was significantly lower than in stress-resilient
monkeys. This indicates that serotonin synthesis in stress-sensitive monkeys is compromised.
TPH2 was discovered after we had exhausted the midbrain sections from the previous cohort
of monkeys (Bethea et al., 2005b). Hence, this is the first examination of TPH2 in stress-
sensitive versus stress-resilient monkeys. We previously showed that stress-sensitive monkeys
secrete less prolactin than stress-resilient monkeys after challenge with fenfluramine, a
serotonin releaser and reuptake blocker (Bethea et al., 2005a), indicating that stress-sensitive
monkeys have lower available serotonin than stress-resilient monkeys. The lower expression
of TPH2 mRNA may provide a molecular basis for the lower availability of serotonin, and
together the data indicate that serotonin synthesis is decreased in stress-sensitive individuals.
Consistent with these observations, tryptophan depletion and reduction of serotonin causes
transient depression only in sensitive individuals (Hasler et al., 2004). The decrease in TPH2
expression is due in part to the reduction in serotonin cell number, but close examination of
the autoradiographs also suggests that TPH2 expression is reduced in individual cells.

Serotonin Reuptake Transporter Expression
SERT mRNA expression was also significantly lower in stress-sensitive monkeys compared
to stress-resilient monkeys, which independently confirms our earlier report with a different
cohort of monkeys (Bethea et al., 2005b). If the lower level of mRNA translates to a lower
level of SERT protein expression, then stress-sensitive monkeys would have markedly reduced
SERT protein and function. The expression of SERT appears to correlate with the level of
serotonin produced. Although somewhat paradoxical, in cases where serotonin is
compromised, SERT is also reduced. Several approaches have shown that there is a reduced
density of SERT in patients with depression and in the postmortem brain tissue of suicide
victims (Lawrence et al., 1990, Drevets et al., 1992, Hrdina et al., 1993, Arango et al., 2002).
Much attention has been placed on a polymorphism in the SERT gene, which may lead to a
decrease in SERT expression (Bondy et al., 2000). However, cynomolgus macaques do not
have the orthologus deletion event. Rather, all cynomolgus macaques have the long allele
(Bethea et al., 2005b). Hence, the SERT polymorphism is not responsible for the decrease in
SERT mRNA in these stress-sensitive monkeys.

5HT1A Autoreceptor Expression
5HT1A mRNA expression was markedly lower in stress-sensitive compared to stress-resilient
monkeys. In our previous study, 5HT1A mRNA expression tended to be lower in stress-
sensitive animals, but it did not reach statistical significance probably due to the small sample
size and small effect (Bethea et al., 2005b). This study confirms that there is a real deficit in
5HT1A gene expression in stress-sensitive individuals. Indeed, it indicates that in the previous
study there was a type II error, in that we did not detect a real difference. Unfortunately, this
is a risk in primate studies that are constrained by costs. In a different model, we showed that
5HT1A binding correlated with 5HT1A gene expression (Lu and Bethea, 2002). Hence, the
stress-sensitive monkeys probably have lower 5HT1A receptor density. These results are
consistent with clinical studies that showed decreased 5HT1A binding in multiple brain regions
of patients with depression (Drevets et al., 2000) and 5HT1A subsensitivity has been linked
to late luteal phase dysphoric disorder (Yatham, 1993). Subordinate and chronically stressed
male tree shrews have lower 5HT1A binding across a variety of brain regions including the
hippocampus and frontal cortex (Flugge et al., 1998). Chronic stress also reduced post-synaptic
5HT1A binding in the hippocampus of rats (Watanabe et al., 1993), but there was no effect on
5HT1A autoreceptor binding in the raphe nuclei (Pare and Tejani-Butt, 1996). Paradoxically
however, antidepressants are thought to decrease 5HT1A binding (Hjorth et al., 2000) and
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5HT1A antagonists are beneficial adjuncts to antidepressant treatment (Singh and Lucki,
1993, Artigas et al., 1994, Romero and Artigas, 1997).

Regulation and Correlations
The lower expression of TPH2, SERT and 5HT1A is likely a consequence of the lower
expression of Fev. The TPH2, SERT and 5HT1A promoters contain a Fev binding site and
Fev is thought to be the terminal differentiation gene controlling the expression of serotonin
specific genes such as TPH2, SERT and the 5HT1A receptor. Therefore, Fev determines
whether a neuron is serotonergic or not. Thus, the lower expression of TPH2, SERT and 5HT1A
may reflect the lower serotonin cell number as well as lower Fev expression in individual cells
in the stress-sensitive animals.

It is noteworthy that in Pet1 knock out mice, the serotonin neurons fail to differentiate and
remaining ones show deficient expression of serotonin-related genes. Moreover, these mice
show heightened anxiety-like and aggressive behavior as adults (Hendricks et al., 2003). The
stress-sensitive monkeys, who have deficient Fev expression, and hence fewer serotonin
neurons, as well as reduced expression of the other serotonin–related genes, also show
heightened anxiety-like behavior in a temperament test. In parallel studies, we used a series of
tests for anxious behavior that were adapted for monkey behavioral testing (Cameron, 2003,
Bethea et al., 2004) to assess temperamental characteristics in stress-sensitive vs. stress-
resilient monkeys. We found that stress-sensitive monkeys show increased behavioral agitation
when placed in a novel situation (Herod et al., 2006), a characteristic associated with low central
serotonin release in a number of psychiatric disorders. Behaviors such as excessive worry or
fear (Schulkin et al., 1998, Kalin and Shelton, 2003, Myers and Davis, 2007), inhibited
approach to novelty/hypoactivity (Biederman et al., 1990, Hirshfeld et al., 1992, Fox, 2004),
and increased agitation/hyperactivity in response to novelty (Kelly et al., 1997, Strekalova et
al., 2005, Shroff et al., 2006) have all been observed in both clinical tests and animal models
of anxiety. The pathophysiologic mechanisms underlying psychomotor agitation include
dysregulation of dopaminergic, serotonergic, noradrenergic and GABAergic systems
(Lindenmayer, 2000), several of which show differences between stress-sensitive and stress-
resilient animals (Bethea et al., 2008).

Effect of Citalopram
Citalopram is a selective serotonin reuptake inhibitor (SSRI) that alleviates many of the
symptoms of serotonin deficiency, initially by increasing extracellular serotonin (Smith et al.,
2000). SSRIs are also thought to induce neuronal plasticity (Manji et al., 2003) although
whether this is a direct effect of the SSRI, or an effect of the elevated extracellular serotonin,
has not been fully resolved. Nonetheless, SSRI’s have a delayed efficacy, which has lead to
questions of whether changes in gene expression may be involved. In the hippocampus of male
tree shrews, chronic stress causes changes in gene expression that are reversed by
administration of antidepressants (Alfonso et al., 2004) and microarray analysis found a
significant number of gene changes in the dorsal raphe nucleus of naïve rats treated with
fluoxetine (Conti et al., 2007). However, an early study in which naive rats were treated with
a variety of antidepressants for four weeks reported no significant changes in TPH1, SERT or
5HT1A receptor mRNAs (Spurlock et al., 1994), but it was recently reported that four or eight
weeks of fluoxetine (7.5 mg/kg/day) increased TPH2 mRNA in the dorsal raphe nucleus, which
correlated with antidepressant action in the forced swim test, but two weeks of treatment had
no effect (Shishkina et al., 2007). The same treatment decreased SERT mRNA at all time
points. Nonetheless, we observed no effect of 15 weeks of citalopram on Fev, TPH2, SERT or
5HT1A mRNAs in the dorsal raphe nucleus of stress-resilient or stress-sensitive monkeys.
Thus, our results are more consistent with the early study of antidepressant effects on gene
expression in rats (Spurlock et al., 1994).
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The lack of an effect of citalopram on serotonin-related gene expression suggests that changes
in expression of Fev, TPH2, SERT or 5HT1A mRNAs in the dorsal raphe were not central to
the therapeutic action of citalopram. Moreover, the lack of an effect of citalopram on Fev gene
expression may also indicate why antidepressants are frequently required for life. They
probably do not cause permanent effects on this pivotal serotonin neuronal determinant. It is
well accepted that SSRIs increase extracellular serotonin (Hjorth et al., 2000) and either
serotonin and/or antidepressants probably increase pivotal growth factors that stimulate
neuronal remodeling (Alfonso et al., 2005, Turner et al., 2006). In our model of hypothalamic
amenorrhea, citalopram increased serum estrogen and progesterone concentrations in the
stress-sensitive, but not the stress-resilient monkeys.

It may be questioned whether the citalopram-induced increase in estrogen and progesterone
could exert feedback regulation on serotonin-related gene expression. In a model of surgical
menopause with hormone replacement therapy (HRT), we have shown that estrogen and
progesterone increase TPH2 mRNA expression in the dorsal raphe of rhesus macaques
(Sanchez et al., 2005). However, in the model of HRT, estradiol increased from <20 pg/ml in
the ovariectomized animals to a range of 100–150 pg/ml in the replacement animals, which is
much lower than the peak concentrations measured in the stress-sensitive animals treated with
placebo. Also, in the model of HRT, progesterone increased from <0.12 ng/ml in the
ovariectomized animals to a range of 6–7 ng/ml in the replacement animals, which is
comparable to the stress-sensitive animals treated with placebo. So, in the HRT model, the
steroid hormone concentrations are adjusted from nearly absent to levels observed in the early
to mid-luteal phase, whereas in the stress-sensitive group, the steroid hormones change from
adequate (with placebo) to better (with citalopram). The citalopram-induced adjustment does
not appear to exert the same kind of dynamic effect on TPH2 expression as the HRT adjustment.

It may be noted that there was a small decrease in TPH2 and 5HT1A expression in the stress
sensitive animals treated with citalopram. However, this difference was not significant using
the 2 × 2 block design and two–way anova. Power analysis indicates that many more animals
are needed to assign signficance to an effect this small. Thus, with 4 animals and a small effect,
we run the risk of a false negative conclusion or type II error, which misses a small, but real
difference. However, it is reasonable to question the relevance of such a small effect of
citalopram given that there is a large effect of stress sensitivity. Indeed, we originally
hypothesized that citalopram would normalize gene expression in the SS animals to the levels
observed in the HSR animals, and that was clearly not the case. Hence, the small decrease in
TPH2 and 5HT1A expression in the stress sensitive animals treated with citalopram animals
may be a real populational phenomena or not, but if real, then it is very hard to interpret. How
can decreasing the expression of these genes lead to an increase in serotonin and ovarian steroid
secretion? We think the small decrease is due to animal variation. Moreover, the alternate
interpretation becomes so convoluted that it is safer to accept that there is no major difference
in serotonin-related gene expression with citalopram treatment and seek other actions of
citalopram that could mediate the increase in ovarian steroid secretion.

We have recently obtained preliminary data showing that citalopram treatment significantly
reduces CRF fiber staining in the dorsal raphe nucleus in stress-sensitive animals, but not in
stress-resilient animals (unpublished). This correlates closely with the ovarian steroid secretion
in response to citalopram. The CRF cell bodies, which innervate the dorsal raphe, are located
in the PVN and amygdala; and in a reciprocal fashion, serotonin innervates CRH neurons in
the PVN and amygdala (Bassett and Foote, 1992, Laflamme et al., 1999 Lowry, 2000 #3320,
Ruggiero et al., 1999, Kirby et al., 2000, Asan et al., 2005, Clark et al., 2007). Our preliminary
data indicate that citalopram may act to increase serotonin release in the PVN and amygdala
of stress-sensitive animals, which in turn would decrease CRF production. Earlier work
demonstrated that CRF plays an anti-reproductive role in macaques (Ferin, 1995) and CRF
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may directly or indirectly inhibit GnRH neurons in the hypothalamus (Ferin, 1993, Polkowska
and Przekop, 1997, Wang and Millam, 1999).

In conclusion, stress-sensitive monkeys have lower expression of the Fev gene in individual
neurons, and fewer detectable serotonin neurons than stress-resilient monkeys. This deficit has
downstream consequences including lower expression of TPH2, SERT and 5HT1A genes, as
well as elevated expression of hypothalamic GAD67 and CRH and finally, decreased transport
of LHRH to the median eminence (Bethea et al., 2008). These shifts in CNS systems lead to a
decrease in ovarian production of estrogen and progesterone although ovulation was adequate
without exogenous stress. Preliminary data indicate that the stress-sensitive animals exhibit
higher levels of behavioral agitation/anxiety in temperament tests. Administration of
citalopram increases estrogen and progesterone production, but it does not alter gene
expression of Fev, TPH2, SERT or 5HT1A in the dorsal raphe nucleus. Rather, we have
preliminary evidence that it decreases CRH fiber density in the raphe. This suggests that the
mechanism of action of citalopram involves post-translational events in the serotonin system,
which may in turn alter the CRH system.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The sequence alignment of our rhesus macaque Fev fragment with the same region of the
human Fev gene. This region spans bp 121 to 389 from the start codon of the coding region.
Translation of the rhesus transcript yields the same amino acid sequence as the human
transcript.
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Figure 2.
Illustration of Fev expression in the rostral dorsal raphe in representative monkeys from each
treatment group at two magnifications. The scale bar equals 100 μm. There is robust expression
of Fev in the HSR-placebo (HSR-Pl) and HSR-citalopram (SHR-Cit) groups, but Fev
expression is markedly reduced in the SS-placebo (SS-Pl) and SS-citalopram (SS-Cit) groups.
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Figure 3.
Illustration of the anatomical organization of the Fev-positive neurons at 3 of the 8 levels of
the dorsal raphe that were subjected to analysis. The anatomy of the dorsal raphe changes from
a unified mass of Fev-positive cells at the rostral levels to a bifurcated structure at the caudal
levels.

Lima et al. Page 20

Neuroscience. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Overall averages of several Fev parameters for each group (n=3–4/group)
Top Left - The number of neurons in each level was summed generating the total number of
neurons per animal. The mean of the total number of neurons for each group is illustrated.
There was a significant effect of stress sensitivity (*p = 0.008), but no effect of treatment (p=
0.18) and no interaction (p=0.57).
Top Right - The number of Fev positive serotonin neurons per mm3 volume is illustrated.
There was a significant effect of stress sensitivity (*p = 0.008), but no effect of treatment (p=
0.31) and no interaction (p=0.54).
Middle Left - The average positive pixel area is illustrated. There was a significant effect of
stress sensitivity (*p = 0.001), but no effect of treatment (p= 0.167) and no interaction
(p=0.938).
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Middle Right - The intensity of each positive pixel was obtained and summed for each level.
The average of the summed pixel intensity across all 8 levels was obtained for each animal and
this was used to obtain the group means of positive pixel intensity as illustrated. There was a
significant effect of stress sensitivity (*p = 0.002), but no effect of treatment (p= 0.23) and no
interaction (p=0.81).
Bottom - The outlined area was averaged for each animal across all 8 levels and this was used
to obtain the group means of the outlined area as illustrated. There was no difference in the
outlined area that was analyzed between the groups.
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Figure 5.
In situ hybridization autoradiograms of TPH2 signal in the dorsal raphe nucleus of
representative HSR and SS macaques treated with placebo or citalopram for 15 weeks.
Scattered neurons of the rostral median raphe are also visible underneath the decussation of
the cerebellar peduncles. The box illustrates the area analyzed at this morphological level. The
same box was applied to all sections at this level. Each of the 7 levels had a different sized box
that was held constant for all of the sections at that morphological level.
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Figure 6.
Histograms illustrating the average positive pixels and optical density of TPH2 signal in the
dorsal raphe nucleus of HSR and SS macaques treated with placebo or citalopram for 15 weeks
(n=3–4/group). Two-way ANOVA was conducted. There was a significant effect of stress
sensitivity on optical density (p=0.0002) and on positive pixel area (p=0.0003). However, there
was no effect of drug treatment on optical density (p=0.13) or on positive pixel area (p= 0.10)
and there was no interaction (p=0.37 for OD; p=0.57 for pixels).
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Figure 7.
In situ hybridization autoradiograms of SERT signal in the dorsal raphe nucleus of
representative HSR and SS macaques treated with placebo or citalopram for 15 weeks.
Scattered neurons of the rostral median raphe are also visible underneath the decussation of
the cerebellar peduncles. The box illustrates the area analyzed at this morphological level. The
same box was applied to all sections at this level. Each of the 7 levels had a different sized box
that was held constant for all of the sections at that morphological level.
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Figure 8.
Histograms illustrating the average positive pixels and optical density of SERT signal in the
dorsal raphe nucleus of HSR and SS macaques treated with placebo or citalopram for 15 weeks
(n=3–4/group). Two-way ANOVA was conducted. There was a significant effect of stress
sensitivity on optical density (p=0.005) and on positive pixel area (p=0.001). However, there
was no effect of drug treatment on optical density (p=0.27) or on positive pixel area (p= 0.22)
and there was no interaction (p=0.66 for OD; p=0.98 for pixels).
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Figure 9.
In situ hybridization autoradiograms of 5HT1A signal in the dorsal raphe nucleus of
representative HSR and SS macaques treated with placebo or citalopram for 15 weeks.
Scattered neurons of the rostral median raphe are also visible underneath the decussation of
the cerebellar peduncles. The box illustrates the area analyzed at this morphological level. The
same box was applied to all sections at this level. Each of the 7 levels had a different sized box
that was held constant for all of the sections at that morphological level.
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Figure 10.
Histograms illustrating the average positive pixels and optical density of 5HT1A signal in the
dorsal raphe nucleus of HSR and SS macaques treated with placebo or citalopram for 15 weeks
(n=3–4/group). Two-way ANOVA was conducted. There was a significant effect of stress
sensitivity on optical density (p=0.004) and on positive pixel area (p=0.001). However, there
was no effect of drug treatment on optical density (p=0.89) or on positive pixel area (p= 0.83)
and there was no interaction (p=0.17 for OD; p=0.072 for pixels).
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