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Abstract

The serotonin system responds to the ovarian steroid steroids, estradiol (E) and progesterone (P),
in women and female animal models. In macaques, ovarian steroid administration to
ovariectomized (Ovx) individuals improves serotonin neural function through actions on pivotal
serotonin-related genes and proteins, such as TPH2 (tryptophan hydroxylase 2), SERT (serotonin
reuptake transporter) and the 5SHT1A autoreceptor. In addition, ovarian steroid administration
reduces gene and protein expression in the caspase-independent pathway and reduces DNA
fragmentation in serotonin neurons. This study examines the hypothesis that long-term
ovariectomy will lead to a loss of serotonin neurons and compromised gene expression in
serotonin neurons. Female Japanese macaques were ovariectomized or tubal-ligated (n=5/group)
at 3 years of age and returned to their natal troop. After 3 years, the animals were collected,
administered a fenfluramine challenge to determine global serotonin availability and then
euthanized. Fev, TPH2, SERT and 5SHT1A expression were examined with digoxigenin in situ
hybridization (dig-1SH) and quantitative image analysis. Cell number, positive pixel area and
average pixel density were determined. In the Ovx group, Fev, TPH2, SERT and 5HT1A showed
a significant decease in average and total cell number and positive pixel area. The reduction in
Fev-positive neurons suggests that there were fewer serotonin neurons in Ovx animals compared
to ovary-intact animals. Compared to ovary-intact animals, SERT also showed a decrease in
positive-pixel density. The decrease in TPH2 in the Ovx animals was consistent with earlier
results in 5-month Ovx animals, but it may be due to the decrease in cell number rather than a
decrease in expression on an individual cell basis. The decrease in SERT and SHT1A in long-term
Ovx differed from previous studies in short-term Ovx. In summary, long-term ovarian steroid loss
resulted in fewer serotonin neurons and overall lower Fev, TPH2, SERT and 5HT1A gene
expression. This may be due to serotonin cell death or to a negative impact on a long-term
developmental process in young female macaques.
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Introduction

Optimal function of the serotonin neural system is critical for numerous and wide-ranging
outcomes such as mood or affect (Halbreich, 1990), anxiety (Linthorst, 2005, Reimold et al.,
2008), cognition (Merens et al., 2008), metabolic syndrome (Muldoon et al., 2004), sleep
(Dugovic, 2001), pituitary hormone secretion (Van de Kar et al., 2001) and vulnerability to
stress (Bethea et al., 2005a, Maier and Watkins, 2005, Bethea et al., 2008). In women, and
female animal models, ovarian steroids support serotonin neural function and loss of ovarian
hormones leads to suboptimal serotonin neurotransmission (Halbreich et al., 1995, Bethea et
al., 2002, Hiroi et al., 2006, Frey et al., 2008, Bethea et al., 2009).

Women experience ovarian failure and loss of ovarian steroid production around 50 years of
age. Thus, with extended life spans, a woman may live 35-40 years without ovarian steroid
secretion. After menopause, a significant number of women become more anxious, and less
able to cope with stress, leading to new onset of depression (Maki et al., Conde et al., 2006,
Heikkinen et al., 2006, Tangen and Mykletun, 2008). The role of ovarian hormones in
depression and stress sensitivity is of great interest for women transitioning through
menopause.

We have devoted significant effort to understanding the effect of ovarian steroids on the
serotonin system in a macaque model of surgical menopause. Ovarian hormone replacement
to ovariectomized macaques changed the expression of serotonin related genes and proteins
in a manner that would cause an increase in serotonin neurotransmission (Bethea et al.,
2002, Smith et al., 2004, Sanchez et al., 2005). Furthermore, we showed that ovarian steroid
treatment increased serotonin delivery to the medial basal hypothalamus of ovariectomized
macaques (Centeno et al., 2007a). Recently, we found that 1 month of estrogen (E) or
estrogen plus progesterone (E+P) administration to ovariectomized macaques decreased
gene expression in laser captured serotonin neurons and decreased protein expression in the
raphe of pivotal regulatory agents in the caspase-independent apoptosis pathway (Bethea
and Reddy, 2008, Tokuyama et al., 2008). Subsequently, we showed that 1 month of E+P
treatment significantly decreased DNA fragmentation in serotonin neurons of macaques, as
determined with a TUNEL assay (Lima and Bethea, 2009). This observation led us to
suggest that in ovariectomized macaques, serotonin neurons are in a vulnerable endangered
state (Bethea et al., 2009) and that ovarian steroid administration increased DNA repair. All
together, our data indicate that ovarian steroids not only promote serotonin
neurotransmission, but also maintain serotonin cell health and viability. Conversely, we
speculated that loss of ovarian hormones would decrease serotonin neuron viability, and that
over time there could be a loss of serotonin neurons.

The previous studies utilized a macaque model of hormone replacement therapy in which
healthy adult monkeys were acquired that had been ovariectomized in other programs. The
animals were rested for up to 8 months and then treated for 1 month with placebo, E or E+P.
Subcutaneous Silastic capsules that were either empty (control) or filled with crystalline
estradiol or progesterone were used for steroid delivery. This model was highly cost
effective and it demonstrated robust differences in serotonin gene expression between
treatment groups. However, the surgical menopause model has certain limitations in
comparison to natural menopause. The animals were young adults and not old; they were
pair housed indoors and not in a community, and they were Ovx for a relatively short period
of time. In addition, we could not know if hormone therapy in Ovx females produced a state
similar to intact cycling females.
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Therefore, questions remained regarding the regulation of serotonin in intact monkeys
compared to ovariectomized individuals, and whether the length of ovariectomy was an
issue. We hypothesized that long-term ovariectomized female macaques may have fewer
serotonin neurons and reduced expression of pivotal serotonin related genes compared to
ovarian intact females. 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 5SHT1A 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).

To test these hypotheses, we utilized Japanese macaques that were born and maintained in a
2-acre outdoor corral at the Oregon National Primate Research Center (ONPRC). Young
females were ovariectomized or had their fallopian tubes ligated (tubal ligation) to prevent
pregnancy. The animals were released back into the troop for social interaction. At the end
of 3 years, global serotonin function was determined with a fenfluramine challenge followed
by euthanasia for examination of gene expression. This study was not intended to fully
model menopause, but rather to examine the effects of long-term ovariectomy, in a semi-
natural, social environment without the confounds of age or high fat diet.

Materials and Methods

Animals

The Institutional Animal Care and Use Committee of the Oregon National Primate Research
Center (ONPRC) approved this study, which followed the guidelines of the Animal Welfare
Act.

Ten pubertal females 3 years of age, born into a troop of Japanese macaques housed in a
naturalistic setting were chosen. At the time, there were 12 matriarchal lineages in the corral.
The Japanese macaques go through puberty between 3 and 4 years of age. We have
observed 4 year olds get pregnant although it is rare. Other than that, we are unable to
determine the stages of puberty, such as Tanner scores in girls.

Five pairs of juvenile females were selected that represented different ranks in the
dominance hierarchy. One individual of each pair was ovariectomized (Ovx; reproductive
tract remains) and the other individual was sterilized by tubal ligation, but the ovaries
remained intact. The surgeries were conducted during the annual round up of all of the
animals in the corral. The animals were returned to the troop and allowed to mature for 3
years. Behavioral observations were conducted during their 3 years in the corral. One animal
from each treatment group died in the troop during year 1 and was replaced with animal of
similar age and lineage. At the end of 3 years the animals were collected for temperament
tests, pharmacological challenges and euthanasia. The results of the behavioral observations
are under review elsewhere.

Description of the troop

The monkeys used in this study were part of a troop of approximately 300 individuals
housed in a two-acre outdoor corral at the Oregon National Primate Research Center
(ONPRC). The corral was surrounded by steel walls, and contained several platforms and
climbing structures for play and exploration. A 5x5 meter observation tower overlooking the
corral allowed for unobtrusive observations. Monkeys were fed commercially available
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monkey chow twice daily, supplemented by daily fresh produce or grains. Water was
available ad libitum. As part of general animal husbandry of ONPRC, all animals were
given unique markings on their backs, allowing for individual identification of all members
of the troop from the observation tower. Animal care staff walked through the corrals daily
to look for sick or injured monkeys. Japanese macaques are seasonal breeders, and at the
ONPRC, the birth season was typically between May and August, with the majority of births
occurring in June and July. The mating season was typically November through February.

The troop arrived at ONPRC in 1965. The troop composition is relatively stable and the age
structure is comparable to that of a natural troop (Maruhashi, 1982, Eaton, 1974, Rostal et
al., 1986). Like other macaque species, the hierarchical organization of the troop is along
matriarchal lineages. The matriarchal lines and dominance hierarchies within the troop are
well documented, and have remained stable for the past 45 years.

Annual round ups

Surgeries

At least once a year, the animals were “rounded up”, or brought from the corral into a
capture run (“catch area”) adjacent to the corral. This round up allowed collection of the
monkeys for procedures that could not be done in an open field, such as annual veterinary
exams, weighing and dye marking. Typically, the monkeys were brought into this area one
or two times per year, and so most were acclimated to this procedure. During the round-up,
monkeys ran through tunnels into the catch area, where they jumped into transport boxes for
transfer to single cages. Annual exams were done on all members of the corral in the fall,
after the birthing season, and before the mating season. In addition to the physical
examination, animals were also weighed and tested for tuberculosis, and new infants were
identified. The animals were typically kept in cages in the catch area for approximately one
week.

Subjects were either ovariectomized (Ovx; n=5) or tubal ligated (tubal-ligated or ovary
intact; n=5) at puberty (age three), and returned to their semi-free ranging troop, remaining
until the age of six. For ovariectomy or tubal ligation, each animal was sedated with
ketamine (10 mg/kg) in its cage in the catch area and transported to a surgical suite.
Ovariectomy and tubal ligation were performed by the surgical personnel of ONPRC using a
laparoscopic approach.

Fenfluramine challenges

All of the behavioral tests were completed by October 2009, and after round-up the animals
were put into a large indoor/outdoor pen (approximately 1060 square feet) to reduce the
stress of single caging prior to fenfluramine challenge. During this time, one Ovx monkey
died from an unusual infection, and the others were moved to standard monkey cages until
fenfluramine challenge and euthanasia within one week. Thus, for remaining experiments,
there were 4 Ovx animals and 5 tubal-ligated animals.

For the fenfluramine challenge, the animals (one at a time) were lightly sedated with
Ketamine in the home cage and transported to a surgical suite. A pediatric catheter was
inserted into each femoral vein. The animals were further sedated with IV bolus injections of
propofol at 500 ug/kg body weight followed by maintenance 1V infusion of propofol at 180
ug/kg/min delivered by Harvard pump. Blood samples were collected every 10 minutes into
sample tubes. After one hour of baseline samples, fenfluramine was administered as a bolus
IV injection at 5 mg/kg. The fenfluramine was dissolved in saline and filter sterilized prior
to injection. Samples were obtained for an additional 2 hours after fenfluramine
administration. All blood samples were stored on ice until the end of the protocol. Upon
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termination of the protocol, the blood samples are centrifuged to remove the serum, which
was stored at -20C until assay for prolactin and cortisol in the Endocrine Services
Laboratory. The first baseline sample from the intact animals was also assayed for estradiol
and progesterone to estimate the stage of their menstrual cycle. The animals were then
transported to necropsy without awaking. Adrenal weights were obtained. The brain was
obtained for future neuroanatomical assays.

Hormone assays

Prolactin, cortisol, estradiol and progesterone concentrations in serum were performed
utilizing an automatic Immulite 2000 platform (Siemens, HealthCare Diagnostics, Deerfield,
IL), which has been validated in the Endocrine Technology and Support Laboratory,
ONPRC, for macaque serum by comparison with traditional radioimmunoassays. The
sensitivity and range of the prolactin assay was 0.5 and 150 ng/ml, respectively. The
sensitivity and range of the cortisol assay was 2 and 500 ng/ml, respectively. The sensitivity
and range of the estradiol assay was 5 and 4250 pg/ml, respectively. The sensitivity and
range of the progesterone assay was 0.035 and 59 ng/ml, respectively. Inter- and intra-assay
coefficients of variation were less than 10% for all assays.

Tissue Preparation

Riboprobes

The monkeys were euthanized after the fenfluramine challenges according to procedures
recommended by the Panel on Euthanasia of the American Veterinary Association. Each
animal was sedated with ketamine in the home cage, transported to the necropsy suite, given
an overdose of pentobarbital (25 mg/kg, i.v.), and exsanguinated by severance of the
descending aorta.

Following euthanasia, the left ventricle of the heart was cannulated and the head of each
animal was perfused with 1 liter of saline followed by 7 liters of 4% paraformaldehyde in
3.8% borate, pH 9.5 (both solutions made with DEPC-treated water [0.1% diethyl
pyrocarbonate] to minimize RNase contamination). The brains were removed and dissected.
Tissue blocks were post-fixed in 4% paraformaldehyde for 3 h, then transferred to 0.02M
potassium phosphate-buffered saline (KPBS) containing 10%, followed by 20% glycerol
and 2% dimethy! sulfoxide at 4°C for 3 days to cryoprotect the tissue. After infiltration, the
block was frozen in isopentene cooled to -55°C, and stored at -80°C until sectioning.
Sections (25 um) were cut on a sliding microtome, mounted on Super Frost plus slides
(Fisher Scientific, Pittsburgh, PA), dehydrated under vacuum and then frozen at —80°C until
processing for digoxigenin ISH.

A monkey specific partial cDNA clone of Fev containing 268 bp was contructed and the
linearization and digoxigenin incorporation were described previously (Lima et al., 2009). 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 (Sanchez et al., 2005). A
recombinant subclone of the 5’ cytoplasmic domain of human SERT was previously
generated with a 253 bp insert (Pecins-Thompson et al., 1998, Bethea et al., 2005b). The
insert was recloned into a pGEM vector for digoxigenin incorporation. A monkey specific
partial cDNA clone of the 5SHT1A autoreceptor was previously constructed that contained
432 bp extending from base 647 to 1078 of the 5SHT1A receptor (Pecins-Thompson and
Bethea, 1998, Centeno et al., 2007b). This region corresponds to the area between
transmembrane domains V and VI and it has the least sequence homology with other 5SHT
receptors, the B2-adrenergic and the al-adrenergic receptors that also share sequence
homology with the SHT1A receptor (Julius, 1991). The insert was recloned into a pPGEM
vector for digoxigenin incorporation. The cRNAs incorporating digoxigenin were prepared
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using these cDNAs as templates and SP6 RNA polymerase to drive the transcription
reaction (Berg-von der Emde et al., 1995).

In situ hybridization (ISH) assays

A non-isotopic in situ hybridization procedure utilizing digoxigenin-labeled cRNA,
described in detail elsewhere, was used to determine if MRNA abundance in serotonin
neurons differed between Ovx and tubal-ligated monkeys (Berg-von der Emde et al., 1995,
Lima et al., 2009). Following an overnight hybridization at 55-56°C, the slides were washed
and processed for digoxigenin detection of each mRNA, as reported (Berg-von der Emde et
al., 1995). After developing the digoxigenin/antidigoxigenin-alkaline phosphatase conjugate
reaction by an overnight incubation in a 4-nitrobluetetrazolium chloride/5-bromo-4-chloro-3
indoyl-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. The sections were matched anatomically. Five
levels of the dorsal raphe were analyzed at 250 um intervals for Fev and 4 levels of the
dorsal raphe were analyzed at 250 um intervals for TPH2 gene expression. Also, 4 levels of
the dorsal raphe were analyzed at 500 um intervals for SERT and 5SHT1A gene expresssion.

Densitometric Analysis

Each section was 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 with Image J. 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. On each section, the operator outlined
(boxed) the dorsal raphe nucleus and the image was segmented into positive (stained) and
negative (unstained) pixels. Three measurements were generated from the segmented image.
The area covered by the positive pixels was obtained, and called positive pixel area. Then,
the number of positive cells was obtained using size cut-off values. In addition, the mean
gray level of the positive cells was obtained, which is the average density of the signal in the
cells. This then represents the average signal intensity in the positive cells. The same
procedure was applied at each anatomical level from the rostral to the caudal extent of the
dorsal raphe nucleus.

Statistical Analysis

Fenfluramine results—The serum concentrations of prolactin and cortisol were analyzed
with a 2 way ANOVA for repeated measures.

ISH assay results—The positive pixel area, the positive cell number and the mean gray
level were (a) averaged across levels and (b) totalled across levels, generating one overall
average or total for each animal. The average of the animals in each group was then obtained
for statistical analysis. Based upon a previous study in stress-sensitive animals, in which
each serotonin-related gene reflected Fev expression (Lima et al., 2009), we predicted that
each of the serotonin-related genes would reflect the Fev values. That is, there would be
fewer Fev positive cells and lower Fev positive pixel area in the Ovx animals and each of
the other genes would be similar. Therefore, each data set was compared with a one-tailed
Students t-test. For reference, the two-tailed p-value can be obtained by doubling the one-tail
p-value, and all of the differences that were significant with the 1-tailed test were also
significant with the 2-tailed test. The variance in the groups reflects the difference between
animals. F values were computed to assure the variances were equal. If the variance was
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unequal, the modified Welsh t-test was applied. This test was used once for the signal
intensity in the SERT assay.

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.

It was not possible to monitor the menstrual cycle in the individual tubal-ligated animals
while they were in the corral or group housing; and they were in single cages for too brief a
time to determine menstrual cycle stage from the presence of blood in the waste pans.
Therefore, we measured estradiol and progesterone in the first sample of the baseline period
prior to the fenfluramine challenge. Serum estradiol and progesterone concentrations in the
animals at the time of fenfluramine challenge, and prior to euthanasia, are shown in Table 1.
We found that serum estradiol and progesterone were very low in the ovariectomized
animals. Low levels of estradiol are produced by fat tissue and these concentrations are
consistent with previous analyses of serum from ovariectomized monkeys (Bethea et al.,
2009). Serum estradiol and progesterone were differentially higher among the intact
females, indicating that the intact animals were at various stages of the menstrual cycle, as
designated on the table. We could not euthanize the animals at a particular stage of the cycle
since this information was not available a priori. We propose that the fenfluramine-induced
prolactin secretion and gene expression results reflect the overall average of the ovarian
hormones that were present in the animals and reflect the presence or near absence of these
steroids for a 3-year period. However, we cannot completely rule out that the possibility that
the stage of the menstrual cycle increased the variance in the tubal- ligated ovary intact

group.

As illustrated in Figure 1, prolactin secretion was significantly elevated in both groups by
fenfluramine injection (2-way repeated measures ANOVA p = 0.0001, for time effect).
However, prolactin secretion was significantly lower in the Ovx group compared to the
tubal-ligated group (2-way repeated measures ANOVA p = 0.011, for treatment effect).
Cortisol was also significantly increased in both groups by fenfluramine injection (2-way
repeated measures ANOVA p =0.0001, for time effect). However, there was no difference in
cortisol secretion between the groups. The matching was highly effective.

Representative sections from the rostral dorsal raphe processed for Fev digoxigenin-ISH are
shown in Figure 2. In these selected images, the Fev ISH signal was lighter in the Ovx
animal than in the tubal-ligated animal. Please note that the background intensity is
identical. Five levels of the dorsal raphe from each animal were examined with Image J and
the results are illustrated in Figure 3. There was a significant reduction in the average
(p=0.012) and total (p=0.003) Fev-positive pixel area in the Ovx animals compared to the
tubal-ligated animals. In addition, there was a significant reduction in the average number
(p=0.027) and total number (p=0.007) of Fev-positive cells in the Ovx animals compared to
the tubal-ligated animals. To determine if there was a difference in signal intensity within
the cells, we obtained the mean gray value, which is an average of the signal intensity in the
positive cells of the section. The intensity of the signal is represented on a scale where 0
equals white and 256 equals black. There was no difference between the groups in the
average signal intensity of the Fev-positive cells (Tubal ligated = 63.7+11.0: Ovx=
65.4+4.1). There was no difference in the variances between the groups with any
comparison.

Representative sections from the middle region of the dorsal raphe that were processed for
TPH2 digoxigenin-1SH are shown in Figure 4. In the chosen sections, the TPH2 ISH signal
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is lighter in the Ovx animal compared to the tubal-ligated animal, but the background
intensity is identical. Four levels of the dorsal raphe from each animal were examined with
Image J and the results are illustrated in Figure 5. There was a significant reduction in the
average (p=0.0009) and total (p=0.0009) TPH2-positive pixel area in the Ovx animals
compared to the tubal-ligated animals. In addition, there was a significant reduction in the
average number (p=0.007) and total number (p=0.007) of TPH2-positive cells in the Ovx
animals compared to the tubal-ligated animals. There was no difference between the groups
in the average signal intensity of the TPH2 positive cells although it trended lower in the
Ovx group (Tubal ligated = 80.7+6.3; Ovx= 72.0+5.1). There was no difference in the
variances between the groups in any comparison.

Figure 6 illustrates two sections from the rostral region of the dorsal raphe that were
processed for SERT digoxigenin-ISH. The SERT signal appeared lighter in the chosen Ovx
animal compared to the chosen tubal-ligated animal and background was identical. One
animal in the tubal-ligated group was 2 standard deviations from the mean in all SERT
endpoints and was excluded as an outlier (24042). Four levels of the dorsal raphe from each
animal were examined with Image J and the results are illustrated in Figure 7. There was a
significant reduction in the average (p=0.001) and total (p=0.001) SERT-positive pixel area
in the Ovx animals compared to the tubal-ligated animals. There was also a significant
reduction in the average (p=0.002) and total (p=0.002) SERT-positive cell number in the
Ovx animals compared to the tubal-ligated animals. There were no differences in the
variance for the pixel area or cell number comparisons. The Ovx group also had
significantly lower average signal intensity in the SERT-positive cells compared to the
tubal-ligated group (Tubal ligated = 98.1+4.0;0vx = 81.58+0.83). However, the variances
were unequal, so the modified Welch t-test was performed which allows for unequal
variances (1-tail p = 0.014; 2-tail p= 0.028).

Representative sections from the middle region of the dorsal raphe that were processed for
5HT1A digoxigenin-1SH are shown in Figure 8. The 5SHT1A ISH signal appeared lighter in
the representative Ovx section compared to the representative section from a tubal-ligated
animal, but the background intensity is identical. Four levels of the dorsal raphe from each
animal were examined with Image J and the results are illustrated in Figure 9. There was a
significant reduction in the average (p=0.008) and total (p=0.008) 5SHT1A-positive pixel
area in the Ovx animals compared to the tubal-ligated animals. In addition, there was a
significant reduction in the average number (p=0.011) and total number (p=0.011) of
5HT1A-positive cells in the Ovx animals compared to the tubal-ligated animals. There was
no difference between the groups in the average signal intensity of the 5SHT1A-positive cells
although it trended lower in the Ovx group (Tubal ligated = 55.6+3.7; Ovx= 50.19+4.4).
There was no difference in the variances between the groups with any comparison.

In addition, there was no correlation between estradiol or progesterone or rank at the end of
the study with any of the endpoints examined (p's > 0.2). R2 values for TPH2 average pixel
area versus E and P equaled 0.316 and 0.4, respectively, and the other genes were similar.
R2 values for Fev, TPH2, SERT and 5HT1A average pixel area versus rank ranged from
0.0018to 0.172.

Discussion

This study demonstrated that long-term loss of ovarian hormones in healthy young adult
female monkeys leads to a decrease in global serotonin availability; fewer serotonin
neurons, and a reduction in expression of pivotal genes related to serotonin neural function
compared to ovarian intact animals. We speculate that the decrease in serotonin neurons and
the consequences of such a decrease might be more pronounced if the animals were
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maintained for longer than one grant cycle. It is also attractive to speculate that if
ovariectomy occurred in an older individual, then the consequences might be more severe.

Prolactin release was significantly less in Ovx monkeys in response to the fenfluramine
challenge compared to tubal ligated monkeys, suggesting that global serotonin availability
and serotonergic function were reduced in these animals. This is consistent with the report
that prolactin secretion is significantly greater in Ovx monkeys administered estrogen than
placebo (Mook et al., 2005). We have previously reported that stress-sensitive cynomolgus
macaques exhibit decreased prolactin secretion in response to fenfluramine; have fewer Fev-
positive neurons, and exhibit decreased serotonin-related gene expression compared to stress
resilient macaques (Bethea et al., 2005a, Bethea et al., 2005b, Bethea et al., 2008). The Ovx
females in this study had the same type of fenfluramine response and the same pattern of
serotonin-related gene expression. It is attractive to speculate that the Ovx females in this
study are, or would become, stress-sensitive.

However, cortisol release in response to fenfluramine was similar between Ovx and tubal
ligated monkeys. In addition, the adrenal/body weight ratio was identical (not shown).
Wilson and colleagues also found that estrogen administration had little effect on the cortisol
response to fenfluramine (Mook et al., 2005). We previously found that stress-sensitive
cynomolgus macaques have a larger caudal PVVN with more CRF neurons than stress-
resilient counterparts (Centeno et al., 2007¢) and that stress-sensitive macaques have greater
CREF fiber density amongst the serotonin neurons of the dorsal raphe nucleus (Weissheimer,
2010). However, there was little difference in several responses of the HPA axis in stress-
sensitive compared to stress-resilient monkeys (Herod et al., 2011a, Herod et al., 2011b).
Previous data suggest that separate CRF pathways impinge upon the HPA and serotonin
systems, that ovarian steroids have little effect on the HPA axis and that the HPA axis was
functioning in a similar manner in our Ovx and tubal ligated groups. Studies are underway
to examine CRF fiber innervation in the dorsal raphe of our Ovx and tubal ligated groups.

The results of this study had several interesting differences from our previous studies in ~5-
month (short-term) Ovx rhesus macaques with one month of hormone replacement. In the
short-term Ovx rhesus monkeys, we previously found no significant difference in the
number of serotonin neurons as detected with serotonin immunocytochemistry (Bethea,
1994). This was important for interpretation of gene expression results on autoradiographs,
in that there was no need to normalize the signal for cell number (Bethea et al., 2002). It was
also consistent with the short time frame of the ovariectomy. In the long-term Ovx animals,
we predicted a decrease in cell number, so it was important to utilize the digoxigenin-ISH
assay, which provides a higher degree of cellular resolution than radiolabeled probes. Thus,
it was possible to determine positive cell number as well as, positive pixel area. We
examined signal density to determine whether gene expression decreased in individual cells
or whether a reduction in signal was due to fewer cells. However, this analysis should be
viewed with caution. The enzymatic reaction in digoxigenin ISH signal may not be linear,
which would call into question the signal density. Unfortunately, we did not have sufficient
sections to perform additional assays with radiolabeled probes.

The long-term Ovx animals exhibited a decrease in Fev expression and a decrease in Fev-
positive cells, but there was no difference in the average signal intensity in the positive cells
between the groups. Fev (called Petl in rodents) is an ETS transcription factor that is
thought to be the ,,master gene’ in serotonin neurons. It is necessary for achievement of the
serotonin phenotype during embryogenesis and it drives the expression of TPH2, SERT and
5HT1A gene expression (Hendricks et al., 1999, Hendricks et al., 2003). Fev is not only
present in early development, but its expression also persists into adulthood and it is
necessary for the function of serotonin neurons at different stages of life (Liu et al., 2010).
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Since Fev determines whether a neuron is serotonergic or not, we reasoned that if Fev is
undetectable then it follows that the neuron is not phenotypically serotonergic. The
digoxigenin-ISH assay is very sensitive, so we interpreted the reduction in Fev-positive
neurons as fewer phenotypically serotonin neurons. The reduction in Fev-positive cell
number, while significant, was on the order of 20%. This was not robust, but we hypothesize
that serotonin cell number would continue to decline over time and could be exacerbated by
age and environmental conditions. The Fev-expression signal in individual cells was
variable and there was no statistical difference in the average signal intensity of the FEV-
positive cells between the groups. Indeed, there was a grade of signal intensity in positive
cells within each section, which could be due to a true grade of Fev expression amongst cells
or to differential slicing and orientation of cells presented on the surface and the penetration
of the rib probe/digoxigenin antiserum. Thus, the overall reduction in Fev-positive pixel area
may derive from the reduction in Fev-positive neurons in the Ovx group.

Whether the animals were still developing their serotonin system at ovariectomy is
unknown. When Fev is removed during development, as in the Petl knockout mouse, there
are abnormal serotonin precursor neurons present (Krueger and Deneris, 2008, Beck et al.,
2010). We do not know if adolescent monkeys still have precursor neurons available, which
failed to fully differentiate upon ovariectomy. Also, we do not know whether a total
shutdown in Fev expression in an adult neuron would cause it to revert to a non-serotonergic
phenotype that could later be revived to serotonergic status. However, we should probably
not completely disregard these possibilities in the long-term Ovx monkeys.

In the short-term Ovx monkeys with similar serotonin cell number, TPH2 is markedly
reduced on autoradiograms in Ovx animals compared to E or E+P- treated animals (Sanchez
et al., 2005), indicating that individual cells were transcribing less TPH2. Fev drives TPH2
expression, so the decrease in TPH2-positive cell number in the long-term Ovx monkeys is
consistent with the reduction in Fev-positive cells and with our notion that there are fewer
serotonin neurons. In addition, the expression of TPH2 also appeared to be lower within
individual cells in the long-term Ovx animals in a manner similar to the short-term Ovx
animals (Sanchez et al., 2005). However, statistically there was no difference between the
groups in the average signal intensity of the TPH2-positive cells. Again, expression in
individual cells varies within the section. Hence, the overall reduction in TPH2-positive
pixel area probably derives from the reduction in TPH2-positive neurons in the Ovx group.
Indeed, if serotonin neurons were lost and cannot be replaced, then administration of ovarian
steroids for 1 month to the long-term Ovx animals may increase TPH2 expression in
individual cells, but cell number would remain lower than the intact animals. Whether
steroid-induced TPH2 expression could compensate for fewer cells may depend on the
severity of cell loss, which speculatively may depend on the time passed in the absence of
ovarian steroids. Conversely, if there were steroid responsive precursor neurons, which
could respond to estrogen with an increase in Fev, then steroid treatment of long-term Ovx
animals could also restore serotonin cell number and increase TPH2 expression. We would
like to test this hypothesis.

Gene expression of SERT was not consistent with our previous studies of hormone
replacement in short-term Ovx monkeys. In the short-term Ovx monkeys with similar
serotonin cell number, SERT mRNA was marginally higher in Ovx controls; there was no
difference in SERT protein in the cell body region, but lower immunoreactive SERT in
axons, compared to steroid treated animals (Pecins-Thompson et al., 1998, Lu et al., 2003,
Smith et al., 2004). In the long-term Ovx animals, there was a decrease in SERT cell
number, indicating that there were fewer SERT-positive neurons. Fev drives SERT gene
expression, which reflects the reduction in Fev-positive cells. In addition, the average signal
intensity of the SERT-positive cells was lower in the Ovx animals, although the intensity
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must be viewed with caution. The reduction in SERT expression in the Ovx animals
resembles that of stress-sensitive monkeys (Lima et al., 2009). Examination of SERT
binding in the dorsal raphe with PET imaging in anxiety or unipolar and bipolar depression
has yielded various results. Different groups have observed an increase, a decrease or no
change although different ligands were employed (Bhagwagar et al., 2007, Cannon et al.,
2007, Meyer, 2007, Reimold et al., 2008). Our data suggest that different numbers of
serotonin neurons and/or Fev expression may also contribute to the differences in the PET
imaging results and these values may vary.

Gene expression of SHT1A was markedly different from the regulation that we previously
observed with 1 month of hormone replacement in short-term Ovx monkeys. In short-term
Ovx monkeys, the expression of 5SHT1A at gene and protein levels was consistently higher
than animals with E£P treatment (Pecins-Thompson and Bethea, 1998). Moreover, the
binding of the 5SHT1A agonist, 8-OH-DPAT and the coupling of the SHT1A receptor to its
G protein transducer was also higher in both the raphe and hypothalamus of short-term Ovx
monkeys compared to animals with hormone replacement (Lu and Bethea, 2002). In this
study, the tubal-ligated animals had a significantly greater number of SHT1A-positive cells
and higher 5SHT1A-positive pixel area than the Ovx animals. While these results reflect Fev
expression, they differ markedly from the administration of ovarian steroids to short-term
Ovx animals, which reduced 5SHT1A expression. However, they closely resemble the
reduction of 5SHT1A expression in stress-sensitive monkeys compared to stress-resilient
monkeys (Lima et al., 2009). There was no significant difference in signal intensity between
groups in the 5SHT1A-positive cells although the Ovx group tended lower than the tubal-
ligated group, and signal intensity was highly variable. Direct comparisons are not possible,
but 5SHT1A mRNA expression appeared very robust in the short-term Ovx control group in
previous studies (Pecins-Thompson and Bethea, 1998) compared to the long-term Ovx
group in this study.

Different groups have examined the effect of depression on 5SHT1A binding in the dorsal
raphe with PET imaging. Increases, decreases or no change have been reported (Drevets et
al., 2000, Bhagwagar et al., 2004, Parsey et al., 2006, Drevets et al., 2007, Moses-Kolko et
al., 2008, Savitz et al., 2009). Our data suggest that the number of serotonin neurons could
affect PET imaging results in the raphe. The longer time frame may have led to a different
homeostasis in the expression of this gene in light of the decrease in TPH2 and SERT. For
example, 5SHT1A expression is reduced in SERT knockout mice (Li et al., 1999), which
leads to the possibility that the reduction in SERT may be linked to the reduction in SHT1A
expression in this study. In addition, the 5HT1A promoter has multiple Fev binding
elements and 5HT1A receptors are decreased in the raphe of Petl/Fev knock out mice,
indicating that Fev plays a pivotal role in SHT1A transcription (Jacobsen et al., 2011)

The notion of neuronal health as a dynamic equilibrium that spans a spectrum between
resilient and vulnerable neuronal states is accepted. Thus, at any given time, neurons may be
very healthy and functioning well including optimal DNA repair, or somewhere on a
slippery slope where they are unhealthy and falling farther and farther behind in DNA
repair, but not dead (Isacson, 1993). We previously observed greater DNA fragmentation in
short-term placebo-treated Ovx monkeys compared to monkeys with 1 month of hormone
therapy (Lima and Bethea, 2009). This observation coupled with increases in gene and
protein expression in the caspase-independent apoptosis pathway in Ovx controls (Bethea
and Reddy, 2008, Tokuyama et al., 2008) suggested that serotonin neurons exist in a
vulnerable, endangered state following loss of ovarian steroids. We then hypothesized that
with additional time or stress, the cells could die. That hypothesis is supported by the data in
this study. Although we cannot maintain young monkeys in a longer protocol, we now
hypothesize that the decrease in serotonin neurons would continue over time, and would be

Neuroscience. Author manuscript; available in PMC 2012 September 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bethea et al.

Page 12

exacerbated if older animals were ovariectomized for 3 years. Moreover, if old monkeys
were maintained on a typical western diet, which is much higher in fat and sugar than
monkey chow, the decrease may be further exacerbated. We hope to test this hypothesis in
the future.

These data are consistent with information from numerous laboratories showing that ovarian
steroids are neuroprotective (Bourque et al., 2009, De Nicola et al., 2009, Garcia-Segura and
Balthazart, 2009, Kipp and Beyer, 2009, Pike et al., 2009, Simpkins et al., 2009, Suzuki et
al., 2009). However, animal models that use injury or toxicity to damage neurons are often
employed to show that E, P or E+P reduces damage. Our studies in monkeys do not utilize
any kind of injury or toxicity. We speculate that normal life stresses and chemicals in the
environment are sufficient over a longer life span to endanger serotonin neurons, and that
ovarian steroids protect them from accumulated stresses. Global DNA repair is more active
in dividing cells than terminally differentiated cells, such as neurons. However, nuclear
excision repair is active in neurons and acts on genes utilized for transcription. A decrease in
the activity of transcription-coupled DNA repair enzymes would lead to accumulated DNA
fragmentation and this can ultimately lead to cell death (Nouspikel and Hanawalt, 2000,
2002, Nouspikel, 2009). In our study of DNA fragmentation in serotonin neurons, it is
important to note that one month of hormone replacement in short-term Ovx monkeys
eliminated a significant amount of DNA fragmentation (Lima and Bethea, 2009). These data
indicate that one action of ovarian steroids in neuroprotection may be via an increase in
DNA repair enzymes. Indeed, we have observed that gene expression related to DNA repair
was increased by E+P administration to Ovx monkeys in a microarray analysis of laser
captured serotonin neurons (unpublished). We need to confirm this observation with qRT-
PCR as well as pursue this hypothesis at protein and functional levels. We also need to know
if this effect would rescue serotonin neurons after long-term Ovx.

There is an alternate interpretation of these data that was alluded to earlier and requires
consideration as well. The developmental pattern of serotonin neurons has not been
examined in detail in nonhuman primates and the animals in this study were adolescents
when they were ovariectomized. Hence, a possibility exists that the number of serotonin
neurons found in the Ovx animals represents the normal number of neurons for a 3-year old
monkey and this value did not change between 3 and 6 years of age. Rather, the number of
serotonin neurons in the intact animals increased over the 3-year period, and the increase
may be due to the increase in ovarian steroids that occurs from 3-6 years of age in female
macaques. It is thought that there are serotonin neuron precursors in the midbrain of Petl
(Fev) knockout mice, but the absence of Fev prevents the neurons from becoming
phenotypically serotonergic (Krueger and Deneris, 2008, Beck et al., 2010). We cannot rule
out the possibility that there are similar precursors in the midbrain of adolescent macaques,
nor the possibility that ovarian steroids induce Fev in those neurons resulting in the
appearance of more serotonin neurons as the animal approaches full adulthood and
reproductive competence. This alternative interpretation does not take into account the
observation of DNA fragmentation in adult Ovx rhesus monkeys, but we cannot rule out an
ongoing developmental process in the adolescent intact monkeys in this study, or a
contribution of both mechanisms to the final outcome. Unfortunately, it was not feasible to
remove 10-12 adult females from our Japanese macaque troop because of their contribution
to social stability. We hope to pursue these ideas in older rhesus macaques.

The usual computation of human years from monkey years is 3 to 1, so the Ovx group is
somewhat comparable to women after 9 years of steroid deprivation, though significantly
younger than menopausal women. Nonetheless, these studies promote further understanding
of the effects of long-term ovarian steroid loss in females and suggest that as time after
ovariectomy increases, changes may occur in the serotonin system which could be
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permanent and therefore, not completely amenable to later hormone replacement. If
serotonin neurons are lost, and there is no evidence of stem cells in the midbrain, then
extremely delayed hormone therapy may not replace those cells. Other neural systems
supported by serotonin may not be rescued either. A study of immediate versus delayed
hormone therapy in older monkeys on a western diet would be of great interest in this
regard.

In conclusion, 3 years of ovariectomy reduced serotonin cell number as well as Fev, TPH2,
SERT and 5HT1A gene expression. The reduction in gene expression as determined by
positive pixel area reflected the reduction in neuron number and could be a result of fewer
serotonin neurons in Ovx animals. To our eyes, there appeared to be a reduction in the signal
intensity of each gene in the positive neurons of the Ovx animals. However, the
quantification may not be reliable, and only SERT exhibited a significant decrease in
positive cell signal intensity. Nonetheless, the serotonin system and the regulation of pivotal
genes in the long-term Ovx and intact females were different compared to short-term Ovx
plus or minus hormone replacement. Rather, serotonin-related gene expression in the long-
term Ovx group resembles that of stress-sensitive monkeys (Lima et al., 2009). The effect of
hormone therapy on these parameters in the serotonin system after long-term ovariectomy is
unknown.
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Figure 1.

The effect of fenfluramine on prolactin and cortisol secretion in ovariectomized and tubal
ligated female Japanese macaques. Top. Prolactin secretion was significantly different
across time (2-way repeated measures ANOVA p = 0.0001) indicating that fenfluramine
significantly increased prolactin secretion. In addition, there was significant effect of
ovariectomy (2-way repeated measures ANOVA p = 0.011) indicating that the
ovariectomized females secreted significantly less prolactin in response to fenfluramine than
the tubal ligated females. The matching was effective (p = 0.007). However, there was no
interaction. Bottom. Cortisol secretion was significantly different across time (2-way
repeated measures ANOVA p < 0.0001) indicating that fenfluramine significantly increased
cortisol secretion. However, ovariectomy had no effect on cortisol secretion in response to
fenfluramine (2-way repeated measures ANOVA p=0.8). The matching was highly effective
(p < 0.0001), but there was no interaction.
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Fev

Figure 2.

Illustration of Fev expression in the rostral dorsal raphe in a representative monkey from
each treatment group. The scale bar equals 100 um. There is robust expression of Fev in the
intact animal, but Fev expression is reduced in the Ovx animal.

Neuroscience. Author manuscript; available in PMC 2012 September 29.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Bethea et al.

Page 21

Pixels-avg Cells-avg
90000+ 300
* *
g P ==
© 60000 @ 2004
° o o
-
X o
e @
g 8
] £
@ 30000 5 1004
o =z
o
od o
o\ N o\ N
S & & &
K o & <&
& «
Pixels-total Cells-total
5000001 15001 *
= 400000 J—
E * T
s E 1000
® 300000 s
g )
< =
] 8
X 200000 s
= o 500
8 -
]
F 100000
o T 0- T
» » » »
N R N N

Figure 3.
Fev expression parameters for each group (n=4-5/group). There was a significant difference

in the average positive pixel area per animal (p=0.012), the average positive cell number per
animal (p=0.027), the total positive pixel area per animal (p=0.003) and the total cell number
per animal (p=0.007). The average positive pixel area and average cell number were
computed by calculating the average of the 5 sections for each animal and then obtaining the
averages of the animals in each group. The total positive pixel area and total cell number
were computed by obtaining the total of each parameter in the 5 sections from each animal
and then obtaining the averagetsem of the totals.
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Figure 4.

[llustration of TPH2 expression in the rostral dorsal raphe in a representative monkey from
each treatment group. The scale bar equals 100 um. There is robust expression of TPH2 in
the intact animal, but TPH2 expression is reduced in the Ovx animal.
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Figure 5.
TPH2 expression parameters for each group (n=4-5/group). There was a significant

difference in the average positive pixel area per animal (p=0.0009), the average positive cell
number per animal (p=0.007), the total positive pixel area per animal (p=0.0009) and the
total cell number per animal (p=0.007). The calculation of these parameters is described in
the legend to Figure 3.
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Figure 6.

Illustration of SERT expression in the rostral dorsal raphe in a representative monkey from
each treatment group. The scale bar equals 100 um. There is robust expression of SERT in
the intact animal, but SERT expression is reduced in the Ovx animal.
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Figure 7.

SERT parameters for each group (n=4-5/group). There was a significant difference in the
average positive pixel area per animal (p=0.001), the average positive cell number per
animal (p=0.002), the total positive pixel area per animal (p=0.001) and the total cell number
per animal (p=0.002). The calculation of these parameters is described in the legend to
Figure 3.
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Figure 8.

Illustration of 5SHT1A expression in the rostral dorsal raphe in a representative monkey from
each treatment group. The scale bar equals 100 um. There is robust expression of SHT1A in
the intact animal, but SHT1A expression is reduced in the Ovx animal.
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5HT1A parameters for each group (n=4-5/group). There was a significant difference in the

average positive pixel area per animal (p=0.008), the average positive cell number per

animal (p=0.011), the total positive pixel area per animal (p=0.008) and the total cell number
per animal (p=0.011). The calculation of these parameters is described in the legend to

Figure 3.
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Table 1

Estradiol and progesterone concentrations in serum from the female Japanese macaques, 3 hours before
euthanasia.

Treatment Group  Estradiol-178  Progesterone Stage
Animal 1D pg/ml ng/ml
Ovx
24018 14 0.30 nla
24020 28 0.85 nla
24028 20 0.69 nfa
24029 10 0.60 nla
Avg 18 0.61
Intact
24032 19 0.23 menstrual
24037 64 0.12 early-follicular
24040 431 1.17 early luteal
24042 18 1.20 late luteal
24049 107 0.86 mid-follicular
Avg 127.73 0.72

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Neuroscience. Author manuscript; available in PMC 2012 September 29.



