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Abstract

Women are at an increased risk for developing affective disorders during times of hormonal flux, 

including menopause when the ovaries cease production of estrogen. However, while all women 

undergo menopause, not all develop an affective disorder. Increased vulnerability can result from 

genetic predisposition, environmental factors and gene by environment interactions.

In order to investigate interactions between genetic background and estrogen depletion, we 

performed bilateral ovariectomy, a surgical procedure that results in estrogen depletion and is 

thought to model the post-menopausal state, in a genetically defined panel of 37 inbred mouse 

strains. Seventeen days post-ovariectomy, we assessed behavior in two standard rodent assays of 

anxiety- and depressive-like behavior, the open field and forced swim tests.

We detected a significant interaction between ovariectomy and genetic background on anxiety-like 

behavior in the open field. No strain specific effects of ovariectomy were observed in the forced 

swim assay. However, we did observe significant strain effects for all behaviors in both the open 

field and forced swim tests.

This study is the largest to date to look at the effects of ovariectomy on behavior and provides 

evidence that ovariectomy interacts with genetic background to alter anxiety-like behavior in an 

animal model of menopause.
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1.0 INTRODUCTION

The lifetime prevalence of having at least one major depressive episode for women is 22%; 

almost twice the incidence observed in men [1]. Women are also at a significantly increased 

lifetime risk for developing generalized anxiety disorders compared to men [1]. 

Furthermore, it has been shown that women, in particular, are at an elevated risk for affective 

disorders such as depression and anxiety during stages of life marked by drastic fluctuations 

in endogenous estrogen levels – at the onset of menses, during the perinatal and postpartum 

period and at menopause [2, 3].

During menopause, the ovaries stop production of estrogen, resulting in a decline in 

circulating estrogen levels [4]. While all women undergo menopause, not all will experience 

changes in mood. The risk of experiencing disturbances in mood during menopause has 

been estimated to be as high as 47% for natural menopause and 38% for surgical menopause 

[5]. Many factors lead to increased vulnerability during this sensitive time including genetic 

predisposition, environmental factors and complex interactions between the two. 

Disentangling the effects of genetics and the environment on increased risk for mood 

disorders in the human population has been hampered by the complexity of human 

neuropsychiatric diseases, considerable environmental variability, lack of access to relevant 

(brain) tissue and ethical barriers inherent in human studies. Therefore, a tractable 

experimental model is necessary to move this research forward.

Inbred mice have been used for many years to model complex human diseases [6]. As an 

experimental population, inbred mouse strains offer many advantages: 1) fixed 

homozygosity resulting in a stable genetic reference population, 2) availability of full 

sequence data for many inbred strains, 3) substantial genetic and phenotypic variation across 

strains and 4) the ability to control or manipulate environmental variables on a fixed genetic 

background to study challenges such as ovariectomy (OVX) [7].

One commonly used rodent model of estrogen depletion includes bilateral removal of the 

ovaries, or OVX, resulting in a decline in circulating estrogen levels mimicking human 

menopause and postmenopausal periods [8, 9]. Previous studies have shown that OVX in 

rodents results in increased anxiety [9, 10] and depressive-like behavior [8, 9, 11-14] and 

estrogen replacement reverses these effects [8, 12, 14-16]. Strain-specific differences in 

OVX-induced behavioral changes in animal models of anxiety and depression have also 

been observed [11] and highlight the usefulness of examining differences across inbred 

strains to assess the effects of genetic background on behavioral responses to OVX.

Inbred strain surveys are a useful first step toward understanding the genetic architecture of 

complex traits and determining the extent to which genetic background contributes to 

phenotypic variance. We assessed the effect of OVX on anxiety- and depressive-like 

behaviors in 37 genetically diverse inbred mouse strains. We identified significant strain 
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effects for all behaviors, and effects of OVX on locomotion, exploratory and anxiety-like 

behavior in the open field and percent immobility in the forced swim test. This is the largest 

study to date that assesses the effects of OVX on anxiety- and depressive-like behavior in a 

wide range of inbred mouse strains. It is also the largest reported strain survey of depressive-

like behavior in the forced swim test. These data provide evidence for the role of genetic 

background interacting with OVX to affect anxiety-like behavior and may provide a means 

to begin to assess genetic influences on the vulnerability to develop an affective disorder 

during the postmenopausal period. Moreover, these data also provide a starting point by 

which to study the underlying genetics of both depression- and anxiety-related behaviors in 

a rodent model.

2.0 METHODS AND MATERIALS

2.1 Animals

Female mice from 37 inbred strains were purchased from The Jackson Laboratory (Bar 

Harbor, Maine) and transported to the University of North Carolina (UNC) at 5-7 weeks of 

age. Mice were housed 3-5 to a cage by strain and maintained on a 12-hour light-dark cycle 

(lights on at 7:00 A.M.). Food (Pico rodent chow 20; Purina, St. Louis, MO, USA) and water 

were provided ad libitum. Mice were allowed to acclimate to the facility for at least one 

week prior to surgery.

All procedures were approved by the UNC Institutional Animal Care and Use Committee 

and followed the guidelines set forth by the National Institutes of Health (NIH) Guide for 

the Care and Use of Laboratory Animals.

2.2 Ovariectomy and sham surgeries

Animals were anesthetized with a 1.2% solution of tribromoethanol (Sigma-Aldrich, St. 

Louis, MO) administered by intraperitoneal injection at a dose of 125-250 mg/kg. A dorsal 

midline incision was made in the skin caudal to the posterior border of the ribs. An incision 

was made in the muscle and the fat pad located just beneath the muscles was pulled out to 

expose the ovary. The fallopian tube was clamped off, the ovary removed and muscle and 

skin were sutured (Med Rep Express, Prescott, AZ). This process was performed bilaterally. 

Buprenorphine HCl (Patterson Veterinary, Devens, MA) was administered subcutaneously at 

a dose of 0.05 mg/kg of body weight after surgery and as needed during the recovery period. 

Animals recovered for 17 days prior to behavioral testing. Verification of a complete 

bilateral OVX was performed at the conclusion of the study by dissection. The procedure for 

the sham surgery mice (SHAM) was identical to OVX excluding clamping and tying off the 

fallopian tube and removal of the ovary.

2.3 Behavioral study design

Behavioral testing occurred 17 days after OVX surgery based on evidence from the literature 

showing behavioral effects in inbred mice at this post-surgical interval [11]. Mice were a 

mean age of 78 days (± 7 days standard deviation) at the onset of testing. All behavioral 

testing was performed during the light part of the light/dark cycle between 8:00 A.M. and 

12:00 P.M. The open field assay was performed first, followed two days later by the forced 
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swim test. Mice were tested in 46 different batches over 2 years. Each batch contained 

multiple strains and no single strain was tested in only one batch. The average number of 

mice tested per strain in the open field was 9 (range 5-20) for both SHAM and OVX mice. 

The average number of mice tested per strain in the forced swim test was 8 (range 5-17) for 

both SHAM and OVX. Numbers of mice tested individually by strain are listed in 

Supplemental Tables 1-2 for open field and forced swim respectively. C57BL/6J mice are 

overrepresented as they served as an ongoing control group across the entirety of the 

experiment. Other strains varied in number due to their availability from the Jackson 

Laboratory within the timeframe of the project.

2.4 Behavioral testing

2.4.1 Open field—The open field (Versamax Animal Activity Monitoring System, 

AccuScan Instruments Inc., Columbus, OH, USA) was 42 × 42 × 30 cm consisting of a 

white Plexiglas floor and clear Plexiglas walls. There were 16 photocells on each side of the 

arena that allowed for tracking of both horizontal and vertical (rearing) activity. The arena 

was in a sound-attenuating chamber to control ambient noise and light within the apparatus. 

Mice were placed in the open field arena for 10 minutes and a number of behavioral 

measures were recorded and analyzed in five 2-minute bins using the Versamax activity 

monitor and analyzer software system. These behavioral measures included locomotor 

behaviors measured as total distance traveled (cm), time spent in movement (seconds), 

center distance (cm), margin distance (cm), exploratory behavior (vertical movements or 

rearing) and anxiety-like behavior (percent time spent in the 9 square inch central zone of 

the arena).

2.4.2 Forced swim test—The forced swim test is a commonly used measure of 

depression-like behavior in rodents. Mice were placed for 6 min into a 25 cm high glass-

polycarbonate cylinder that was 17 cm in diameter (Noldus, Wageningen, The Netherlands) 

and filled halfway with water maintained at room temperature (26-28°C). Test sessions were 

video recorded and analyzed using Noldus Ethovision 7.0 software. Immobility, defined as 

no movements other than those required for staying afloat, was scored for the entire 6 min 

test period, similar to previously published studies [17-19]. Mice from the C58/J strain were 

not tested in the forced swim test due to their inability to remain above water.

2.5 Statistical analysis

2.5.1 Correlation of Behaviors—Correlational analysis on the 6 variables measured in 

the open field and percent immobility in the forced swim test was conducted within each of 

the two treatments groups to determine the relationship among behaviors, within treatment. 

A Bonferroni-corrected p value < 0.002 was used to account for multiple tests (21 

comparisons within each treatment).

2.5.2 Analysis of OVX and Strain—Three types of effect were studied: the effect of 

strain on behavior in SHAM mice, the effect of OVX on behavior across all strains, and the 

effect of strain on behavioral response to OVX. The effect strain in SHAM mice was 

estimated using data on individual mice. The effects of OVX and the effect of strain on 

response to OVX were estimated using phenotypic differences between matched pairs. In 
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both sets of analyses, SHAM-only and OVX response, significance testing and effect 

estimation were addressed separately: estimation was performed using Bayesian hierarchical 

modeling, whereas primary tests of significance was judged using stringent frequentist based 

tests based on permutation.

2.5.3 Strain effects on behavior in SHAM mice—Strain effects on SHAM mice were 

estimated using the following linear mixed model. For a given behavior, let the phenotype of 

mouse i be yi, let s[i] denote its strain, where s = 1, ... ,37, and let b[i] denote the 

experimental batch in which it was tested, where b = 1, ... ,64. The phenotype was modeled 

as

Eq 1

where m is the intercept, εi ~ N(0, σ2) is the residual, trans(yi) denotes a normalizing 

transformation (see below), and batch and strain are random effects, batchb ~ 

and as ~ . By modeling strain as a random effect, strain effects were subject to 

variable shrinkage; this makes the resulting set of effect estimates as whole more accurate 

and more robust to small or uneven sample sizes (eg, see [20], and more generally, [21]). 

The transformation trans was chosen to maximize the normality of residuals from Eq 1 and 

thereby satisfy the assumptions of residual normality: for each phenotype, we considered a 

range of transformations based on Tukey's ladder [22](but including cube roots), and chose 

the one for which the estimated residuals ε1, ... , εn were the most normal in a Shapiro-Wilk 

test. This yielded a square root transformation for movement time; cube root for total 

distance, margin distance, center distance, and percentage immobility; and identity (no 

transformation) for the number of vertical movements. All effect estimates based on these 

phenotypes were reported after transforming back to the original scale.

Estimates of the strain effects and of differences between pairs of strains were obtained 

using a Bayesian approach, fitting the mixed model above using Markov Chain Monte Carlo 

(MCMC) through the Gibbs sampling software rjags [23]. For all modeled parameters, 

priors were diffuse, with fixed effects modeled as, eg, μ ~ N(0, 1002), variance components 

as, eg, σ ~ Unif(0, 1002), and the outcome measure t(yi) pre-scaled unit variance. Estimates 

for strain means, m + as (for strain s) and for difference between strain pairs dsr = as – ar (for 

strains s and r), were reported as posterior means and 95% equal-tailed credible intervals 

(hereafter, credible intervals) based on 1,000 posterior samples thinned from 10,000 MCMC 

iterations. In addition, for each strain pair, we calculated a Bayesian “contrast probability”, 

defined as the minimum of p(dsr > 0 ∥ y) and p(dsr < 0 ∥ y) given data y. To describe the 

overall extent to which behavior was affected by genetic background we also report 

heritability, defined as , for which point and interval estimates were 

calculated directly from the MCMC posterior samples of  and σ2.
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P-values for the inclusion of the strain random effect  were obtained using 

maximum likelihood and the permutation procedure of Fitzmaurice et al [24]. Using the 

lmer function from package lme4 [25] in R [26], we fitted Eq (1) as the alternative model 

and Eq (1) without the strain term as the null model to give a likelihood ratio statistic (LRS). 

The LRS was then translated into a reliable p-value, by repeating these fits 10,000 times 

where each time the strain identifiers were scrambled and, to eliminate any bias favoring the 

alternative model on the unscrambled data, the normalizing transformation was recalculated. 

The permutation-based p-values for all seven behaviors were then subject to the Benjamini-

Hochberg false discover rate (FDR) [27].

2.5.4 Strain effects on OVX response—The treatment response to OVX was defined 

for each phenotype using match pairs. For each SHAM mouse i we identified an OVX 

mouse i' from the same batch and strain and used these to define the ith matched pair. For 

each phenotype, we then defined the ith treatment response as

Eq 2

and the effect of OVX and strain on behavior was modeled as

Eq 3

where the intercept t captures the average treatment effect and as ~  describes the 

strain-specific deviation. Thus, t ≠ 0 indicates an effect of OVX on behavior across strains 

whereas  indicates that this effect is also modulated by genetic background (ie, a 

gene-by-treatment effect). Unlike in the SHAM analysis, neither raw nor response variables 

in Eq 2-3 were subject to transformation. This was both in order to retain interpretability of 

estimated effects and because, for all phenotypes analyzed, the observed distribution of Δi 

was already symmetric.

The methods of estimation and significance testing for strain effects on OVX response were 

similar to that for the analysis of SHAM mice with one notable difference. Due to uneven 

sampling, many batch-strain combinations had SHAM and OVX mice in unequal numbers, 

meaning that many 1-1 matchings were possible but that all resulted in unmatched mice 

being discarded. Of the mice discarded, some were entirely unmatchable, in that an eligible 

matched pair did not exist (24 out of 697 mice in the open field, 23 out of 619 in the forced 

swim). Others, however, were discarded only because of the mutual exclusivity of match 

choice: for example, when three SHAM mice have only two eligible OVX match partners, 

meaning that one SHAM must be excluded (61 out of 697 in the open field, and 57 out of 

619 in the forced swim). To avoid bias due to arbitrary match choice, we therefore repeated 

our analysis over 500 randomly chosen matchings, each on potentially discarding data from 

different mice, and combined the results; this was based on Multiple Impute Matched Pairs 

(MIMP) described by Crowley et al [28]. For the Bayesian estimation of strain effects and 
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related parameters, we implemented MIMP by repeating the MCMC sampling for every 

matching and then concatenating the sampled chains.

For the calculation of p-values testing for the existence of a strain effect, we applied the 

entire permutation procedure to each matching. For each behavior, this produced 500 p-

values, from which we selected the median. These median p-values, one per behavior, were 

then subject to FDR as described above.

2.5.5 Comparison with other inbred strain studies—All phenotypic data from this 

study are publicly available on the Mouse Phenome Database (MPD; http://

phenome.jax.org). Correlations between SHAM data and other inbred strain surveys of open 

field or forced swim behavior were conducted using strain means downloaded from the 

MPD. Comparisons were limited to datasets describing open field or forced swim behavior 

with ≥10 strains in common. Only one forced swim study has been reported in MPD ([29] 

Gould1: MPD374) with only 5 strains in common so comparisons with that study are not 

reported here. Pearson product-moment correlation coefficients were computed in SPSS to 

assess the relationship between inbred strain behaviors measured across different 

laboratories. For studies in which both sexes were tested, data were analyzed, and are 

reported separately, by sex. A Bonferroni-corrected p-value < 0.003 was used to correct for 

multiple tests.

3.0 RESULTS

3.1 Correlations among open field and forced swim behaviors

All six variables measured in the open field were significantly correlated in both OVX and 

SHAM treated animals (p<0.002). Forced swim immobility was not correlated with any 

open field behaviors (Supplemental Table 3).

3.2 Effects of ovariectomy on behavior

Overall effects of treatment on open field and forced swim behavior are shown in 

Supplemental Table 4. OVX significantly decreased all behaviors in the open field and 

increased percent immobility in the forced swim test (p<0.001).

3.3 Strain effects

3.3.1 Open Field—Overall strain effects for open field behaviors in SHAM-treated mice 

are shown in Table 1 and strain means are provided in Supplemental Table 1. Significant 

strain effects were observed for all behaviors measured in the open field (p<0.001). Strain-

by-strain comparisons for each behavior are shown in Supplemental Figure 1 and strain 

mean distributions are shown in Supplemental Figures 2a-f and highlight the significant 

differences across most strains studied.

Heritabilities for all open field behaviors are shown in Supplemental Figure 3 and range 

from 0.58 for margin distance and 0.76 for center distance. (Supplemental Table 1).
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3.3.2 Forced Swim Test—Overall strain effects for forced swim immobility are shown in 

Table 1 and strain means are provided in Supplemental Table 2. Significant strain 

differences in forced swim immobility were observed (p<0.001). Strain-by-strain 

comparisons for percent immobility are shown in Supplemental Figure 1 and the strain 

mean distribution is shown in Supplemental Figure 2g. Although significant strain 

differences are apparent, there are far fewer than those observed for open field behaviors.

Heritability for percent immobility in the forced swim test was 0.40 (Supplemental Figure 
3; Supplemental Table 2).

3.4 Strain differences in response to ovariectomy

Significant strain by treatment interaction effects were observed for percent center time and 

center distance in the open field (Table 1; p<0.05). A strain-by-strain comparison assessing 

significant OVX-induced differences between strains for these behaviors is shown in Figure 
1. SJL/J mice that were ovariectomized spent more time in the center of the arena (Figure 2 
and Supplemental Figure 1) and consequently, strain effects on OVX response for SJL/J 

differ from those 23 strains that show reduced time in the center (Figure 1). Moreover, 

C58/J and C57L/J strains show decreased OVX response for percent center time, and differ 

appreciably from several other strains as shown in Figure 1. The strain-by-strain comparison 

of center distance mirrors that of percent center time but to a much lesser extent. Contrasting 

OVX responses were observed for SJL/J mice in comparison with C57BR/cdJ and C58/J. 

Zalende/EiJ mice also differed from C57BR/cdJ (Figure 1).

No additional strain effects on OVX responses were observed for open field behaviors or 

percent immobility in the forced swim test (data not shown).

3.5 Open field correlations with Mouse Phenome Database studies

3.5.1 Locomotor activity and rearing—Locomotor activity and rearing behavior in the 

open field in SHAM females was significantly correlated (p<0.003) with all other strain 

surveys examined, regardless of study parameters (i.e. type and size of open field, length of 

assay, etc) or sex of the animals tested (Table 2).

3.5.2 Percent center time—Percent center time in the open field in both SHAM and 

OVX females was significantly correlated (p<0.003) with similar data from studies by Miller 

et al [30], Crowley et al [31] and Wahlsten et al. [32] (Table 2).

4.0 DISCUSSION

These data represent the largest strain survey ever reported on the effects of OVX on 

anxiety- and depression-like behavior and the largest strain survey ever reported for forced 

swim behavior. OVX increased anxiety-like behavior in the open field and depressive-like 

behavior in the forced swim test. Moreover, OVX significantly altered percent center time 

and distance in the open field in a strain-dependent manner indicating that lack of estrogen 

interacted with genetic background to affect anxiety-like behavior. The same relationship 

was not observed in the forced swim test indicating that for this behavior, in this inbred 

Schoenrock et al. Page 8

Physiol Behav. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strain population, genetic background may not be important in determining depressive-like 

behavior in response to OVX.

4.1 OVX and behavior

The main objective of this study was to examine genetic differences in behavioral responses 

to OVX. Based on previously published studies showing significant inbred strain differences 

in depression-like behavior in OVX vs. SHAM mice, we hypothesized that expanding 

behavioral assessment to include a greater number of strains would result in identification of 

strains that show increased, decreased and no change in behavioral response to OVX. We did 

observe genetic background-dependent changes in open field behavior, but not the forced 

swim test.

4.1.1 Open Field—We observed a significant decrease in all open field behaviors in OVX 

vs. SHAM mice. This finding is consistent with previous studies that have shown an increase 

in OVX-induced anxiogenic behavior in mice [10] and rats [9] in the elevated plus maze, 

another commonly used assay for anxiety-like behavior in rodents. These anxiogenic effects 

can be reversed with estrogen replacement [33] and strain differences for the protective 

effects of estrogen have also been reported [34].

Interestingly, we also observed strain-specific effects on open field behavior resulting from 

OVX. We observed strains for which OVX increased center time and distance as well as the 

converse (Figure 2). We cannot rule out the possibility that reduced center time simply 

reflects decreased open field activity in OVX animals. Estrogen is known to increase activity 

in rodents [35, 36]; therefore an OVX-induced decrease in estrogen could explain decreased 

activity in the open field. However, estrogen's effect on activity in rodents varies between 

rats and mice, appears to be context specific (i.e. safe environment (home cage) versus a 

perceived threatening environment (novel testing apparatus)) and very few inbred strains 

have been examined [34]. Therefore, it is possible and perhaps likely that strain differences 

in estrogen-induced locomotor activity exist. In the present data, for example, the strain at 

the most extreme end of the distribution for OVX-induced increased time in the center of the 

arena, SJL/J, exhibits absolutely no change in locomotor activity in response to OVX 

(Supplemental Figure 2A) indicating that these two behaviors may be dissociated. The 

strain with the most extreme decrease in time in the center of the arena, C58/J, does exhibit 

decreased locomotor activity in response to OVX, although the decrease is not significant 

(Supplemental Figure 2A). Since estrogenic effects on locomotor activity are also context 

specific, one should also consider that activity in response to a novel environment has been 

described as anxiety-like or emotional behavior [37-39]. Therefore, it may be difficult to 

uncouple changes in center time from locomotor activity, but both may reflect the animals 

emotional state.

4.1.2 Forced Swim Test—Based on the proposed role of estrogen depletion in the 

development of depression during menopause in humans [4, 40] and previously published 

studies in rodents [11, 41], we hypothesized that OVX would result in both overall and 

strain-specific increases in immobility in the forced swim test; although we observed a 
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significant decrease in immobility in response to OVX (Supplemental Table 4), we did not 

observe any strain by treatment effects.

Similar to our results, previous studies examining the effects of OVX on depressive-like 

behavior in the forced swim test report increased immobility in mice [8, 11, 12] and rats [9, 

13, 14] regardless of strain background.

Inbred strain differences in immobility in the forced swim test in response to OVX have also 

been reported. Bekku et al. [11] reported increased immobility in C57BL/6J but not DBA/2J 

following OVX. We also observed that C57BL/6J and DBA/2J lie at opposite ends of 

phenotypic response to OVX in the forced swim test (Supplemental Figure 4) but the two 

strains were not significantly different from one another. We did note trends in the data, with 

some strains showing OVX-induced increases in forced swim immobility (CBA/J and I/LnJ, 

for example) and others showing no OVX-induced behavioral effects (Supplemental Figure 
2G).

Aspects of the forced swim test in general may explain our inability to detect strain by 

treatment interactions on immobility. We observed large intra-strain variation in both the 

OVX and SHAM group compared to intra-strain variance observed for open field behavior, 

indicating that the forced swim assay is more sensitive to extrinsic factors that increase non-

genetic variance. High intra-strain variance may have made it more difficult to observe both 

overall and strain specific effects of OVX and also contributed to the lower heritability 

observed in the forced swim immobility (Supplemental Table 2, Supplemental Figure 3).

4.2 Inbred strain differences

The most significant observation for both anxiety- and depression-related behaviors was the 

extensive phenotypic variation across inbred strains regardless of treatment. Significant 

behavioral differences among inbred mouse strains have previously been reported for both 

the open field and forced swim assays.

4.2.1 Open Field—The strain differences we observed in open field behavior were 

concordant with previous studies. A survey of the Mouse Phenome Database (MPD; 

phenome.jax.org) identified 6 open field studies [30-32, 42-45] that examined at least 10 

inbred mouse strains in common with our panel. In all cases, locomotor activity and rearing 

behavior in open field were significantly correlated across studies. In general, A/J and 

129S1/SvlmJ were among the least mobile and MA/MyJ and NOD/ShiLtJ were among the 

most mobile across studies. A similar pattern for A/J and 129S1/SvImJ rearing behavior was 

observed across all studies in which this behavior was measured. MA/MyJ and FVB/NJ 

represented the high extreme of rearing behavior while NOD/ShiLtJ mice were more 

moderate. Strain similarities in locomotor and exploratory behavior measured across 

laboratories are not surprising. Landmark studies by Crabbe et al. [46] and Wahlsten et al. 

[42] compared mouse behavior across laboratories and across decades and concluded that 

locomotor behavior was fairly stable and replicable. However, other behaviors, including 

measures of anxiety, are more labile [42, 46, 47].
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Time spent in the center of the open field is often used as a primary indicator of anxiety in 

the open field, although this measure has not been well-validated pharmacologically across 

inbred mouse strains or even in C57BL/6J mice [38, 48, 49]. Regardless of the 

inconsistencies that have been observed for anxiety-like behavior across laboratories, we do 

see a significant correlation between time spent in the center or, conversely, thigmotactic 

behavior across all of the open field strain surveys [30, 31] that reported this behavior. The 

strong correlation across studies for center time in the open field may be due to the 

relationship that we, and others, have reported between locomotor behavior and thigmotaxis. 

The link between the two makes it difficult to separate activity from anxiety, although as 

previously discussed, changes in activity in response to a novel environment have also been 

used to define emotionality or anxious behavior [37]. Finally, we are only comparing a 

single measurement of anxiety-like behavior across different studies. One of the advantages 

of using inbred strains is the ability to examine the relationship across different behavioral 

paradigms and this can be accomplished using tools such as MPD although these analyses 

are beyond the scope of this study.

4.2.2 Forced Swim Test—The forced swim data presented here represent the largest 

strain survey ever reported in the literature. Previous studies assessing forced swim behavior 

have examined from 2-9 inbred strains [11, 50-60] that, collectively, represent 17 different 

inbred strains or substrains. None of the studies include wild-derived strains, thereby 

limiting genetic and, most likely, phenotypic diversity. Regardless, the majority of these 

studies do report significant strain differences. C57BL/6 and 129 strains and substrains tend 

to exhibit the most immobility behavior in the forced swim apparatus in studies that have 

utilized one, or both strains [50, 51, 53, 54, 56, 58-60] with a few exceptions [11, 52, 55, 

57]. However, strain comparisons for immobility varied greatly depending upon which 

strains were included. Discrepancies in ranking inbred strain behaviors across laboratories 

could be due to testing differences (i.e. sex, age, handling, previous behavioral testing, and 

length of testing) and methods for scoring immobility (i.e. automated vs. manual); variables 

that are thoroughly addressed in Petit-Demouliere et al. [61] and O'Neil and Moore [62]. In 

this study, C57BL/6J mice are at the higher end of the distribution for immobility, however, 

several additional strains including PL/J, MRL/MpJ, NOD/ShiLtJ, PERA/EiJ, NON/ShiLtJ, 

RIIIS/J, SEA/GnJ, A/J and AKR/J show equally high immobility. Of these strains, forced 

swim behavior has only been reported previously for A/J and AKR/J [50, 57]. A/J has 

previously shown either similar [57] or less immobility [50] and AKR/J has been reported to 

have higher immobility [55] compared to C57BL/6J. Of the low immobility strains assessed 

in our study (PWD/PhJ, MOLF/EiJ, FVB/NJ, MA/MyJ, SM/J and P/J, for example), only 

FVB/NJ has been reported previously to have the lowest immobility compared to other 

inbred strains including C57BL/6J and 129 substrains [50, 51]. Therefore, the inbred strain 

data for forced swim immobility presented here both replicate and significantly expand what 

is known about this behavior in inbred mice in the existing literature. The extent to which 

these data correlate with other depression-relevant behavioral assays can be examined across 

inbred mouse strains although very few strain surveys of other depression-related behaviors 

have been reported with the exception of the tail suspension test [30, 45, 63-67]. Based on 

the literature, however, it is likely that strain behavior in various rodent models of depression 

either results from different underlying mechanisms [68] or that experimental variance that 
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exists both within and across laboratories will make cross-assay comparisons difficult [42, 

46].

4.3 Caveats and future directions

Although our results clearly show a link between OVX and increased anxiety-like behaviors 

in mice, there are several limitations of our methodology that may reduce translatability to 

human neuropsychiatric disorders. First, we are using an artificial method of inducing 

estrogen depletion that may not fully capture the biological complexity of natural 

menopause. However, this limitation is mitigated by evidence in the literature showing that 

the risk of being diagnosed with an affective disorder following artificial menopause (i.e. 

hysterectomy or oophorectomy) is similar to natural menopause [5, 69-71].

We are also performing OVX in nulliparous mice that are of reproductive age rather than 

middle- to late-middle age when menopause naturally occurs in humans. Age at onset of 

menopause has been negatively correlated with risk for depression [70, 72, 73]. In addition, 

it has been shown in some studies that nulliparity is associated with increased risk for 

depression in menopausal and post-menopausal women [70, 74]. Both of these factors may 

bias the study toward increased behavioral effects.

Our study is limited by the use of OVX as a model for post-menopausal depression. 

Increased rates of depression are also observed during perimenopause and menopause when 

estrogen levels are still fluctuating [5, 75] and studies of genetic predisposition to develop 

depression and anxiety disorders during these critical times are warranted as well.

Following ovariectomy, estrogens are rapidly cleared from the circulation by steroidal 

esterases and there is some evidence that the activity of these esterases varies across 

different inbred strains [76]. We cannot rule out the potential for strain differences in rates of 

estrogen depletion following OVX, although it is not likely that circulating estrogen would 

persist past 17 days post-OVX. Perhaps more relevant could be estrogen acting in an 

intacrine or paracrine manner at extragonadal sites - particularly the brain [77]. To our 

knowledge, there are no studies that have examined differences in estrogen in the brain 

across different inbred strains. However, the aromatase enzyme that converts androgens into 

estrogen is present and active in the mouse brain and strain differences in its activity in brain 

regions that are involved in anxiety and depression-related behaviors have been observed in 

a limited number of strains [78]. Therefore, we cannot rule out the possibility that strain 

differences in extragonadal estrogens may be contributing to the observed behavioral effects.

There is also evidence that mice may adapt over time to the behavioral effects of OVX [11] 

although studies in both rats and mice [10, 79] have reported effects on depressive-behavior 

after OVX that extend well past our experimental window. However, it is possible that both 

individual and strain differences in adaptation to OVX explain some of the variability in our 

data.

Finally, our study was conducted solely on female mice for obvious reasons. We made no 

attempt to synchronize or record the stages of estrous in our SHAM mice and some of the 

phenotypic variance we observed may be due to differences in estrous cycle. There is 
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evidence in the literature that stage of estrous may affect forced swim behavior in rodents 

[80], although many studies also show that rodent estrous cycles have little effect on data 

variability [11, 81-84]. However, we cannot rule out strain-specific differences in the role of 

the estrous cycle on behavior as a potential cause of variability.

Our analysis of strain by treatment effects benefits from our use of matched pairs in defining 

OVX response. Defining OVX response as the difference between otherwise comparable 

mice under alternate treatments, we obtain an unconfounded estimate of the causal effect of 

OVX, and this in turn allows strain effects on behavioral response to ovariectomy to be 

cleanly separated. Nonetheless, in defining OVX response as the difference between 

behavioral values on their original scale we target OVX-induced changes on the additive 

rather than the multiplicative scale; that is, we assume that OVX adds an amount that is 

approximately constant regardless of an animal's baseline value. In this study, at least, the 

additive assumption appears to be reasonable, since the strain means estimated for behavior 

show no apparent relationship with the strain means estimated for OVX response, implying 

that the two types of effects are indeed separated by the analysis.

5.0 CONCLUSIONS

Individual differences among women exist in the risk for development of an affective 

disorder during the menopausal period when the ovaries cease production of estrogen. In 

order to investigate the effects of genetic predisposition, estrogen depletion and their 

possible interaction on depression- and anxiety-like behaviors, we conducted an inbred 

strain survey using bilateral OVX as a model of the estrogen depletion. We observed three 

main findings: 1) OVX resulted in increased anxiety-like behavior in the open field both 

generally and in a strain-specific manner; 2) OVX increased depressive-like behavior in the 

forced swim test but strain-specific effects were not apparent and 3) inbred strains differed 

significantly in behavioral measures in both the forced swim test and the open field. 

Collectively, the results of this study provide further evidence that an increased vulnerability 

to develop a post-menopausal affective disorder is due, at least in part, to the complex 

interplay between genetic predisposition and estrogen depletion. Strain differences in 

anxiety-behavior in response to OVX can be studied further to identify the underlying 

biological and genetic mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Contrast plots of strain effects on OVX response for anxiety-like behavior in the open 
field
Each panel is a matrix of Bayesian contrast probabilities comparing the strain effects on 

OVX response (ie, OVX – SHAM) across all 37 strains for percent center time and center 

distance in the open field. Within a panel, the color intensity reflects the evidence for a non-

negligible difference between the effect of strain 1 (x-axis) and strain 2 (y-axis). Red shades 

indicate where the effect is larger in strain 1 than in strain 2, and blue shades indicate the 

reverse. The contrast probability is smaller when the posterior probability of the strain effect 

difference is away from zero. Stars denote contrast probabilities < 0.05.
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Figure 2. Strain effects on OVX response for anxiety-like behavior in the open field
Plot of posterior means and 95% credible intervals (caterpillar plot) for the strain mean 

effects on OVX response (ie, OVX – SHAM) within each of the 37 strains tested for percent 

center time and distance moved in the center of the open field. Thick line segments are the 

68% (0.16- 0.84) credible interval and thin lines are the 95% (0.025-0.975) credible interval.
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Table 1

Strain and strain by treatment effects

STRAIN STRAIN × TREATMENT

PHENOTYPE p value p value- fdr p value p value-fdr

Open Field

Total Distance 0.000 0.000 0.139 0.324

% Center Time 0.000 0.000 0.004 0.028

# Vertical Movements 0.000 0.000 0.100 0.100

Movement Time 0.000 0.000 0.331 0.536

Margin Distance 0.000 0.000 0.429 0.536

Center Distance 0.000 0.000 0.017 0.060

Forced Swim Test

% Immobility 0.000 0.000 0.460 0.536

Physiol Behav. Author manuscript; available in PMC 2017 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schoenrock et al. Page 22

Table 2

Correlation of open field behaviors with data from the Mouse Phenome Database (MPD)

MPD Data Set Reference Sex # of Strains Locomotion Center Time Rearing

Tarantino1 (2015): MPD Wiltshire et al. 2015 M 37
0.739

* NR
0.572

*

Wiltshire1 (2010): MPD 214 Segall et al. 2010

F 34
0.766

* NR
0.814

*

M 33
0.820

* NR
0.774

*

Wiltshire2 (2011): MPD Benton et al. 2012 M 25
0.780

* NR NR

Pletcher1 (2007): MPD Miller et al. 2010 M 25
0.875

*
−0.781

* NR

Crowley1 (2010): MPD Crowley et al. 2012 M 21
0.748

*
0.804

*
0.698

*

Wahlsten1 (2003): MPD 108 Wahlsten et al. 2003 and 2006

F 18 0.518
−0.721

* NR

M 18 0.478
−0.651

* NR

NR = not reported

*
indicates p < 0.003
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