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Abstract

The administration of estradiol-17β (E) to animal models after loss of ovarian steroid production 

has many beneficial effects on neural functions, particularly in the serotonin system in nonhuman 

primates (NHPs). E also has anorexic effects, although the mechanism of action is not well 

defined. In the US, obesity has reached epidemic proportions, and blame is partially directed at the 

Western style diet, which is high in fat and sugar. This study examined the interaction of E and 

diet in surgically menopausal nonhuman primates with a 2 × 2 block design. Marmosets 

(Callithrix jacchus; n=4/group) were placed on control-low fat diet (LFD; 14%kcal from fat) or 

high fat diet (HFD; 28%kcal from fat) 1 month prior to ovariectomy (Ovx). Empty (placebo) or E-

filled Silastic capsules were implanted immediately following Ovx surgery. Treatments extended 

6 months. The established groups were: placebo+LFD; E+LFD; placebo+HFD, or E+HFD. At 

necropsy, the brain was flushed with saline and harvested. The midbrain was dissected and a small 

block containing the dorsal raphe nucleus was processed for qRT-PCR using Evagreen 

(Biotinum). Genes previously found to impact serotonin neural functions were examined. Results 

were compared with 2-way ANOVA followed by Bonferroni post-hoc tests or Cohen’s D analysis. 

There was a significant effect of treatment on tryptophan hydroxylase 2 (TPH2) across the groups 

(p=0.019). E stimulated TPH2 expression and HFD prevented E-stimulated TPH2 expression 

(p<0.01). Treatment differentially affected monoamine oxidase B (MAO-B) across the groups 
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(p=0.05). E increased MAO-B with LFD, and this stimulatory effect was prevented by HFD 

(p<0.05). There was a significant difference between treatments in corticotrophin releasing factor-

receptor 2 (CRF-R2) expression (p=0.012). E increased CRF-R2 and this stimulatory effect was 

blocked by HFD (p<0.01). Regardless of diet, E increased Fev mRNA (p=0.028) and decreased 

CRF-receptor 1 (CRF-R1) mRNA (p=0.04). HFD suppressed urocortin 1 (UCN1; stresscopin) 

expression (p=0.045) but E treatment had no effect. Monoamine oxidase A (MAO-A) was 

different due to treatment across the groups (p=0.028). MAO-A was increased in the E+HFD 

group (p<0.01) whereas previous studies showed E suppressed MAO-A in macaques. The 

serotonin reuptake transporter (SERT), the serotonin 1A receptor (5HT1A), estrogen receptor beta 

(ERβ) and progestin receptor (PR) expressions were not different between groups. Estrogen 

receptor alpha (ERα) was undetectable. In summary, the data indicate that important actions of 

hormone therapy in the serotonin system may be lost in the context of a HFD.
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Introduction

Optimal function of the serotonin neural system is critical for numerous and wide-ranging 

outcomes such as mood or affect (Halbreich and Tworek, 1993), anxiety (Linthorst, 2005, 

Reimold et al., 2008), cognition (Merens et al., 2008), metabolic syndrome (Muldoon et al., 

2004), sleep (Dugovic, 2001), pituitary hormone secretion (Van de Kar et al., 2001) and 

vulnerability to stress (Bethea et al., 2008, Bethea et al., 2005, Maier and Watkins, 2005). In 

women, and female animal models, ovarian steroids support serotonin neural function; and 

loss of ovarian hormones leads to suboptimal serotonin neurotransmission with an 

accompanying deterioration of supported functions. (Bethea et al., 2002, Frey et al., 2008, 

Halbreich et al., 1995, Hiroi and Neumaier, 2006, Oxenkrug, 2010).

We have devoted significant effort to understanding the cellular effects of ovarian steroids 

on the serotonin system in a macaque model of surgical menopause. Ovarian hormone 

replacement to ovariectomized (Ovx) macaques changed the expression of serotonin related 

genes and proteins in a manner that would cause an increase in serotonin neurotransmission 

(Bethea, Lu, 2002, Centeno et al., 2007, Sanchez et al., 2005, Smith et al., 2004). In a 

similar macaque model, E increased serotonin in several compartments of the basal ganglia 

and in frontal and cingulate cortex, supporting the concept that E increased serotonin 

neurotransmission (Sanchez et al., 2013). Also, E decreased raphe 5HT1A receptors of 

hemi-parkinsonian macaques, thereby removing the ‘brakes’ on serotonin neuronal activity 

(Sanchez, Morissette, 2013). An important component of improved serotonin function was 

the ability of E to decrease expression of CRF-R1 and increase expression of CRF-R2 in 

dorsal raphe (Sanchez et al., 2010). These receptors decrease or increase serotonin 

neurotransmission, respectively (Forster et al., 2008, Keck et al., 2005, Lukkes et al., 2008, 

Pernar et al., 2004). Furthermore, E appeared to increase the axonal transport of urocortin 1 
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(UCN1), also in the CRF family of peptides (Bethea and Reddy, 2012, Sanchez, Reddy, 

2010). UCN1 binds to CRF-R2, thereby promoting serotonin transmission (Amat et al., 

2004, Skelton et al., 2000).

In addition to improvements in serotonergic function, we found that 1-month of estradiol (E) 

plus progesterone (P) administration to Ovx macaques decreased gene and protein 

expression of pivotal proteins in the caspase-independent apoptosis pathway (Bethea and 

Reddy, 2008, Tokuyama et al., 2008). Moreover, 1- month of E+P treatment significantly 

decreased DNA fragmentation in serotonin neurons of Ovx macaques, as determined with a 

TUNEL assay (Lima and Bethea, 2009). Recently, we found that ovarian steroid 

administration increased gene expression related to DNA repair, protein folding, 

ubiquinases, and transport as well (data submitted for publication). Altogether, the data 

indicate that ovarian steroids not only promote serotonin neuronal function, but also 

maintain cell health and viability. Thus, the effects of E on the serotonin neural system in 

macaques were robustly positive, suggesting that in women, E therapy should increase 

aspects of cognition and executive function as well as decrease anxiety, depression and 

vulnerability to stress while increasing coping mechanisms. That is, E therapy should render 

a postmenopausal woman more capable of executive decisions and resilient to stress.

One of the major problems with hormone therapy for postmenopausal women has been the 

inconsistency in results from trial to trial depending on the time of administration relative to 

menopause, the formulation of the hormones administered, the endpoints examined and the 

length of treatment times. Moreover, hormone replacement in women has often lacked the 

expected robust outcomes observed in the neurobiology of animal models. However, more 

recent human trials have found consistent improvements in mood and cognition when 

women are administered bioidentical estradiol in the perimenopausal period (Schmidt et al., 

2004, Schmidt et al., 2013, Schmidt and Rubinow, 2009; Amin et al., 2005, Epperson et al., 

2012)

Our previous studies utilized a cost effective adult macaque model of surgical menopause 

with brief hormone replacement. Importantly, the animals were always maintained on a diet 

of normal monkey chow (LabDiet 5000), which is low in sugar and fat and high in 

micronutrients. More recently, scientists are recognizing that lab animal chow differs 

significantly from the average American diet. Postmenopausal women in the US eat a 

Western style diet, which is high in fat and sugar. Often weight gain accompanies 

menopause with detectable changes in the distribution of body fat and muscle.

Therefore, we questioned the effect of a high-fat and -sugar diet on the beneficial effects of 

E in the serotonin system, which were previously observed with a low-fat and -sugar diet. 

To approach this question, we used a small, new world primate of the Callithrix genus, the 

common marmoset. Marmosets are social monkeys with a 28-day ovulatory cycle similar to 

rhesus macaques and women (Abbott et al., 2003, Jull et al., 2014, Tardif et al., 2011).
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Materials and Methods

This study was approved by the IACUC of the Wisconsin National Primate Research Center 

(WNPRC) and conducted in accordance with the 2011 Eight Edition of the National Institute 

of Health Guide for the Care and Use of Laboratory Animals

Animals

The interaction of E and diet in surgically menopausal nonhuman primates was examined 

with a 2 × 2 block design. Sixteen adult female marmosets (Callithrix jacchus; n=4/group) 

were used. All animals were born at the WNPRC, were aged between 3–4 years, weighed 

between 350 and 400 gm and were in good health. They were placed on control-low fat diet 

(LFD) or high fat diet (HFD) ad libitum 1 month prior to ovariectomy. Age and weight were 

documented prior to experimental diet initiation and at necropsy.

The marmoset model of estrogen replacement therapy has been previously described 

(Kendrick and Dixson, 1985). For bilateral ovariectomy, females were anesthetized with 

ketamine (15 mg/kg, im) and maintained on isoflurane (2%; 0.6 liter/min oxygen). Atropine 

(0.02 – 0.04 mg/kg i.m.) and buprenorphine (0.01 mg/kg i.m.) were also administered at the 

time of ketamine administration. Each ovary was isolated through a ventral midline incision 

and exteriorized for visualization of the fallopian tube and ovarian pedicle. Subsequent 

histological examination confirmed complete ovarian removal. At the end of the surgery 

while the animals were still under anesthesia, two Silastic™ capsules (inner diameter, 0.058 

in.; outer diameter, 0.077 in.; length, 11-mm; Dow Corning, Midland, MI) were 

subcutaneously implanted into each female via a small dorsal midline incision between the 

scapulae. A 2% lidocaine (2 mg/kg) sc injection was also used to anesthetize the skin. Four 

females on each diet were implanted with E-filled capsules (1,3,5(10)-estratrien-3,17-b-diol; 

Sigma, St. Louis, MO) previously shown to maintain approximately pre-ovulatory-phase 

levels of E (Abbott, D. H., unpublished observations), whereas the remaining females were 

implanted with empty Silastic™ capsules. The treatments continued for 6 months.

Diets

The diets were lactalbumin, dextrin, and sucrose based from Teklad Custom Research Diets 

(Madison, WI). LFD consists by weight of 14.0% protein, 64.3% carbohydrate and 5.6% fat. 

HFD consists of 15.4% protein, 56.5% carbohydrate and 12.7% fat. HFD has 2 times more 

sucrose and 2.4 times more fat than LFD. Diet and E treatments continued for 6 months. 

Hence, the established groups were: placebo+LFD; E+LFD; placebo+HFD, or E+HFD.

Hormone Assays

Serum E concentrations were measured at WNPRC with liquid chromatography-tandem 

mass spectrometry (LC/MS/MS). Briefly, samples were liquid extracted with methyl-tert-

butyl- ether (MTBE) followed by dichloromethane. Samples were then derivitized with 

dansyl chloride before injection. Within-assay coefficients of variation were less than 6% 

and between-assay coefficients of variation were less than 13%.
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Euthanasia and Tissue Retrieval

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 intramuscular administered ketamine within 1–3 minutes of cage 

entry and given an intravenous overdose of pentobarbital (50 mg/kg, i.v.) within 7–11 

minutes of cage entry.

The upper body was flushed with 700 ml of saline and the brain was harvested. After 

freezing in isopentane (−78.5°C), the brain was stored at −80°C until it was shipped to 

ONPRC on dry ice. Using a warmed scalpel, the pontine midbrain was removed from the 

frozen brain and further micro-dissected to obtain a small block of tissue that contained the 

serotonergic dorsal raphe nucleus.

qRT-PCR

RNA was obtained from the microdisected block containing the dorsal raphe nucleus 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.

Complementary DNA (cDNA) synthesis was performed using Oligo-dT 15 primer 

(Invitrogen Life Technologies, Carlsbad, CA) and Superscript III reverse transcriptase (200 

U/μg of RNA, Invitrogen Life Technologies) at 42°C for 1 hr. A pool of RNAs from 

different rhesus tissues was used as the standard.

Quantitative polymerase chain reaction (qRT-PCR) was conducted with Fast EvaGreen 

qPCR mix (Biotium #31003-1). This mix contains Evagreen® qPCR dye and Cheetah™ Taq 

hotstart DNA polymerase. There is a linear increase in fluorescence detected as the 

concentration of amplified double stranded product cDNA increases during the reaction. The 

fluorescence was detected with an ABI 7900 thermal cycler during forty cycles. The 

reaction (final volume 20 μl) contained dilutions of a standard pool containing 1 – 1000 ng 

of total cDNA or samples containing 50ng of total cDNA, 100 nM of forward and reverse 

primers and 1X Invitrogen PCR mix. The amount of cDNA added to the reaction mix was 

measured as sscDNA with the Nanodrop Spectrophotometer, and from the amount of RNA 

used for reverse transcriptase. A standard curve was generated for all of the primer sets. The 

slope of the curve was used to calculate the relative pg of each transcript in the RNA 

extracted from the raphe blocks. Then, the ratio of each transcript to GAPDH was 

calculated. Genes previously found to impact serotonin neural functions were examined. and 

monkey specific gene sequences were used in primer selection. The genes coded for 

tryptophan hydroxylase (TPH2), the serotonin reuptake transporter (SERT), the serotonin 

1A autoreceptor (5HT1A), monoamine oxidases A and B (MAO-A, MAO-B), corticotropin 

releasing factor receptors 1 and 2 (CRF-R1, CRF-R2), urocortin 1 (UCN1), estrogen 

receptor alpha (ERα), estrogen receptor beta (ERβ), and progestin receptor (PR). 

Housekeeping genes 18S and GAPDH were also measured. GAPDH was used for 

normalization of gene expression. Cycle times (CT) for GAPDH were 26.2±0.32, 

26.03±0.57, 25.92±0.17 and 26.21±0.32 in placebo+LFD, E+LFD, placebo+HFD and E

Bethea et al. Page 5

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2016 April 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



+HFD groups, respectively (F [3,41]=0.167; p=0.918). These values fell on the linear 

portion of the standard curve and there was no difference between the groups.

Primer selection

At the time of the study, marmoset sequences were not available for the genes of interest. 

Therefore, we designed primers using Macaca mulatta specific gene sequences. Despite a 

divergence time of 25 million years between the Old World and New World monkeys, the 

primers amplified excellently in Callithrix jaccus. In evolutionary terms, positive selection 

occurred after divergence in select pathways of marmosets largely relating to twinning and 

body size, which did not include the genes in this study (Marmoset Genome et al., 2014).

The coding regions of each gene in macaques were compared to related genes and a unique 

region was identified with no homology. The target sequence was then loaded into Primer 

Express software, which chooses the primers for optimum qRT-PCR. The primers were 

obtained from Invitrogen Life Technologies. Direct comparison of homology between 

macaques and marmosets was not found. However, macaques have 97.5% and marmosets 

have 93.8% exonic sequence homology with humans, so the sequence homology between 

macaques and marmosets should be quite high (Sierens et al., 2004). The primers utilized 

are shown in Table 1.

Statistical analysis

The average relative expression of each gene across the 4 groups (n=4 animals/group) from 

the qRT-PCR assays were compared with 2-way ANOVA followed by Bonferroni’s posthoc 

pairwise comparison. 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 

there was a 95% or greater chance that the groups were different (p≤0.05). Posthoc pairwise 

comparisons were performed with Bonferroni’s test and p<0.05 was accepted as different. 

Prism 5.0 from Graph Pad (San Diego, CA) was used for ANOVA comparisons. Cohen’s D 

analysis was applied to determine effect size when trends were observed (http://

www.uccs.edu/~lbecker/).

Results

The average age and weights of the marmosets during the experimental period are shown in 

Table 2. At the beginning of the experiment, the animals were matched by age and weight. 

The weights were in the normal range for adult marmosets. After 6 months of treatment, 

there was no statistical difference in weight due to treatment or time (2-way ANOVA). 

However, there was a 4.5% increase in weight in the combined HFD groups compared to a 

1% increase in the combined LFD groups. Over time, Ovx per se will increase weight, but 

HFD exacerbated this effect. There was a 2% decrease in weight from baseline in the E

+LFD group, whereas there was a 5% increase in weight from baseline in the E+HFD group. 

Serum estradiol concentrations (pg/ml) at 2 months after Silastic capsule implantation 

equaled 14.9±6.7, 6.6±1.5, 1556±552 and 1387±425 in the LFD+placebo, HFD+placebo, 
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LFD+E and HFD+E, respectively. There was a significant difference between the groups for 

drug treatment (F [1,12]=17.58; p = 0.0012).

Figure 1 illustrates the relative mRNA expression of serotonergic specific genes, TPH2, 

SERT, 5HT1A autoreceptor and Fev, the serotonin master gene (Hendricks et al., 1999). 

The Fev gene, which determines the serotonergic phenotype of neurons and regulates TPH2, 

SERT and 5HT1A gene expression (Hendricks, Francis, 1999, Krueger and Deneris, 2008, 

Liu et al., 2010), exhibited a significant effect of treatment (F[1,11]=7.37; p=0.028). There 

was no effect of diet and no interaction. E treatment increased Fev mRNA expression on 

both diets. Of note, previous studies suggest that expression of downstream genes should 

reflect the expression of Fev (Hendricks, Francis, 1999). However, the downstream genes in 

this study had different patterns of expression compared to Fev.

TPH2 mRNA expression exhibited a significant effect of treatment (F[1,11]=7.55; p=0.02), 

a significant effect of diet (F[1,11]=6.92; p= 0.023) and a significant interaction 

(F[1,11]=6.34; p=0.028). TPH2 was significantly higher in E-treated than placebo-treated 

Ovx monkeys on LFD (p<0.01). In marked contrast, TPH2 mRNA expression did not 

respond to E in Ovx monkeys on HFD.

There was no effect of treatment or diet on SERT mRNA expression, largely due to the 

variance around a small number of animals. However, there was an interesting trend in the 

delta between placebo- and -E-treatments. That is, there was a modest reduction in SERT 

mRNA expression with E treatment on LFD. With HFD, the difference between placebo- 

and E-treated groups appeared larger. This ‘effect size’ can be calculated with Cohen’s D 

analysis, where 0.2 is a small effect, 0.6 is a medium effect and 0.8 is a large effect. In the 

LFD groups, the effect size of the treatments equaled 0.199, indicating a small effect. In the 

HFD groups, the effect size of the treatments equaled 0.59, indicating a medium effect. 

There was no change in expression of 5HT1A autoreceptor mRNA across the groups.

Figure 2 illustrates the mRNA expression of the MAO-A and MAO-B genes that code for 

biogenic amine degradation with preference for serotonin, norepinephrine (NE), and 

dopamine (DA) respectively. MAO-A mRNA expression exhibited a significant effect of 

treatment (F[1,11]=6.31; p=0.03), a significant effect of diet (F[1,11]=4.8; p=0.05), and a 

significant interaction (F[1,11]=6.38; p=0.028). MAO-A mRNA expression with LFD was 

low in the Ovx-placebo group and unchanged by E treatment. However, with HFD, MAO-A 

was low in the Ovx-placebo group, but significantly increased by E treatment (p<0.01).

MAO-B mRNA expression exhibited a significant effect of treatment (F[1,11]=4.84; 

p=0.05), but no effect of diet. However, there was a significant interaction between 

treatment and diet (F [1,11]=4.81; p=0.05). With LFD, E treatment significantly increased 

MAO-B mRNA expression over placebo treatment (p<0.05). However, with HFD, E failed 

to increase MAO-B over the Ovx-placebo group.

Figure 3 illustrates the mRNA expression of the two CRF receptors, R1 and R2, as well as 

the mRNA expression of UCN1. CRF-R1 is considered an anxiogenic receptor (Kirby et al., 

2008, Kirby et al., 2000). CRF-R1 mRNA expression exhibited a significant effect of 

treatment (F[1,11]=5.73; p=0.04). However, there was no effect of diet on CRF-R1 and no 
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interaction between treatment and diet. CRF-R1 was higher in the Ovx-placebo groups than 

in the E-treated groups on both diets. Of note, HFD elevated CRF-R1 in both control and E-

treated groups ~2-fold compared to LFD. Cohen’s D analysis for placebo versus E-treatment 

in each diet group showed the effect size was 0.626 and 0.557, for LFD and HFD, 

respectively, where values ~0.6 are considered medium effects.

CRF-R2 mediates anxiolytic actions (Bale and Vale, 2004, Valentino et al., 2010). CRF-R2 

mRNA expression exhibited a significant effect of treatment (F [1,11]=7.76; p=0.017), a 

significant effect of diet (F[1,11]=8.34; p=0.015), and a significant interaction 

(F[1,11]=10.73; p=0.007). With LFD, CRF-R2 exhibited low mRNA expression in the Ovx-

placebo group and E treatment significantly increased CRF-R2 mRNA expression (p<0.01). 

In contrast, with HFD, E treatment failed to increase CRF-R2 mRNA expression over the 

Ovx-placebo group.

The mRNA expression of UCN1, previously named ‘stresscopin’, appeared to change with 

diet, but it was not statistically different (F[1,11]=4.52; p=0.057). There was no effect of 

treatment and no interaction between diet and treatment. The diet effect was more apparent 

by combining the data from control and E treated animals, and then comparing by diet. 

There was a significant decrease in UCN1 mRNA in the HFD cohort compared to the LFD 

cohort (t-test, p=0.045).

Examination of 3 steroid receptors showed that ERα mRNA was undetectable. Figure 4 

illustrates the mRNA expression of the two detectable steroid receptors, ERβ and PR. There 

was no effect of treatment or diet on ERβ, and due to the variance even Cohen’s D was 

negative. However, this needs to be repeated with more animals to completely discount the 

trends. PR expression was low and unchanged across the treatment groups.

Discussion

This study concerns two conundrums of health care today: hormone replacement therapy for 

postmenopausal women and the epidemic of obesity concomitant with metabolic syndrome. 

Important contributors to obesity are lack of exercise and consumption of a high-fat and -

sugar Western-style diet. Two-thirds of the US population is overweight or obese, while 

40% exhibit symptoms of pre- or frank diabetes. Thus, the average woman eats a Western 

style diet and has a very good chance of being overweight when she enters menopause. It is 

not possible to find the BMIs of all the women included in the numerous clinical trials of 

hormone replacement therapy, but it stands to reason that many subjects were probably 

overweight or obese. We hypothesized that obesity or a Western style diet per se could 

contribute to the different responses of animal models and women to hormone replacement 

therapy.

Hormone therapy has been under assault for treatment of menopausal women since release 

of the results of the Women’s Health Initiative (WHI), which administered conjugated 

equine estrogens and medroxyprogesterone acetate to women approximately 10 years after 

onset of menopause. Neither of these formulations are human hormones. Hence, the term 

‘hormone replacement’ is a misnomer with regard to the WHI. Nonetheless, estrogenic 
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compounds have been used in women after complete hysterectomy, and estrogenic plus 

progestogenic compounds should be used in women with a reproductive tract. We used 

immediate E-only replacement in marmosets with only ovarian removal for this 6-month 

study since development of endometrial cancer was not a concern within that time frame, 

and all animals were scheduled for euthanasia.

Many physiological endpoints have been measured in women on hormone therapy compared 

to women without hormone therapy. Differences that pertain to various functions of the 

brain, such as cognition and mood have been particularly difficult to document. However, 

careful studies using imaging techniques or studies working with younger, perimenopausal 

women are finding important beneficial effects on neural functions and outcomes between 

women that do take hormone therapy compared to controls (Amin et al., 2005, Amin et al., 

2006a, Amin et al., 2006b, Epperson et al., 2012, Schmidt, Keenan, 2013, Schmidt and 

Rubinow, 2009, Steinberg et al., 2008). In addition, interaction between E and serotonin has 

emerged in tests of working memory and mood in women (Epperson, Amin, 2012). The 

beneficial effect of E in laboratory models on a large number of different neural outcomes is 

undisputed.

In contrast, HFD significantly impairs memory, working memory attention and inhibitory 

control in humans. Likewise, rodents on HFD exhibit significant impairment in spatial and 

non-spatial memory tasks, negative-feature discrimination problems, variable-interval 

delayed-alteration task and discrimination reversal task suggesting that HFD impairs 

inhibitory control [human and animal studies reviewed in (Francis and Stevenson, 2013)]. 

Careful parsing of behavior data indicated that HFD markedly decreased attention to testing 

(Reyes, 2014). HFD precipitates depressive behaviors in macaques, (Chilton et al., 2011, 

Shively et al., 2008), and cognitive impairment in rodents (Pistell et al., 2010, White et al., 

2009).

To examine the interaction of diet on E action in the serotonin system, Ovx marmosets were 

maintained on specially formulated LFD or HFD, and individuals from each diet group were 

treated with E or placebo. HFD had various effects on gene expression. Notably, HFD 

prevented a number of beneficial actions of E on gene expression in the serotonin system. In 

addition, some genes responded to E in a manner that was independent of diet, and one gene 

appeared to respond to diet only. Several genes were not regulated by E or diet.

E potently stimulated TPH2, CRF-R2 and MAO-B with LFD in marmosets, but E was 

unable to stimulate TPH2, CRF-R2 or MAO-B in marmosets on HFD. TPH2 codes for the 

rate- limiting enzyme in serotonin synthesis, and it is pivotal for optimum serotonin 

neurotransmission (Walther and Bader, 2003). We have shown that E stimulates TPH2 

mRNA and protein expression in Ovx macaques and in lazer captured serotonin neurons 

(Bethea and Reddy, 2008, Bethea et al., 2000, Sanchez, Reddy, 2005). The ability of HFD to 

block the stimulatory effect of E on TPH2 mRNA expression means that eating a diet high 

in fat would compromise serotonin production, which in turn could lead to depression and 

cognitive impairment.
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CRF-R2 is considered an anxiolytic receptor and it stimulates serotonin neurotransmission 

(Bale and Vale, 2004, Forster, Pringle, 2008, Lukkes, Forster, 2008, Reul and Holsboer, 

2002, Valentino, Lucki, 2010). We previously postulated that E-induced serotonin inhibits 

CRF production in the hypothalamus of macaques (Bethea and Centeno, 2008, Sanchez, 

Reddy, 2010) forming a beneficial feedback loop for regulation of the stress response. CRF-

R2 also plays an important role in homeostasis. While on a high-fat diet, CRF-R2 knock out 

mice consumed substantially more food (Bale et al., 2003). We showed that E stimulated 

CRF-R2 expression in macaques (Sanchez, Reddy, 2010). E also stimulated CRF-R2 in 

marmosets on LFD, but not with HFD. Thus, the block of E-induced CRF-R2 mRNA 

expression could remove an important mechanism for terminating the stress response and 

may drive further feeding.

MAO-B gene expression adds to the problems generated by HFD. MAO-B degrades 

norepinephrine and dopamine more readily than serotonin in primates (Garrick and Murphy, 

1982), and it is robustly expressed in terminal regions like the raphe (Gundlah et al., 2001). 

NE inhibits serotonin neurons (Clement et al., 1992, Haddjeri et al., 1996) and elevated NE 

is found in anxiety disorders (Abelson et al., 1991, Siever et al., 1982). In addition, NE 

increases vigilance in nonhuman primates (Aston-Jones et al., 1991). Removing NE can 

ameliorate anxiety, which means that elevated MAO-B could act to restrain anxiety. We 

previously found that MAO-B protein was elevated in the raphe of macaques with 1- or 5-

mo of E+P treatment (Smith et al., 2004). In this study, E stimulated MAO-B mRNA with 

LFD, but not HFD. Therefore with LFD, one mechanism by which E could decrease anxiety 

is through elevated MAO-B. Clearly this response was blocked by HFD. In women on HFD, 

this could compound the loss of E-induced TPH2 and CRF-R2 gene expression, altogether 

potentially promoting both depression and anxiety as well as cognitive decline.

The expression of 2 genes, Fev and CRF-R1, responded to E in a manner that may have 

been independent of diet. E increased Fev expression in both diets. Fev, also called Pet1, has 

been studied intensely in rodents. It is pivotal in neural development and determines 

serotonergic phenotype (Hendricks et al., 1999; Beck et al., 2010). Data in humans and 

macaques on LFD largely agree with the rodent studies (Iyo et al., 2005, Krueger and 

Deneris, 2008, Lima et al., 2009). Fev also contributes to the regulation of TPH2, SERT and 

5HT1A genes in rodents on lab chow (Hendricks, Francis, 1999, Krueger and Deneris, 2008, 

Liu, Maejima, 2010). We previously reported that Ovx significantly reduced Fev gene 

expression in Japanese macaques (Bethea et al., 2012). Consistently, in this study Fev 

expression was significantly lower in the Ovx placebo groups compared to the E-treated 

groups, but diet did not affect the response. However, Fev expression trended lower in the 

placebo group on HFD compared to the placebo group on LFD. More animals are needed to 

determine the significance of this small trend, but if validated it would mean that HFD alone 

could decrease Fev. In this study, TPH2 expression reflected Fev expression on LFD, but 

not HFD, while SERT and 5HT1A did not reflect Fev on either diet. Interpretation of the 

different patterns probably requires better understanding of Fev expression, regulation and 

downstream effects in marmosets. Nonetheless, it is attractive to speculate that HFD 

prevents Fev from interacting with its promoter on downstream genes in an unknown 

manner.
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CRF-R1 is the anxiogenic receptor, and it inhibits serotonin neurotransmission (Bailey et al., 

2011, Kirby, Rice, 2000). E inhibited CRF-R1 on both diets, which is consistent with our 

previous observations in rhesus monkeys on low fat chow (Sanchez, Reddy, 2010). CRF-R1 

knock out mice also exhibited resistance to diet-induced obestity (Sakamoto et al., 2013) 

suggesting that the E-induced decrease in CRF-R1 would have a similar beneficial action. 

However, the overall expression of CRF-R1 was two-fold higher in both treatment groups 

on HFD compared to the same treatments on LFD. In contrast, mice on HFD exhibited a 

reduction in CRF-R1 in the amygdala (Sharma et al., 2013). We have previously observed a 

difference in the hypothalamic-adrenal-axis between the response of monkeys and mice 

(Bethea and Centeno, 2008). If HFD does increase CRF-R1 in higher primates then a 

woman on HFD, with or without E replacement, might retain enough CRF-R1 will have 

more inhibition of serotonin than a woman on LFD.

UCN1 mRNA expression appeared to be dependent on diet alone and E did not appear to 

affect UCN1 expression. Rather, HFD significantly reduced UCN1 compared to LFD. 

UCN1, is important for terminating the stress response (Bale and Vale, 2004, Dautzenberg 

and Hauger, 2002, Reul and Holsboer, 2002). Moreover, peripherally administered UCN1 

had a potent inhibitory effect on food intake and weight gain of high-fat-fed obese mice 

(Tanaka et al., 2009) indicating that UCN1 is also an important factor in satiety. UCN1 has 

higher affinity for CRF-R2 receptors than CRF-R1 receptors and it stimulates serotonin 

neurons (Amat, Tamblyn, 2004). Hence, the decrease in both UCN1 and lack of E-induced 

CRF-R2 mRNA expression with HFD indicates that HFD interferes with 2 important 

mechanisms for termination of the stress response and satiety.

Several genes did not respond significantly to either diet or E including SERT, 5HT1A, ERβ 

or PR. The response of the SERT gene to E and diet in our marmosets was not different 

between the groups due to high ‘within group’ variance. However, the trend points to higher 

SERT mRNA with placebo compared to E in both diets. SERT performs reuptake duties in 

the synapse, and theoretically elevated SERT should remove more serotonin, thereby 

decreasing serotonin neurotransmission and in turn, precipitating depression, Studies with 

various PET ligands in humans have confounded this notion (Cannon et al., 2007, 

Dahlstrom et al., 2000, Malison et al., 1998, Meyer et al., 2004, Parsey et al., 2006, Willeit 

et al., 2000). Further complicating our understanding of SERT are species differences in the 

response of gene expression to E administration, and lack of translation in accordance with 

gene expression (McQueen et al., 1996, Pecins-Thompson et al., 1998, Lu et al., 2003). In 

the marmosets, E reduced SERT mRNA expression with both diets, which could increase 

serotonin in the synapse, leading to resilience. However, it is premature to speculate how 

SERT gene expression translates to transporter function in marmosets and more animals are 

needed to confirm verify the trend. In addition, SERT mRNA expression did not reflect Fev 

mRNA expression and further investigation on the mechanism of this action is warranted.

There was no effect of diet or treatment on ERβ or PR mRNAs. We previously observed no 

difference in ERβ mRNA in most brain areas when Ovx rhesus were treated with E or E+P 

and thus, proposed that ERβ was constitutively expressed in serotonin neurons (Gundlah et 

al., 2000). The lack of significant difference in ERβ mRNA between the diet groups in this 

study would support that contention. However, the trend toward suppression of ERβ by E 
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treatment raises the issue of power in the analysis. There could be a difference between 

marmosets and rhesus in the regulation of ERβ, or not. This examination needs to be 

repeated with more animals. We did not examine the expression of the membrane ER-1, also 

known as the orphan receptor GPCR30, and lately referred to as GPER (Filardo and 

Thomas, 2012). There is now evidence that previously reported activities of GPER in 

response to E were through its ability to induce ER-alpha36 expression. Hence, the ER-

alpha variant, ER-alpha36, not GPER, is involved in non-genomic estrogen signaling (Kang 

et al., 2010). In our model, the monkeys are treated for months. During that time frame, the 

nuclear ER would be highly activated although additional actions through a membrane 

receptor cannot be ruled out.

The expression of MAO-A mRNA on control LFD diverged from previous observations in 

macaques, which decreases cogency. In previous studies with macaques on normal monkey 

chow, MAO-A was elevated in OVX animals and significantly suppressed by E 

administration (Gundlah, Lu, 2001). This would be beneficial because MAO-A degrades 

serotonin and E would prevent the degradation. In the marmosets, no such regulation was 

found in LFD groups. With HFD, MAO-A was increased by E treatment, which is the 

reverse of what was previously observed in macaques on normal monkey chow. This could 

translate to greater serotonin degradation with E replacement and HFD. Since all of the PCR 

reactions were conducted on the same samples, we wonder if marmosets are different from 

macaques in MAO-A regulation. Our Postmenopausal Resource is maintaining older, 

menopausal rhesus macaques on HFD, with and without E, so future results may shed light 

on the marmoset results. Although further speculation is reserved, an E-induced increase in 

MAO-A expression would degrade what little serotonin is made in individuals on HFD.

The absolute change in weight between the groups did not reach statistical significance. 

However, there was a trend toward weight gain in the animals maintained on HFD. The high 

metabolic activity of the marmosets may have played a role in the small differences in 

weight. It should be noted that Ovx per se causes weight gain. The fact that the E+LFD 

showed a slight decrease in weight while the E+HFD showed a modest increase in weight 

suggests that E may have lost its anorexic effect in individuals eating a HFD. On the positive 

side, the relatively minor changes in weight means that the diet itself was playing a larger 

role than weight gain.

HFD is highly inflammatory (Posey et al., 2009, Reyes, 2014), which points to the 

possibility that immune signals prevent the normal serotonergic response to E. We showed 

that E reduces NFκB translocation to the nucleus in serotonin neurons of animals on LFD, 

which means that serotonin neurons are responsive to cytokines (Bethea et al., 2006). It is 

attractive to speculate that HFD-induced cytokines and other immune ligands may offset the 

action of E in the serotonin system. Indeed, HFD in rodents induces cytokine expression in 

microglia and circumventricular organs of the brain (Reyes, 2014, Serrats et al., 2010).

At this time, we had to choose between examination of mRNA or protein expression since 

the two procedures require different extraction buffers (qRT-PCR versus westerns) or 

different processing (qRT-PCR versus immunohistochemistry). With the limited number of 
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animals in this initial study, qRT-PCR was deemed to provide the most information. 

Funding for expanding this study is sought.

In summary, HFD interferes with the ability of E to positively alter mRNA expression in the 

dorsal raphe of marmosets. Other studies have shown that HFD leads to depression in 

macaques and impairs various aspects of cognition in humans and lab animal models as 

discussed above. Translating our marmoset data and other behavioral data to women eating 

LFD, E action would support serotonin neurotransmission and degrade NE, thereby 

decreasing depression and anxiety while increasing verbal memory and executive function. 

In women consuming HFD, these actions would be blocked and hormone replacement 

therapy would be ineffective. Loosely assuming that obese people eat a diet high in fat and 

sugar, then an obese population may find no relief of depression, anxiety or executive 

function with hormone therapy. If obese women who eat HFD, are represented in clinical 

trials at the same frequency as the general population, the variance around the treatment 

group outcomes would make it difficult to detect the beneficial effects of hormone therapy 

that have been found in animal models on laboratory chow. Altogether, these data suggest 

that in a large proportion of women in the US, there may be little improvement in serotonin 

function, mood or cognition following hormone replacement therapy. It will be important to 

discover if sensitivity to E returns in the serotonin system when animals on HFD are 

switched back to LFD.
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Highlights

• High fat diet blocked the stimulatory effect of estrogen on TPH2 gene 

expression.

• High fat diet blocked the stimulatory effect of estrogen on CRF-R2 receptor 

expression.

• High fat diet blocked the stimulatory effect of estrogen on MAO-B expression.

• High fat diet suppressed UCN1 gene expression.
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Figure 1. 
Histograms are shown that illustrate the effect of diet and E treatment on serotonin-related 

gene expression in Ovx marmosets. Fev expression was increased by E-treatment in both 

diet groups (2-way ANOVA treatment effect, F[1,11]=7.37; p=0.023). E significantly 

stimulated TPH2 on LFD, but not on HFD (Bonferroni p<0.01). There was no statistical 

difference in SERT between the groups, but the effect size of E treatment was greater with 

HFD (Cohen’s D =0.59) than with LFD (Cohen’s D= 0.199). 5HT1A expression was 

unchanged by diet or E treatment.

*statistically different, Bonferroni’s posthoc test.
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Figure 2. 
Histograms are shown that illustrate the effect of diet and E treatment on gene expression of 

amine degradation enzymes in Ovx marmosets. MAO-A expression exhibited a significant 

effect of E treatment, diet and an interaction (p= 0.23, 0.029 and 0.028, respectively). MAO-

A was significantly higher in the E+HFD group than in the placebo+HFD group (Bonferroni 

p<0.01). MAO-B expression exhibited a significant effect of E treatment (p=0.05), and no 

effect of diet, with a potential interaction between the two (p=0.0508). MAO-B expression 

was significantly higher in the E+LFD group than the placebo+LFD group (Bonferroni 

p<0.05).
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*statistically different, Bonferroni’s posthoc test.
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Figure 3. 
Histograms are shown that illustrate the effect of diet and E treatment on gene expression of 

CRF receptors and UCN1 in Ovx marmosets. CRF-R1 exhibited a significant effect of E 

treatment (p=0.040), but no effect of diet and no interaction between E treatment and diet. 

Cohen’s D analysis of placebo versus E treatment in each diet group showed a large effect 

size equal to 0.626 and 0.557, for LFD and HFD, respectively. CRF-R2 expression showed 

significant effects of E treatment and diet with a significant interaction between the two 

(p=0.017, 0.014 and 0.007, respectively). There was a significant increase in CRF-R2 in the 

E treated group compared to the control group in the LFD cohort (Bonferroni p<0.01), but 

not in the HFD cohort. UCN1 expression was significantly suppressed by the HFD diet (t 

test p=0.045), but it was not affected by E treatment.

*statistically different, Bonferroni’s posthoc test or t-test

# 2-way ANOVA (F[1,11]=4.52; p=0.057)
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Figure 4. 
Histograms are shown that illustrate the effect of diet and E treatment on gene expression of 

ERβ and PR in Ovx marmosets. There was no statistical difference between the groups in 

the expression of ERβ or PR, although confirmation with more animals is needed.
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Table 1

Primer sequences used in qRT-PCR reactions with related information. The primers were derived from rhesus 

macaque or human sequences depending on availability.

Gene name Gene Symbol NCBI Gene reference Primer sequences Amplicon size

Glyceraldehyde-3-phosphate dehydrogenase GAPDH XR_013566 F CTGACACTGAGTACGTCGTGGA
R TGGACTGTGGTCATGAGTCCTT

268

Tryptophan Hydroxylase 2 TPH2 AY_098914 F CTGACACTGAGTACGTCGTGGA
R TCCCAGTGACAGGAAGAG

253

FEV1 Oncogene similar to PET1 FEV1 XM_001095962 F_CAGAAAGGCAGCGGACAGAT
R_CCTGGAAGTCGAAGCGGTAG

268

SLC6A4(SERT)rhesus SERT EF126285 F_CAGAGGTGGTGTGGGTGACAG
R_GACAAATCCCGAAACGAAGCT

305

5HT1A receptor rhesus 5HTR1A XM_001083407 F_ACCGGGTCCCTTTGAGACC
R_ACGTCCAGGGCGATAAACAG

301

Monoamine Oxidase A MAO-A XM_001096840 F_CCTCCTGGGATCATGACTCAA
R_AGGTTCCTCTCCCAGAAGGTG

251

Monoamine Oxidase B MAO-B XM_001096953 F_TGTGTGTCACTGCAGAGACCC
R_TTCATGCCCAGAGTAGGAGGA

301

ER alpha estrogen receptor 1 ESR1 XM_001097228 F_ACCAACCAGTGCACCATTGA
R_GGCCGGGCTGTTCTTCTTA

252

ER beta estrogen receptor 2 ESR2 XM_001101433 F_TGCGCTGTCTGCAGTGATTT
R_TGCCACTCCTCTTGGCCTT

301

Progesterone receptor PR XM_001095317 F_AGGGCCTGCAGCAGGTCTA
R_TGCGGATTTTATCAACGATGC

251

Corticotropin releasing factor receptor 1 CRFR1 NM_001145148.1 F_ TTTCAACATCGTCCGCATC
R_ATGGCAGAACGGACCTCACT

262

Corticotropin releasing factor receptor 2 CRFR2 Xm_001085887.2 F_CACAGTGTGAGCCCATTTTGG
R_TTCGCAGGATAAGGTGGTGA

192

Urocortin1 (UCN1) UCN1 NM_001265661.1 F_CCTGGGAACAGCCAGAGGA
R_TATGATGCGGTTCTGCTCGG

294
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