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Abstract

With extended lifespans in modern humans, menopause has become a significant risk factor for 

depression, anxiety, loss of cognitive functions, weight gain, metabolic disease, osteoporosis, 

cardiovascular disease and neurodegenerative diseases. Clinical studies have found beneficial 

neural effects of ovarian steroid hormone therapy (HT) during the menopausal transition and data 

are emerging that it can be continued long-term. To further understand molecular underpinnings of 

the clinical studies, we used qRT-PCR to examine gene expression in the serotonergic dorsal 

raphe of old (>18 yrs) rhesus macaques, focusing on genes related to depression, cellular 

resilience and neurodegenerative diseases. The animals were ovariectomized (Ovx, surgically 

menopausal) and subjected to either estradiol or estradiol plus progesterone HT, or to placebo, 

starting 2 months after Ovx and continuing for ~4 years. Significant changes were observed in 36 

out of 48 genes examined that encode proteins supporting serotonin neurotransmission, synapse 

assembly, glutamate neurotransmission, DNA repair, chaperones, ubiquinases and transport 

motors, as well as genes encoding proteins that have potential to delay the onset of 

neuropathologies. The data reveal important gene targets for chronic HT that contribute to neural 

health. Alternatively, the loss of ovarian steroids may lead to loss of functions at the gene level 

that contribute to many of the observable neural deficits following menopause.
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Introduction

Menopause in women and female rhesus macaques is associated with a marked decline in 

the production and secretion of 17β-estradiol (E) and progesterone (P) from the ovaries 

(Burger, et al., 2002; Downs and Urbanski, 2006; McKinlay, et al., 2008). This attenuation 

of circulating concentrations of E and P adversely impacts many physiological processes, 

and is thought to play a major role in the etiology of age-related pathologies, such as hot 

flushes and disrupted sleep-wake cycles (Mittelman-Smith, et al., 2012; Sarti, et al., 2005). 

Depression, anxiety and cognitive loss also accompany the onset of menopause in a 

significant number of women (Epperson, et al., 2012; Gordon, et al., 2015; Maki, et al., 

2010). Bio-identical hormone therapy (HT) during peri-menopause, or the menopausal 

transition, alleviates or attenuates many of the neural dysfunctions that occur during 

menopause (Heikkinen et al, 2006; Schmidt and Rubinow, 2009; Epperson et al, 2012), but 

it is not possible to probe the underlying neural mechanisms in living humans.

Ovariectomy of nonhuman primates has provided a reasonable model of abrupt human 

menopause. Studies have shown that E replacement in surgically menopausal macaques 

improves or maintains cognitive function over placebo controls, with corresponding 

improvement in synapses, dendritic spines and mitochondria in prefrontal cortex (Tang et 

al., 2004; Tinkler et al., 2005; Hao et al., 2006; Hao et al., 2007; Voytko et al., 2009; Hara et 

al., 2014). However, clinically relevant, continuous HT protocols failed to improve 

cognitive function or spinogenesis in prefrontal cortex of old female macaques, raising 

questions regarding the best method of delivery (Ohm et al., 2012; Baxter et al., 2013).

Many of the neural symptoms of menopause have been linked to serotonin in both human 

and animal studies (Albert, et al., 2014; Amin, et al., 2006; Araragi and Lesch, 2013; 

Diaconescu, et al., 2011; Stollstorff, et al., 2013). Serotonin neurons in adult ovariectomized 

(Ovx) female macaques express nuclear estrogen receptor beta (ERβ) at the same level, with 

or without HT (Gundlah, et al., 2000; Gundlah, et al., 2001). E, acting through ERβ 

increased expression of progesterone (P) receptors (PR) in serotonin neurons (Bethea, 

1994). In adult short-term Ovx monkeys (age 6–12 years) with 1 month of E with or without 

supplemental P, significantly altered gene expression in serotonin neurons in a manner that 

would lead to increased serotonin neurotransmission (Bethea, et al., 2002), increased 

proliferation of dendritic spines (Bethea and Reddy, 2010; Rivera and Bethea, 2012), 

increased glutamate receptors (Bethea and Reddy, 2012b), increased synaptogenesis 

(Bethea and Reddy, 2012a), and increased neuronal resilience (Bethea and Reddy, 2015). 

These functions have largely been confirmed at the transmitter or protein levels (Sanchez et 

al., 2013; Rivera and Bethea, 2012; Rivera and Bethea, 2013; Lima and Bethea, 2009).

The goal of this study was to determine if old animals responded as well as young animals to 

HT, albeit in a chronic, but clinically relevant model. Therefore, genes were preselected that 
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responded to E or E+P in serotonin neuron-enriched preparations from young adult animals 

treated for 1 month with hormone therapy (Bethea and Reddy, 2008; 2010; 2012a; 2012b; 

2015; Rivera and Bethea, 2012). The serotonin related genes were selected from our 

knowledge base and earlier experiments demonstrating their regulation by ovarian steroids 

at gene and protein levels. Dendritic spines are the elementary structural units of neuronal 

plasticity and their proliferation and stabilization involve components of synapse assembly 

and glutamate neurotransmission. Therefore, genes were selected that related to dendritic 

spine proliferation, glutamate transmission and synapse assembly, and that had shown 

regulation by ovarian steroids in young adult females. We showed that serotonin neurons in 

OVX animals had more DNA fragmentation (TUNEL positive) than in animals with 

hormone therapy for 1 month. DNA fragmentation and other neurodegenerative mechanisms 

are controlled by DNA repair enzymes, chaperones (protein folding), ubiquinases, 

transportation motors and mutations within specific genes. Hence, we selected genes related 

to these categories and that showed regulation by ovarian hormones in young adult females. 

This paradigm is also similar to the “Econtinuous + Pcyclic” treatment group in NHP studies 

by Ohm et al. (2012) and Baxter et al. (2013).

Materials and Methods

This experiment was approved by the IACUC of the Oregon National Primate Research 

Center and conducted in accordance with the 2011 Eighth Edition of the National Institute 

of Health Guide for the Care and Use of Laboratory Animals. All animals were born at 

ONPRC, were aged between 18–22 years, weighed between 5 and 8 kg, and were in good 

health. The animals were housed indoors under controlled environmental conditions: 24 C 

temperature; 12-h light, 12-h dark photoperiods (lights on at 0700 h); regular meals at 0800 

and 1500 h (Purina High Protein Monkey Chow; Purina Mills, Inc., St. Louis, MO) 

supplemented with fresh fruit and vegetables, and fresh drinking water available ad libitum.

Animals and Treatments

Twelve ovarian intact, old female rhesus monkeys (Macaca mulatta) were dedicated to this 

project from a larger cohort of study animals. The ovarian intact, aged animals were trained 

in a Delayed Response (DR) task (Voytko, 2000; Rapp et al., 2003) and a Spatial Foodport 

Maze task (Voytko, 2002; Haley, et al., 2009).

Once delayed response training was achieved, the animals were Ovx by ONPRC surgical 

personnel according to accepted veterinary surgical protocol. After two months of Ovx, 

subgroups of animals received placebo, E alone or E+P. They were tested for 2 years. The 

results of the cognitive testing during the first 12 months after Ovx have been published in 

abstract form (Renner et al., 2010) and are in preparation for publication in a separate 

article.

The E-treated monkeys were implanted with one 4-cm E-filled Silastic capsules (i.d. 0.132 

in.; o.d. 0.183 in.; Dow Corning, Midland, MI, USA). The capsule was filled with crystalline 

estradiol (1,3,5(10)-estratrien-3, 17-b-diol; Steraloids, Wilton, NH, USA). The E + P-treated 

animals received an E-filled capsule and were administered micronized progesterone orally 

for 11 days out of every month to model the menstrual cycle rather than various clinical 
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prescriptions. The capsules were placed in the periscapular area under ketamine anesthesia 

(ketamine HCl, 10 mg/kg, Fort Dodge Laboratories, Fort Dodge, IA, USA). The treatments 

were maintained for ~4 years. Placebo controls received one empty Silastic capsule.

The E capsules were designed to last up to 1 year and to maintain serum E concentrations 

between 100–200 pg/mL, which is similar to concentrations during the mid-to-late follicular 

phase of the menstrual cycle. They were replaced annually, to ensure sustained long-term 

delivery of the steroid for the entire duration of the study; the untreated Ovx animals 

maintained the same empty capsules throughout. Serum E and P concentrations were 

measured at various times across the 4-year experiment to confirm that the target hormone 

concentrations were being maintained in the old Ovx animals.

At regular intervals during the treatment period, circadian activity was measured with 

accelerometers and included day activity, dark:light activity ratio, sleep latency and wake 

bouts. At regular intervals, the animals were vaccinated and the T cell response was 

determined. MRIs on brain morphology were regularly performed.

Clinical Observations

Biannual physical exams were conducted by a clinical veterinarian throughout the study. At 

the beginning of the study, the uterus was noted to be small and difficult to palpate; the 

cervix was small in all animals. The uterus and cervix remained small throughout the study 

in the placebo- and E+P-treated animals. In the E-treated animals in years 2–4, the uterus 

was noted to be palpable, enlarged, of firm consistency and no cysts were observed with 

ultrasound. One uterus was irregularly shaped. At the same time points, the cervix was noted 

to be enlarged. Menses were irregular and up to 10 days long in one animal, but not heavy. 

The pathology report indicated uterine enlargement with endometrial hyperplasia. One 

animal had leiomyoma.

Steroid Hormone Assays

The E and P assays were performed by the ONPRC Endocrine Technology and Support 

Core using a chemilluminescence-based automatic clinical platform (Immulite 2000; 

Siemens Healthcare Diagnostics, Deerfield, IL, USA). The sensitivity limit of the E assay 

was 20 pg/mL, and the sensitivity limit of the P assay was 0.2 ng/mL. The intra-assay and 

inter-assay coefficients of variation were all less than 15%. Before these analyses, 

measurements of E and P on this platform were compared to traditional RIAs as previously 

reported (Bethea et al., 2005). The E + P treatment regimen has been shown to cause 

proliferation and differentiation of the uterine endometrium in a manner similar to a normal 

28-day menstrual cycle (Brenner and Slayden, 1994).

Euthanasia

The monkeys were euthanized at the end of the treatment periods according to procedures 

recommended by the 2013 Edition of the American Veterinary Medical Association 

Guidelines for the Euthanasia of Animals. Each animal was sedated with ketamine, 

administered pentobarbital (30 mg/kg, i.v.), and exsanguinated by severance of the 

descending aorta. The E+P group was euthanized at the end of the P treatment period.
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Tissue preparation

The left ventricle of the heart was cannulated, and the head of each animal was flushed with 

1 L of 0.9% saline (made with DEPCtreated water [0.1% diethyl pyrocarbonate] to minimize 

RNase contamination) via a vascular catheter. The brain was removed from the cranium and 

dissected into blocks. The midbrain block was bisected at the midline and the dorsal raphe 

was micro dissected from one half. The half raphe was then frozen in liquid nitrogen and 

stored at −80 °C. The decussation of the cerebellar peduncles and the central canal were 

used as dorsal-ventral borders and the edges of the periaqueductal gray were aligned as 

lateral borders. The block extended from the appearance of the dorsal raphe nucleus to the 

loss of the decussation.

qRT-PCR assays

RNA was obtained from the microdissected raphe blocks 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 (Agilent Technologies, Santa 

Clara, CA) and found acceptable equivalent within all individuals. Reverse transcription and 

complementary DNA (cDNA) synthesis was performed using Oligo-dT 15 and Random 

hexamer primers (Invitrogen Life Technologies, Carlsbad, CA) plus Superscript III reverse 

transcriptase (200 U/μg of RNA, Invitrogen Life Technologies) at 42°C for 1 hr. cDNA was 

treated with RNAse H to digest dsDNA. Total RNA from the individual animals and from a 

standard pool of rhesus tissues was transcribed and stored at −80°C as cDNA at a 

concentration of 250 ng/μl.

Custom primers from the ABI Rhesus Monkey Library (Applied Biosystems, Foster City, 

CA) were used in individual assays conducted in 96-well plates, or preloaded on custom 

384-well Taqman cards for qPCR. The primers utilize a 5′ fluorescent reporter, FAM 

(Fluorescein amidite; Molecular Probes, Eugene, OR) and a 3′ quencher, TAMRA 

(tetramethylrhodamine), which improves sensitivity. The exact primer sequences are 

proprietary, but the gene names, symbols, AB assay IDs and NCBI gene reference 

information are shown in Table 1.

Four concentrations of the standard pool and 7.5 ng of cDNA from the experimental samples 

were loaded into each well. 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 standard 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.

We chose to examine a technically reasonable number of genes in triplicate that would be 

representative of complex functions. The genes selected were regulated by hormone therapy 

in laser captured serotonin neurons from adult Ovx females ± hormone therapy for 1 month 

(Bethea and Reddy, 2010; 2012a; 2012b; 2015; Rivera and Bethea, 2012).

Genes examined and reported:
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Serotonin regulation- FEV (Fifth Ewing variant, determines serotonin phenotype), TPH2 

(tryptophan hydroxylase, rate limiting enzyme in serotonin synthesis, SERT (serotonin 

reuptake transporter), 5HT1A (serotonin 1A receptor), CRHR1 (corticotropin releasing 

hormone receptor type 1), CRHR2 (corticotropin releasing hormone receptor type 2) and 

UNC1 (urocortin 1, stresscopin).

Synapse assembly- NLGN3 (neuroligin 3), NTRK2 (TrkB, neurotrophic tyrosine kinase), 

SNAP25 (synaptosomal-associated protein, 25kd), and NCAM (neural cell adhesion 

molecule).

Glutamate receptors- GRIN2A (NMDA receptor type 2A), GRIA2 (AMPA receptor type 2), 

and GRM1 (metabotropic glutamate receptor type 1).

DNA repair- related - NSB1 (nibrin, double strand break repair complex), NTHL1 

(endonuclease family III), LIG4 (DNA double-strand break repair, nonhomologous end 

joining), GTF2H5 (subunit of transcripton/repair factor TFIIH), RAD23A (double strand 

break repair; DNA damage recognition), APEX1 (multifunctional DNA repair), PCNA 

(single base repair) and SHFM1- (homologous recombination double strand break).

Chaperones – heat shock proteins HSP90B1 (HSP90), HSPD1 (HSP60), HSPB1 (HSP27).

Ubiquinases - UBEA5 (type E1 activating), UBE2D3 (type E2 conjugating), UBE3A (type 

E3 ligase).

Transport motors - KIF5B (kinesin), DYNCL1 (dynein), DCTN4 (dynactin), MAPT (tau).

Disease specific genes - ADAM10 (α secretase), SCNA (α synuclein), APP (amyloid beta 

precursor protein), PSEN1 (presenilin1).

Genes examined and not reported due to no regulation were: NRXN1 (neurexin 1), ITGA8 

(integrin A8), SCD2 (syndycan 2), GADD45 (DNA-damage inducible gamma), PARP2 

(poly (ADP-ribosyl) transferase-like 2), POLG2 (mitochondrial DNA polymerase gamma 

subunit), SHPRH (motifs of DNA repair and helicases), XRCC1 (single strand break repair), 

ERCC1 (DNA nucleotide excision repair), HSPA8 (HSP70 chaperone), APOE 

(apolipoprotein E).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), GUSB, and PIAA were measured for 

reference. GAPDH was not significantly altered by treatment enabling its use for 

normalization of the expression results and comparison to previous articles.

Statistical analysis

The expression level of each gene was normalized against the level of GAPDH 

independently of the other triplicates. The mean of the normalized result of the triplicates 

was considered the individual animal’s result. The average of the results of individual 

animals in a group, or group mean, was used in statistical analyses. Thus, the standard error 

of the mean represents within group variance between animals.
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The average relative expressions of the 3 groups from the qRT-PCR assays were compared 

with ANOVA followed by Newman-Keuls posthoc pairwise comparisons. Variance 

between animals is not unusual for this type of preparation, and more animals would reduce 

the chance of making a type 2 error. Therefore, negative results need further confirmation. 

Comparisons were considered significantly different when the chance of making a type 1 

error was less than 5% (p<0.05). The expression of each gene was correlated to all the other 

genes. Those that exhibited a significant difference between groups, or a strong trend, with 

ANOVA and shown in the figures (n=36 genes) were further subjected to a multiple 

comparison False Discovery Rate (FDR) procedure. Prism 5.0 from Graph Pad (San Diego, 

CA) was used for statistical tests; Excel was used to obtain the correlation matrix and the 

Benjamini-Hochberg test for False Discovery Rate was applied using a freeware FDR 

calculator obtained from the Internet (http://www.sdmproject.com/utilities/?show=FDR). 

Four genes that demonstrated non-lines significant trends were further examined with 

Cohen’s d test for effect size.

Results

General

Gene expression was determined with qRT-PCR in a micro-dissected block of midbrain 

containing the serotoninergic dorsal raphe nucleus from old Ovx macaques treated with 

placebo (n=4), or E (n=3) or E+P (n=4) for ~4 years. The data was collated to obtain the 

mean ratio of gene/GAPDH for individual animals and then averages of multiple animals in 

each treatment group were statistically compared. A total of 48 mRNAs were examined and 

36 mRNAs showed significant differences between the groups or trends that warranted 

reporting. The ANOVA significance is stated with posthoc differences defined from 

Newman-Keuls test (p<0.05) in the text below.

One-way ANOVA was applied across all groups to obtain the F and p-values. In the figures, 

letters on the histogram columns are derived from the post hoc Neuman-Keuls pairwise 

comparison. Groups labeled with different letters were significantly different in the post hoc 

test with p < 0.05. Columns labeled with crosses indicate the 2 groups were significantly 

different in a Student t test, whereas carrots indicate there was a large effect size that did not 

reach a level of significance.

Serotonin Regulation

The relative mRNA expression of 7 examined genes known to have pivotal roles in the 

regulation of serotonin neurotransmission is illustrated in Figure 1. TPH2 mRNA was 

significantly different across groups with E and E+P treatments increased over placebo (F 

[2,10]=10.6; p=0.006). FEV mRNA and CRHR2 (anxiolytic) mRNAs were significantly 

different across groups with E treatment increased over placebo and E+P treatments (F 

[2,10]=10.5; p=0.006 and F [2,10]=6.177; p=0.024 respectively). 5HT1A mRNA was 

different across groups with E+P treatment elevated over placebo (F [2,10]=5.36; p=0.033). 

UCN1 mRNA (stresscopin) was significantly different across groups with E treatment 

increased over placebo (F [2,10]=4.57; p=0.047). SERT mRNA trended toward elevation 

with E treatment over placebo (F [2,10] = 2.36; p =0.156). CRHR1 mRNA (anxiogenic) was 
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significantly different across groups with E and E+P treatments decreased from placebo (F 

[2,10]=6.46; p=0.021).

Synapse Assembly

The relative mRNA expression of 4 out of 7 genes examined that are known to have pivotal 

roles in synapse assembly and maintenance is illustrated in Figure 2. SNAP25 mRNA was 

significantly different across groups with E treatment increased over placebo and E+P 

treatments (F [2,10]=8.45; p=0.011). NCAM mRNA was significantly different across 

groups with E+P treatment increased over placebo (F [2,10]=8.97; p=0.009). NLGN3 and 

NTRK mRNAs trended toward elevation with E treatment over placebo (F [2,10]=3.08; 

p=0.102 and F [2,10]=3.66; p=0.074, respectively).

Glutamate (excitatory) receptors

Figure 3 illustrates the relative expression of 3 examined genes that represent three types of 

glutamate receptors, NMDA, AMPA and metabotropic receptors. NMDA2A (GRIN2A) 

mRNA was significantly different across groups with E and E+P treatments increased over 

placebo (F [2,10]=6.36; p=0.022); AMPA2 (GRIA2) mRNA was significantly different 

across groups with E treatment increased over placebo (F [2,10]=5.57; p=0.030); and the 

metabotropic receptor (GRM1) mRNA was significantly different across groups with E 

treatment increased over placebo and E+P treatment (F [2,10]=5.08; p=0.038).

DNA repair

Eight of the 16 examined genes that relate to DNA repair showed elevated expression with 

one or both steroid treatments over placebo, and their responses are illustrated in Figure 4. 

GTF2H5 and APEX1 mRNAs were significantly different across groups with E and E+P 

treatments increased over placebo (F [2,10]=5.32; p=0.034 and F [2,10]=17.8; p=0.001, 

respectively). NBS1, RAD23 and SHFM1 mRNAs were significantly different between 

groups with E treatment increased over placebo and E+P treatments (F [2,10]=6.10; 

p=0.025, F [2,10]=6.40; p=0.022, and F [2,10]=14.7; p=0.002, respectively). NTHL and 

LIG4 mRNAs were significantly different across groups with E treatment increased over 

placebo (F [2,10]=6.16; p=0.024 and F [2,10]=4.51; p=0.048, respectively). PCNA mRNA 

increased with E in a Student’s t-test. Both E and E+P treatments exhibited an elevated trend 

over placebo, with 91% confidence by ANOVA (F [2,10]=3.34; p=0.088).

Neuroendangerment

Genes related to other functions that play representative roles in protein folding, protein 

degradation and transport of substances from the neuronal cell body to terminal fields were 

examined. Sabotage of these functions is known to underlie different neurodegenerative 

diseases. However, none of these monkeys exhibited any symptomology of 

neurodegenerative disease so the gene expression data represent normal expression in the 

presence or absence of steroid treatment. Figure 5 illustrates mRNA expression of 3 of the 4 

chaperones of the heat shock protein family that were examined. HSP90B1 mRNA levels 

were significantly different across groups with E treatment increased over placebo (F 

[2,10]=7.82; p=0.013). HSPD1 (HSP60) mRNA levels were significantly different across 
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groups with E and E+P treatments increased over placebo (F [2,10]=26.8; p=0.0003). 

HSPB1 (HSP27) mRNA levels were significantly different across groups with E treatment 

increased over placebo and E+P treatments (F [2,10]=5.126; p=0.037). Figure 6 illustrates 

mRNA expression of 3 genes examined that are representative of the 3 classes of 

ubiquinases, which govern protein degradation. UBE1 (activating) and UBE2D3 

(conjugating) mRNA levels were significantly different across groups with E and E+P 

treatments increased over placebo (F [2,10]=24.9; p=0.0004 and F [2,10]=8.94; p=0.009, 

respectively). UBE3A (ligase) mRNA levels were significantly different across groups with 

E treatment increased over placebo and E+P treatments (F [2,10]=32.8; p=0.0001). Figure 7 

illustrates the 4 genes examined that relate to cytoskeletal elements underpinning transport. 

E increased the mRNA levels of all the examined genes, but the effect of E+P differed 

amongst the 4 genes. Kinesin (KIF5B) mRNA levels were significantly different across 

groups with E and E+P treatments increased over placebo (F [2,10]=10.28; p=0.0062). 

Dynactin (DCTN4) mRNA levels exhibited a similar response with 94% confidence (F 

[2,10]=4.19; p=0.056). Tau (MAPT) mRNA levels were significantly different across 

groups with E treatment increased over placebo and E+P treatment groups (F [2,10]=24.7; 

p=0.0004). Dynein (DYNCL1) mRNA levels were significantly different across groups with 

E treatment increased over placebo (F [2,10]=4.88; p=0.041).

Disease specific

It was of further interest to examine representative expression of genes that encode proteins 

known to be involved in neurodegenerative pathology. Figure 8 illustrates the 4 genes that 

were examined. ADAM10 (α-secretase) mRNA levels were significantly different across 

groups with E and E+P treatments increased over placebo (F [2,10]=66.0; p<0.0001). SCNA 

(α-synuclein) mRNA levels were significantly different across groups with E treatment 

increased over placebo and E+P treatment (F [2,10]=1336; p<0.0001). In contrast, PSEN1 

(presenilin, γ–secretase) and APP (amyloid beta precursor) mRNA levels were significantly 

suppressed by E and E+P treatments compared to placebo (F [2,10]=22.8; p=0.0005 and F 

[2,10]=12.92; p=0.003, respectively).

Correlation Matrix

The expression of each gene across treatment groups was correlated with all of the other 

genes, and the r values are summarized in Table 2. A gene correlated with its self yields a 

perfect correlation of r equal to 1.00. Of note, 5HT1A, NCAM, and UBE2D3 correlated 

poorly with the other genes. The other genes correlated with each other to a high positive 

degree except APP and PSEN1 exhibited a strong negative correlation with most of the other 

genes.

Further comparison

A Benjamimi-Hochberg test for multiple comparisons was conducted on the qRT-PCR data 

using a freeware FDR calculator. Thirty-six p-values were entered (36 graphed genes). The 

False Discovery Rate Procedure indicated that the critical ‘p’ was equal to 0.0388 using a 

false discovery rate of 0.05. This substantiated the majority of our individual results. Eight 

genes were considered false positives. Genes that we suggest exhibited trends, were 
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considered false positives including SERT, NLGN3, NTRK2, and PCNA. Only 4 genes that 

we found significantly different individually, LIG4, UCN1, DCTN4 and DYNCL1 were 

considered false positives with ‘p’ from 0.0414 to 0.0488. On the other hand, the small ‘n’ 

raises the risk that rejecting these genes as ‘not regulated’ by E or E+P could be a type 2 

statistical error. Therefore, they are included in the discussion.

Effect Size

Cohen’s d analysis was used to determine the effect size of the treatments in the absence of 

statistical differences. The effect size of the E treatment and the E+P treatment in 

comparison to placebo treatment for the genes that exhibited trends is shown in Table 3. E 

treatment had a large effect on SERT, NLGN3, and NTRK expression. E+P treatment had a 

large effect on SERT, NTRK and PCNA expression.

Steroid hormone concentrations achieved by implants

Serum E concentrations in the placebo group equaled <30 pg/ml and serum P concentrations 

equaled 0.15 ± 0.05 ng/ml. Both hormones often fell below the limit of assay sensitivity. In 

the E-treated animals, the average serum E concentration during the final two years of the 

study was 118.8 ± 15.9 pg/ml, and at the time of tissue collection, E equaled 94.3 ± 20.5 

pg/ml. P concentrations in the E-only treated animals equaled 0.18 ± 0.06 ng/ml. In the E+P 

treated animals, E concentrations were similar to the E-only treated animals and P 

concentrations equaled 11.33 ± 0.79 ng/ml. Although the serum E concentrations were 

somewhat higher than those observed in the very early follicular phase or achieved by 

vaginal rings in women (60–70 pg/ml), the treatment was identical to that used in earlier 

studies with young adult females. Moreover, the achieved concentration produced consistent 

experiment-to-experiment increases in TPH2 mRNA, our standard for efficacy in the dorsal 

raphe. Nonetheless, the serum E concentration was far below the concentrations observed 

during the ovulatory surge (400–1000 pg/ml) in macaques.

Other Comparisons

Limited gene expression data from the hypothalamus has also been published from this same 

set of animals, and the old animals showed marked elevation of progestin receptor (PR) and 

other mRNAs with E treatment over placebo, indicating that hypothalamic neurons also 

remained responsive to E (Eghlidi and Urbanski, 2015). There was a correlation between 

circadian activity parameters and performance in the spatial maze (Haley, et al., 2009) and 

correlation between performance in the spatial maze and immune responses (Haley, et al., 

2011). Preliminary analysis indicates better performance in the Delayed Response test by the 

E-treated animals compared to the placebo-treated animals (Renner, et al., 2010). In 

addition, the aged placebo-treated females exhibited a reduced response to the vaccination 

compared to the aged E-treated animals (Engelmann, et al., 2010).

Discussion

The serotonin neural system projects to all forebrain areas and impacts the functions that are 

affected by ovarian steroid loss. Therefore, understanding the actions of ovarian steroids in 

serotonin neurons in macaques has been a major focus of this laboratory. We found robust 
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effects of E or E+P on gene expression in laser-captured serotonin neurons of adult, short-

term Ovx macaques with only 1 month of treatment. This study addresses age and treatment 

length in a clinically relevant model, using older macaques (≥18 years old at the start of 

treatment) that were Ovx to induce surgical menopause and then treated with E or E+P for 

~4 years. Also, a small block of tissue containing the dorsal raphe was used instead of laser 

captured serotonin neurons.

Altogether, there were 4 variables that differed between this study and previous studies: (1) 

age, (2) length of treatment (3) unintended higher serum P concentrations and (4) 

preparation extracted for qRT-PCR. All animals were maintained on standard low fat, low 

sugar monkey chow. In these old, chronically treated animals, the mRNA expression 

(increase or decrease) pattern in the E-treated group was very similar to that observed in 

laser captured serotonin neurons from young adult, acutely treated animals for the majority 

of genes.. Nonetheless, the block preparation contained numerous other cell types that can 

utilize the same common genes, but the genes may be regulated differently than in serotonin 

neurons. Therefore, there was more variance within groups. Also, the expression of each 

mRNA in relation to GAPDH was 10–100x lower than in the laser captured serotonin 

neuron preparation. Based upon our study of blocks versus laser-captured preparations 

(Bethea and Reddy, 2008), we attribute much of the variance observed in this study to the 

block preparation. Unfortunately, it was not possible to perform laser capture on serotonin 

neurons of these old animals.

The cyclic supplemention of P in the E+P-treated group yielded different responses across 

the genes examined in this study. Different mRNAs in the E+P-treated group were greater 

than, equal to, or less than the group treated with E alone. We have observed these three 

different responses across different genes in immunohistochemical assays, in situ 

hybridization assays, microarray assays and in qRT-PCR outcomes of young adult, acutely 

treated animals as well. The different responses may derive from the presence or absence of 

E-inducible PRs, the presence or absence of a PR-response element on the gene in question, 

or different protein-protein interactions and cofactors available for different genes. Overall, 

we have observed more variance in the E+P treated groups than in the other groups. In 

addition, the optimal ratio of E to P for normal biological responses in macaques was 

established as approximately 1/50. With other ratios, progestins are often antagonistic to 

estrogens. (Neumann, 1978). The serum P concentrations achieved by the oral micronized P 

in this study are higher than the range obtained in studies of acutely treated, young adults or 

normally attained in menstrual cycles. Many of the mRNAs exhibited suppression with 

supplemental P compared to E alone. When this differed from results in young adults, we 

attribute this to the high P, which antagonizes the effect of E.

Although this study focused on the serotonin system and expression in the dorsal raphe, 

gene expression in other areas of the brain is of significant concern. Currently, funding is not 

available, but interested investigators are very welcome to other parts of the brain and 

should contact the corresponding author.
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Serotonin Regulation

E probably elevated serotonin neurotransmission in old surgically menopausal macaques; or 

more likely, E prevented a decline in serotonin neurotransmission after Ovx. E increased 

FEV (Pet1) and TPH2 mRNAs, which would cause an increase in the serotonin phenotype 

and increased production of serotonin. E also increased CRHR2 and UCN1 mRNAs. 

CRHR2 is considered anxiolytic; it binds UCN1 and causes a release of serotonin. CRHR1 

is the anxiolytic receptor that binds CRH and decreases serotonin release. E and E+P 

decreased CRHR1 expression, which would further increase serotonin. Therefore, E 

supported the serotonin neuronal phenotype (Hendricks, et al., 2003), increased serotonin 

synthesis (Kloiber, et al., 2010) and increased serotonin release via regulation of CRH 

receptors (Pernar, et al., 2004).

5HT1A mRNA regulation was the opposite of that found in young adults (Lu and Bethea, 

2002, Pecins-Thompson and Bethea, 1998) using ISH and receptor binding assays. This may 

be due to the presence of differential regulated autoreceptors and postsynaptic receptors in 

the block of tissue.

Synapses and Glutamate Receptors

Much of adult plasticity relies on proliferating dendritic spines and regulated insertion of 

glutamate receptors. The development of new synapses on dendritic spines and the 

expression of glutamate receptors have been linked (McKinney, et al., 1999; Srivastava, et 

al., 2008). E alone increased the expression of 4 genes that code for selected synapse 

assembly proteins as determined with ANOVA or Cohen’s d. The variable effect of 

supplemental P was also observed in acutely treated, young adults (Bethea and Reddy, 

2015).

The increase in NMDA2A and AMPA2 mRNAs by E and E+P also suggests that synapses 

were increased by E replacement and supplemental P was neutral. The expression of these 

two types of receptors is particularly important in the ontogeny of mature dendritic spines 

(Fortin, et al., 2011; Yoshihara, et al., 2009). E stimulated GRM1 mRNA, but the 

suppression of GRM1 mRNA by supplemental P differs from results in young adults. 

Altogether, the data support an ongoing supportive effect of E on dendritic spine 

proliferation and excitatory synapse assembly.

DNA repair

In young adult Ovx macaques, the absence of ovarian steroids led to serotonin neuron 

degeneration and death in the absence of any overt trauma to the brain as demonstrated by 

DNA fragmentation detected with a TUNEL assay (Lima and Bethea, 2009). DNA repair 

minimally requires lesion recognition, single strand excision, lesion removal, gap-filling 

synthesis, and finally ligation (Dantuma, et al., 2009). In this study, E alone increased 

mRNA expression in 8 of 16 genes coding for DNA repair enzymes. The addition of P to the 

E regimen suppressed the effect of E to varying degrees, but 7 mRNAs, were still expressed 

above the level exhibited by the placebo group. Thus, chronic hormone therapy with E or E

+P maintained expression of DNA repair factors in the dorsal raphe of old macaques, which 
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is essential for maintaining neural function. The monkey substantia nigra also exhibited a 

decline in tyrosine hydroxylase-positive neurons after Ovx (Leranth et al., 2000).

Underlying mechanisms of Neurodegenerative Diseases (NDDs)

The common NDDs observed in aging populations have not been observed in female 

macaques that do not live much past 30 years of age, and they produce ovarian hormones for 

almost their entire life. However, macaques accumulate lipofuscin, a product of free radical-

induced lipid peroxidation that correlates with cellular aging (Terman and Brunk, 1998). A 

number of NDDs involve translation of normal genes whose proteins subserve important 

cellular functions under normal conditions, but the proteins are mis-folded (chaperones), 

mis-processed (ubiquinases), or subverted from normal function in various ways (transport) 

(Bucciantini, et al., 2002). Since depression, a hallmark of serotonin dysfunction often 

precedes overt NDD symptoms; it was of interest to determine expression of representative 

genes in these categories in serotonin neurons. E or E+P administration caused a significant 

increase in mRNA expression related to protein folding, degradation, and transport in the old 

macaques in a manner similar to young macaques (Bethea and Reddy, 2015). Continuing 

these functions in serotonin and other neurons is vital for healthy ageing.

Disease Specific

A number of proteins have been specifically implicated in neuropathies, but they play 

pivotal roles in normal functioning. E induction of ADAM10 mRNA, which would improve 

correct processing of APP, with suppression of APP mRNA, the amyloid precursor protein, 

and PSEN1 mRNA, the component of 7gamma;-secretase that produces Aβ, was found in 

young adult and old monkeys. This data is consistent with epidemiological observations that 

ovarian steroids may delay the onset of Alzheimer’s (Henderson, 2006).

It is essential to keep in mind that diet plays a large role in the effects of E in serotonin 

neurons. We found that a high fat diet blocked the positive effect of E on genes coding for 

proteins that promote serotonin neurotransmission and decrease norepinephrine transmission 

(Bethea et al., 2015). This data suggests that clinical populations that are obese and/or eat a 

high fat and sugar diet may not respond to E therapy, and we are currently testing this 

hypothesis in old macaques.

Correlations

There was strong correlation between several genes from the same or different categories in 

this study. It is attractive to speculate that the steroid receptor mechanisms operate on the 

correlated genes in a like manner. It is also possible that the correlated genes are impacting 

one another.

Conclusions

Old rhesus macaques that are Ovx and administered E or E+P for ~4 years have improved 

expression of genes that govern serotonin neurotransmission, synapse assembly, glutamate 

receptors, DNA repair, chaperones, ubiquinases, transport and select neuropathologies 

compared to placebo-treated controls. Except for the confound of excess P replacement, old 

animals responded to hormone therapy like young animals; and chronic therapy in old 
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animals produced similar outcomes as acute therapy in younger adult animals. Altogether, 

the data reveal mechanisms that could improve serotonin function and decrease 

neuropathologies in women who initiate bio-identical hormone therapy during the peri-

menopause and continue it for at least 4 years.
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Highlights

• Old ovariectomized rhesus macaques treated with continuous estradiol plus or 

minus cyclic progesterone

• qRT-PCR for gene expression in the serotonergic dorsal raphe

• Protective effect of estradiol on genes related to serotonin transmission, 

plasticity and neurodegeneration

• Variable effect of cyclic progesterone
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Figure 1. 
Histograms illustrating the expression of 5 genes that are involved in serotonin 

neurotransmission. FEV mRNA was significantly increased by E over placebo and E+P 

treatments. TPH2 mRNA was significantly increased by E and EP over placebo treatment. 

SERT mRNA was not different between the groups. 5HT1A mRNA was significantly 

increased by E+P over placebo and E treatments. CRHR1 mRNA (anxiogenic) was 

significantly decreased by E and E+P treatments compared to placebo. CRHR2 mRNA was 

significantly increased by E over placebo and E+P treatments. UNC1 mRNA (stresscopin) 

was significantly increased by E over placebo and there was no difference between E and E

+P treatment.
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a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.
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Figure 2. 
Histograms illustrating the expression of 4 genes that are involved in synapse assembly. 

NGLN3 and NRK mRNAs showed a marked elevation with E treatment over placebo and E

+P treatments, but neither increase reached statistical significance. SNAP25 mRNA was 

significantly increased by E over placebo or E+P treatments. NCAM mRNA was 

significantly increased by E with a t-test, and significantly increased by E+P treatment with 

ANOVA and the posthoc test.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.

† - increased over placebo in Student’s t-test, p<0.05

^ - non-significant trend
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Figure 3. 
Histograms illustrating the expression of 3 representative receptor-encoding genes involved 

in glutamate transmission. NMDA2a (GRIN2A) mRNA was significantly increased by E 

and E+P treatments over placebo treatment. AMPA2 (GRIA2) mRNA was significantly 

increased by E treatment compared to placebo, and E+P treatment was not different from E 

alone. GRM1 mRNA was significantly increased by E treatment compared to placebo and E

+P treatment.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.
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Figure 4. 
Histograms illustrating the expression of 8 genes encoding proteins that are involved in 

DNA repair. GTF2H5 and APEX1 mRNAs were significantly increased by E and E+P 

treatments over placebo. NBS1, NTHL, LIG4, RAD23, and SHFM1 mRNAs were 

significantly increased with E treatment and decreased by E+P to a degree that was 

significantly different from E alone (NBS1, RAD23, SHFM1) or not different from E alone 

(NTHL, LIG4). PCNA mRNA was significantly increased by E treatment over placebo in a 

Student’s t-test, but ANOVA did not disclose a difference between the groups.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.

† - increased over placebo in Student’s t-test, p<0.05
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Figure 5. 
Histograms illustrating the expression of 3 genes that code for chaperone proteins involved 

in protein folding. HSP90B1 and HSPD1 (HSP60) mRNAs significantly increased with E 

treatment over placebo and remained elevated or not different from E alone with E+P 

treatment. HSPB1 (HSP27) mRNAs significantly increased with E treatment over placebo 

and E+P treatment.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.
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Figure 6. 
Histograms illustrating the expression of 3 genes that encode for ubiquinase proteins that 

designate and traffic other proteins for degradation. UBE1 mRNA significantly increased 

with E and E+P treatments over placebo. UBE2D3 mRNA also significantly increased with 

E by Student’s t-test and E+P by ANOVA over placebo. UBE3A mRNA significantly 

increased with E treatment over placebo and E+P treatments.

a, b – groups with the different are different at p<0.05 with Newman-Keuls posthoc pairwise 

comparison.

† - increased over placebo in Student’s t-test, p<0.05

Bethea et al. Page 24

Neurobiol Aging. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Histograms illustrating the expression of 3 genes that code for transport motor proteins and 

MAPT that codes for a cytoskeletal protein present in neurofibrillary tangles. KIF5B mRNA 

was significantly increased by E and E+P treatments over placebo. DCTN4 mRNA was 

significantly increased by E treatment over placebo in a Student’s t-test, but no differences 

were detected between the 3 groups by ANOVA. E alone significantly increased DYNCL1 

mRNA over placebo and E+P treatment was not different from E alone. MAPT mRNA was 

significantly increased by E treatment compared to placebo and E+P treatments.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.

† - increased over placebo in Student’s t-test, p<0.05
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Figure 8. 
Histograms illustrating the expression of 4 genes encoding proteins known to be aberrant in 

different NDDs. ADAM10 mRNA was significantly increased by E and E+P treatments 

over placebo. SNCA1 mRNA was significantly increased by E treatment over placebo and E

+P. APP and PSEN1 mRNAs significantly decreased by E and E+P treatments over placebo.

a, b – groups with different letters are different at p<0.05 with Newman-Keuls posthoc 

pairwise comparison.

Bethea et al. Page 26

Neurobiol Aging. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bethea et al. Page 27

Table 1

The gene name, symbol, ABI Taqman Assay Identifier (ID) and NCBI reference sequence of the primers used 

in this study.

Gene Name Gene Symbol Assay ID NCBI Gene Reference

Serotonin regulation

Fifth ewing variant (PET1 in rodent) FEV Rh02872593 XM_001095962.2

Tryptophan hydroxylase 2 TPH2 Rh02788839 NM_001039946.1

Serotonin reuptake transporter SLC6A4 Rh02787892 NM_001032823.1

Serotonin receptor 1A 5HT1A Rh02902683 NM_001198700.1

Corticotropin releasing hormone receptor type 1 CRHR1 Rh02787591 NM_001032803.1

Corticotropin releasing hormone receptor type 2 CRHR2 Rh01120857 XM_001085987.2

Urocortin 1 (stresscopin) UCN1 Rh03986716 NM_001265661.1

Synapse assembly

Neuroligin 3 NLGN3 Rh03986723 XM_001111843.1

Neurotrophic tyrosine kinase, receptor, type 2, trk-B NTRK Rh02831788 NM_001261297.1

Synaptosomal-associated protein, 25kDa SNAP25 Rh03043048 NM_001032864.1

Neural cell adhesion molecule 1 NCAM1 Rh00354742 XM_001083366.2

Glutamate Receptors

Glutamate [NMDA2A] receptor subunit epsilon 1 GRIN2A Rh03986722 XM_001105525.1

Glutamate receptor, ionotropic, AMPA 2 GRIA2 Rh02790124 NM_001039946.1

Glutamate receptor, metabotropic 1 GRM1 Rh01068380 XM_001085942.1

DNA Repair

Nibrin, part of double strand break repair complex NBS1 Rh01039845 XM_001085033.1

Nth endonuclease III-like 1, DNA N-glycosylas NTHL Rh00959765 XM_001082772.2

Ligase IV, DNA double strand break repair LIG4 Rh04269856 XM_001084107

General transcription factor IIH, polypeptide 5, subunit of TFIIH GTF2H5 Rh02792678 NM_001190969.1

RAD23 homolog A, involved in nucleotide excision repair (NER) RAD23A Rh00908422 XM_001110103.2

Apurinic/apyrimidinic endonuclease 1 APEX1 Rh02793202 XM_001090240.2

Proliferating cell nuclear antigen, BER gap filling PCNA Rh02806147 XM_001115746.2

Split hand/foot malformation (ectrodactyly) type 1 SHFM1 Rh02860294 XM_001091523.2

Chaperones

Heat shock protein 90kD HSP90B1 Rh02790147 NM_001195524.1

Heat shock protein 60kD protein1 HSPD1 Hs01036753 NM_002156.4

Heat shock protein 27kD protein 1 HSPB1 Rh02980144 XM_001109274.2

Ubiquinases

Ubiquitin-like modifier activating enzyme 1 UBE1 Hs01566989 NM_024818.3

Ubiquitin-conjugating enzyme E2D 3 UBE2D3 Hs01518517 NM_181892.2

ubiquitin protein ligase E3A UBE3A Rh00963674 XM_002804686.1

Transport

Kinesin family member 5B KIF5B Rh01037194 XM_002805607.1

Dynactin 4 (p62) DCTN4 Rh01092757 XM_001109230.2

Dynein, light chain, LC8-type 1 DYNCL1 Hs00867659 NM_001037495.1
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Gene Name Gene Symbol Assay ID NCBI Gene Reference

Microtubule-associated protein tau MAPT Rh04269822 XM_001115803.2

Disease specific

α-secretase cleavage of APP precludes amyloid beta formation ADAM10 Rh01109565 XM_001097016.2

α-synuclein, presynaptic signaling, membrane trafficking SNCA Rh1103386 XM_001095402.2

Amyloid beta (A4) precursor APP Rh01552279 XM_002803170.1

Presenilin (γ-secretase component)produces toxic α-beta 40–42 PSEN1 Rh01552279 XM_002803170.1
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Table 3

Analysis of genes that exhibited non-significant trends with Cohen’s d -test. Cohen’s d > 0.8 indicates a large 

effect of the treatment. Cohen’s’ d < 0.2 indicates less than a small effect of treatment.

Gene Treatment d r

SERT E 1.22 0.52

E+P 1.94 0.69

NLGN3 E 1.19 0.57

E+P 0.18 0.09

NTRK E 1.41 0.57

E+P 1.82 0.67

PCNA E 0.05 0.02

E+P 1.69 0.64
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