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Abstract
A significant number of postmenopausal women report increased anxiety and vulnerablity to
stress, which has been linked to decreased secretion of ovarian steroids. Communication between
the serotonin system and the CRF system determines stress sensitivity or resilience. This study
examines the effects of the ovarian steroids, estradiol (E) and progesterone (P) on the CRF system
components that impact serotonin neurons in the midbrain of nonhuman primates. Ovariectomized
rhesus macaques were treated with placebo, E alone for one month, or E supplemented with P for
the last 2 weeks. Quantitative (q)RT-PCR and immunocytochemistry were employed. E±P
treatment decreased CRF-R1 and increased CRF-R2 gene expression in hemi-midbrain blocks and
in laser captured serotonin neurons. Also in hemi-midbrains, E treatment increased UCN1 and
CRFBP gene expression, but supplemental P treatment reversed these effects. E±P suppressed the
already very low UCN3 mRNA, but had no effect on UCN2 mRNA. E±P decreased CRF fiber
density in the dorsal, interfascicular and median raphe nuclei and decreased CRF-R1
immunostaining in the dorsal raphe. E increased CRF-R2 immunostaining in the dorsal and
median raphe. E±P increased UCN1 immunostaining in the cell bodies and increased UCN1 fiber
density in the caudal linear nucleus. ERβ, but not ERα was detected in the nucleus of UCN1-
positive neurons. While the mechanism of ovarian hormone regulation of the midbrain CRF
system requires further investigation, these studies clearly demonstrate another pathway by which
ovarian hormones may have positive effects on anxiety and mood regulation.
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Introduction
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
steroids. 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 and questioning the use of hormone therapy.

The serotonin system plays a pivotal role in affective disorders, including depression and
anxiety. The administration of selective serotonin reuptake inhibitors (SSRIs) is to date, the
most effective pharmacological intervention for depression and anxiety disorders (Owens
and Nemeroff, 1994). This laboratory has shown that the ovarian steroids, estrogen (E) and
progesterone (P) increase serotonin neural function (Bethea et al., 2002) and protect
serotonin neuronal health in monkeys (Bethea et al., 2009), which could translate to
improved mood and stress resilience in women.

The hypothalamic-pituitary adrenal axis has also 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). We found that
E or E+P decrease CRF gene and protein expression in the PVN of macaques (Bethea and
Centeno, 2008), which could also translate to stress resilience.

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 and CRF has complex and opposing effects depending on the dose
used and the endpoint examined (Pernar et al., 2004). However, information on the effect of
ovarian steroids on the relationship between CRF and serotonin systems in the nonhuman
primate brain is lacking.

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 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 anxiety and related depressive behaviors. In addition,
CRF and UCN1 also interact with binding proteins, CRFBP and sCRFR2α (Behan et al.,
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1995b). Each binding protein binds CRF or UCN1 extracellularly and is thought to prevent
receptor activation (Behan et al., 1995a, Kemp et al., 1998).

We questioned whether the steroid-induced decrease in CRF expression in the PVN (Bethea
and Centeno, 2008) would be manifested in the CRF innervation of the dorsal and median
raphe, and whether ovarian steroids regulate CRF receptors in raphe terminal fields in
macaques. In addition, we determined the effect of E and P on midbrain urocortin,
considered part of the CRF family of ligands. We used a primate model of surgical
menopause with hormone treatment for one month.

Materials and Methods
The Institutional Animal Care and Use Committee of the Oregon National Primate Research
Center (ONPRC) approved this study.

Animals
Adult female rhesus monkeys (Macaca mulatta) were ovariectomized (Ovx) by the surgical
personnel of ONPRC according to accepted veterinary protocol, approximately 5 to 16
months before assignment to this project. All animals were born in China, were aged
between 7–14 years, weighed between 4 and 8 kg, and were in good health. ONPRC
operates with a lease for fee arrangement. Thus, the animals were previously used in select
reproductive protocols in which ovariectomy was the final step before releasing the animals
back into the available pool.

Animals were either treated with placebo (ovx-control group), or treated with estradiol (E)
for 28 days (E group), or treated with E for 28 days and supplemented with progesterone (P)
for the final 14 of the 28 days (E+P group). The placebo treatment of the ovx-control
monkeys consisted of implantation with empty Silastic capsules (s.c.) on day 0 and day 14.
The E-treated monkeys were implanted (s.c.) with one 4.5-cm E-filled Silastic capsule (i.d.
0.132 in.; o.d. 0.183 in.; Dow Corning, Midland, MI) on day 0 and an empty capsule on day
14. The E+P- treated group received an E-filled capsule, and 14 days later, received one 6-
cm P capsule. All capsules were placed in the periscapular area under ketamine anesthesia
(ketamine HCl, 10mg/kg, s.c; Fort Dodge Laboratories, Fort Dodge, IA).

The E capsule was filled with crystalline estradiol (1,3,5(10)-estratrien-3, 17-b-diol;
Steraloids, Wilton, NH). The P capsule was filled with crystalline P (4-pregnen-3, 20 dione;
Steraloids).

Fifteen animals were used for immunocytochemistry (n=5/group); twelve animals were used
for qRT-PCR on hemi-midbrain blocks (n=4/group), and nine animals were used for laser
capture of serotonin neurons and subsequent qRT-PCR (n=3/group). The average time
(months) between ovariectomy and hormone treatment for each set of animals equaled
5.2±0.85, 7.2±1.0 and 16.2±5.3, respectively.

Euthanasia
The monkeys were euthanized at the end of the treatment periods 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.
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Tissue preparation for immunocytochemistry
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 brain was removed and dissected. Tissue blocks were post-fixed in 4%
paraformaldehyde for 3 hours, then transferred to 0.02 M potassium phosphate-buffered
saline (KPBS) containing 10%, followed by 20% glycerol and 2% dimethyl sulfoxide
(DMSO) at 4C for 3 days to cryoprotect the tissue. After infiltration, the block was frozen in
isopentene cooled to −55C, and stored at −80C until sectioning in the coronal plane, which
occurred within 3 months of storage. Sections (25μm) were cut on a sliding microtome,
collected in a cryoprotectant buffer (30% ethylene glycol and 20% glycerol in 0.05M PBS)
and then frozen at −20° C until processed with immunocytochemistry.

Tissue preparation for qRT-PCR on the hemi-midbrain tissue block
The brain was perfused with saline, removed and dissected. The pontine midbrain was
bisected along the midline (saggital plane). One side was immersed in 1X RNA later for one
week at 4°C, and then frozen in aluminum foil at −80 °C until RNA extraction (gift of Dr.
Henryk Urbanski).

Tissue preparation for laser capture of serotonin neurons
The brain of each animal was perfused with 3 liters of 1X cold RNA-later buffer (Ambion
Inc., Austin, TX) plus 20% sucrose. The brain was removed from the cranium, dissected into
blocks and frozen at −80°C until sectioning at 7 μm in the coronal plane and laser capture of
serotonin neurons as previously published (Bethea and Reddy, 2008).

Immunocytochemistry
Brain sections were removed from frozen storage and washed in KPBS for an hour. They
were blocked in the appropriate normal serum for an hour, and then blocked in avidin and
biotin for 20 minutes (Vector labs, Burlingame, CA). The primary antibody was diluted in
0.02 M KPBS/2% normal rabbit or goat serum/0.4% Triton X-100 and exposed to the
experimental tissue for 48 hours at 4°C. After 48h, sections were washed in KPBS for an
hour. The appropriate secondary antibody (Vector) was diluted 1:200 in KPBS/0.4% triton
and incubated with the tissue for 60 minutes. After another KPBS wash, the tissue sections
were incubated in VECTASTAIN Elite ABC solution (Vector) for one hour and washed in
buffer again. Sections were then incubated in 0.02M KPBS with 0.05% DAB and 0.003%
H2O2. Finally, the sections were washed, mounted on slides, dehydrated, dipped in xylene,
and then coverslipped in DPX mountant for stereological analysis.

The CRF antibody was a gift from Dr. Wylie Vale (Salk Institute, La Jolla, CA) and was
raised in rabbit against human CRF conjugated to human alpha globulin. Thus, in the CRF
ICC, we used an additional blocking step with 1% human alpha globulin (Sigma G-2011)
for 20 minutes. Rabbit anti-human CRF (1/15,000) was diluted in 0.02 M KPBS/2% normal
goat serum/0.4% triton/0.1% human alpha globulin. The secondary antibody was
biotinylated goat anti-rabbit IgG (Vector). The antisera to CRF has been extensively
characterized and previously applied to primate brain (Bassett and Foote, 1992).

The UCN1 antibody (Sigma-Aldrich, St. Louis, MO; Catalog No. U4757) was raised in
rabbit against amino acids 25–40 of the human peptide. Prior to incubation with the primary
antibody, an additional blocking step with 3% bovine serum albumin for an hour was
included. Rabbit anti-UCN1 (1/15,000) was diluted in 0.02 M KPBS/2% normal goat serum/
0.4% triton. The secondary antibody was biotinylated goat anti-rabbit IgG (Vector). The
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antisera to UCN1 has been extensively characterized and previously applied to rat and
human brain (May et al.).

The CRF-R1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA; Catalog No. 12381) was
an affinity purified goat polyclonal antibody raised against an internal region of CRF-R1 of
human origin. Increasing dilutions of anti-CRF-R1 produced decreasing signal up to a titer
of 1/4000, beyond which the signal disappeared. Anti-CRF-R1 was diluted 1/500 in 0.02 M
KPBS/2% normal rabbit serum/0.4% triton and incubated with the experimental tissue for
48 hours at 4°C. The secondary antibody was biotinylated rabbit anti-goat IgG (Vector). As
a further control, the highest titer of CRF-R1 antibody that detected signal (1/2000) was
preabsorbed with a blocking peptide matched to the antibody (500 μg; Santa Cruz
Biotechnology, Santa Cruz, CA; Catalog No. 12381-P) at 4°C overnight. The CRF-R1
antibody and the preabsorbed antibody were incubated on adjacent tissue sections for 48
hours at 4°C. Two days later, the tissue was incubated with secondary antibody and
processed as described above.

The CRF-R2 antibody (Chemicon International, Billerica, MA; Catalog No. AB9139, lot
0602022158) was raised in rabbit against the first extracellular domain of human CRF-R2.
Increasing dilutions of anti-CRF-R2 produced decreasing signal to background up to a titer
of 1/2000. Anti-CRF-R2 was diluted 1/750 in 0.02 M KPBS/2% normal goat serum/0.4%
triton and exposed to the experimental tissue for 48 hours at 4°C. The secondary antibody
was biotinylated goat anti-rabbit IgG (Vector). As a further control, the CRF-R2 antibody at
1/750 was preabsorbed with the peptide used to make the antibody (1 mg; Lifespan
Biosciences, Seattle, WA) at 4°C overnight. The CRF-R2 antibody and the preabsorbed
antibody were incubated on adjacent tissue sections for 48 hours at 4°C. Two days later, the
tissue was incubated with secondary antibody and processed as described above.

Double Immunocytochemistry
Localization of estrogen receptor beta (ERβ) and UCN1 in the pIIIu was sought using double
label IHC. Sections (25 μm) of the pIIIu were obtained from an extra monkey and stored in
cyroprotectant at −20°C until the day of assay. For assay, sections were mounted on slides.
The slides were washed in 0.02M KPBS, blocked in normal goat serum, avidin, and biotin,
and incubated at 4°C overnight with anti-human ERβ IgG (mouse monoclonal, 1:100,
Serotec). The next day, slides were washed in KPBS, incubated with biotinylated goat anti-
mouse secondary antibody, and then washed again before incubation with ABC solution
(Vector labs). A solution of 10 ml 0.05M Tris containing 395 g nickel ammonium sulfate, 7
mg diaminobenzidine (DAB; 0.07%), and 2 μL 30% hydrogen peroxide (0.006%) was
prepared and 500 μl was placed onto the sections for 10 minutes. The antigen-antibody
complex was visualized as a purple nuclear stain. This nuclear ERβ stain was fixed in 4%
paraformaldehye/0.1M phosphate for one hour. This was followed by rinsing in 0.02 M
KPBS and blocking with normal goat serum (NGS), avidin, and biotin. The slides were
incubated at 4°C for 48 hours with rabbit anti-UCN1 polyclonal antiserum. Two days later,
the slides were washed in KPBS, and then incubated with goat anti-rabbit biotinylated
secondary antibody. After incubation with ABC solution, a solution of 0.02M KPBS
containing 0.05% DAB and 0.003% hydrogen peroxide was prepared and 500 μl was placed
onto the sections for 2 minutes. The reaction was terminated with a KPBS wash. Slides were
vacuum dried overnight, dehydrated through a grades series of ethanol, dipped in xylene,
and coverslipped in DPX mountant.

Stereological Analysis of Immunostaining
Sections were anatomically matched between animals using anatomical reference points. A
Marianas Stereological workstation with Slidebook 4.1 was used for analysis. Each section
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was examined and guidepoints demarcating the area of interest were entered. The
workstation captured multiple 10x images across the span of the area and built a 10x
montage of the entire area. The software then segmented the montage based upon signal
density. The CRF and UCN1 positive fibers were highlighted and the highlighted area was
quantified in pixels. Finally, the total area examined (region of interest) was obtained. For
cell counting, the software allows the operator to mark each positive cell and tallies the total
number of marked cells. The values were recorded and then subjected to further statistical
analysis.

qRT-PCR on the midbrain tissue block
RNA was obtained from the microdissected hemi-midbrain block of 12 rhesus midbrains
(previously infiltrated with RNA later) using TriReagent and further cleaned with a Qiagen
RNAeasy column (Velencia, CA). The quality of the RNA from the Qiagen column was
examined on an Agilent Bioanalyzer and found acceptable and of equal quality. The RNA
was subjected to quantitative (q) RT-PCR for 6 genes of greatest interest, which were: CRF-
R1, CRF-R2, CRF-Binding Protein (BP), UCN1, UCN2 and UCN3. Tryptophan
hydroxylase 2 (TPH2) was also examined as a physiological control for E and P regulation
of gene expression.

Complementary DNA (cDNA) synthesis was performed using Oligo-dT 15 primer and
random hexamer (Invitrogen Life Technologies, Carlsbad, CA) and Superscript III reverse
transcriptase (200 U/μg of RNA, Invitrogen Life Technologies) at 50°C for 1 hr. A pool of
RNAs from different rhesus tissues was used as the standard.

Taqman qPCR array
Four different concentrations of cDNA from the pool of rhesus tissues (0.5, 5.0, 50.0, 500.0
ng) and 25 ng of the 12 hemi-midbrain samples (in 100 μl reaction mix) were loaded onto
custom Taqman microfluidic PCR cards according to the manufactor s specifications
(Applied Biosystems Inc., Foster City, CA;
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?
cmd=catNavigate2&catID=601274). Thus, each reaction well contained about 1 ng of
midbrain cDNA sample. The cards contained proprietary primer sets for amplification of
rhesus CRF-R1, CRF-R2, CRFBP, UNC1, UCN2, UCN3, TPH2 and GAPDH. The ABI
primer set identification numbers, context sequences and the NCBI gene reference numbers
are listed in Table 1. Each standard concentration and sample was amplified in triplicate for
each primer set. The 5 fluorescent reporter on the probe was FAM (Fluorescein amidite;
Molecular Probes, Eugene, OR) and the 3 quencher was TAMRA (tetramethylrhodamine).
The cards also contain the passive reference dye, ROX. There was a log linear increase in
fluorescence detected as the concentration of amplified double-stranded product cDNA
increased during the reaction. The fluorescence was detected as cycle threshold (Ct) with an
ABI 7900 thermal cycler (Applied Biosystems Inc.) during 40 cycles. A standard curve was
generated from the different concentrations of the rhesus pool. The slope of the curve was
used to calculate the relative picograms of each transcript. Then, the ratio of each transcript
to GAPDH was calculated for each sample.

Laser captured serotonin neurons
RNA was extracted from pools of laser-captured neurons from ovx animals treated with
placebo, E and E+P (n=3/group) and cDNA was synthesized as previously described
(Bethea and Reddy, 2008, 2009).
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Preamplification of laser captured samples followed by Taqman qPCR
Each laser captured sample and an aliquot of the rhesus pool cDNA was preamplified with a
master mix containing Platinum Taq polymerase and all primer sets of interest (200μM
each; separately provided by ABI). The preamplification PCR reaction was run for 14
cycles. The PCR product from the multiplex reaction on the rhesus standard pool was
diluted to generate a standard curve for each of the primer sets. The PCR product from the
laser-captured samples was diluted 1/20. Then, the preamplified standards and samples were
loaded onto the custom Taqman cards for qPCR in 100 μl of reaction mix. There was a log
linear increase in fluorescence detected as the concentration of amplified double-stranded
product cDNA increased during the reaction. The fluorescence was detected as cycle
threshold (Ct) with an ABI 7900 thermal cycler (Applied Biosystems Inc.) during 40 cycles.
The slope of the curve was used to calculate the relative picograms of each transcript in the
RNA extracted from the laser-captured pools. Then, the ratio of each transcript to GAPDH
was calculated for each sample.

Validation of Primers
Initially, each primer set (provided separately by ABI) was tested individually with cDNA
from the pool of rhesus tissues and from a microdissected dorsal raphe block. The
amplification was examined with the ABI 7900 thermal cycler (Applied Biosystems Inc.)
during 40 cycles. Each primer set produced a single amplicon as expected.

Hormone Assays
Assays for estrogen and progesterone were performed utilizing a Roche Diagnostics 2010
Elecsys assay instrument. Prior to these analyses, measurements of estradiol and
progesterone on this platform were compared to traditional RIA s as previously reported
(Bethea et al., 2005).

Statistics
Differences in the percent positive fiber area (pixels), the percent of positive receptor area
(pixels), the number of immunopositive cells and the relative mRNA between the groups
were determined with a parametric ANOVA followed by Student-Neuman-Keuls posthoc
pairwise comparison using Prism Statistical software v5.0 (Graph-Pad Software, Inc., San
Diego, CA, USA) and p < 0.05 was considered statistically significant.

Results
The effect of ovarian steroid treatment for one month on the transcripts for the urocortins,
the CRF receptors and CRFBP was first examined in hemi-midbrain blocks obtained as
shown in Figure 1, panel A (n=4 animals/group; gift of Dr. Henryk Urbanski). Ovarian
steroid treatment did not change the expression of GAPDH in the hemi-midbrain blocks of
tissue. Therefore, GAPDH was used to normalize expression of the individual transcripts
and the results were expressed a ratio. TPH2 was increased by E and E+P treatment as
previously reported (Sanchez et al., 2005). The ratio of TPH2/GAPDH in the Ovx, E and E
+P treated groups equaled 1.8±0.6, 277.6±74.2 and 166.9±15.53, respectively (ANOVA p <
0.0051), indicating that steroid treatment was effective.

Ovarian steroid treatment significantly changed the expression of CRF-R1 and CRF-R2 in
the hemi-midbrain block and the ratio of each transcript to GAPDH is illustrated in Figure 2,
panels A and B. E- and E+P administration caused a significant decrease in the expression
of CRF-R1. In contrast, E and E+P treatment caused a significant increase in CRF-R2
expression although addition of P decreased CRF-R2 expression from that observed with E
alone.
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The relative expression of UCN1, UCN2 and UCN3 was also changed in the hemi -midbrain
block with E or E+P treatment and the results are shown in Figure 2, panels C, D and E.
UCN1 mRNA was significantly increased by E treatment and suppressed by supplemental P
treatment. UCN2 and UCN3 mRNAs were on the order of 100 to 1000-fold lower than
UCN1. There was no regulation of UCN2, but UCN3 was significantly decreased by E and
E+P treatment. However, UCN3 was at the limit of detection of the assay so these results
should be received with caution.

The relative expression of CRFBP was significantly increased with E treatment and
suppressed by supplemental P treatment (Figure 2, panel F). CRFBP mRNA was reported in
the raphe and trigeminal nuclei, which are present in our hemi-midbrain block (Potter et al.,
1992).

Because the block of tissue contains many different cell types, it was important to address
the question of whether CRF-R1 and CRF-R2 are expressed by serotonin neurons. We
utilized laser captured serotonin neurons from ovariectomized monkeys treated with
placebo, E or E+P for one month (n=3/group). As illustrated in Figure 1, panel B, the
serotonin neurons were captured from 7 μm coronal sections through the dorsal raphe of the
pontine midbrain. In a previous study, Rhesus Affymetrix microarrays were probed with
labeled RNA from the laser captured serotonin neurons and the results were analyzed with
GeneSifter. [Subsets of the results have been previously published (Bethea and Reddy,
2008,2009)]. The results were reviewed for expression of CRF-R1 and CRF-R2. The
microarray signal intensity for CRF-R1 equaled 160.2±117, 38.5±24 and 33.6±113 for
placebo, E and E+P treated animals, respectively (n=2/group). The microarray signal
intensity for CRF-R2 equaled 75.1±44, 46.3±3 and 140±116 for placebo, E and E+P treated
animals, respectively (n=2 animals/group). These values were not above the threshold for
present call on the microarray due to the low copy number. Nonetheless, the trends
warranted further examination with qRT-PCR, including a preamplification step. Therefore,
samples of the rhesus pool and laser captured serotonin neurons from placebo, E and E+P
treated animals (n=3/group) were preamplified and then subjected to qPCR on the custom
Taqman cards. As illustrated in Figure 3, E and E+P treatments significantly decreased
CRF-R1 expression and significantly increased CRF-R2 expression in laser captured
serotonin neurons indicating that serotonin neurons express the CRF receptors in a regulated
manner.

CRF neurons in the PVN and amygdala project to the dorsal and median raphe nuclei
(Luiten et al., 1985, Portillo et al., 1998). Thus, the mRNA for CRF is largely located
elsewhere although small populations of CRF neurons have been detected in the midbrain
(Austin et al., 1995). To determine if ovarian steroids regulate the amount of CRF reaching
the dorsal and median raphe, CRF fibers were immunostained and quantified in these
regions of ovariectomized macaques treated with placebo, E or E+P (n=5 animals/group).
CRF fibers were examined in the dorsal and median raphe of 25 μm coronal sections
through the pontine midbrain as illustrated in Figure 1, panel B. CRF fiber staining was
robust in the dorsal and median raphe as illustrated in Figure 4. Three areas were further
analyzed as illustrated. The areas were designated dorsal raphe, interfascicular raphe and
median raphe. In all areas, it appeared that there was a reduction in fiber density in E- and E
+P-treated animals compared to the placebo treated animals. The fiber staining was
segmented and expressed as positive pixels. The pixel analyses of the dorsal, interfascicular
and median raphe nuclei are shown in Figure 5. Four levels of the midbrain raphe nuclei at
500 μm intervals were examined and the CRF positive pixels were expressed as a percent of
the total area. E and E+P treatments caused a significant decrease in the average percent
CRF positive pixels at each of the 4 levels in all areas (data not shown). When the average
percent CRF positive pixel area was obtained for each group (average of all 4 levels/animal
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and then average of 5 animals/group), there was a significant decrease in the overall average
percent CRF positive pixel area, or CRF fiber density, in the dorsal, interfascicular and
median raphe nuclei with E or E+P administration for one month as illustrated in Figure 5.

To determine if CRF receptor protein expression reflected gene expression,
immunocytochemistry for CRF type 1 and type 2 receptors was conducted. CRF-R1
immunostaining is illustrated in Figure 6. Panel A illustrates staining in the dorsal raphe at
the concentration of primary antibody used for the experimental sections (1/500). Panel B
illustrates staining in the dorsal raphe at the lowest concentration of primary antibody that
produced any detectable signal (1/2000). Preabsorption of the antibody at 1/2000 with the
peptide that was used to produce the antibody (500μg) prevented specific staining as
illustrated in Panel C. In the experimental sections, the receptor staining was segmented and
expressed as positive pixels. Five levels of the dorsal raphe at 500 μm intervals were
examined in ovariectomized macaques treated with placebo, E or E+P (n=3 animals/group)
and the CRF-R1 positive pixels were expressed as a percent of the total area. The pixel
analysis of the dorsal raphe nucleus is shown in Figure 7. E and E+P treatments caused a
decrease in the average percent CRF-R1 positive pixels at each of the 5 levels with level 3
reaching statistical significance (data not shown). When the average percent CRF-R1
positive pixel area was obtained for each group (average of all 5 levels/animal and then
average of 3 animals/group), there was a significant decrease in the overall average percent
CRF-R1 positive pixel area in the dorsal raphe nucleus with E and E+P treatment (Figure 7).
This is reflective of the gene expression observed in the hemi-midbrain block and in the
laser captured serotonin neurons.

CRF-R2 immunostaining at the boundary of the interfascicular raphe and median raphe is
illustrated in Figure 8. Panels A and B illustrate the immunostaining at the concentration of
primary antibody used for the experimental sections (1/750) at a low and high
magnification. Panel C illustrates the staining when the antibody at a concentration of 1/750
was preabsorbed with the peptide (1 mg) that was used to produce the antibody. No specific
immunostaining was observed after preabsorption of the antibody. In the experimental
sections, the receptor staining was segmented and expressed as positive pixels. Five levels of
the dorsal and median raphe nuclei at 500 μm intervals were examined in ovariectomized
macaques treated with placebo, E or E+P (n=5 animals/group) and the CRF-R2 positive
pixels were expressed as a percent of the total area. The pixel analysis of the dorsal and
median raphe nuclei is shown in Figure 9. E treatment caused a significant increase in the
average percent of CRF-R2 positive pixel area at each of the 5 levels of the dorsal and
median raphe (data not shown). In addition, when the average percent of CRF-R2 positive
pixel area was obtained for each group (average of all 5 levels/animal and then average of 5
animals/group), there was a significant increase in the overall CRF-R2 positive pixel area in
the dorsal and median raphe nuclei with E treatment. However, the stimulatory effect of E
was blocked with supplemental P administration. This is reflective of the observed gene
expression in the hemi-midbrain block and in the laser captured serotonin neurons.

Examination of gene expression for the urocortins indicated that UCN1 was the predominant
transcript in the midbrain and that it was increased by E treatment, and supplemental P
treatment blocked the effect of E. The expression of UCN2 and 3 was too low to warrant
pursuit at the protein level. The cells that produce UCN1 are located in the rostral midbrain
in the supraoculomotor (SOA) area bordering the Edinger-Westfal nucleus (May et al.,
2008). To examine the expression of UCN1 at the protein level, the cell bodies and a fiber
tract located caudal to the cell bodies (approximately at the level of the caudal linear
nucleus) were immunostained and analyzed. Figure 10, top row illustrates UCN1 neurons in
4 out of the 8 levels (rostral to caudal) of the midbrain that were examined. A complete map
of the midbrain UCN1 neurons in macaque is published in May et al (May et al., 2008). In
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addition, the appearance of UCN1 neurons in representative sections from placebo, E and E
+P treated monkeys is illustrated in the bottom row, Figure 10. A montage of each level
was built and the positive cells were marked and tallied with Slidebook 4.2. The total
number of UCN1 positive cells in 8 levels of the SOA in each treatment group (n= 5
animals/group) is illustrated in Figure 11, top panel. One month of E or E+P treatment
caused a significant increase in the number of detectable UCN1 positive neurons at nearly
every level (data not shown) and a significant increase in the overall average number of
UCN1 positive neurons. In addition, the immunostained area was segmented and the
positive pixels were calculated as a percent of the total area examined. E or E+P
significantly increased the number of UCN1-positive neurons in 7 of 8 levels analyzed and
when the levels were combined (average of all 8 levels/animal and then average of 5
animals/group), there was a significant increase in the percent of UNC1 positive-pixels as
illustrated in Figure 11, bottom panel.

The UCN1 fiber tract in the area of the caudal linear nucleus is illustrated in Figure 12,
which contains representative sections from placebo, E and E+P treated monkeys. The
positive fibers have been segmented from the background in blue for clarity. The UCN1
fibers were examined in 3 levels of the midbrain at 500 μm intervals. There appears to be an
increase in UCN1 fiber density with E and E+P treatments. For quantification, the pixel area
of the positive fibers was obtained and expressed a percent of the total area examined. The
results are illustrated in Figure 13. There was a significant increase in UCN1 fiber density
(positive pixel area/total area) with E and E+P treatment at all 3 levels (data not shown) and
a significant increase in the overall average UCN1 fiber density (average of all 3 levels/
animal and then average of 5 animals/group; Figure 13).

To determine if the effect of estrogen on UCN1 expression may be direct or indirect, UCN1
neurons were immunostained for ERα or ERβ. ERα was not detected. However, nuclear
staining for ERβ was evident in UCN1 neurons as well as, other neurons in the area (Figure
14).

Serum estrogen concentrations (pg/ml±sem) in Ovx, E-treated, and E+P treated animals,
respectively equaled 8.4±1.7, 78.6±7.1, and 89.0±12.7 in the animals used for
immunocytochemistry, 9.6±4.0, 117.0±6.7 and 130±9.5 in the animals for hemi-midbrain
block qRT-PCR, and <20, 153±10.9, and 187±3.2 in the animals used for laser capture of
serotonin neurons. Serum progesterone concentrations (ng/ml±sem) in Ovx, E-treated, and E
+P treated animals, respectively equaled 0.09±0.02, 0.14±0.02, and 3.8±0.7 in the animals
used for immunocytochemistry, <0.2, <0.2 and 3.8±0.4 in the animals for hemi-midbrain
block qRT-PCR, and 0.23±0.003, 0.24±0.03 and 7.08±1.17 in the animals used for laser
capture of serotonin neurons.

Discussion
During and after menopause a significant number of women report an increase in anxiety
and vulnerability to stress (Maki et al., Conde et al., 2006, Heikkinen et al., 2006, Tangen
and Mykletun, 2008). Both the CRF and serotonin systems respond to stress and play roles
in depression and anxiety disorders (Mann et al., 1996, Holsboer, 1999, Keck and Holsboer,
2001, Arango et al., 2002). Moreover, increasing evidence suggests that their function is
inextricably linked. In humans, CRF terminals appose serotonin neurons in the raphe region
(Ruggiero et al., 1999), and a postmortem study reported that patients with major depressive
disorder had significantly more CRH-positive neurons in the PVN than normal controls
(Raadsheer et al., 1994). Antidepressant SSRIs that increase available serotonin reduce the
sensitivity of CRF neurons in the PVN (Stout et al., 2002b), and cortisol levels return to
normal in depressed patients treated with a variety of antidepressants (Himmerich et al.,
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2006, Schule et al., 2006). Moreover, repeated treatment with citalopram, an SSRI,
decreased CRF and HPA axis activity in rodents (Moncek et al., 2003). We recently found
that 15 weeks of citalopram administration decreased CRF fiber density in the dorsal raphe
of stress-sensitive monkeys (Weissheimer et al., 2009).

The impact of ovarian steroids on mental function is of significant importance to women as
they transition through menopause. Women without a uterus may be prescribed a
formulation of estrogen, whereas women with a uterus may be prescribed a formulation of
estrogen supplemented with progestin to prevent uterine hypertrophy. Therefore, we applied
a paradigm in which ovariectomized monkeys are used as a model of surgical menopause
and groups treated with placebo, estradiol alone or estradiol supplemented with progesterone
were compared.

In the absence of hormone therapy, postmenopausal women exhibit higher release of ACTH
and cortisol when administered a challenge of dexamethasone plus CRH (Kudielka et al.,
1999) suggesting that their CRF system may be hyperactive. In animal models, the effects of
ovarian steroids on the HPA axis are complex. Several studies initially indicated that
treatment of ovariectomized female or male rats with estrogen increased CRF (Li et al.,
2003, Lund et al., 2004). Subsequently, it was recognized that acute E treatment increases
CRF, but low dose chronic E treatment decreased CRH in a stressed rodent model (Dayas et
al., 2000). Likewise, 5 days of E treatment to ovariectomized macaques prevented the
elevation in cortisol induced by icv administration of interleukin 1-alpha (Xia-Zhang et al.,
1995), and we found that chronic hormone replacement in ovariectomized monkeys
decreased CRF mRNA and protein in the PVN (Bethea and Centeno, 2008).

However, CRF expression is widespread in the brain and within the limbic system there is
evidence that the CRH system modulates behavioral traits such as locomotor activity, sleep,
addictive behavior and in particular, anxiety related behavior (Dunn and Berridge, 1990,
Liebsch et al., 1995). Indeed, we found that in stress-sensitive macaques, CRF mRNA was
elevated in the subthalamic nucleus as well as the PVN, and that CRF fiber density was
greater in the central nucleus of the amgydala compared to stress-resilient macaques
(Centeno et al., 2007).

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 (Denihan et al., 2000). Conversely, 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).

This study in monkeys shows that E±P decreased CRF fiber density in the dorsal,
interfasicular and median raphe suggesting that CRF transport to the serotonin system is
lower in the presence of ovarian steroids. The origin of the CRF fibers in the raphe nuclei is
likely the PVN, but it is premature to rule out other areas of origin given the expression of
CRF in amygdala and subthalamic nuclei. Previous work also traced CRF terminals in the
raphe to cell bodies in the dorsolaterial tegmental field (Sakai et al., 1977). These data raise
the question of whether the CRF cell bodies contain any form of estrogen receptors, and/or
whether CRF neurons may differ in their expression of receptors from region to region? In
rodents, Laflamme et al (Laflamme et al., 1998) reported that non-neuroendocrine CRF
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neurons in the caudal PVN expressed ERβ [these neurons project to the raphe (Luiten et al.,
1985, Portillo et al., 1998)]. However, few neuroendocrine CRF neurons in the medial PVN
expressed ERβ [project to the median eminence and regulate ACTH]. Another study
reported ERα in CRF neurons in human hypothalamus (Bao et al., 2005). The CRF gene
lacks a classical ERE site and in vitro studies suggest that ERβ stimulates CRF transcription
in HeLa cells through alternate pathways (Miller et al., 2004, Ni and Nicholson, 2006). The
latter data cannot be reconciled with our observations that estrogen decreases CRF in
primates (Bethea and Centeno, 2008). We speculate that E±P increases serotonin, which in
turn, decreases CRF in the PVN via inhibitory interneurons and this is reflected by a
decrease in fiber density in the raphe.

We found that E±P decreased CRF-R1 at the gene and protein levels in the raphe nuclei
suggesting that ovarian steroids downregulate expression of the angiogenic receptor. In
contrast, E increased CRF-R2 in the dorsal raphe nucleus suggesting that estrogens increase
expression of the angiolytic receptor. We have shown that serotonin neurons express ERβ
and PR (Bethea, 1993, Gundlah et al., 2001), which could regulate CRF-R1 or R2
expression. However, our immunocytochemical studies do not reveal whether the receptors
are expressed on serotonin neurons. Rather, our qRT-PCR on RNA from laser captured
serotonin neurons indicated that CRF-R1 was downregulated and CRF-R2 was upregulated,
indicating that serotonin neurons express both receptors. However, the laser capture material
is not pure, rather it is enriched about 7–10 fold for serotonin neuron RNA, so we cannot
completely rule out the possibility that the receptor RNA was contributed by other neurons.
CRF-R1 was not detectable by autoradiography or ISH in the raphe of rats (Day et al., 2004)
or monkeys (Sanchez et al., 1999), but CRF-R1 immunostaining was demonstrated in the
raphe of monkeys with a well-characterized and highly specific antibody (Kostich et al.,
2004). In our study, CRF-R1 immunostaining was clearly present, but we also detected
CRF-R1 mRNA suggesting that the Taqman qPCR may be more sensitive than the other
approaches. 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).

E alone increased UCN1 expression and P blocked this action at the gene level, but at the
protein level there was an increase in immunostained neurons in the SOA and an increase in
fiber density rostral to the raphe nuclei with E alone and E+P. We cannot explain the
disconnection between gene and protein expression with supplemental P, but our data
indicate that part of the action of E was through nuclear ERβ. UNC1 colocalizes with CART
(Kozicz, 2003) and we previously detected PR in the same population of UCN1/CART
neurons (Lima et al., 2008). Hence, UCN1 neurons have nuclear ERβ and PR, indicating
they are direct targets of ovarian steroids.

The increase observed in CRFBP with E treatment could be anti-anxiety as well. CRFBP is
thought to bind CRF and prevent it from binding to receptors. Since CRF has the highest
affinity at CRF-R1, any decrease in CRF due to CRFBP binding would first prevent its
activation of the preferred angiogenic CRF-R1 receptors. CRFBP mRNA and
immunostaining were reported in the trigeminal nuclei and in some raphe nuclei of pontine
midbrain (Potter et al., 1992), which are present in our hemi-midbrain block.

The mechanisms of action of E and P on the different components under study may differ
from gene to gene. Classically E acts through nuclear ERs that bind to E response elements
(EREs) and stimulate gene transcription. The stimulatory effect of E was observed in the
expression of CRF-R2 and UCN1 at gene levels, which was translated to the protein level. P
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was observed to block the effect of E on CRF-R2 gene and protein expression, and to block
the effect of E on UCN1 and CRFBP gene expression. However, P did not block the effect
of E on UCN1 protein expression. In the presence of E, supplemental P administration can
have different effects depending on the gene, the ratio of E/P achieved in the serum and the
isoforms of progestin receptor (PR) in the cell type. At the ratio of 1/50 typically achieved
with our implants, P has been observed to block E -stimulated PR gene expression in the
pituitary, but to have no effect on E-stimulated PR gene expression in the hypothalamus of
the same animals (Bethea et al., 1996). This may be due to the differential prevalence of PR-
A and PR-B in pituitary and brain (Bethea and Widmann, 1998). P is also converted to
allopregnanolone, which binds to the GABA receptor and exhibits sedative properties
similar to benzodiazapenes (Barbaccia et al., 2001). Perhaps P decreased UCN1 gene
expression via nuclear PR action, but allopregnanolone promoted RNA stability and protein
expression. Studies to better distinguish the actions of P through nuclear PR, membrane PR
and converson to allopreganolone are greatly needed.

In contrast, E±P decreased gene and protein expression of CRF-R1. The ability of E to
decrease gene expression appears to rely on indirect mechanisms. In one pathway, ligand
activated steroid receptors sequester NFkB and thereby decrease gene transcription that is
dependent upon binding of NFkB to its response element, NRE (Cerillo et al., 1998, McKay
and Cidlowski, 1999). Hence, genes that are driven by NFkB can be deactivated with E
treatment. There is precidence to speculate that stress signals induce translocation of NFkB
to the nucleus where it drives CRF-R1 gene expression, and that E decreases this action by
incapacitating NFkB. Indeed, we have shown that E treatment decreases NFkB translocation
to the nucleus in serotonin neurons of the dorsal raphe (Bethea et al., 2006).

Altogether, in addition to direct actions of E and P on serotonin related gene expression,
these data support the notion that ovarian steroids increase serotonin neural function by
actions through the CRF system, which include decreased CRF transported to serotonin
neurons and a decrease in CRF-R1 expression, in conjunction with an increase in UCN1
transported caudally and an increase in CRF-R2 and CRFBP expression. An 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 depression
and anxiety (Stout et al., 2002a, Valentino et al., 2009). Our data indicate that ovarian
steroids may be protective by ameliorating (not necessarily blocking) these effects of stress,
and that the absence of ovarian steroids, as in menopause, would increase sensitivity to
stress.

In our cynomolgus model of sensitivity to stress-induced reproductive dysfunction, the
stress-sensitive animals exhibit elevated CRF in the PVN (Centeno et al., 2007) and higher
CRF fiber density in the dorsal raphe nucleus (Weissheimer, 2010) in the absence of
external stress. Moreover, administration of the selective serotonin reuptake inhibitor, s-
citalopram, reduced CRF fiber density in the dorsal raphe of the stress-sensitive monkeys
(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
vulnerability of some individuals is due to “childhood trauma” in the wild such as variable
foraging demands on the mother or abuse (Coplan et al., 2010).

In conclusion, it is well accepted that CRF regulates serotonin and conversely, serotonin
regulates CRF. As illustrated in Figure 15, our data strongly indicate that ovarian steroids
regulate both systems in primates in a synergistic manner. That is, either E alone or E+P act
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through nuclear, and perhaps other, receptors in serotonin neurons to increase serotonin
function. At the same time, they act either directly or indirectly to decrease CRF, to decrease
CRF-R1, to increase UCN1 and to increase CRF-R2 in the raphe terminal fields. Although
ER has been detected in CRF neurons, the CRF gene has ERE half-sites and cellular studies
do not agree with the whole animal physiology (Miller et al., 2004). Therefore, we speculate
that the steroid induced increase in serotonin acts to decrease CRF in the PVN via
interneurons (Bethea and Centeno, 2008). This in turn, results in less CRF delivered back to
the serotonin neurons, further removing inhibition and increasing serotonin delivered to
CRF neurons. Perhaps we can cautiously surmise that ovarian steroids start and/or optimally
maintain a critical feed-forward loop between the serotonin and CRF neural systems in
primates, which is beneficial to mental health and coping strategies.
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Figure 1.
An Illustration of the dissection of the midbrain and preparation of tissue for assay. In panel
A, the midbrain and brainstem were removed from the cerebellum and bissected along the
saggital plane. One half was immersion fixed in RNA later and then frozen at −80C until
RNA extraction for qRT-PCR employing a Taqman Custom Expression Array. In panel B,
the midbrain was removed from the hypothalamus with a rostral coronal cut and from the
brainstem and cerebellum with a caudal coronal cut. In animals that were perfused with
RNAlater, this block of tissue was sectioned coronally at 7 μm for laser capture. In animals
that were perfused with 4% formaldehyde this block of tissue was sectioned coronally at 25
μm for ICC.
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Figure 2.
Relative expression of stress-related genes in a hemi-midbrain block from ovariectomized
monkeys treated with placebo (Ovx), estrogen (E) or estrogen +progesterone (E+P) for one
month (n=4/group). Gene expression was determined with custom Taqman expression cards
from ABI. Each transcript is normalized to GAPDH. A. The relative expression of CRF-R1
was significantly decreased by E and E+P treatments compared to the Ovx control group
(ANOVA p < 0.0014). B. The relative expression of CRF-R2 was significantly increased by
E treatment compared to the Ovx control group and then significantly reduced by P
treatment. However, expression in the P group remained significantly higher than in the Ovx
control group (ANOVA p < 0.0001). C. The relative expression of UCN1 was significantly
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increased by E treatment compared to the Ovx control group and then significantly reduced
by P treatment (ANOVA p < 0.0001). D. The relative expression of UCN2 was not affected
by ovarian steroids. E. The relative expression of UCN3 was significantly reduced by E and
E+P treatment compared to the Ovx control group (ANOVA p < 0.0029). However, the
expression was at the limit of detection of the assay. F. The relative expression of CRFBP
was significantly increased by E treatment compared to the Ovx control group and then
suppressed by supplemental P treatment (ANOVA p < 0.0001). Asterisks (*) mean p < 0.05
compared to Ovx control group and crosshairs (#) mean p < 0.05 compared to E group,
Student-Newman-Keuls posthoc pairwise analysis.
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Figure 3.
Relative expression of CRF-R1 and CRF-R2 in laser captured serotonin neurons from
ovariectomized monkeys treated with placebo (Ovx), estrogen (E) or estrogen +progesterone
(E+P) for one month (n=3/group). Gene expression was determined with custom Taqman
expression cards from ABI after amplification with a mix of primers. Each transcript is
normalized to GAPDH. Top. The relative expression of CRF-R1 was significantly
decreased by E and E+P treatments compared to the Ovx control group (ANOVA p <
0.0124). Bottom. The relative expression of CRF-R2 was significantly increased by E
treatment compared to the Ovx control group and then significantly reduced by
supplemental P treatment (ANOVA p < 0.0044). Symbols are as described in Figure 2.

Sanchez et al. Page 23

Neuroscience. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Representative stereological montages of CRF-positive fibers in the dorsal (DR) and median
(MR) raphe nuclei from ovariectomized monkeys treated with placebo (Ovx), estrogen (E)
or estrogen +progesterone (E+P) for one month (n=5/group). The boxes demarcate the
regions of interest of the raphe that were analyzed at this level. In the dorsal raphe (DR), the
top area was designated the dorsal aspect of the dorsal raphe nucleus and the lower area was
designated the interfascicular dorsal raphe nucleus. The size of the region of interest varied
at each anatomical level, but it was always held constant across all animals. There is an
apparent decrease in CRF-positive fibers in the animals treated with E or E+P compared to
the Ovx control group.
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Figure 5.
Histograms representing the percent of CRF-positive pixels within the dorsal, interfascicular
and median raphe nuclei from ovariectomized monkeys treated with placebo (Ovx), estrogen
(E) or estrogen + progesterone (E+P) for one month (n=5/group). A. E and E+P significantly
decreased the percent of CRF-positive pixels in the dorsal segment of the dorsal raphe
nucleus in all four levels analyzed (ANOVAs range p < 0.0001 to 0.0006; not shown). When
all levels were combined, E and E+P significantly decreased the mean percent of CRF-
positive pixels compared to Ovx placebo-treated controls (ANOVA, p<0.0001). B. E and E
+P significantly decreased the percent of CRF-positive pixels in the interfascicular segment
of the dorsal raphe nucleus in all four levels analyzed (ANOVAs range p < 0.0001 to 0.02;
not shown). When the interfascicular levels of the dorsal raphe nucleus were combined, E
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and E+P significantly decreased the mean percent of CRF-positive pixels compared to Ovx
placebo-treated controls (ANOVA, p<0.0001). C. E and E+P significantly decreased the
percent of CRF-positive pixels in the median raphe in all four levels analyzed (ANOVAs
range p < 0.0001 to 0.02; not shown). When the levels were combined, E and E+P
significantly decreased the percent of CRF-positive pixels compared to Ovx placebo-treated
controls (ANOVA, p<0.05). Symbols are as described in Figure 2.
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Figure 6.
Immunostaining of CRF-R1 in the dorsal raphe nucleus. A. Dorsal raphe nucleus from Ovx
control animal immunostained with the CRF-R1 antibody diluted 1/500 in buffer. B. Dorsal
raphe nucleus from Ovx control animal immunostained with the CRF-R1 antibody diluted
1/2000 in buffer. This was the highest dilution to produce immunostaining. C. Raphe section
from the same animal incubated with the 1/2000 dilution of the primary antibody
preabsorbed with 500 μg CRF-R1 peptide for 24 hours before incubation with the tissue
section.
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Figure 7.
Histogram representing the percent of CRF-R1-positive pixels within the dorsal raphe
nucleus from ovariectomized monkeys treated with placebo (Ovx), estrogen (E) or estrogen
+progesterone (E+P) for one month (n=3/group). A total of 5 levels at 500 μm intervals
were examined. E and E + P significantly decreased the percent of CRF-R1-positive pixels
in the third level of the dorsal raphe nucleus (ANOVA, p <0.0025; not shown). When all
levels were combined, E and E+P significantly decreased the mean percent of CRF-R1-
positive pixels compared to OVX placebo-treated controls (ANOVA, p<0.03). Symbols are
as described in Figure 2.
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Figure 8.
Immunostaining for CRF-R2 in the ventral part of the dorsal raphe nucleus. A. Low power
magnification of CRF-R2 immunostaining with a 1/750 dilution of the antibody. B. High
magnification of CRF-R2 immunostaining with a 1/750 dilution of the antibody. C. Raphe
section from the same animal incubated with 1/750 dilution of the primary antibody
preabsorbed with 1 mg CRF-R2 peptide for 24 hours before incubation with the tissue
section.
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Figure 9.
Histograms representing the percent of CRF-R2-positive pixels in the dorsal and median
raphe nuclei from ovariectomized monkeys treated with placebo (Ovx), estrogen (E) or
estrogen +progesterone (E+P) for one month (n=5/group). A. The E-treated group showed a
significantly higher percent of CRF-R2-positive pixels in the dorsal raphe nucleus compared
to Ovx placebo- or E+P-treated groups in 4 of 5 levels examined (ANOVAs range p <
0.0001 to 0.014; not shown). When all 5 levels were combined, E and E+P significantly
increased the mean percent of CRF-R2-positive pixels compared to Ovx placebo-treated
controls (ANOVA, p<0.05). B. The E-treated group showed a significantly higher percent of
CRF-R2-positive pixels in the median raphe nucleus compared to Ovx placebo- or E+P-
treated groups at all 3 levels examined (ANOVAs range p < 0.0001 to 0.018; not shown).
When all 3 levels were combined, E treatment significantly increased the mean percent of
CRF-R2-positive pixels compared to Ovx placebo-treated controls (ANOVA, p<0.0001).
Symbols are as described in Figure 2.
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Figure 10.
Montages of UCN1 immunostained neurons in the supraoculomotor area (SOA) adjacent to
the Edinger Westfal nucleus. Top panels. UCN1 immunostaining in representative sections
of the SOA at 4 of the 8 levels that were subjected to quantitative analysis. Each level is 500
μm apart from a rostral to caudal direction. Bottom panels. UCN1 immunostaining in
representative sections of the SOA from an ovx control, an E-treated and an E+P treated
animal. There appears to be an increase in UCN1 cell staining with E and E+P treatment.
The box demarcates the region of interest that was analyzed at level 3. The size of the region
of interest varied at each anatomical level, but it was always held constant across all
animals.
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Figure 11.
Histograms representing the number of UCN1-positive neurons and percent UCN1-positive
pixels within the supraoculomotor region in each treatment group (n=5/group). A. E or E+P
significantly increased the number of UCN1-positive neurons in 7 of 8 levels analyzed
(ANOVAs range p < 0.0025 to 0.038; not shown). When all 8 levels were combined, E and
E+P significantly increased the mean number of UCN1-positive neurons per section
compared to placebo-treated controls (ANOVA, p<0.0029). B. E and E+P also significantly
increased the percent of UCN1-positive pixels in the supraoculomotor region in all 8 levels
analyzed (ANOVAs range p < 0.0001 to 0.037; not shown). When the levels were
combined, E and E+P significantly increased the mean percent of UCN1-positive pixels
compared to placebo controls (ANOVA, p<0.0001). Symbols are as described in Figure 2.
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Figure 12.
Representative montages illustrating immunostaining for UCN1 fibers in the caudal linear
nucleus from ovariectomized monkeys treated with placebo (Ovx), estrogen (E) or estrogen
+progesterone (E+P) for one month (n=5/group). The UCN1 immunostained fibers have
been segmented from background in blue. The box demarcates the region of interest that
was analyzed at this level. The size of the region of interest varied at each anatomical level,
but it was always held constant across all animals.
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Figure 13.
Histogram representing the percent of UCN1-positive pixels in the caudal linear nucleus
from ovariectomized monkeys treated with placebo (Ovx), estrogen (E) or estrogen
+progesterone (E+P) for one month (n=5/group). E or E+P significantly increased the
percent of CRF-positive pixels in the caudal linear raphe nucleus at all 3 levels examined
(ANOVAs range p < 0.0034 to 0.0097; not shown). When all 3 levels were combined, E and
E+P significantly increased the percent of UCN1-positive pixels compared to Ovx placebo-
treated controls (ANOVA, p<0.0001). Symbols are as described in Figure 2.
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Figure 14.
Neurons in the supraoculomotor region of an E+P treated animal immunostained with
antibodies against human UCN1 and nuclear estrogen receptor beta (ERβ). Top. Neuron
immunostained for UCN1 only, visualized as a reddish-brown precipitate in the cytoplasm.
There is no staining in the nucleus (single head arrow). Bottom. Neuron immunostained for
UCN1 and ERβ. The immunostaining for ERβ appears purple and fills the nucleus (double
headed arrow), while the reddish-brown precipitate for UCN1 fills the neuronal cytoplasm.
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Figure 15.
A diagram of the hypothesized interactions of ovarian hormones and midbrain stress
systems. We show herein that E±P decrease CRF innervation of the dorsal and median raphe
nuclei, the location of serotonin cell bodies that project to the forebrain. In addition, E±P
decrease CRF-R1 and increase CRF-R2 on serotonin neurons. We also show that E±P
increases UCN1 production and fiber density rostral to the dorsal raphe, and those UCN1
neurons contain ERβ. PR is also likely present in UCN1 neurons that colocalize CART
(Lima et al., 2008). We have previously shown that serotonin neurons contain ERβ and PR,
which in turn increase production of serotonin (Bethea, 1993, 1994, Gundlah et al., 2001).
We speculate that serotonin projects to the hypothalamus and stimulates an inhibitory
interneuron that inhibits CRF production in the PVN (Bethea and Centeno, 2008). This does
not rule out a direct action of E±P on CRF in the PVN, but an inhibitory effect has not been
observed in molecular studies.
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Table 1

Available information about ABI custom Taqman qPCR assays.

Gene Name Gene Symbol Assay ID Context Sequence NCBI Gene Reference

urocortin 1 UCN1 Rh03986716_s1 GCCGAGCAGAACCGCATCATATTCG XM_001092424.1,XM_001092536.1

urocortin 2 preproprotein UCN2 Rh02822047_m1 AGAAGAAGCTGGTGGCGCCTGACCT XM_001097967.1

urocortin 3 (stresscopin) UCN3 Rh03986721_m1 GTCCACTCTCAGGGAGAGATGCCGA XM_001104616.1

corticotropin releasing
factor receptor type 1

CRFR1 Rh02787591_m1 GACAATGAGAAGTGCTGGTTTGGCA NM_001032803.1,AB078141.1

corticotropin releasing
hormone receptor 2

CRFR2 (LOC697404) Rh01120857_m1 AGTACAACACGACCCGGAATGCCTA XM_001085987.1

corticotropin releasing
hormone binding protein

CRHBP Rh01075813_m1 GGGCGGCGACTTCCTGAAGGTATTT XM_001106453.1,XM_001106396.1

tryptophan hydroxylase 2 TPH2 Rh02788839_m1 CTACTCGGCAACTTAACACTAAATA NM_001039946.1,AY827483.1,DQ360113.1
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