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Abstract

This study tested the effects of long-term estradiol (E2) replacement on social behavior and gene 

expression in brain nuclei involved in the regulation of these social behaviors in adult female rats. 

We developed an ultrasonic vocalization (USV) test and a sociability test to examine 

communications, social interactions, and social preference, using young adult female cagemates. 

All rats were ovariectomized (OVX) and implanted with a Silastic capsule containing E2 or 

vehicle, and housed in same-treatment pairs for a 3-month period. Then, rats were behaviorally 

tested, euthanized, and 5 nuclei in the brain’s social decision-making circuit were selected for 

neuromolecular profiling by a multiplex qPCR method. Our novel USV test proved to be a robust 

tool to measure numbers and types of calls emitted by cagemates that had been reintroduced after 

a 1-week separation. Results also showed that E2-treated OVX rats had profoundly decreased 

numbers of USV calls compared to vehicle-treated OVX rats. In a test of sociability, in which a 

female was allowed to choose between her cagemate or a same-treatment novel rat, we found few 

effects of E2 compared to vehicle, although interestingly, rats chose the cagemate over an 

unfamiliar conspecific. Gene expression results revealed that the supraoptic nucleus had the 

greatest number of gene changes caused by E2: Oxt, Oxtr and Avp were increased, and Drd2, 

Htr1a, Grin2b, and Gabbr1 were decreased, by E2. No genes were affected in the prefrontal cortex, 

and 1–4 genes were changed in paraventricular nucleus (Pgr), bed nucleus of the stria terminalis 

(Oxtr, Esr2, Dnmt3a), and medial amygdala (Oxtr, Ar, Foxp1, Tac3). Thus, E2 changes 

communicative interactions between adult female rats, together with selected expression of genes 

in the brain, especially in the supraoptic nucleus.
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1. Introduction

The loss of ovarian estrogens during natural or surgical menopause results in a variety of 

symptoms that can impair quality of life. Among the neurological and neurobehavioral 

symptoms reported by perimenopausal women are increased depression and anxiety 

(Freeman et al., 2004; Schmidt et al., 2004; Bromberger et al., 2011). Estrogens, especially 

estradiol (E2), regulate these behaviors in animals as well as women (De Kloet et al., 2005; 

Klenerova et al., 2009; Meyer-Lindenberg et al., 2011; Rubinow et al., 1998). In clinical 

studies, women given estradiol have decreased anxiety and depressive symptoms compared 

to women given placebo (De Novaes Soares et al., 2001; Zweifel and O’Brien, 1997; 

Schmidt et al., 2000). However, there is controversy about the risks and benefits of hormone 

replacement therapy (HRT) following the publication of the results from the Women’s 

Health Initiative, which suggested a small but significant increase in adverse cardiovascular 

and breast cancer incidents in women taking HRT (Rossouw et al., 2002; Manson et al., 

2013). Although those findings have been partially discredited (Klaiber et al., 2005; 

Bhupathiraju and Manson, 2014), to this day the question of whether, when, and for how 

long HRT should be used is still debated.

Along with its effects on affective behavior are estradiol’s effects on social behavior. In 

rodents, ovariectomy causes deficits in social interaction and social memory that are 

improved with estradiol replacement (Hlinák, 1993; Tang et al., 2005). Mice with knockouts 

for the estrogen receptor α (ERα) or ERβ genes also exhibit social behavioral deficits 

(Choleris et al., 2006; Imwalle et al., 2002). This appears to translate to humans, as women 

with menopausal depression or anxiety report problems with interpersonal relationships and 

a decreased desire to engage in social interactions (Uguz et al., 2011; Deeks and McCabe, 

2004; Lanza di Scalea et al., 2012; Schmidt et al., 2000). Schmidt et al. (2000 & 2015) have 

reported that estradiol decreased social isolation during perimenopause compared to 

placebo, whereas another study found that hormone replacement therapy was associated 

with an increase in social isolation (Achat et al., 1998). Therefore, the effect of HRT on 

social behavior requires further investigation.

The neurobiology of social behavior involves a complex network of brain regions that signal 

via diverse cellular and molecular pathways. The prefrontal cortex (PFC), medial amygdala 

(MeA), bed nucleus of the stria terminalis (BNST) and the hypothalamus are among the 

estrogen-sensitive nodes of this neural circuit (Arimatsu and Hatanaka, 1986; Kugaya et al., 

2003; Han and De Vries, 2003; Garcia et al., 2016). Considering their key roles and 

abundant expression of ERs (Kugaya et al., 2003; Walker et al., 2003; Saper et al., 2005), 

they are important targets of analysis for understanding potential neuromolecular substrates 

involved in estrogens’ regulation of social behavior.

Garcia et al. Page 2

Horm Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thus, this study was designed in order to gain insight into how long-term estradiol treatment 

affects social and communicative interactions in female rats, using novel behavioral tasks 

designed to assess sociality in cagemates. In addition, to gain insight into the molecular 

changes that occur with estradiol deprivation and replacement, we systematically profiled 

the expression of genes that are implicated in the regulation of social behavior, and that are 

estrogen-sensitive.

2. Materials and methods

2.1. Animals and husbandry

Animal procedures were conducted in accordance with The Guide for the Care and Use of 

Laboratory Animals following protocols approved by The University of Austin IACUC 

committee and NIH standards. Reproductively mature adult female (MAT, 3–4 months, 

sexually naïve, n = 40) Sprague Dawley rats (Harlan) were purchased. Upon arrival, rats 

were pair housed in a 12:12 light:dark cycle (lights on at 0700), and given water and rat 

chow ad libitum. Prior to surgery they were allowed to acclimate to the room for two weeks. 

During this period estrous cyclicity was monitored daily by vaginal lavage with sterile 

saline. Only females with regular 4–5 day cycles were used. Ovariectomy (OVX) surgery 

was performed on all rats under isofluorane inhalation anesthesia, with cagemates assigned 

to the same treatment group. 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. At the time of surgery animals were implanted subcutaneously 

between the shoulder blades with Silastic capsules containing either 100% cholesterol (Veh) 

or 5% 17β-estradiol/95% cholesterol (E2). Animals were housed separately for 5 days post-

OVX, then returned to pair-housing with their original partner. The final number of 

experimental rats was n = 20 (Veh) and n = 20 (E2).

2.2. Behavioral paradigms

Behavioral testing began 2.5 months after OVX and hormone treatment, when rats were ~6.5 

months of age and had been housed in pairs for 3 months. At that time, all animals were 

separated from their cagemates and individually housed for one week. Testing began with an 

ultrasonic vocalization test (2 consecutive days) followed the next day by sociability testing 

(2 consecutive days). All behavior testing took place during the lights-on period, from 0900 

to 1200 h. Rats were euthanized one week after the completion of testing at ~7 months of 

age.

2.2.1. Ultrasonic vocalization test (USV)—USV testing took place over 2 consecutive 

days in a Plexiglas tank (23L × 29W × 40H cm, Fig. 1) held within a sound-attenuating 

chamber equipped with a microphone. On Day 1, each rat was placed in recording chamber 

for 5 min alone, during which USVs were recorded for each individual (Trial 1, habituation). 

Day 2 consisted of a sequence of three 5-minute trials, referred to as Trials 2, 3 and 4, in 

which the cagemates were re-introduced, allowed to interact, and subsequently separated. 

More specifically, in Trial 2 (re-introduction across a barrier) prior to placement of the rats, a 

removable perforated plastic grid was placed across the center of the apparatus to bisect it; it 
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allowed for nose touching, auditory and visual contact but not gross physical contact. The 

cagemates were re-introduced during this trial but were separated by the grid. USVs were 

recorded from the pair. For Trial 3 (physical interactions), the grid was removed and the rats 

were able to freely interact with one another. Videotaping was performed during this trial in 

order to quantify activity, time interacting, and anogenital investigation. Before the start of 

Trial 4 (separation), one of the cagemates was randomly removed from the testing chamber 

and placed into an identical chamber in a separate sound-attenuated chamber. Each animal 

was immediately recorded for a final 5-minute trial before being individually rehoused.

USVs were recorded using UltraSoundGate hardware and software and analyzed with 

Saslab Pro (all Avisoft, Germany). We used the Saslab Pro software to automatically detect 

and quantify calls, between 45 and 70 kHz, and to differentiate them as frequency modulated 

(FM) or non-frequency modulated (NFM). NFM calls are thought to be a form of social 

communication or coordination, whereas FM USVs likely represent a positive or hedonic 

affective state (Burgdorf et al., 2011; Knutson et al., 2002). We did not observe any calls 

under 45 kHz, which are associated with a negative affective state. In this study frequency 

modulated calls were defined as having more than a 9 kHz change in frequency. Examples 

of representative NFM and FM USV calls are shown in Fig. 2. Each pair of cagemates was 

analyzed as a unit, because during Trials 2 and 3 when both animals were present in the 

same chamber, it was impossible to distinguish calls from the individuals. Therefore, for 

Trials 1 and 4, when the animals were recorded separately, their calls were summed for 

statistical analysis. During Trial 3, while rats were allowed to physically interact, the 

behavioral test was simultaneously recorded using a digital video camera. Recordings were 

subsequently analyzed by a blind observer for overall activity, interactions, and anogenital 

investigation.

Statistical analyses were conducted using SPSS. Due to the non-homogeneity of these data 

sets all data were transformed using either a square root or log transformation. One pair of 

animals from the vehicle treated group was removed as an outlier, due to calls being > 2 SD 

above the mean of the group. The final number of pairs used for USV analysis was 9 and 10 

for E2 vs. Veh, respectively. A repeated measures test was used to analyze the effects of 

treatment (E2 vs. Veh) and trial (Trials 1 through 4) for numbers of total calls, non-frequency 

modulated calls, and frequency-modulated calls. 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. Independent sample t-test was also used to analyze the difference between 

treatments on overall activity, interaction and anogenital investigation. We calculated the 

effect size for main effects and interactions identified by repeated-measures ANOVAs, as 

indicated by eta-squared (η2). An η2 of 0.02 is considered small, η2 of 0.13 medium, and 

η2 of 0.26 large. We used the effect size calculator from http://www.uccs.edu/~lbecker/ to 

obtain the Cohen’s d (d) effect size for t-tests. An effect size of 0.2 represents a small effect 

size, 0.5 medium, and 0.8 or above a large effect size. Correlations between USV behavior 

and calls made during trial 3, while the animals were freely interacting, were analyzed using 

a Spearman’s rank correlation.

2.2.2. Sociability test—On day 1, one of the cagemates was randomly chosen to be the 

experimental rat and was habituated to a Stoelting three-chamber apparatus (100L × 100W × 
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34.5H cm total) containing two holding cages in each corner of the side chambers (Fig. 3), 

for 5 min prior to testing. After the habituation trial the experimental animal was placed 

back in its home cage, during which time its cagemate was placed in one of the two holding 

cages [small cage in one of the far corners (lower-left and lower-right, Fig. 3)]. Holding 

cages have vertical bars that are spaced to allow for nose touching and anogenital 

investigation between the bars. The second holding cage was used to house a novel 

(unfamiliar) rat of the same sex, age, and treatment. The experimental rat was then placed 

back into the center chamber and was allowed to roam freely for the 5-minute sociability 

test, during which her behaviors were tracked by Any-Maze software (Stoelting Co., Wood 

Dale, IL). Rats were re-housed separately overnight. On day 2 the cagemate that was 

previously used as a stimulus rat was used as the experimental rat. That rat’s partner was 

now placed into a holding cage, and the other holding cage contained a new unfamiliar rat of 

the same sex, age, and treatment. Again, the experimental rat’s movements were tracked by 

Any-Maze. The software was subsequently used to quantify time immobile, time spent in 

each chamber, and time spent in a smaller 19 × 19 cm zone (approximately one body length 

distance) designated around the stimulus rats (Fig. 3). After the end of day 2 of sociability 

testing, animals were rehoused with their cagemate for one week, after which they were 

euthanized.

Statistics were conducted using SPSS. Due to the violation of assumptions of normality, 

total time freezing and time spent near stimulus rats were transformed using a log and square 

root transformation, respectively. A repeated measures ANOVA was used to analyze time 

spent near the stimulus rats and an independent sample t-test was used for total time 

immobile. Data for time immobile near the stimulus rat, time spent in chambers, time 

immobile in chambers, and visit duration to stimulus rat did not meet assumptions even after 

transformation. Therefore, a Friedman’s test was performed to analyze the effect of 

chambers while Wilcoxon signed-rank test was performed to analyze the effect of treatment. 

Effect sizes were calculated and reported as eta-squared (η2) and Cohen’s d (d) as described 

above for USV tests.

2.3. Brain tissue processing

Rats were euthanized at ~7 months of age, one week after completion of behavioral testing. 

All animals were weighed and euthanized during the lights-on period between 1330 and 

1600 h, by rapid decapitation. The brain was removed and sectioned using an ice-cold 

stainless steel brain matrix to collect 1-mm coronal brain sections. A glass vial containing 

1.5 ml of RNAlater (Life technologies, Grand Island, NY) was used to store each section 

overnight at 4 °C. Sections were then mounted onto chilled slides and placed in a −20 °C 

freezer until brain punches were taken within a month of storage. Bilateral punches of brain 

tissue were taken using Palkovits punches and the Paxinos and Watson (2009) rat brain atlas 

(all coordinates are based on that atlas) under a dissecting microscope. Rostral borders of 

each region relative to Bregma were (punch diameter given parenthetically) were: 

paraventricular nucleus of the hypothalamus (PVN, 1.22 mm diameter) −0.84 mm; 

supraoptic nucleus (SON, 0.96 mm diameter) −0.60 mm; MeA (1.22 mm diameter) −1.56 

mm; BNST (0.96 mm diameter) 0.00 mm; and PFC (1.22 mm diameter) 4.20 mm. Punched 

tissue was placed in a frozen Eppendorf tube and stored at −80 °C until time of PCR. A 
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trunk blood sample was collected at euthanasia, allowed to clot, and centrifuged at 2300 ×g 
for 5 min. Serum was collected and stored at −80 °C in Eppendorf tubes until time of 

hormone assays.

2.4. Real-time PCR assays and analysis

Extraction of RNA from frozen PVN, SON, MeA, BNST, and PFC punches was performed 

using an Allprep RNeasy mini kit (Qiagen, Valencia, California), according to the 

manufacturer’s protocol. The quality of the RNA was verified using an Agilent 2100 

Bioanalyzer (Agilent, Santa Clara, CA). A GloMax-Multi Detection System (Promega, 

Madison, WI) was used to assess the quantity of RNA. After RNA extraction mRNA (200 

ng) was converted to single-stranded cDNA using a high-capacity cDNA reverse 

transcription kit (Life Technologies, Grand Island, NY), and samples stored at −20 °C until 

use. Samples from the 5 brain regions (n = 11–18 per group) were run on a customized rat 

Taqman low-density array (TLDA) Microfluidic 48-gene real-time PCR cards (Applied 

Biosystems). Quantitative real-time PCR was performed as published in Walker et al., 2009 

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 min, 95 °C for 10 min, 45 cycles of 95 °C for 

15 s, and 60 °C for 1 min. Each TLDA card allowed for 8 samples to be run on a single card, 

for a total of 19 cards. No samples were pooled for gene expression analysis. The genes for 

the assay were chosen based on their roles in social behavior and their regulation by steroid 

hormones (45 genes of interest and three normalizing genes; Table 1).

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 

geometric mean of the housekeeping genes Gapdh, Rpl13a, and 18s and then calibrated to 

the median δ-cycle threshold of the vehicle treated group. Samples that amplified at or above 

35ct were excluded from analysis and any samples 2 SD above the mean of the group were 

removed as outliers.

The effect of treatment (E2 vs. Veh) on gene expression was analyzed using independent 

sample t-test using SPSS. Cohen’s d (d) effect sizes were calculated for each significant 

comparison. Those data that did not pass the assumptions of normality and/or variance were 

transformed using either a square root or log transformation. Data that did not meet 

assumptions even after transformation were analyzed using a Kruskal-Wallis test. For all of 

these analyses, alpha was set at 0.05 and the Benjamini-Hochberg false discovery rate (FDR) 

method (Benjamini and Hochberg, 1995) was used to correct for multiple comparisons.

2.5. Estradiol hormone assay

Levels of serum estradiol (E2) were determined by radioimmunoassay (Ultrasensitive 

Estradiol RIA, Cat No DSL4800, Lot # 150622C, Beckman Coulter, Pasadena, CA), 

according to the manufacturer’s directions. A single assay was used for all the samples. 

Samples were run in duplicates with volumes of 100 μl of serum. Assay sensitivity was 2.2 

pg/ml and intrassay C.V. was 1.30%. As expected, the estradiol treated animals had 
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significantly higher concentrations of E2 (37 ± 3 pg/ml) than did the vehicle (14 ± 1 pg/ml) 

treated animals (p < 0.01).

3. Results

3.1. Ultrasonic vocalizations

3.1.1. USV calls—Analysis of total numbers of USV calls showed a significant interaction 

between trial and treatment [F(3, 51) = 11.54, η2 = 0.19, p < 0.05]. Vehicle animals called 

significantly more than E2 animals on Trials 2 [t(17) = 2.29, d = 1.07, p < 0.05] and 3 [t(17) 

= 4.01, d = 2.00, p < 0.01; Fig. 4A]. When differentiated into frequency modulated (FM) and 

non-frequency modulated (NFM) calls, analysis of FM calls yielded a significant main effect 

of trial [F(3, 51) = 8.57, η2 = 0.30, p < 0.01], with more calls being emitted on Trial 3 

(physical interaction) than Trials 1 [habituation; t(18) = 4.17, d = 1.05, p < 0.01; Fig. 4B] 

and 4 [separation; t(18) = 3.85, d = 0.77, p < 0.01; Fig. 4B]. For NFM calls, a significant 

interaction between trial and treatment was found [F(3, 51) = 9.49, η2 = 0.18, p < 0.01] with 

the vehicle rats emitting significantly more NFM calls than E2 rats on Trial 3 [t(17) = 3.79, d 
= 1.69, p < 0.01, Fig. 4C].

3.1.2. Behaviors during USV Trial 3 (physical interaction)—Video recordings 

during Trial 3 were scored for overall activity, interaction and anogenital investigation. 

Independent-sample t-tests showed that there was a significant effect of treatment on 

anogenital investigation [t(18) = 2.99, d = 1.34, p < 0.01; Fig. 5E], greater in E2 than vehicle 

rats. There were no treatment differences for activity or time interacting (Fig. 5A, C).

3.1.3. Correlations between total USVs and behaviors in trial 3 (physical 
interaction)—Correlation analysis of total numbers of USV calls emitted during Trial 3 

and the behaviors videotaped during that trial showed that call numbers were not correlated 

with activity (Fig. 5B) or time interacting (Fig. 5D). However, anogenital investigation was 

significantly negatively correlated with total calls [rs = −0.65, p < 0.01; Fig. 5F].

3.2. Sociability test

E2 treated rats spent significantly less time immobile during the sociability test than Veh 

treated animals [t(28) = 3.10, d = 1.13, p < 0.01; Fig. 6A]. The E2 animals also spent more 

time immobile in close proximity to their cagemate than they did with the novel rat [z = 

−2.55, d = 1.13, p < 0.01; Fig. 6B]. Rats of both treatment groups spent more time in 

proximity to their cagemate than the novel rat [F(1, 29) = 4.68, η2 = 0.14, p < 0.05; Fig. 6C]. 

The vehicle treated animals had longer mean visit durations to their cagemate than they did 

with the novel rat (z = −2.22, d = 0.64, p < 0.05; Fig. 6D). For time spent in chambers and 

time immobile in chambers there were no differences between the treatment groups.

3.3. Gene expression

Gene expression results are summarized for PVN, BNST, MeA, SON, and PFC in Table 1. 

Data are graphed only for genes surviving the false discovery rate test.
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3.3.1. Paraventricular nucleus—Only one gene, Pgr (progesterone receptor) was 

significantly affected by treatment in the PVN, which was upregulated by E2 compared to 

Veh [t(24) = 4.20, d = 1.72, p < 0.01; Fig. 7A].

3.3.2. Bed nucleus of the stria terminalis—Three genes showed a significant effect of 

treatment in the BNST. Oxtr (Oxytocin receptor) was upregulated by E2 [t(31) = 3.06, d = 

1.07, p < 0.01; Fig. 7B) while Esr2 (estrogen receptor beta, Fig. 7C) and Dnmt3a (DNA 

methyltransferase 3 alpha, Fig. 7D) were downregulated by E2 [Esr2: z = −3.12, d = 1.13, p 

< 0.01; Dnmt3a: t(28) = 2.67, d = 0.99, p < 0.05].

3.3.3. Medial amygdala—In the MeA three genes were significantly upregulated by E2: 

Oxtr [t(24) = 3.14, d = 1.29, p < 0.01; Fig. 7E], Ar [androgen receptor; t(23) = 2.48, d = 

0.44, p < 0.05; Fig. 7F] and Foxp1 [forkhead box P1; t(21) = 3.30, d = 1.50, p < 0.01; Fig. 

7G]. Tac3 (Tachykinin 3) was downregulated by E2 in the MeA [t(22) = 3.66, d = 1.41, p < 

0.01; Fig. 7H].

3.3.4. Supraoptic nucleus—A total of 10 genes were significantly altered by E2 

treatment. Of these, three were upregulated by E2, all related to social behavior (Fig. 8A–C): 

Oxt [oxytocin; t(29) = 3.53, d = 1.22, p < 0.01], Oxtr [t(27) = 2.10, d = 0.79, p < 0.05], and 

Avp [vasopressin; t(23) = 2.11, d = 0.74, p < 0.05]. Seven genes were significantly 

downregulated by E2 in the SON (Fig. 8D–J), mainly involved in neurotransmission and 

epigenetic regulation: Drd2 [dopamine receptor D2; t(28) = 2.16, d = 0.83, p < 0.05], Nr3c1 
[glucocorticoid receptor; t(29) = 2.05, d = 0.75, p < 0.05], Htr1a [serotonin receptor 1A; z = 

−2.87, d = 0.85, p < 0.01], Foxp2 [forkhead box P2; t(28) = 2.14, d = 0.81, p < 0.05], Hdac4 
[histone deacetylase 4; t(23) = 2.78, d = 1.02, p < 0.01], Grin2b [NMDA receptor subunit 

2b; t(29) = 2.26, d = 0.82, p < 0.05], and Gabbr1 [GABA-B receptor 1; t(29) = 2.03, d = 

0.72, p < 0.05].

3.3.5. Prefrontal cortex—Although two genes were initially identified as upregulated by 

E2 in the PFC, Drd2 and Oxtr, they did not survive false discovery rate correction for 

multiple comparisons.

4. Discussion

This study assessed effects of estradiol on social behavior, and on the underlying 

neuromolecular circuits involved in the regulation of these behaviors. We designed and 

utilized novel tests of USV communications and social novelty and preference between 

same-sex cagemates to assess the influence of E2 on these interactions. Our focus on USVs 

emitted in the context of familiar non-intruder female-to-female interactions differs from the 

literature that typically focuses on opposite-sex interactions (Matochik et al., 1992b; Bialy et 

al., 2000; Harding and McGinnis, 2003). Similarly, our sociability test of preference for a 

cagemate vs. an unfamiliar rat of the same treatment extends research on sociability, most of 

which utilizes unfamiliar stimulus rats of the same or opposite sex in tests of social novelty 

and memory.
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Our key results were that 3 months of E2 replacement to OVX rats, roughly estimated as ~5 

years in humans (Sengupta, 2013; Quinn, 2005), substantially changed behavior in several 

surprising ways. In the USV test, compared to E2 rats, vehicle rats engaged in USV calling 

at significantly higher levels and had lower anogenital investigation. All rats, regardless of 

hormone status, emitted more NFM calls than FM calls indicating that they were using these 

calls for primarily communicative purposes. This contrasts to USVs emitted in a sociosexual 

situation, in which FM calls are more frequent (Burgdorf et al., 2008; White et al., 1990; 

Wöhr et al., 2008). Our result may be attributable to using same-sex as opposed to opposite 

sex animals in a social context. In the sociability test, the expected preference of a rat for a 

novel compared to a familiar conspecific was not seen in the context of our female cagemate 

model, in which rats spent more time near the cagemate. Finally, assessment of gene 

expression in 5 brain regions revealed that the SON was most responsive to hormone 

treatment, and that across brain regions, the oxytocin and vasopressin signaling systems 

were most commonly affected, a result that likely ties back to the behavioral results.

4.1. Effects of estradiol treatment on social behaviors

4.1.1. Estradiol decreased USVs calls between female cagemates—Studies 

conducted in rodents of both sexes show an increased preference for a novel over a familiar 

conspecific (Markham and Juraska, 2007; Carr et al., 1976; Berlyne, 1950; Bevins and 

Besheer, 2006). We expected to observe such a preference, and further predicted that it 

would be enhanced in the E2 group relative to the vehicle rats based on work conducted in 

other social contexts. For example, the number of USVs emitted by cycling, intact female 

rats is highest during proestrus, when serum E2 concentrations are high (Matochik et al., 

1992b; Matochik et al., 1992a). Other studies in ovariectomized female rats reported that 

short-term treatment with E2 plus progesterone increased USV calling (Matochik et al., 

1992a; McGinnis and Vakulenko, 2003).

Contrary to this prediction, our E2-treated rats emitted significantly fewer total USV calls 

than vehicle rats on Trials 2 and 3, when the cagemates were first re-introduced following a 

1-week period of separation across a barrier, and subsequently allowed to freely interact. A 

possible explanation for these seemingly disparate outcomes is the role of E2 in social 

memory. Studies using a model of resident intruder have shown that if a female rat or mouse 

is exposed to the same female intruder several times separated by intervals the resident 

emitted fewer calls each time, interpreted as indication of social memory (D’Amato and 

Moles, 2001; Moles et al., 2007; Haney and Miczek, 1993). Thus the fewer calls being 

emitted by the E2 compared to vehicle rats in the current study suggest that recognition of a 

cagemate is enhanced by hormone treatment. This is in line with previous studies that have 

found that E2 treatment after OVX led to enhanced social recognition compared to their 

OVX non-treated counterparts (Hlinák, 1993; Tang et al., 2005). Beyond the resident 

intruder test, female USVs have been examined in tests of mating behavior, when E2 

enhanced calling (Thomas and Barfield, 1985; Matochik et al., 1992b). Again, we interpret 

differences with current work to the context of an opposite-sex potential sexual partner, vs. a 

same-sex familiar cagemate. Thus, our current findings warrant further investigation of 

USVs as an index of social memory, and application of this type of behavioral analysis to 

same-sex interactions.
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4.1.2. Estradiol had little effect on social preference in a sociability test—The 

literature on social novelty shows that rats typically spend more time with novel than 

familiar animals (Markham and Juraska, 2007; Carr et al., 1976; Berlyne, 1950; Bevins and 

Besheer, 2006), although female rats have been shown to exhibit a lower novelty preference 

than males (Cyrenne and Brown, 2011). In our model using cagemates separated for one 

week, we found the opposite effect, namely, that the preference was for the cagemate over a 

novel (same-sex, same-treatment) rat. We saw only relatively modest effects of E2 treatment 

in the test for social preference and social interaction. This was also contrary to our original 

hypothesis that E2 would enhance an animal’s preference for the novel rat, based on research 

using OVX rodents given acute injections of estradiol, and on results from studies using 

receptor knockout mice (ERα, ERβ) on social behaviors (Hlinák, 1993; Choleris et al., 

2003; Vetter-O’Hagen and Spear, 2012). The lack of novelty preference in our paradigm 

may be due to its setup: it did not enable physical contact between the experimental and 

stimulus rats. In support of this, Vetter-O’Hagen and Spear (2012) demonstrated that in a 

social interaction test where the experimental animal was able to freely interact with novel 

animals, OVX rats spent less time interacting with a novel rat than did their intact 

counterparts. The preference for a familiar animal over a novel animal is in line with the 

nonhuman primate literature, which reported a preference for spending time with a familiar 

over a novel conspecific (Fredrickson and Sackett, 1984; Sackett and Fredrickson, 1987; 

Southwick et al., 1974). In addition, the human literature has also found that as people age 

their social networks begin to narrow and their established relationships become more 

meaningful (Charles and Carstensen, 2010; Fung et al., 2001; Birditt and Fingerman, 2003).

4.2. Effects of estradiol treatment on gene expression in the brain

Five brain regions selected for their importance in the social decision-making network were 

used for qPCR profiling of a suite of genes involved in steroid hormone signaling, the 

vasopressin and oxytocin systems, other neuropeptides and neurotransmitters, and epigenetic 

modifiers. After correction for false discovery rate, no significant effects of E2 were found in 

the PFC. Only one gene (Pgr) was affected in the PVN. The BNST and MeA had 3 and 4 

significant genes each, with one gene in common (Oxtr) which was up-regulated in both by 

E2. The region with greatest change was the SON. Because of the interconnected-ness of the 

selected brain regions, we have framed the following discussion around 3 functional gene 

families: steroid hormone signaling, vasopressin and oxytocin signaling, and 

neurotransmitters involved in social behavior.

4.2.1. Steroid hormone receptors—Three steroid hormone receptor genes were 

significantly affected by long-term E2 in our study: Pgr in the PVN (increased by E2), Esr2 
in the BNST (decreased by E2), and Ar in the MeA (increased by E2). The increase in Pgr in 

the PVN of E2 compared to vehicle rats is consistent with the literature that shows this 

gene’s high estrogen responsiveness (Tetel and Lange, 2009; Mani and Oyola, 2012). Ar is 

abundantly expressed in the MeA (Simerly et al., 1990; Stanić et al., 2014), and the AR is 

sensitive to the changes in sex steroid hormone levels during the estrous cycle in the 

amygdala (Feng et al., 2010). There is a high density of ERβ expressing cells throughout the 

BNST (Shughrue et al., 1997; Shughrue and Merchenthaler, 2001) so the down-regulation of 

Esr2 by E2 was not surprising. The literature on the regulatory effects of estradiol on ERβ in 

Garcia et al. Page 10

Horm Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the BNST is mixed, with some studies reporting downregulation (Brown et al., 1996; Gréco 

et al., 2001) and others no change after E2 treatment (Patisaul, Whitten & Young, 1999; 

Shima et al., 2003). E2 regulates expression of both estrogen receptors in a region specific 

manner (Patisaul, Whitten & Young, 1999; Gréco et al., 2001; Zhou et al., 1995); our lack of 

effect of E2 on Esr1 in any region, and only one effect on Esr2 in the BNST, may be 

attributable to the longer-term E2 treatment to our OVX rats relative to prior work.

4.2.2. Vasopressin and oxytocin signaling—Oxytocin (Oxt) and vasopressin (Avp), 

as well as their receptors, are involved in a variety of social behaviors (for reviews, see 

Young, 1999; Neumann and Landgraf, 2012). Mice whose genes for either Oxt (Choleris et 

al., 2003; Winslow and Insel, 2002) or Avp1ra (Bielsky et al., 2004) have been knocked out 

exhibit deficits in social memory and social interaction. Interestingly, similar deficits have 

been seen in rats with knockouts of either estrogen receptor (Choleris et al., 2006; Imwalle 

et al., 2002). Removal of steroid hormones by OVX led to deficits in social interaction and 

social memory that are mitigated with administration of estradiol replacement (Hlinák, 

1993; Tang et al., 2005).

In our gene expression work, Oxtr was upregulated by E2 in all 5 brain regions, but this only 

survived false discovery rate correction in the BNST, MeA, and SON, the latter previously 

shown to express this receptor (Adan et al., 1995; Elands et al., 1988; Vaccari et al., 1998). 

Research on Oxtr reported that elevated estrogen levels during the latter phases of pregnancy 

and partition were associated with increased Oxtr expression in the BNST and SON (Meddle 

et al., 2007; Young et al., 1997). Also, E2 treatment increased Oxtr expression in the MeA 

after 48 h (Quiñones-Jenab et al., 1997) and 9 days (Patisaul et al., 2003) of treatment. In the 

SON, one study reported no changes in Oxtr across the different stages of the estrous cycle 

or pregnancy (Young et al., 1997), whereas Oxtr was increased during late pregnancy in rats 

(Bealer et al., 2006) and prairie voles (Ophir et al., 2013). Bealer et al. (2006) also reported 

that E2 treatment after OVX increased Oxtr expression in the SON compared to vehicle.

In the SON, along with Oxtr, both vasopressin (Avp) and oxytocin (Oxt) gene expression 

were upregulated by E2 treatment. Estrogens regulate Avp and Oxt in the SON 

predominantly through the ERβ (Winslow and Insel, 2004; Hrabovszky et al., 1998), and 

ERβ is also colocalized with both nonapeptides in this region (Hrabovszky et al., 1998; 

Alves et al., 1998; Patisaul et al., 2003). However, the literature on E2 regulation of Avp and 

Oxt in the SON is mixed. Some studies showed that E2 upregulated (Roy et al., 1999), 

downregulated (Shughrue et al., 2002; Van Tol et al., 1988), or had no effect on expression 

(Peter et al., 1990; Rhodes et al., 1981). Our data add to this literature on the SON by 

showing that long-term E2 treatment upregulates expression of genes involved in 

nonapeptide signaling.

4.2.3. Neurotransmitters involved in social and affective behavior—Depression 

and anxiety are twice as common in women than in men (Wong and Licinio, 2001), and 

menopause is associated with increases in affective dysfunctions (Freeman et al., 2004; 

Schmidt et al., 2004; Bromberger et al., 2011). Estrogens are believed to play a role in 

anxiety and depressive behavior by modulating serotoninergic and dopaminergic neural 

systems (Morissette and Di Paolo, 1993; Van De Kar et al., 2002; Bazzett and Becker, 1994; 
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Lammers et al., 1999). GABA and glutamate neurotransmission, also implicated in these 

behaviors, are also estrogen-sensitive (Petty, 1995; Brambilla et al., 2003; Hashimoto et al., 

2013; Herbison, 1997; Micevych and Mermelstein, 2008).

In our study, expression of the dopamine receptor D2 (Drd2), serotonin receptor 1a (Htr1a), 

NMDA receptor subunit 2b (Grin2b), and the GABA-B receptor 1 (Gabbr1) were 

downregulated by E2, a result that was specific to the SON. Although there is a strong 

literature on effects of E2 on serotonin receptors and transporters, and for roles of E2 in 

modulating affective behaviors (McQueen et al., 1997; Sumner and Fink, 1993, 1995; 

Biegon and McEwen, 1982; Raap et al., 2000; Charoenphandhu et al., 2011; Mize et al., 

2001, Klemenhagen et al., 2006; Parks et al., 1998; Ramboz et al., 1998, Lerer et al., 1999), 

little work has been conducted in the SON. It has been postulated that E2 regulation of 

serotonin receptors may impact a women’s responses to serotonin modulating drugs 

(Fischette et al., 1983; Kendall et al., 1981; Rubinow et al., 1998) and that combining both 

estrogens with SSRIs could lead to better therapeutic effects (Xu et al., 2009).

The dopamine receptor D2 is the most abundant subtype in the central nervous system 

(Dailly et al., 2004), including the hypothalamus (Bouthenet et al., 1991; Mansour et al., 

1990; Meador-Woodruff et al., 1991). However, most research on E2 regulation of 

dopaminergic signaling has focused on the mesolimbic system (Roy et al., 1990; Bédard et 

al., 1983; Gordon and Perry, 1983). In addition, in striatum, E2 decreased expression of the 

D2 receptor (Lammers et al., 1999). Our result that expression of Drd2 in the SON was 

downregulated by long-term E2 treatment adds to this literature.

4.3. Conclusions

Our results that E2 had strong effects on genes involved in social behavioral regulation, 

especially in the SON, taken together with our results on USV communications, lead us to 

speculate that the molecular changes caused by long-term E2 are associated with, or may 

even cause, the behavioral outcomes. It is interesting that the nonapeptide signaling 

pathways involved in social interaction and social memory, are all upregulated by E2, 

whereas neurotransmitter pathways are all downregulated by E2. Clearly more work would 

be needed to prove a causal relationship between E2 treatment and its effects on neural 

pathways, and behavior, but our work is an important first step in identifying potential 

candidates.

The novel USV test developed for this study represents an emerging technique that can be 

used to measure social memory or behavior in other contexts (Ciucci et al., 2008; Johnson et 

al., 2015; Lee et al., 2015). Translation of studies in rats may help inform research in 

women, especially those undergoing surgical or natural menopause. While E2 has benefits in 

the treatment of depression and anxiety (Zweifel and O’Brien, 1997; Schmidt et al., 2000; 

Gambacciani et al., 2003) there is little research on the importance of the social context. In 

our future work, we will apply these behavioral and molecular measures to a preclinical 

model of menopause in aging rats. Future studies will extend this behavioral test to non-

cagemates, and use more complex social environments, to better understand communicative 

and social behaviors and underlying neuromolecular mechanisms.
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Fig. 1. 
The ultrasonic vocalization apparatus and set-up are shown for Trial 2 (reintroduction across 

a barrier) and Trial 3 (physical interaction). A) In Trial 2 the cagemates were reintroduced 

across a perforated plastic grid that allowed sniffing and nose-touching but no other physical 

interactions. B) In Trial 3 the grid was removed from the apparatus and the cagemates were 

allowed to freely interact, and USVs recorded. Trial 3 was also videotaped and scored for 

activity, time interacting, and time engaged in anogenital investigation. During Trials 1 

(habituation of each rat separately) and 4 (separation at the end of the test) the animals were 

alone in the apparati and recorded separately (images not shown).
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Fig. 2. 
Representative examples of a non-frequency modulated (flat) USV (A) and a frequency-

modulated USV (B) are shown for an experimental rat.
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Fig. 3. 
The 3-chamber sociability test apparatus is shown, with a trace of a representative rat’s path 

as tracked by ANY-maze. The black square around each of the two corner holding cages 

represents the area in proximity to the stimulus rats. For the sociability test the experimental 

rat’s cagemate (CM) was placed in one of the two corner holding cages while a novel (N) rat 

of the same age, sex and treatment was placed in the other. The experimental rat was placed 

in the center chamber and allowed to explore the apparatus for 5 min.
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Fig. 4. 
Numbers of USV calls are shown. Note that the y-axis varies across graphs. A) The total 

number of USVs was significantly higher in Veh than E2 treated animals on Trials 2 and 3. 

B) For FM calls both Veh and E2 rats called significantly more on Trial 3 compared to all 

other trials, and had more FM calls on Trial 2 than on Trial 1. However, there were no 

significant E2 effects on FM USVs. C) Non-frequency modulated (NFM) calls were higher 

in Veh than E2 rats on Trial 3. Data are shown as mean ± SEM.
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Fig. 5. 
Behavior data are shown from videotapes taken during Trial 3 (physical interaction) of the 

USV test. Note that the y-axis varies across graphs. A) Activity, measured by the number of 

line crosses, and C) Time interacting, were not affected by E2 treatment. E) Time spent 

participating in anogenital investigation was significantly higher in the E2 rats. Correlation 

analyses were performed for these 3 measures with the total number of USVs measured in 

Trial 3. B) Activity and D) Time interacting were not correlated with total USV calls, 

whereas F) Time spent engaged in anogenital investigation was negatively correlated with 

total USVs. A–C: Data are shown as mean + SEM. D–F: Datapoints for individual rats are 

denoted with black (Veh) or gray (E2) dots.
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Fig. 6. 
Sociability data are shown for those behaviors that were significantly affected by treatment. 

Note that the axes vary across graphs. A) Total time spent immobile was significantly 

greater in Veh than E2 rats. B) When this behavior was further analyzed in proximity to the 

cagemate or novel stimulus rat, the E2 group spent more time immobile near the familiar 

(cagemate) rat than near the novel rat. There was also a treatment effect for time spent 

immobile near the novel stimulus rat, which was significantly greater in Veh than E2 

animals. C) Total time spent near the cagemate was greater than that near the novel rat, 

irrespective of hormone treatment. D) Vehicle animals had on average longer visit durations 

to the cagemate. Data are shown as mean + SEM.
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Fig. 7. 
Relative gene expression data are shown for the PVN, BNST and MeA. Note that the scale 

of the y-axis varies depending on the gene. A) In the PVN, Pgr was significantly higher in 

E2 than Veh rats. B–D) In the BNST, Oxtr was upregulated, and Esr2 and Dnmt3a 
downregulated, by E2 compared to Veh. E–H) In the MeA, Oxtr, Ar and Foxp1 were 

upregulated, and Tac3 downregulated, by E2 compared to Veh. Data are shown as mean + 

SEM.
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Fig. 8. 
Relative gene expression data are shown for the SON. Note that the scale of the y-axis varies 

depending on the gene. A–C) Oxt, Oxtr, and Avp were higher in E2 than Veh animals. D–J) 

Drd2, Htr1a, Foxp2, Nr3c1, Hdac4, Grin2b, and Gabbr1 were lower in E2 than Veh treated 

animals. Data are shown mean + SEM.
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