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Abstract

The current study tested the “critical window” hypothesis of menopause that postulates that the 

timing and duration of hormone treatment determine their potential outcomes. Our focus was 

genes in the rat hypothalamus involved in social and affiliative behaviors that change with aging 

and/or estradiol (E2): Avp, Avpr1a, Oxt, Oxtr, and Esr2 in the paraventricular nucleus (PVN) and 

supraoptic nucleus (SON). Rats were reproductively mature or aging adults, ovariectomized, given 

E2 or vehicle treatment of different durations, with or without a post-OVX delay. Our hypothesis 

was that age-related changes in gene expression are mitigated by E2 treatments. Contrary to this, 

PVN Oxtr increased with E2, and Avpr1a increased with age. In the SON, Avpr1a increased with 

age, Oxtr with age and timing, and Avp was by duration. Thus, chronological age and E2 have 

independent actions on gene expression, with the “critical window” hypothesis supported by the 

observed timing and duration effects.
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1. Introduction

Menopause is the physiological cessation of ovarian function during which menstrual 

cyclicity ceases and concentrations of ovarian hormones such as estrogens and progesterone 

decline. Hormone replacement therapy (HRT) is currently the most commonly used therapy 

to treat menopausal symptoms. However, since the termination of the Women’s Health 

Initiative (WHI) study of conjugated equine estrogens and medroxyprogesterone acetate 

treatment, many women have been left asking questions about whether, when, and for how 
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long to take hormone treatments for menopausal symptoms. The WHI initially reported that 

there was a small but significant increase in adverse incidents in women taking hormone 

therapy (Rossouw et al., 2002; Manson et al., 2013). Reanalysis suggested that there might 

be a critical window post-menopause during which hormone treatment is beneficial to 

neurobiological and other health-related endpoints in women (Klaiber et al., 2005; 

Bhupathiraju and Manson, 2014). Therefore, it is necessary to understand the risks and 

benefits of estrogen treatments in the context of timing and duration for women to be able to 

make informed decisions and to improve quality of life.

In addition to hot flashes, neurobehavioral changes such as anxiety and depression increase 

at menopause in humans, which can lead to social isolation and impact the quality of life 

(Uguz et al., 2011; Deeks and McCabe, 2004; Lanza di Scalea et al., 2012). Oxytocin (Oxt) 

and vasopressin (Avp) are modulators of these behaviors in mammalian species [de Kloet et 

al., 2005 (mice); Klenerova et al., 2009 (rat); Meyer-Lindenberg et al., 2011 (human); Lim 

and Young, 2006 (voles)]. Both of these neurohypophyseal peptides are synthesized in the 

supraoptic nucleus (SON) and the paraventricular nucleus (PVN) of the hypothalamus.

Vasopressin and oxytocin neurons are regulated by estrogens, predominantly through the 

estrogen receptor beta (ERβ) that is the dominant ER in these regions, as demonstrated in 

knockout mice (Winslow and Insel, 2004) and by gene and protein expression in rats 

(Hrabovszky et al, 1998). ERβ protein and mRNA is also colocalized with oxytocin- and to 

a lesser extent with vasopressin-expressing neurons of rats and mice (Hrabovszky et al., 

1998; Alves et al., 1998; Patisaul et al., 2003). However, the effects of estradiol on the 

regulation of vasopressin and oxytocin are mixed, and most studies utilized short-term 

treatment regimes. Some studies showed up-regulation [Roy et al., 1999 (mRNA, monkey); 

Patisaul et al., 2003 (mRNA & protein, mouse)], others down-regulation [Shughrue et al., 

2002 (protein, rat); Van Tol et al., 1988 (mRNA, rat); Nomura et al., 2002 (mRNA & 

protein, mouse)], and still others no effect [Peter et al., 1990 (mRNA, rat); Rhodes et al., 

1981 (protein, rat); Akaishi & Sakuma, 1985 (protein, rat)] of estradiol treatment. This 

inconsistency in results was part of our motivation for conducting the work, and to 

hypothesize that the effects of estrogen would be influenced by different timings and 

durations of treatment.

Along with oxytocin and vasopressin, we also selected Oxtr and Avpr1a gene expression as 

endpoints because of their role in mediating effects of their respective nonapeptides on 

social behaviors such as anxiety and depression (Young, 1999; Bielsky et al., 2004; Sala et 

al., 2011). Previous studies using RT-PCR, in situ hybridization, immunohistochemistry and 

electrophysiology have shown that mRNA and protein of the vasopressin receptor 1a and the 

oxytocin receptor are expressed in the SON and PVN of rats (Hurbin et al., 1998, 2002; 

Gouzènes et al, 1999; Yoshimura et al., 1993). This study was designed to help fill the gap 

in research and to gain mechanistic insight into the molecular changes that occur during 

aging and in response to differential modes of treatment to assess the effects of timing and 

duration of E2. By studying outcomes of Avp, Avpr1a, Oxt, Oxtr and Esr2 in the PVN and 

SON of the hypothalamus, we can have a better understanding of the neural substrates 

involved in social behavior as a basis for future work testing the “critical window” 

hypothesis on the behaviors themselves.
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2. Materials and Methods

2.1 Animals and Husbandry

All animal procedures were conducted in accordance with The Guide for the Care and Use 

of Experimental Animals following protocols approved by The University of Austin IACUC 

committee and NIH standards. Female Sprague Dawley rats (Harlan) were purchased as 

reproductively mature adults (MAT, ~3 months, sexually naïve) or aging adults (AG, ~11 

months, retired breeders). These animals are the same as those used in a separate study (Yin 

et al., 2015) for analyses of different brain regions. Upon arrival, rats were pair housed on a 

12-hour light, 12-hour dark cycle (lights on at 0700) and received water and food ad libitum. 

They were allowed to acclimate to the room for two weeks prior to surgery during which 

time estrous cyclicity was monitored daily by vaginal lavage of sterile saline. Only females 

with regular 4–5 day cycles were used. All rats received ovariectomy surgery under 

isofluorane inhalation anesthesia. A single injection of Rimadyl (5 mg/kg) was given at the 

start of surgery. Bilateral dorsolateral incisions were made through the skin, muscle, and 

peritoneum, and the ovaries were ligated and removed. Muscles were sutured and wound 

clips used to close the skin.

Animals were randomly assigned to one of eight treatment groups as illustrated in Figure 1 

to test different timings and durations of hormone treatment based on those used in the WHI, 

in which the women experienced an average 12-year delay in treatment relative to the last 

menstrual period. We calculated based upon the rats’ life cycle compared to humans, that 3 

months to an adult rat is equal to about 5 years in a woman (Sengupta, 2013; Quinn, 2005). 

Capsules containing either 100% cholesterol (Veh) or 5% 17β-estradiol/95% cholesterol 

(E2) were implanted subcutaneously between the shoulder blades at the time of surgery. 

Because the aim of this study was to address and reevaluate limitations of the WHI, we 

chose to use continuous exposure to E2 at a physiologically relevant dosage to mimic the 

type of treatment given in the Estrogen-alone WHI studies (The Women’s Health Initiative 

Study Group, 1998). This treatment regime is clinically relevant, as continuous E2 

treatments are still in common use for subsets of postmenopausal women.

2.2 Tissue processing

Rats were euthanized 3 or 6 months after OVX and hormone treatment, when mature adults 

(MAT) were ~7 months, and aging adults (AG) were ~14 or ~17 months of age. All animals 

were weighed and euthanized by rapid decapitation starting at 1330 hours with the last 

animal killed not later than 1600 hours; therefore they were all killed during the lights on 

period. Although there is a diurnal rhythm of vasopressin gene expression in the SCN, 

previous studies have shown that within in SON and PVN, the areas used in the present 

study, there is no diurnal change in vasopressin or oxytocin gene expression in rats (Uhl & 

Reppert, 1986, Burbach et al., 1988). In addition, when we used time of euthanasia as a 

covariate in statistical analyses, no time of day effect was found. Brains were removed and 

sectioned in 1-mm coronal sections using an ice-cold stainless steel brain matrix. Sections 

were placed into cryogenic storage vials that contained RNAlater (Life technologies, Grand 

Island, NY). Tubes were stored at 4°C overnight, then mounted onto chilled slides and 

placed in a −20°C freezer for storage. Using Palkovits punches and the Paxinos and Watson 
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(2009) rat brain atlas (all coordinates are based on that atlas), bilateral micropunches were 

taken under a dissecting microscope. The PVN punch (1.22 mm diameter) began rostrally at 

~Bregma = −0.84 mm, and extended caudally 1 mm. The SON punches (0.96 mm diameter) 

started rostrally at ~Bregma = −0.60 mm and extended caudally for 1 mm. The choice of 

sampling areas was based on previous studies showing large concentrations of 

magnocellular neurons containing both vasopressin and oxytocin protein in rats at this range 

of coordinates (Rhodes et al., 1981; Swanson & Sawchenko, 1983). The PVN has several 

subdivisions (Swanson & Sawchenko, 1983), and the location of our punches includes the 

part that lies ventromedial to the descending column of the fornix between Bregma = −1.44 

to −1.56), and the lateral magnocellar subdivision (Krieg, 1932; Swanson & Sawchenko, 

1983) from Bregma = −1.72 to −1.92. Punches for each region were placed in a frozen 

Eppendorf tube for storage at −80°C. At the time of decapitation trunk blood was collected 

and allowed to clot, serum was separated and centrifuged (2300 X g for 5 minutes) then 

stored in Eppendorf tubes at −80°C.

2.3 Real-time PCR assays

RNA was extracted from frozen PVN and SON punches using an Allprep RNeasy mini kit 

(Qiagen, Valencia, California), according to the manufacturer’s protocol. Although we 

started with n=10 rats per group, loss of some tissues during freezer storage caused some 

attrition (a subset of samples were frozen with too much liquid RNAlater that made it 

difficult to visualize brain landmarks; only samples were included with which we were 

confident in the landmarks), resulting in n=7 for most gene assays. After extraction the 

quality of RNA was checked on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) 

and all RIN values fell in the range of 8.6 to 9.9. The quantity of RNA was measured using a 

GloMax-Multi Detection System (Promega, Madison, WI), and ranged from 71 to 741 ng/ul 

in SON, and from 207 to 1550 ng/ul in the PVN. Using a high-capacity cDNA reverse 

transcription kit (Life Technologies, Grand Island, NY), mRNA (PVN 200 ng, SON 150 ng) 

was converted to single-stranded cDNA. Samples were stored at −20°C until use. 

Quantitative real-time PCR was used to analyze 5 genes in the PVN and 4 genes in the SON: 

Avp, Oxt, Avpr1a, Oxtr, Esr2 (FAM) in tandem with Gapdh (VIC). Esr2 could not be run in 

SON due to the smaller amounts of RNA extracted from this smaller dissection limiting us 

to 4 genes maximum for analysis. All samples were run in triplicates with probe and primer 

predesigned gene expression assays (Life Technologies, Grand Island, NY). Target genes 

were amplified using Taqman universal mastermix (Life Technologies, Grand Island, NY) 

and detected on a ViiA7 Real time PCR machine (Applied Biosystems, Life Technologies, 

Grand Island, NY) with the following run parameters: 0°C for 2 minutes, 95°C for 10 

minutes, 45 cycles of 95°C for 15 seconds, and 60°C for 1 minute. Relative expression was 

determined for each sample using the comparative cycle threshold method (Pfaffl, 2001; 

Schmittgen and Livak, 2008). All samples were normalized to the housekeeping gene 

Gapdh and then calibrated to the median δ-cycle threshold of the young 3-month vehicle 

treated group. Any of the triplicates with a value of 2 SD above the mean of an individual 

animal was removed. Samples that amplified at or above 35ct were excluded from analysis.
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2.4 Gene expression Analysis

Expression of each gene was analyzed using SPSS (version 22). For age (groups 1–4, Figure 

1), two-way ANOVA was used to analyze the effects of age (MAT vs. AG) and hormone 

(VEH vs. E2). For duration (groups 3–6, Figure 1), two-way ANOVA was used to analyze 

effects of treatment duration (3 mo vs. 6 mo) and hormone (VEH vs. E2). Interactions 

among variables were also analyzed. A one-way ANOVA with a Bonferroni post hoc was 

performed to examine the effect of timing (groups 5–8, Figure 1). For all of these analyses, 

alpha was set at 0.05 and significant main or interaction effects were followed by two-tailed 

independent sample t-tests. Those data that did not pass the assumptions of normality and/or 

variance were transformed using either a square root or log transformation. Avpr1a in the 

PVN and Oxtr in the SON data did not meet assumptions even after transformation; 

therefore a non-parametric analysis was performed followed up with Mann-Whitney t-test.

2.5 Hormone assays and correlations

Twelve serum hormones were measured, for which detailed methods and results were 

previously reported on these same rats in a separate study evaluating other endpoints (Yin et 

al., 2015). For the current study, values for serum estradiol (E2), progesterone (P4), 

corticosterone (Cort), brain-derived neurotrophic factor (BDNF) were used for correlations 

with each of the target genes using Pearson’s correlation on raw or square-root transformed 

data when a dataset did not meet assumptions of normality. For those data sets that did not 

meet the assumptions even after transformation, a Spearman’s nonparametric correlation 

was used.

3. Results

3.1 Gene expression

3.1.1 Paraventricular nucleus—Two genes, Oxtr and Avpr1a, were significantly 

affected only in comparisons of the 3-month treatment groups 1–4 (Figure 2). In these 

animals, there was a main effect of treatment on Oxtr expression. Expression was increased 

by estradiol compared to vehicle in both the 3-month MAT and AG groups, an effect that 

was not seen in any of the 6-month duration groups (Figure 2C; p < 0.05). For Avpr1a, there 

was a significant main effect of age. In the comparison of the 3-month post-OVX groups, 

the AG animals had significantly higher gene expression than the corresponding MAT rats, 

but no hormone effects (Figure 2D; p < 0.05). There were no effects of age, timing, or 

duration on Oxt, Avp, and Esr2 expression in the PVN (Figure 2A, B, E).

3.1.2 Supraoptic Nucleus—Three of the four genes measured, Avp, Oxtr, and Avpr1a, 

were significantly affected, each with a unique expression pattern (Figure 3). For Avp, two-

way ANOVA of Groups 3–6 found no main effects of duration or treatment; however there 

was a significant interaction (p < 0.05). Specifically, Avp was significantly lower in the AG-

E6 than the AG-E3 and AG-V6 (Figure 3B; p < 0.05). For Oxtr, a main effect of age was 

found in the 3-month treatment groups (1–4), with levels higher in the AG than the MAT 

rats (Figure 3C; p < 0.05). In addition, a timing effect was found for groups 5–8, with Oxtr 

higher in the AG-V3/E3 rats than the AG-V6 or AG-E3/V3 rats. Avpr1a expression also had 
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a main effect of age in groups 1–4, with levels higher in the AG than the MAT rats (Figure 

3D; p<0.05). Oxt gene expression was unaffected (Figure 3A).

3.2 Correlation results

Correlation analysis was used as a hypothesis-generating method to identify relationships 

among genes, and between genes and hormones, as well as a way of validating the PCR 

results.

3.2.1 Gene correlations within the PVN and SON—No genes in the PVN correlated 

significantly with any of the genes in the SON, but within each region there were positive 

correlations. Within the PVN, Oxt was significantly correlated with Avp (Figure 4A), and 

Oxtr was significantly correlated with Esr2 (Figure 4B). Within the SON, Oxt was 

significantly correlated with Avp (Figure 4C). In addition, Oxtr was significantly correlated 

with Avpr1a (Figure 4D). Detailed statistics for all of the gene correlations are provided in 

Supplemental Table S1.

3.2.2 Hormone and gene expression correlations—Serum hormone concentrations 

and assay characteristics were reported in a companion paper (Yin et al., 2015) and we refer 

readers to that study for graphic presentation. As published, concentrations (means ± SEM) 

used for the correlations were as follows for groups 1–8. Estradiol (pg/ml): 1) 24 ± 3; 2) 105 

± 11; 3) 20 ± 1; 4) 63 ± 7; 5) 17 ± 2; 6) 63 ± 5; 7) 64 ± 6; 8) 20 ± 2. The estradiol treated 

groups all had significantly higher E2 concentrations than their matched vehicle groups. 

BDNF (ng/ml): 2) 4.8 ± 0.4; 2) 3.2 ± 0.3; 3) 3.4 ± 0.3; 4) 3.2 ± 0.4; 5) 4.4 ± 0.7; 6) 2.7 ± 

0.3; 7) 2.6 ± 0.3; 8) 4.0 ± 0.6. The estradiol groups had lower BDNF concentrations than 

their matched vehicle groups, and there was a trend for an age-related decrease in BDNF. 

Corticosterone (ng/ml): 1) 36 ± 8; 2) 105 ± 21; 3) 37 ± 9; 4) 47 ± 11; 5) 53 ± 9; 6) 65 ± 8; 7) 

59 ± 7; 8) 39 ± 8. Reproductively mature rats had significantly higher corticosterone 

concentrations in the E2 group compared to vehicle, but there were no such effects in the 

aging rats. Progesterone (ng/ml): 1) 0.7 ± 0.1; 2) 3.8 ± 1.2; 3) 1.1 ± 0.2; 4) 1.5 ± 0.2; 5) 1.4 

± 0.2; 6) 3.5 ± 0.5; 7) 3.3 ± 0.7; 8) 1.4 ± 0.4. The estradiol-treated groups had higher P4 than 

their matched vehicle groups.

Two genes in the PVN were significantly correlated with serum hormones. Oxtr was 

positively correlated with serum estradiol concentrations (Figure 5A), and Avpr1a was 

negatively correlated with corticosterone (Figure 5B). In the SON, Oxtr was positively 

correlated with estradiol and progesterone, and negatively correlated with brain-derived 

neurotrophic factor (Figure 5C, D, E). Detailed statistics for these correlations can be found 

in Supplemental Table S2.

4. Discussion

Since the publication of the results from the WHI, which suggested an increase in adverse 

health outcomes in women taking hormone therapy, the question of whether there is a 

critical window post-menopause during which the body and brain may respond positively to 

hormone replacement has become paramount (Rossouw et al., 2002; Anderson et al., 2004). 

This study utilized a pre-clinical rat model to determine how chronological age, and timing 
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and duration of estrogen therapy, affected genes in the PVN and SON that, to our 

knowledge, have not systematically been studied in this context. Oxytocin and vasopressin 

are regulators of social behavior in a variety of animal species and humans [reviewed in 

(Young and Flanagan-Cato, 2012; Winslow et al., 1993; Caldwell al., 2008; Ebstein et al., 

2012)] so understanding how they change, and estrogen regulation, are translationally 

relevant.

Our major finding was that it was the receptors for oxytocin and vasopressin, rather than the 

nonapeptides themselves, which were most sensitive to hormones and age. The presence and 

functional importance of these receptors in PVN and SON is far less well-studied than that 

of the peptides themselves, but the literature in general suggests that the proteins for these 

receptors are indeed expressed in PVN and SON of rats (Bealer et al., 2006; Ophir et al., 

2013), and that there is co-expression of the vasopressin receptor 1a protein in 

vasopressinergic neurons in both of these regions (Hurbin et al., 2002). Of the nonapeptides 

oxytocin and vasopressin, the only effect we found was an interaction between treatment 

and duration for Avp in the SON. In rats oxytocin and vasopressin affect sexual (Arletti and 

Bertolini, 1985; Pedersen and Boccia, 2006), aggressive (Bosch and Neumann, 2012; 

Elkabir et al., 1990) and affiliative (Bosch and Neumann, 2012) behaviors, and also 

influence social interaction and memory (Dantzer et al., 1987; Lukas et al., 2011). 

Therefore, changes in expression of their receptors with age and estradiol treatment have 

potential functional implications and may relate to affective and social changes that can 

occur in some perimenopausal women (Schmidt and Rubinow, 2009).

4.1 Gene expression in the PVN – effects of estradiol and age

The current findings show age and hormone effects on gene expression in a region-specific 

manner. In the PVN, of the five genes measured, only the two-peptide receptors, Oxtr and 

Avpr1a, differed across the groups, each with a unique expression pattern. We were 

surprised not to see effects on of estradiol on Oxt, Avp and Esr2 based on the literature on 

such effects on mRNA and protein in rats (Patisaul et al., 1999; Suzuki and Handa, 2004; 

Akaishi and Sakuma, 1985; Patchev et al., 1995), and age-related effects of E2 on 

vasopressin protein in the human PVN (Ishunina and Swaab, 1999; Fliers et al., 1985). Our 

lack of age-related changes in Oxt or Esr2 is in line with previous research showing no E2 

effect on mRNA levels in rats (Wilson et al., 2002; Yamaguchi-Shima and Yuri, 2007) or 

protein levels in humans (Ishunina and Swaab, 1999; Wierda et al., 1991). Differences are 

probably attributable to species as well as experimental design details, especially the 

relatively long-term E2 treatments and the specific ages of our animals in the current study.

4.1.1 Oxytocin receptor in PVN is upregulated by estradiol in 3-month treated 
MAT and AG rats—For Oxtr, mature and aging OVX rats given estradiol for 3 months 

had higher expression than their vehicle treated counterparts, when euthanized at ~7 or ~14 

months, respectively. No differences were found in any of the 6-month treated groups, 

whether given constant hormone or vehicle, or switched after 3 months. There are several 

interpretations of these results, including the fact that the chronological age differences 

between the aging rats at 14 (groups 3 and 4) and 17 months (groups 5–8) may reflect a 

functional transition when Oxtr neurons no longer respond to estradiol. Alternatively or in 
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addition, the longer hormone treatment paradigm in the 6-month treatment group (E6), the 

removal of estradiol at the 3-month mark (E3/V3 group), or the delay of estradiol treatment 

for 3 months (V3/E3 group) may represent some adaptation to the longer treatment period 

post-ovariectomy.

The interactions of estradiol and aging on Oxtr in the PVN have not been widely studied, 

and there are limited studies looking at these factors independently. Young and colleagues 

(1997) reported that short-term (4 day) E2 treatment after given one week after ovariectomy 

did not have a significant effect on Oxtr expression in the PVN. Another study found similar 

results in protein expression of oxytocin receptor in OVX female rats given E2 or E2+P 

starting at the time of OVX and continuing for a 16-day duration (Bealer et al., 2006). It is 

important to note that our treatment duration (3 or 6 months) is considerably longer than that 

of these published studies. Also, the current study demonstrated that estradiol treatment was 

only effective in increasing Oxtr when animals were earlier in the aging process (~14 mo) 

compared to older (~17 mo) rats. However, studies have found that estradiol increases 

oxytocin receptor protein expression in other areas of the hypothalamus such as the 

supraoptic nucleus, ventromedial nucleus and medial preoptic area of rats (Bealer et al., 

2006; Tribollet et al., 1990; Patchev et al., 1993) as well as the medial amygdala and bed 

nucleus of the stria terminalis (Patchev et al., 1993; de Kloet et al., 1986). In a study 

previously published study utilizing the same rats as the current study we found the Oxtr is 

upregulated by E2 in the medial preoptic area (mPOA) (Yin et al., 2015).

The literature examining Oxtr in the context of aging is even more limited. There are no 

studies, to our knowledge, which have looked at the effects of aging on Oxtr in the PVN. 

However, there is one study that reported age-related increase in Oxtr mRNA in in the POA 

of aging female rats (Mobbs, 1994).

4.1.2 Vasopressin receptor in PVN is upregulated by age in 3-month treated 
MAT and AG rats—For Avpr1a expression in the PVN, we found an increase with age in 

the 3-month treated groups, but no further differences in any of the 6-month aging rats, 

suggesting that a plateau may be reached at 14 months of age. One interpretation of this is 

that the amount of Avpr1a is increasing as the animal ages, much as the AVP gene does in 

the human PVN (Ishunina and Swaab, 1999; Fliers et al., 1985; Swaab et al., 1985). The fact 

that we do not see a response to E2 in both MAT and AG rats could be due to this elevated 

baseline and not necessarily an impaired response to estrogen.

To our knowledge this is the first study to look at the effects of estradiol and aging on 

Avpr1a in the PVN, although it was studied during pregnancy in prairie voles (Ophir et al., 

2013). In other areas of the hypothalamus Avpr1a is influenced by both age and/or E2 

treatment. In a previous study published by our lab using the same animals as the current 

study we found that E2 down-regulated Avpr1a expression in all groups despite age, timing 

and duration (Yin et al., 2015). This same study also found an interaction between age and 

E2 treatment in the mPOA of MAT and AG 3-month groups (Yin et al., 2015). In addition, 

Kalamatianos and colleagues (2004) found that 4 days of estradiol treatment led to an 

increase in Avpr1a expression in the anteroventral periventricular nucleus of female rats. 

There is one study that has looked at the interaction of estradiol and aging in the preoptic 
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area of the hypothalamus. Their results revealed that 4 days of E2 injections in young (2 

months) and middle-aged (8 months) rats led to young estrogen-treated OVX rats having 

significantly higher Avpr1a mRNA than their untreated counterparts, but estrogen treatment 

did not increase expression in the middle-aged rats (Funabashi et al., 2000). However, they 

did find that the middle-aged OVX animals had significantly higher Avpr1a expression than 

young OVX rats (Funabashi et al., 2000).

4.2 Gene expression in the SON – effects of estradiol and age

In the SON, three out of the four genes measured, Avp, Oxtr and Avpr1a, but not Oxt, 

differed across the groups. The literature on whether or not estradiol has an effect on Oxt in 

the SON is mixed, with some finding an increase or decrease, as reported for mRNA levels 

in rats (Peter et al., 1990; Van Tol et al., 1988), and others finding no effects on protein 

levels in rats (Shughrue et al., 2002; Rhodes et al., 1981) and mice (Alves et al., 1998). One 

possible explanation for why we see changes in Avp but not in Oxt with E2 treatment is that 

co-expression of ERβ protein and mRNA is higher in vasopressin than oxytocin neurons of 

rats (Shughrue et al., 2002; Isgor et al., 2003) and mice (Alves et al., 1998). Double-labeling 

studies would be needed to test this hypothesis in our model.

In addition, Oxt expression was not affected by age, which in part is supported by past 

studies. In post-menopausal women oxytocin neuronal volume and cell numbers are not 

altered by age (Wierda et al., 1991; Ishunina and Swaab, 1999; Hoogendijk et al., 1985), 

which is in line with the current study, and suggesting that there is not higher activity of 

oxytocin neurons when steroid hormones are lost or replaced. However, we were surprised 

that age did not affect Avp, due to the findings in humans of an increased somatic size of 

vasopressin neurons, as well as increased numbers of these neurons in the SON, although 

these studies did not taken into account hormone replacement therapy (Ishunina and Swaab, 

1999; Fliers et al., 1985; Hoogendijk et al., 1985). Yet, we did see age-related changes in 

both Oxtr and Avpr1a expression. It is possible that this is due to species differences, with 

age playing a larger role in regulating the receptors in rodents and the genes themselves in 

humans.

4.2.1 Oxytocin receptor in SON is regulated by age in 3-month treated MAT 
and AG rats and by timing of estradiol treatment in AG rats—Oxtr expression in 

the SON was affected by age, with mature animals having significantly less than their aged 

counterparts. In addition, the aged animals that had delayed estradiol treatment had 

significantly more Oxtr than the aged animals with 6 months of vehicle treatment and those 

who were deprived of treatment for 3 months prior to euthanasia. This demonstrates that 

even after being deprived of steroid hormones for 3 months, estradiol replacement is still 

effective in increasing Oxtr. The delayed treatment brought the aged animals back to the 

level similar to those who were euthanized at ~14 months. This is an indication that there is 

not a critical window for the effectiveness of estradiol on regulation of this gene in the SON.

The few studies published on the effects of estradiol on oxytocin receptor in the SON have 

reported mixed results. Young and colleagues (1997) found that there were no changes of 

Oxtr in the SON of rats during the different stages of the estrous cycle or during pregnancy. 
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Yet, a study looking at the effects of E2 and E2+P treatment after OVX in female rats found 

that both treatments increased protein expression of oxytocin receptor in the SON compared 

to the control group (Bealer et al., 2006). The same study also showed that levels of the 

oxytocin receptor are increased during late gestation compared to early gestation and OVX 

control animals (Bealer et al., 2006). Similar results have been seen in pregnant prairie 

voles, with Oxtr being unregulated during late pregnancy, a time when steroid hormones 

such as estradiol are high (Ophir et al., 2013). Our results support the latter findings that 

estradiol does indeed play a role in the regulation of Oxtr in the SON. In regard to aging, 

Oxtr in the SON has not been studied. However, findings from other nuclei do indicate that 

aging does play a role in regulating oxytocin receptor mRNA and protein expression in the 

hypothalamus of the rat (Mobbs, 1994; Arsenijevic et al., 1995).

4.2.2 Vasopressin receptor in SON is regulated by age in 3-month treated MAT 
and AG rats—In addition to seeing age effects of Avpr1a in the PVN we also saw age-

related changes in the SON. We found an increase with age in the 3-month treated groups, 

but no differences in any of the 6-month aging rats. As previously mentioned, this could be 

due to species difference, with age affecting Avpr1a expression in rats and Avp in humans. 

To our knowledge, this is the first study to examine the effects of age and estradiol on 

Avpr1a expression in the SON. Previous studies indicate both age and estradiol treatment 

affects other parts of the hypothalamus (Kalamatianos et al., 2004; Funabashi et al., 2000).

4.2.3 Vasopressin in SON is down regulated by estradiol in 6-month treated 
AG rats—The SON was the only region in which Avp changed, decreased by E2 in the 6-

month treatment group. As the SON ages from 14 to 17 months the responsiveness to E2 

treatment appears to change. Literature on the effects of estradiol on Avp is mixed, with 

some showing no effects and other showing increases. E2 did not alter vasopressin protein or 

gene expression in the SON of mice (Nomura et al., 2002); nor did it have an effect on 

mRNA in the monkey (Roy et al., 1999). However, a study looking at the effects of E2 post 

OVX in female mice found that 3 days of consecutive E2 treatment led to an increase in 

vasopressin protein in the SON (Grassi et al., 2010). E2 has also been shown to increase 

expression of Avp in the bed nucleus of the stria terminalis of rats (Han & De Vries, 2003), 

and decrease mRNA and protein in the medial amygdala and lateral septum of mice 

(Nomura et al., 2002).

Again, we were surprised to not see any age effects in Avp expression. As stated previously 

this may be due to species differences, because previous changes in expression have been 

found in humans but not rodents. In addition, the findings in humans of an increased somatic 

size of vasopressin neurons, as well as increased numbers of these neurons did not take into 

account hormone replacement therapy (Ishunina and Swaab, 1999; Fliers et al., 1985). The 

decrease in Avp in our aged rats but not our mature rats could be an indication that long-term 

estradiol treatment reverses the protective effects that accompany normal aging.

4.2.4 Correlation results and new hypotheses—We conducted the gene and 

hormone correlations as a way to generate future hypothesis based on the relationships 

among genes, and between genes and hormones. The Avp and Oxt genes were positively 

correlated with each other in both brain regions. More surprising was the significant positive 
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correlation between Avpr1a and Oxtr in the SON; while relatively weak, it poses the 

possibility that these receptors are co-regulated by age and hormones. In fact, both Avpr1a 

and Oxtr were upregulated by age in the SON, consistent with this hypothesis. Correlations 

conducted between genes and hormones also identified positive and negative relationships. 

For example, there was a significant negative correlation between corticosterone and 

Avpr1a. There are studies showing that stress can increase corticosterone levels and Avp 

expression in the parvocellular neurons in the PVN (Pinnock & Herbert, 2001; Ma et al., 

1997; Makino et al., 1995), but relationships between corticosterone and Avpr1a are not as 

well known and merit future research. Serum E2 correlated positively with Oxtr in both 

brain regions and suggests that the oxytocin receptor is an important target for menopause 

research.

4.3 Conclusions, Clinical Implications, and Limitations

The current study is the first to look at the affects of age, and timing and duration of 

estradiol on social behavior related genes in the PVN and SON of female rats. Results on 

Avpr1a and Oxtr show that most differences occurred in animals with shorter treatment 

durations and of younger chronological ages. There were exceptions though, as Avp and 

Oxtr in the SON showed some unexpected duration (Avp) and timing (Oxtr) effects. 

Estradiol’s ability to increase Oxtr even after the animal has been deprived of steroid 

hormones for 3-months and that timing did not affect any other genes is an indication that 

the “critical window” hypothesis is supported for specific genes (Avpr1a and Oxtr) but not 

others.

These findings could also have clinical implications for women taking hormone replacement 

therapy. Both Oxt and Avp have been implicated in regulating a variety of behaviors such as 

anxiety and depression, in mice (de Kloet et al., 2005), rats (Klenerova et al., 2009), humans 

(Meyer-Lindenberg et al., 2011), and voles (Lim and Young, 2006). Oxtr and Avpr1a 

knockout mice show aberrant social and emotional behaviors, including increasesd 

aggression, stress and deficits in social memory (Bielsky et al., 2004; Sala et al., 2011; 

Takayanagi et al., 2005). The decrease of Oxtr that is experienced when estradiol levels drop 

may contribute to these behavioral changes. However, whereas shorter-term treatment with 

E2 causes an increase in expression of some genes, long-term treatment did not have any 

effects on any of the genes except Avp, which was down-regulated. According to the 

“critical window” hypothesis there is a point in which hormone replacement therapy because 

more detrimental than it is helpful. This decrease in expression of Avp may be indicative of 

such a negative effects of long-term treatment.

There were several limitations to the current study. We were not able to include a delayed 

treatment group in our MAT animals due to the fact that they would have been entering 

reproductive senescence, which would have introduced a confound to our study. There were 

also technical pitfalls: we were only able to obtain enough RNA to assay 5 genes in PVN 

and 4 in SON. In addition, while the study was adequately powered to detect significant 

group differences, sample sizes for some of the genes were small. It is also notable that there 

is quite a bit of individual variability of gene expression within groups. This is not surprising 

considering the complex experimental model and the inevitable differences between outbred 
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rats of strains such as Sprague-Dawley. This may be an advantage though from a clinical 

perspective, as humans are not inbred and symptoms and other characteristics of menopause 

vary enormously from woman to woman.

There are several areas that merit future investigation to enhance the clinical relevance of 

the work. Here, we only tested continuous E2 and we did not replace progesterone, though 

women with a uterus may use cyclic regimes of hormones that include P4. Including P4 

treatments in our study would have doubled the number of animals needed, thus we decided 

to focus on addressing and reevaluating the limitations of the WHI estrogen-alone trials. 

Currently, we are determining direct relationships between the timing and duration of E2 

treatment on neurobehavioral outcomes of animals that are behaviorally characterized. This 

will give us a better understanding of links between gene regulation and behavior, to inform 

treatment options for menopausal women.
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• Vasopressin receptor gene expression increased with age in PVN and SON.

• Oxytocin receptor gene expression increased with shorter-term E2 in the PVN.

• In SON, oxytocin receptor gene had complex age and hormone regulation.

• The oxytocin gene was unaffected by age or estradiol in PVN and SON.

• The vasopressin gene had complex timing/duration effects of E2 in the SON.
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Figure 1. 
The eight treatment groups are shown that were used to test age, and duration and timing of 

E2 treatment. Reproductively mature adult (MAT) were 4 months old at the time of 

ovariectomy (OVX) surgery and aging rats (AG) were 11 months old at the time of OVX, 

and received either vehicle (cholesterol; VEH) or 17β-estradiol capsule implantation at the 

time of surgery. Both groups of MAT rats and two groups of AG rats received treatment for 

a duration of 3 months (Groups 1–4). Two groups of AG rats received treatment for duration 

of 6 months (Group 5 & 6). There were two AG “switch” groups that received either VEH 

or E2 initially at the time of OVX and were switched to the opposite treatment after 3 

months, and continued on the new treatment for a 3-month duration (Group 7 & 8). This 

model enabled us to differentiate effects of age (Groups 1–4), duration (Groups 3–6) and 

timing (Groups 5–8).
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Figure 2. 
Relative gene expression data are shown in the PVN. Note that the scale of the y-axis varies 

depending on the gene. Comparisons of age were made in groups 1–4, duration of hormone 

in groups 3–6, and timing of hormone in groups 5–8. Oxt, Avp and Esr2 were unaffected by 

treatment, age, duration, or timing. For Oxtr there were significant hormone effects in the 3-

mo treated groups, with expression higher in the E2 groups. For Avpr1a, there was a 

significant age effect in those same groups, with levels increasing from the mature to the 

aging animals. White circles with black center dots indicate individual rat data, and data 

shown are mean ± SEM. *, p < 0.05.
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Figure 3. 
Relative gene expression data are shown in the SON. Note that the scale of the y-axis varies 

depending on the gene. Comparisons of age were made in groups 1–4, duration of hormone 

in groups 3–6, and timing of hormone in groups 5–8. Oxt was unaffected by treatment, age, 

duration, or timing. For Avp the E6 group had significantly lower expression than the V6 

and E3 group. Oxtr had a significant age effect and a significant timing effect; the V3/E3 

group had higher expression than the E3/V3 and E6 groups. For Avpr1a, there was also a 

significant age effect in the 3-month treatment groups. White circles with black center dots 

indicate individual rat data, and data shown are mean ± SEM. *, p < 0.05.
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Figure 4. 
Correlations are shown between expression of genes. In the PVN, significant positive 

correlations were found for (A) Oxt and Avp, and for (B) Oxtr and Esr2. In the SON, 

positive correlations were found for (C) Oxt and Avp, and for (D) Oxtr and Avpr1a.
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Figure 5. 
Correlations are shown for genes and hormones. In the PVN a significant positive 

correlation was found for Oxtr and serum E2 (A), and a negative correlation for Avpr1a and 

corticosterone (B). In the SON, Oxtr positively correlated with serum E2 (C) and P4 (E), 

and negatively correlated with BDNF (D). CORT = corticosterone; P4 = progesterone.
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