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Abstract
This chapter reviews the neurobiological effects of stress sensitivity and CIT treatment observed
in our nonhuman primate model of Functional Hypothalamic Amenorrhea (FHA). This type of
infertility, also known as stress-induced amenorrhea, is exhibited by cynomolgus macaques. In
small populations, some individuals are stress sensitive (SS) and others are highly stress resilient
(HSR). The SS macaques have suboptimal secretion of estrogen and progesterone during normal
menstrual cycles. SS monkeys also have decreased serotonin gene expression and increased CRF
expression compared to HSR monkeys. Recently, we found that s-citalopram (CIT) treatment
improved ovarian steroid secretion in SS monkeys, but had no effect in HSR monkeys.
Examination of the serotonin system revealed that SS monkeys had significantly lower Fev (fifth
Ewing variant, rodent Pet1), TPH2 (tryptophan hydroxylase 2), 5HT1A autoreceptor and SERT
(serotonin reuptake transporter) expression in the dorsal raphe than SR monkeys. However, CIT
did not alter the expression of either Fev, TPH2, SERT or 5HT1A mRNAs. In contrast, SS
monkeys tended to a higher density of CRF fiber innervation of the dorsal raphe than HSR
monkeys, and CIT significantly decreased the CRF fiber density in SS animals. In addition, CIT
increased CRF-R2 gene expression in the dorsal raphe. We speculate that in a 15-week time
frame, the therapeutic effect of S-citalopram may be achieved through a mechanism involving
extracellular serotonin inhibition of CRF and stimulation of CRF-R2, rather than alteration of
serotonin-related gene expression.
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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, known as Functional Hypothalamic Amenorrhea (FHA; (Berga and
Loucks, 2006)). FHA is defined as a sustained absence of normal menstrual cycles despite
healthy reproductive organs and the capability of showing normal physiologic functioning
(Reifenstein, 1946). International estimates indicate a 9% prevalence of infertility of 12
months (Boivin et al., 2007) and approximately 30% of women presenting at infertility
clinics in the United States are diagnosed with Functional Hypothalamic Amenorrhea
(FHA), which is lately called Stress-Induced Amenorrhea (Reindollar et al., 1986, Marcus et
al., 2001, Berga and Loucks, 2006). 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, there is a body of knowledge indicating that FHA, as
well as other forms of stress-induced reproductive dysfunction, results from exposure to a
combination of common psychosocial and metabolic life stresses (Williams et al., 2007).
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 cynomolgus
macaques (Macaca fascicularis), which like women, display monthly menstrual cycles with
no seasonal variation. Our stress paradigm was modeled on the mild levels of psychosoical
stress and the diet and exercise habits reported by women with FHA. (Biller et al., 1990,
Berga et al., 1997, Marcus et al., 2001, Williams et al., 2007). Indeed, we found that mild
psychosocial stress (relocation) combined with a mild diet and/or a moderate exercise
regimen suppresses reproductive function in about a third of cynomolgus macaques, which
reverses upon stress removal (Williams et al., 1997, Cameron, 2000, Bethea et al., 2005a,
Williams et al., 2007).

Figure 1 illustrates the paradigm employed. Cynomolgus monkeys are monitored until
regular menstrual cycles are present. When the paradigm is started, the animals are observed
through 2 control cycles during which the animal first observes another monkey on the
treadmill and then is placed on the treadmill and learns to run. At the beginning of the third
cycle, the animal is moved to another room with unfamiliar animals (psychosocial stress),
placed on 80% of ad libitum monkey chow and allowed to run 5 days per week. After 30
days, the animal is moved again to another room with unfamiliar conspecifics and continues
the diet and exercise. Following 30 days in the second room, the animal is returned to its
original room and the diet and exercise are ceased.
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Using this monkey model, we find that some individuals are sensitive to stress-induced
suppression of reproductive hormone secretion, while others are stress-resilient. We
designate animals ‘highly stress-resilient’ (HSR) if they maintain normal menstrual cyclicity
when exposed to two cycles of combined stress; or medium stress-resilient (MSR) if they
are ovulatory in the first stress cycle, but anovulatory in the second stress cycle, or stress-
sensitive (SS) if they become anovulatory as soon as stress is initiated. These designations
are straightforward, but they apply only to our model of FHA at this time. We have shown
that compared to HSR animals, the MSR+SS animals have slightly higher daytime cortisol
levels and show a larger increase in cortisol when stressed, which is blocked by antalarmin
(Herod et al., 2011a, Herod et al., 2011b).

Two major neural systems that are involved in the mediation of stress are (1) the serotonin
system and (2) the corticotropin releasing factor (CRF) system. Underpinning serotonin
neurotransmission is the expression of genes that determine synthesis, uptake, degradation
and autoreceptors. Fev is an ETS domain transcription factor that determines whether a
neuron is serotonergic, and functions specifically in the differentiation and maintenance of
serotonin neurons (Hendricks et al., 1999, Hendricks et al., 2003). Tryptophan hydroxylase
(TPH2) is the rate limiting enzyme in serotonin synthesis; the serotonin reuptake transporter
(SERT) governs the re-uptake of serotonin from the synapse and beyond; monoamine
oxidases A and B (MAO-A, MAO-B) catalyze the degradation of serotonin and other
biogenic amines; and the 5HT1A autoreceptor decreases serotonin neuronal excitation.
Dysfunction of serotonin-related gene products has been documented in patients with
depression, anxiety or impulse disorders (Mann et al., 2001, Arango et al., 2002) and in
animal models of depression, anxiety and impulsive behavior (Champoux et al., 2000).
Individual polymorphisms in these genes have also been linked to affective disorders in
humans (Arango et al., 2003, Souery et al., 2003, D’Souza and Craig, 2008). In animal
models, a number of these polymorphisms interact with the environment, called gene x
environment interactions, which in turn appear to produce alterations in behavior resembling
neuropsychiatric disorders (Newman et al., 2005).

In many stressful situations the hypothalamic-pituitary-adrenal (HPA) axis becomes
activated with increases in CRF, ACTH and cortisol, and CRF may inhibit GnRH release
(Williams et al., 1990, Wang and Millam, 1999, Dobson et al., 2003). The CRF system has
been implicated in the etiology of depression (Morimoto et al., 1993, Weiss et al., 1994,
Nemeroff, 2004b), and a stress-induced elevation in corticotropin releasing factor (CRF) in
the hypothalamic paraventricular nucleus (PVN) is thought to underlie the hyperactivity of
the HPA axis in depression (Holsboer, 1999, Keck and Holsboer, 2001, de Kloet et al.,
2005). In clinical studies, individuals with depression, anxiety or suicide exhibited more
CRF neurons in the hypothalamus than normal individuals (Raadsheer et al., 1994, Bao et
al., 2005). Moreover, CRF neurons and fibers are found in numerous limbic structures
outside of the hypothalamus, including the dorsal raphe nucleus, and they mediate stress
responses (Frim et al., 1990, Delville et al., 1992, Keegan et al., 1994).

Another peptide system involved in the regulation of stress and anxiety is the urocortin
system, which bears some homology with CRF (Vaughan et al., 1995). Three urocortin
(UCN) peptides have been characterized; UCN1, UCN2 and UCN3; and both CRF and
UCN1 fibers innervate the primate dorsal raphe nucleus (Vasconcelos et al., 2003, Linthorst,
2005). UCN1 is involved in the stress adaptation response (Kozicz, 2003) and in stress-
induced anxiety (Skelton et al., 2000). Moreover, UCN1 neurons respond to alcohol and
may affect alcohol preference and consumption (Ryabinin and Weitemier, 2006).

Hence, the ‘CRF system’ is comprised of several related ligands and receptors. The ligands
are CRF and the urocortins 1, 2 and 3 (UCN1, UCN2, UCN3). CRF and urocortins mediate
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their effects by activating two known G-protein coupled receptors, CRF-R1 and CRF-R2
(Dautzenberg and Hauger, 2002). CRF has a higher affinity for CRF-R1 than CRF-R2. In
contrast, UCN1 binds CRF-R2 with higher affinity than it binds CRF-R1 (Vaughan et al.,
1995). The distribution of the CRF-R1 and CRF-R2 receptors is distinct and implies diverse
physiological functions, as evidenced by the divergent phenotypes of CRF-R1- and CRFR2-
null mice (Smith et al., 1998, Timpl et al., 1998, Muller et al., 2003, Keck et al., 2005). It is
thought that CRF-R1 mediates anxious behavior and the HPA axis response to stress, while
CRF-R2 mediates stress-coping behaviors such as anxiolytic behaviors, dearousal, and
cardioprotection (Valdez et al., 2002). Therefore, either inhibition of CRF-R1 and/or
stimulation of CRF-R2 could decrease stress sensitivity, anxiety and related depressive
behaviors. In addition, CRF and UCN1 also interact with binding proteins, CRFBP and
sCRFR2α (Behan et al., 1995b). Each binding protein binds CRF or UCN1 extracellularly
and is thought to prevent receptor activation (Behan et al., 1995a, Kemp et al., 1998).

In the past decade, the relationship between CRF signaling and serotonin transmission has
attracted significant interest. There is a prominent serotonergic projection to the PVN
(Petrov et al., 1992, Hanley and Van de Kar, 2003) where 5HT2A and 5HT2C receptors are
robustly expressed in monkeys (Gundlah et al., 1999). There is also a reciprocal CRF
projection from the PVN to the midbrain dorsal and median raphe nuclei, the location of
serotonin neurons that project to the forebrain (Luiten et al., 1985, Portillo et al., 1998). In a
human study, CRF fibers and terminals apposed serotonin cell bodies and primary dendrites
in the raphe region (Ruggiero et al., 1999). In rodents, CRF-R1 and CRF-R2 receptors have
been observed in the dorsal raphe nucleus. Once released into the raphe, CRF and UCN1
bind to CRF-Receptor 1 (CRF-R1) and CRF-Receptor 2 (CRF-R2) and regulate serotonin
neurotransmission (Hammack et al., 2003a, Hammack et al., 2003b, Clark et al., 2007).
However, CRF has complex and opposing effects depending on the dose used and the
endpoint examined (Pernar et al., 2004).

In a previous group of characterized monkeys, we found that in non-stressed conditions
there are differences in the functioning of these key neural systems in stress-sensitive vs.
stress-resilient monkeys [reviewed in (Bethea et al., 2008)]. 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). Moreover, stress-sensitive animals exhibited
significantly elevated CRH gene expression (Centeno et al., 2007) in the PVN of the
hypothalamus. As described above, the PVN sends a CRF projection to the midbrain
serotonin system, suggesting that stress-sensitive animals would have an increase in CRF
fibers in the raphe.

Recently, we characterized a new population of monkeys as stress-sensitive and stress-
resilient, and then treated them with escitalopram (s-citalopram) or placebo for 15 weeks in
the absence of stress (Cameron et al., 2004). S-citalopram is an antidepressant drug used to
treat major depressive disorder, generalized anxiety disorder, social anxiety disorder, or
panic disorder. S-citalopram belongs to a class of drugs known as selective serotonin
reuptake inhibitors (SSRIs); it is the S-stereoisomer (enantiomer) of the earlier mixed isomer
formulation, and it has the highest affinity for the transporter of any of the SSRIs. Since
there was an increase in estradiol and progesterone secretion only in the SS group treated
with s-citalopram, it suggested that central neural drive to the reproductive axis was
improved with s-citalopram treatment (Cameron et al., 2004). For convenience, we will refer
to s-citalopram as citalopram or CIT.
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How citalopram action was transduced to an increase in ovarian steroid secretion became of
interest. The pharmacological actions of citalopram indicated that the serotonin system was
a primary cite of action. Therefore, we examined the expression of 4 pivotal genes that
regulate the function of the serotonin neural system, Fev, TPH2, SERT and 5HT1A.
Because we had observed higher CRF gene and protein expression in the PVN of stress-
sensitive animals, we also questioned whether citalopram affected the CRF and UCN1
stress-related peptide projection systems in the midbrain raphe region. Finally, we examined
the expression of the CRF-R2 receptor in the dorsal raphe.

Based upon the menstrual response to the 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=13). CIT or placebo was administered for 15 weeks after the
animals were returned to control conditions. Hence, they received CIT in non-stressed
conditions. Serum concentrations of CIT were maintained in a target range of 20-40 ng/ml
(Lima et al., 2009). Menstrual cyclicity and reproductive hormones were monitored
throughout the citalopram treatment.

The citalopram treatment was physiologically efficacious as indicated by an improvement in
ovarian steroid secretion (Cameron et al., 2004). The groups that showed some sensitivity to
stress (MSR and SS groups) were combined for hormone measurements only (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 575±100 pg/ml and 11.5±3 ng/ml,
respectively (Cameron et al., 2004).

For neuroanatomical analysis, we only compared the ends of the spectrum, that is HSR and
SS animals. A 2 × 2 block design was used with an n of four in each group, that is HSR
+Placebo, HSR+Citalopram, SS+Placebo and SS+Citalopram. One of the blocks from the
HSR+Citalopram group was apparently poorly perfused and adequate signals were not
obtained, which left 3 animals in the HSR+citalopram group and 4 animals in all of the other
groups for further analysis.

In situ hybridization (ISH) assays with digoxigenin were applied to determine the expression
of Fev and CRF-R2 (Berg-von der Emde et al., 1995, Lima et al., 2009). In situ
hybridization (ISH) assays with 35S-UTP were applied to determine the expression of TPH2,
SERT and 5HT1A (Lima et al., 2009). Immunocytochemical (ICC) assays were applied to
examine the innervation of the raphe by CRF and UCN1 axons as previously described
(Weissheimer, 2010). Densitometric and stereological analysis was applied to quantify the
ISH and ICC assays as previously described (Lima et al., 2009, Weissheimer, 2010).

Fev
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 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,
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Hendricks et al., 2003). We questioned whether stress-sensitivity or citalopram affected Fev
gene expression.

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. 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, but citalopram had no effect
in either group (Figure 3). Thus, stress-sensitive macaques have reduced expression of the
gene that governs serotonin-related gene expression and neuron function, but a change in
Fev gene expression is not involved in the citalopram-induced increase in ovarian steroid
secretion. 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.

TPH2
TPH2 is the rate limiting or committal enzyme in the overall synthesis of serotonin in the
brain and it converts the precursor, tryptophan to 5-hydroxytryptophan, which is then
converted to 5-hydroxytryptamine or serotonin. Hence, the level or activity of this pivotal
enzyme plays a role in the concentration of serotonin achieved in cell bodies. It appears that
newly synthesized 5-HT is preferentially released. However, the release of 5-HT is
dependent on neuronal activity, and it is not always linked to the synthesis of 5-HT (Hery
and Ternaux, 1981). We questioned whether stress-sensitivity or citalopram affected TPH2
gene expression with radioactive ISH.

The autoradiographic signal for TPH2 mRNA at a rostral level of the dorsal raphe nucleus is
illustrated in Figure 4. 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
(Figure 7). This indicates that serotonin synthesis in stress-sensitive monkeys is
compromised and that a change in TPH2 gene expression is not involved in the citalopram-
induced increase in ovarian steroid secretion. 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.

Deneris and colleagues have shown in mice that the TPH2 promoter region contains Fev
binding sites and that in adults Fev is still a critical transcription factor for the transcription
of TPH2 (Hendricks et al., 1999, Hendricks et al., 2003, Liu et al., 2010). Thus, the lower
expression of Fev may underlie the lower expression of TPH2 in stress-sensitive monkeys.
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TPH enzyme activity is regulated by posttranslational phosphorylation by protein kinase A
at serine 58 (Johansen et al., 1995, 1996). Moreover, only phosphorylated TPH can interact
with an accessory protein called 14-3-3 and this interaction is absolutely necessary for
catalytic activity (Banik et al., 1997). So, there are many other avenues by which serotonin
synthesis could be regulated in addition to gene expression. Recently, new knowledge
regarding environmental alteration of methylation in the genome has emerged (Fuchikami et
al., 2010, Lesch, 2011). We have speculated that the animals become stress-sensitive due to
early life trauma, which may lead to changes in methylation and in turn, transcription.
Investigation of methylation on the TPH2 gene and the impact of environment are needed.

SERT
The primary means by which serotonergic neurons control extracellular serotonin
concentrations is via the serotonin reuptake transporter (SERT), which acts to reduce the
concentration of serotonin in the synaptic cleft (Blakely et al., 1994). Removal of serotonin
from the extracellular space and terminating serotonin neurotransmission are the major tasks
of SERT (Blakely et al., 1994). The SERT proteins are predominantly located
presynaptically at serotonin nerve terminals (Hoffman et al., 1998), but SERT protein is also
present on serotonin cell bodies and dendrites for uptake of serotonin released somato-
dendritically (Blakely et al., 1994, Hoffman et al., 1998). SERT is also found along axons,
but whether it is functioning or being transported is uncertain. It has been suggested that
axonal SERT is functional and it contributes to extrasynaptic transmission (Tao-Cheng and
Zhou, 1999, Lu et al., 2003). Dysfunction of SERT-mediated uptake of serotonin has been
implicated in depression and anxiety disorders (Siever et al., 1991). Moreover, SERT is the
site of action of widely used antidepressants known as selective serotonin reuptake
inhibitors (Barker and Blakely, 1995). Therefore, we questioned whether stress-sensitivity or
citalopram affected SERT gene expression.

The autoradiographic signal for SERT mRNA at a rostral level of the dorsal raphe nucleus is
illustrated in Figure 5. 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. Quantitatively, 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 (Figure 7). This indicates that serotonin transporter synthesis in
stress-sensitive monkeys may be compromised, but a change in SERT gene expression is not
involved in the citalopram-induced increase in ovarian steroid secretion. The lower
expression of SERT mRNA expression in SS monkeys compared to HSR monkeys,
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). Regulation of the transporter
protein in the presynaptic membrane is more dependent on the concentration of serotonin in
the synapse than driven by gene expression according to the “use it or lose it” hypothesis of
Blakely and colleagues (Blakely and Bauman, 2000, Blakely et al., 2005, Steiner et al.,
2008). That is, amine reuptake is a regulated process in synaptic plasticity and not just a
determinant of transmitter clearance. Citalopram, thought to increase synaptic serotonin,
may have caused an increase in transporter protein. However, this appears to have little
impact on gene expression.
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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. Nonetheless, it is attractive to speculate that
early life experience may alter the methylation of SERT contributing to stress-sensitivity in
our model of FHA. Even in nonhuman primates, mothering skills differ. Recent studies
found that the methylation status of the SERT promoter was significantly lower in human
mothers with depressed mood symptoms at 26 weeks gestation (Devlin et al., 2010). In
addition, childhood trauma may create long-lasting changes in methylation of the promoter
region of 5HTT in women (Beach et al., 2010, 2011).

Recent studies with conditional knockout mice indicate that SERT transcription is dependent
on Fev expression in adulthood and that the SERT promoter contains Fev binding sites (Liu
et al., 2010). Therefore, it is probable that the lower expression of SERT is due to the lower
expression of Fev in the stress-sensitive monkeys, but 15 weeks of citalopram did not
significantly affect Fev or SERT gene expression.

The human SERT protein has six phosphorylation sites that are acted upon by protein kinase
C (PKC) and PKA (Blakely et al., 1998). The phosphorylation of SERT promotes
transporter internalization and decreases its membrane expression and serotonin uptake
(Ramamoorthy et al., 1998). The regulation of SERT through this mechanism is usage
dependent. When serotonin molecules pass through the portal of SERT protein, the
phosphorylation and internalization of SERT is inhibited whereas when the passage of
serotonin is blocked by SSRIs (and other compounds such as cocaine and
methamphetamine), the phosphorylation and internalization of the SERT accelerate
(Ramamoorthy and Blakely, 1999). Hence, there could be multiple points by which SERT
expression may be disrupted such as gene methylation and transcription, translation, protein
phosphorylation, trafficking, and stability.

5HT1A
The most widely studied of the 5HT autoreceptors is the 5HT1A receptor. The 5HT1A
autoreceptor subtype is of significant importance because it inhibits serotonin neural firing
(Sprouse and Aghajanian, 1986), which leads to a suppression of serotonin synthesis,
serotonin turnover and the release of serotonin in diverse projection areas (Bohmaker et al.,
1993, Sharp et al., 1993, Singh and Lucki, 1993). A characteristic of compounds with
medium to high efficacy for blocking 5HT1A receptors is an antidepressant-like activity
when combined with selective serotonin reuptake inhibitors (Singh and Lucki, 1993).
Serotonin reuptake inhibitors block serotonin reuptake via the serotonin transporter (SERT).
However, the therapeutic efficacy of serotonin reuptake inhibitors is typically delayed for
several weeks. Hypothetically, this delay is due at least in part to acute increases in
extracellular serotonin concentrations in the raphe, which inhibit neuronal firing via the
5HT1A autoreceptor (Goodwin, 1996). Therefore, blockade of the autoreceptor may prevent
the delay in therapeutic efficacy of the serotonin reuptake inhibitors, increasing their
effectiveness. Indeed, a 5HT1A antagonist was found to potentiate the antidepressant effects
of a serotonin reuptake inhibitor in depressed patients (Artigas et al., 1994). Hence, we
questioned whether stress-sensitivity or citalopram affected 5HT1A gene expression.

The autoradiographic signal for 5HT1A mRNA at a rostral level of the dorsal raphe nucleus
is illustrated in Figure 6. 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. Quantitively, 5HT1A gene expression was lower in the
SS animals compared to the HSR animals, but citalopram treatment for 15 weeks did not
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alter 5HT1A gene expression (Figure 7). This indicates that 5HT1A autoreceptor synthesis
in stress-sensitive monkeys may be compromised, but a change in 5HT1A gene expression
is not involved in the citalopram-induced increase in ovarian steroid secretion. 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). Now it is confirmed 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). Therefore, 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 5HT1A antagonists are beneficial adjuncts to antidepressant
treatment (Singh and Lucki, 1993, Artigas et al., 1994, Romero and Artigas, 1997).

It is interesting to note that in adult mice, Fev does not appear to regulate the expression of
the 5HT1A autoreceptor, although during embryogenesis Fev determines 5HT1A expression
in serotonin neurons (Liu et al., 2010). Nonetheless, in Fev conditional knockout mice, there
was an unusual disruption of 5HT1A function in that the receptor did not bind the 5HT1A
ligand, 8OH-DPAT nor inhibit neuronal firing. These data indicate that adequate expression
of the receptor at gene and protein levels may not always lead to adequate function of the
receptor. However, significantly reduced expression likely leads to significantly reduced
receptor density. We think that the strong positive correlation between 5HT1A expression
and the expression of Fev, TPH2 and SERT indicates a similar regulatory mechanism is at
work. Altogether, gene expression and previous fenfluramine challenges point to overall
reduced serotonin neuronal function in stress-sensitive macaques, but citalopram did not
change serotonin-related gene expression.

CRF Fiber Density
The knowledge of CRF innervation of the serotonergic raphe nuclei (Sakanaka et al., 1987,
Ruggiero et al., 1999) coupled with the detection of CRF receptors in the raphe (Chalmers et
al., 1995, Van Pett et al., 2000) forged the link between the CRF and serotonin systems.
Subsequently, the opposing effects of CRF and UCN on serotonin were established in
rodents. Administration of CRF directly into the DRN inhibits serotonergic activity, and
CRF-R1 antagonists block this effect (Price et al., 1998). CRF also has opposing effects on
serotonin activity depending on the concentration and temporal relation to a stressor (Kirby
et al., 2000, Forster et al., 2006). The stimulatory effect of UCN and CRF-R2 is supported
by increased 5-HT efflux in the basolateral amygdala (a projection region of the DRN) with
intra-DRN administration of the CRF-R2 agonist, UCN2. This effect was completely
blocked by antisauvagine-30 (ASV-30), a relatively selective CRF-R2 antagonist (Amat et
al., 2004).

CRF producing neurons and projections are widespread and play a role in stress-related
psychiatric disorders (Clark and Kaiyala, 2003). CRF innervation of the serotonergic dorsal
raphe nucleus has been described and CRF receptors are found in the dorsal raphe of rodents
(Lowry et al., 2000, Linthorst, 2005, Valentino et al., 2009). Moreover, CRF regulates
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serotonin release (Summers et al., 2003, Thomas et al., 2003, Clark et al., 2007, Forster et
al., 2008). Previous studies demonstrated that serotonin innervates CRF neurons in the
hypothalamus (Phelix et al., 1992, Saphier et al., 1994) and newer data indicate that
serotonin decreases CRF (Stout et al., 2002, Lowry et al., 2009), perhaps via inhibitory
interneurons (Bethea and Centeno, 2008). Therefore, we hypothesized that citalopram
increased extracellular serotonin, which decreased CRF production and delivery to
extrahypothalamic regions, including the dorsal raphe. This could further facilitate serotonin
neurotransmission and further decrease CRF, thereby establishing a feed forward loop.

Robust CRF fiber staining was observed in the dorsal raphe nucleus as illustrated in Figure
8. The positively stained fibers were segmented and highlighted in blue. Perceptibly, there
appears to be a decrease in CRF fiber density in the SS animal treated with citalopram (CIT)
compared to the SS animal treated with placebo (P). Quantitatively, CRF fiber density in the
dorsal raphe nucleus tended higher in stress-sensitive individuals, and the administration of
citalopram reduced CRF fiber density only in the stress-sensitive group (Figure 9). The CRF
innervation of the dorsal raphe is believed to originate in the caudal portion of the PVN and
in the amygdala where we previously observed an increase in CRF in stress-sensitive
individuals relative to stress-resilient individuals (Centeno et al., 2007). This difference was
reflected in the somewhat higher CRF fiber density in the dorsal raphe of the SS animals
treated with placebo. CRF inhibits serotonin, so a decrease in CRF innervation of the raphe
could increase serotonin neurotransmission (apparently without affecting gene expression).
Extrapolating from the current data, it is likely that citalopram reduces CRF gene and
protein expression in the PVN and amygdala, which in turn leads to a decrease in CRF fiber
density in the raphe. Although a similar effect has been observed in rodents with other
antidepressants (Stout et al., 2002, Lowry et al., 2009), the mechanism of action has not
been addressed. We speculate that SSRI’s elevate serotonin in the synaptic cleft, which in
turn decreases CRF production and neurotransmission. Further studies to look at CRF in the
hypothalamus and thalamus from this same cohort of animals are planned.

UCN1 Fiber Density
UCN1 decreases feeding behavior, and also participates in the stress response (Spina et al.,
1996, Oki and Sasano, 2004, Pan and Kastin, 2008). UCN1 binds to CRF-R2 with greater
affinity than CRF suggesting that UCN1 preferentially binds CRF-R2. Both UCN1 knockout
mice and CRF-R2 knockout mice exhibit increased anxiety-like behavior (Pan and Kastin,
2008). Thus, it has been generalized that activation of CRF-R1 by CRF increases anxiety-
like behavior whereas activation of CRF-R2 by UCN1 decreases anxiety-like behavior.
CRF-R1 and R2 receptors are present in the dorsal raphe of macaques (Sanchez et al., 2010).
Therefore, we hypothesized that UCN1 fiber density would be lower in SS animals and that
CIT would increase UCN1 fiber density.

A small, but fairly consistent UCN1 fiber plexus amenable to measurement was detected in
an area between the EW nucleus and the dorsal raphe nucleus near the serotonergic caudal
linear nucleus. Sections of the midbrain that were rostral to the dorsal raphe nucleus and
encompassing the caudal linear nucleus, containing the UCN1 fiber plexus were used for
analysis. UCN1 fiber staining in this area from representative HSR and SS animals is
illustrated in Figure 10. UCN1 fiber density was significantly lower in SS than HSR
animals. However, citalopram had no effect on UCN1 fiber density although this little
plexus may not represent UCN1 fiber density in other regions (data not shown). Several
studies have examined the effect of stress on UCN1. Our observation of different expression
of UCN1 in SS and HSR animals suggests that the reverse is also true. That is, UCN1 is
higher in stress-resilient individuals and it may ameliorate the response to stress.
Norepinehprine and the locus ceruleus have also been implicated in stress and CRF-related
peptide interactions (Koob, 1999) and cholinergic neurons in the EW nucleus are adjacent to
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UCN1 neurons, as well (May et al., 2008). Clearly, the afferent innervation of the midbrain
UCN1 neurons needs to be defined.

CRF-R2
CRF receptors have been detected in the raphe of rodents (Chalmers et al., 1995, Van Pett et
al., 2000) and primates (Sanchez et al., 2010). The opposing effects of CRF and UCN on
serotonin were established in rodents. As mentioned earlier, there are two types of CRF
receptors, CRF-R1 and CRF-R2. Administration of CRF directly into the DRN inhibits
serotonergic activity, and CRF-R1 antagonists block this effect (Price et al., 1998). CRF also
has opposing effects on serotonin activity depending on the concentration and temporal
relation to a stressor (Kirby et al., 2000, Forster et al., 2006). Conversely, the stimulatory
effect of UCN acting via CRF-R2 was supported by increased 5-HT efflux in the basolateral
amygdala (a projection region of the DRN) with intra-DRN administration of the CRF-R2
agonist, UCN2. This effect was completely blocked by antisauvagine-30 (ASV-30), a
relatively selective CRF-R2 antagonist (Amat et al., 2004). Following our observation that
citalopram decreased CRF innervation of the dorsal raphe, we questioned whether the CRF
receptors in the dorsal raphe were also regulated. We hypothesized that stress-sensitive
animals would exhibit lower levels of anxiolytic CRF-R2 compared to stress-resilient
animals, and that administration of citalopram would elevate CRF-R2. CRF-R2 expression
was examined with digoxigenin ISH.

CRF-R2 expression was robust and representative sections from an animal in each group are
illustrated in Figure 11. The entire dorsal raphe nucleus was outlined for analysis excluding
the dorsal raphe intrafascicularis. We obtained the CRF-R2 positive pixel area and the
number of CRF-R2 positive cells. CRF-R2 tended lower in the placebo treated SS animals
compared to the placebo treated HSR animals. There was a significant increase in CRF-R2
positive pixel area and in the number of CRF-R2 positive neurons only in stress-sensitive
monkeys treated with citalopram (Figure 12).

In rodents, double ISH revealed that CRF-R2 was expressed exclusively in serotonin
neurons at midlevels of the dorsal raphe, whereas, at caudal levels, CRF-R2 was expressed
in both serotonin and GABAergic neurons (Day et al., 2004). In addition, administration of
UCN2 into the DRN increased c-fos expression in labeled 5-HT neurons (Amat et al., 2004).
In a different model, we have shown that CRF-R1 and CRF-R2 are expressed and regulated
in laser captured serotonin neurons from macaques (Sanchez et al., 2010). Hence, it is likely
that the increase in CRF-R2 expression that we observed in stress-sensitive monkeys
occurred on serotonin neurons. How citalopram increased gene expression of CRF-R2 but
not Fev, TPH2, SERT or 5HT1A in serotonin neurons is unresolved.

Apposing the expression of UCN1 and its receptor, CRF-R2, in this model is complex, but
may be approached. We observed significantly higher UCN1 and slightly higher CRF-R2 in
SR animals compared to SS animals. This suggests that UCN1 and CRF-R2 may contribute
to stress-resilience. Administration of citalopram increased CRF-R2 in SS animals, but not
in SR animals and UCN1 was not affected. Together, these actions may balance the
interaction of UCN1 with CRF-R2 towards stress-resilience. In addition, CRF was reduced
by citalopram and studies are underway to determine the expression of CRF-R1.

Overview and Correlations
The neurobiological basis of individual differences in stress sensitivity and the potential
pharmacological remediation is an important issue in obvious fields such as psychiatry and
immunology. 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
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of mood and anxiety disorders. More recently, gynecologists have recognized that individual
differences in stress sensitivity play a role in the pathology of infertility (Giles and Berga,
1993, Marcus et al., 2001). 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 and CRF systems play a leading role.

We previously showed that monkeys who are sensitive to stress-induced amenorrhea have
reduced secretion of prolactin after fenfluramine challenge, fewer serotonin neurons and
decreased expression of SERT and 5HT1A expression (Bethea et al., 2008). We also
showed that monkeys who are sensitive to stress-induced amenorrhea exhibit significantly
more CRF mRNA and CRF protein in the caudal region of the PVN, significantly more CRF
mRNA in the thalamus and a significantly higher CRF fiber density in the central nucleus of
the amygdala relative to stress-resilient animals under nonstressed basal conditions (Centeno
et al., 2007). In contrast, rodent strains with different sensitivities to stress exhibit no
difference in hypothalamic CRF expression (Gomez et al., 1996).

In our model, stress induces reproductive dysfunction in sensitive individuals, but even in
non-stressed conditions, stress-sensitive monkeys have chronically lower ovarian steroid
secretion. In a new cohort of animals, 15 weeks of citalopram treatment elevated estrogen
and progesterone secretion in stress-sensitive animals. This work has approached the neural
systems acted upon by citalopram, which in turn are thought to impinge upon the GnRH
system and ultimately determine ovarian steroid secretion. Since citalopram is a selective
serotonin reuptake inhibitor, we examined its efect on serotonin-related gene expression
(Lima et al., 2009). In addition, due to the involvement of the CRF system in stress and the
link between serotonin and CRF, we examined CRF and UCN1 innervation of the serotonin
system (Weissheimer, 2010) and CRF-R2 expression in the dorsal raphe.

It is important to note that we found that activation of the HPA axis does not appear to be
the primary mechanism by which an individual develops sensitivity to stress-induced
reproductive dysfunction (Herod et al., 2011a). SS monkeys (n = 5) did not differ from MSR
(n = 5) or HSR (n = 7) monkeys in 1) the diurnal release of ACTH and cortisol, 2) ACTH
and cortisol in response to an acute psychological stress, 3) the percent suppression of
cortisol in response to dexamethasone negative feedback, 4) the diurnal release of ACTH
and cortisol following exposure to mild psychosocial and metabolic stress, 5) the
concentration of cortisol in hair, or 6) adrenal weight. However, MSR + SS monkeys (n =
10) did secrete more cortisol than HSR monkeys during the daytime hours (1000-1800)
following exposure to a novel social environment and reduced diet. Thus, we concluded that
increased activity of the HPA axis is unlikely to be the primary mechanism causing
increased sensitivity to stress-induced reproductive dysfunction (Herod et al., 2011a).

First, the expression of 4 genes that determine a significant portion of serotonin neuronal
function, i.e., Fev, TPH2, SERT and 5HT1A autoreceptor, was examined 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). This data agrees with a previous report on the absence of expression consequences
with SSRI treatment in rodents (Spurlock et al., 1994). Nonetheless, it could have been
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argued that the rodents were not depressed or stressed, so the SSRI may not elicit an overt
effect. Our citalopram treatment of stress-sensitive macaques refutes that argument. Clearly
the stress-sensitive macaques have a deficit in serotonin function, which citalopram may
have corrected, but the mechanism did not involve a change in serotonin related gene
expression.

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 (Fev) 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).

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). Later it was 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
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showing lack of antidepressant action on serotonin-related gene expression in rats (Spurlock
et al., 1994).

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. 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). Citalopram did increase CRF-R2 gene expression in serotonin
neurons, but the mechanism is unclear. Perhaps the CRF receptors are regulated by the
amount of CRF delivered to serotonin neurons, and citalopram decreased CRF by elevating
synaptic serotonin. In this scenario, a decrease in CRF may increase CRF-R2. Likewise, an
increase in extracellular serotonin may increase CRF-R2, but again, how?

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 our model of
surgical menopause with hormone replacement therapy (HRT), the steroid hormone
concentrations are adjusted from nearly absent (Ovx control) to levels observed in the early
to mid-luteal phase (HRT groups), whereas in the stress model, the steroid hormones change
from adequate (with placebo) to better (with citalopram) in the SS group. The citalopram-
induced adjustment does not appear to exert the same kind of dynamic effect on TPH2
expression as the HRT adjustment.

As illustrated in Figure 19, there is a higher density of CRF fibers and a lower density of
UCN1 fibers in the midbrain raphe region in stress-sensitive macaques compared to stress-
resilient macaques. It is reasonable to hypothesize that in SS animals, the higher CRF and
lower UCN1 innervations lead to a decrease in serotonin neurotransmission, which in turn
contributes to their stress sensitivity. In addition, with 15 weeks of s-citalopram treatment,
there was a decrease in CRF fiber density in the dorsal raphe of stress sensitive animals. The
decrease in CRF delivered to the dorsal raphe could allow serotonin to further increase,
producing a feed forward circuit in which CRF was further decreased. Together, these
actions could reduce anxiety and sensitivity to stress. Citalopram reduced CRF fiber density
in the dorsal raphe only in stress-sensitive animals, which correlates closely with the
observed increase in ovarian steroid secretion in response to citalopram only in stress-
sensitive animals. Thus, citalopram appears to readjust CRF and CRF-R2 receptors toward a
stress-resilient state. 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). It is attractive
to speculate that citalopram may act to increase serotonin release in the PVN and amygdala
of stress-sensitive animals, which in turn would decrease CRF production. The citalopram-
induced upregulation of CRF-R2 on serotonin neurons could be a direct effect of citalopram,
extracellular serotonin or secondary to the decrease in CRF delivered to the raphe.

It is also noteworthy that stress-sensitive animals exhibited reduced serotonin gene
expression, elevated CRF in the PVN and higher CRF fiber density in the dorsal raphe
nucleus in the absence of external stress (Centeno et al., 2007, Bethea et al., 2008,
Weissheimer, 2010). There are numerous studies in humans indicating that childhood
trauma leads to vulnerability to stress and affective disorders in adulthood (Nemeroff,
2004a), Since the cynomolgus monkeys are caught and imported, we speculate that the
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vulnerability of some individuals may be due to “childhood trauma” in the wild such as
variable foraging demands on the mother or abuse (Coplan et al., 2010).

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, it
decreases CRH innervation in the raphe. In addition, there was an increase in anxiolytic
CRF-R2 receptors on serotonin neurons. Any decrease in CRF to the raphe would increase
serotonin neurotransmission. Any increase in serotonin function would elevate mood,
increase stress resilience and decrease anxiety (Graeff, 2002, Hammack et al., 2002, Hanley
and Van de Kar, 2003, Hendricks et al., 2003, Lowry et al., 2009). From the opposite
perspective, stress increases CRF production, which under chronic conditions could
decrease serotonin neurotransmission resulting in vulnerability to stress, depression and
anxiety (Stout et al., 2002, Valentino et al., 2009). 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 leading to further elevation of serotonin neurotransmission in
nonhuman primates.
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Highlights

• Monkeys were characterized as stress sensitive or stress resilient by their
ovulatory response during metabolic and psychosocial stress.

• Stress sensitive monkeys showed an improvement in ovarian function after 15
weeks of citalopram treatment

• Stress sensitive monkeys have reduced gene expression of Fev, TPH2, SERT
and 5HT1A compared to stress resilient monkeys

• Citalopram treatment did not improve Fev, TPH2, SERT or 5HT1A gene
expression in stress sensitive monkeys

• Stress sensitive monkeys have greater CRF fiber density and less CRF-R2
expression in the raphe compared to stress resilient monkeys.

• Citalopram treatment decreased CRF fiber density and increased CRF-R2
expresssion in the dorsal raphe of stress sensitive monkeys
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Figure 1.
Schematic diagram of experimental design.
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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. Digoxigenin in situ hybridization was applied.
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. From (Lima et al., 2009).
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Figure 3.
Overall average of several Fev parameters for each group (n=3–4/group). From (Lima et al.,
2009)
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).
Bottom 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).
Bottom 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).
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Figure 4.
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. From
(Lima et al., 2009).

Bethea et al. Page 29

J Chem Neuroanat. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
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. From
(Lima et al., 2009).
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Figure 6.
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. From
(Lima et al., 2009).
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Figure 7.
Histograms illustrating the average positive pixels and optical density of TPH2, SERT and
5HT1A signal in the dorsal raphe nucleus of HSR and SS macaques treated with placebo or
citalopram for 15 weeks. For all genes, there was a significant effect of stress sensitivity on
optical density and on positive pixel area. However, there was no effect of drug treatment on
optical density or on positive pixel area and there was no interaction. From (Lima et al.,
2009).

Stress Sensitivity Drug Treatment Interaction

OD Positive pixel area OD Positive pixel area OD Positive pixel area

TPH2 *p=0.0002 *p=0.0003 p=0.13 p= 0.10 p=0.37 p=0.57

SERT *p=0.005 *p=0.001 p=0.27 p= 0.22 p=0.66 p=0.98

5HT1A *p=0.004 *p=0.001 p=0.89 p= 0.83 p=0.17 p=0.072
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Figure 8.
Photomicrographs of CRF fiber staining in the dorsal raphe nucleus. Stereology montage
(×10) of CRF fiber staining in the dorsal raphe nucleus in a representative animal from each
treatment group is as follows: HSR+P - Highly stress resilient treated with placebo; HSR
+Cit- highly stress resilient treated with s-citalopram; SS+P - stress sensitive treated with
placebo; SS+Cit - stress sensitive treated with s-citalopram. Sections were immunostained
for CRF and segmented into positive- and negative stained pixels. Positive pixels are
highlighted in blue. Cell bodies or debris were erased prior to pixel quantitation. Visually,
there appeared to be a lower density of CRF fibers in the SS+Cit treated animal. From
(Weissheimer et al., 2010).
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Figure 9.
Average CRF-positive pixels across 4 levels of the dorsal raphe nucleus in all groups
expressed as percent of total area examined. From (Weissheimer et al., 2010). There was a
significant effect of treatment (p=0.0496), but no effect of stress sensitivity (p=0.6755) and
no interaction (p=0.3027). SS+CIT group exhibited significantly lower CRF fiber density
compared to SS+placebo. Asterisk represents a significant difference (Bonferroni, p<0.05).
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Figure 10.
Photomicrographs of UCN1-positive fibers in the midbrain, rostral to the dorsal raphe
nucleus, in a representative highly stress-resilient (HSR) animal and a stress-sensitive (SS)
animal. Sections were immunostained for UCN1 and segmented into positive- and negative
stained pixels. Positive pixels are highlighted in blue. Cell bodies or debris were erased prior
to pixel quantitation. Visually, there were few UCN1 fibers in the SS groups. From
(Weissheimer et al., 2010).
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Figure 11.
Photomicrographs of CRF-R2 digoxigenin ISH in a representative animal from each group
at a level that was midway between the most rostral and most caudal sections examined. The
stress sensitive animal treated with placebo (SS+Pl) shows fewer strongly positive neurons
than the stress resilient animal treated with placebo (HSR+Pl). Treatment of the stress-
sensitive animal with citalopram (SS+Cit) appeared to increase the number of strongly
positive cells over placebo treatment. However, treatment of the stress-resilient animal with
citalopram (HSR+Cit) had little effect compared to HSR+Pl.
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Figure 12.
Top. Average CRF-R2-positive pixels across 5 levels of the dorsal raphe in all groups.
There was no effect of stress sensitivity (p=0.50), but there was a significant effect of
citalopram treatment (p=0.004) and a significant interaction. (p=0.0058). The SS+CIT group
exhibited significantly higher CRF-R2 positive pixels compared to the other groups.
Asterisk represents a significant difference (Bonferonni, p<0.05). Bottom. Average number
of CRF-R2-positive cells across 5 levels of the dorsal raphe in all groups. There was no
effect of stress sensitivity (p=0.87), but there was a significant effect of citalopram treatment
(p=0.023) and a significant interaction. (p=0.0259). The SS+CIT group exhibited
significantly higher CRF-R2 positive pixels compared to the other groups. Asterisk
represents a significant difference (Bonferonni, p<0.05).
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Figure 13.
Schematic representation of our hypothesis regarding the neurobiology of stress sensitivity
and the effect of citalopram. Based upon the current data, we speculate that even in the
absence of stress, stress-sensitive animals have an overactive CRF system and an
underactive serotonin system, compared to stress-resilient animals. Administration of
citalopram for 15 weeks reduced CRF innervation of the DRN and increased CRF-R2
expression on serotonin neurons. Therefore, we speculate that citalopram normalized the
CRF system and either directly or indirectly, upregulated CRF-R2 expression. Citalopram
did not affect serotonin-related gene expression, but based upon its mechanism of action, we
speculate that synaptic serotonin was increased, which in turn reduced CRF production.
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