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Abstract

Aromatase catalyzes conversion of testosterone to estradiol and is expressed in a variety of tissues, 

including the brain. Suppression of aromatase adversely affects metabolism and physical activity 

behavior, but mechanisms remain uncertain. The hypothesis tested herein was that whole body 

aromatase deletion would cause gene expression changes in the nucleus accumbens (NAc), a brain 

regulating motivated behaviors such as physical activity, which is suppressed with loss of 

estradiol. Metabolic and behavioral assessments were performed in male and female wild-type 

(WT) and aromatase knockout (ArKO) mice. NAc-specific differentially expressed genes (DEGs) 

were identified with RNAseq, and associations between the measured phenotypic traits were 

determined. Female ArKO mice had greater percent body fat, reduced spontaneous physical 

activity (SPA), consumed less energy, and had lower relative resting energy expenditure (REE) 

than WT females. Such differences were not observed in ArKO males. However, in both sexes, a 

top DEG was Pts, a gene encoding an enzyme necessary for catecholamine (e.g., dopamine) 
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biosynthesis. In comparing male and female WT mice, top DEGs were related to sexual 

development/fertility, immune regulation, obesity, dopamine signaling, and circadian regulation. 

SPA correlated strongly with Per3, a gene regulating circadian function, thermoregulation, and 

metabolism (r = −0.64, P = .002), which also correlated with adiposity (r = 0.54, P = .01). In 

conclusion, aromatase ablation leads to gene expression changes in NAc, which may in turn result 

in reduced SPA and related metabolic abnormalities. These findings may have significance to post-

menopausal women and those treated with an aromatase inhibitor.
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1. Introduction

Aromatase is required to convert testosterone to estradiol, and is the primary source of 

estrogen produced in both sexes across vertebrate species (Blakemore and Naftolin, 2016). 

Pharmacologic inhibition of aromatase is commonly used in both sexes to reduce estradiol 

levels in diseases involving estrogen dysregulation. Meanwhile, declining estradiol 

concentrations can result in metabolic dysfunction, and suppressed physical activity (Gibb et 

al., 2016; Muller et al., 2018; Park et al., 2016) although mechanisms are not fully 

understood. Moreover, although estradiol is produces in both sexes, sexual dimorphism may 

exist in its impact on behavior and physiology (Bowen et al., 2011; Muller et al., 2018; Park 

et al., 2016).

While highest concentrations of aromatase are in the gonads, aromatase is expressed in 

many organs, including brain and adipose tissue, where it acts in a paracrine manner (Nelson 

and Bulun, 2001). Ovary-intact female rodents are more active than males (Bartling et al., 

2017; Klinker et al., 2017; Park et al., 2016), whereas genetic ablation of aromatase reduces 

locomotor activity even more dramatically than ovariectomy alone (Jones et al., 2000), 

suggesting that aromatase activity in the brain is essential to maintain a certain level of 

physical activity, even when ovarian estradiol production ceases.

Previous work from our laboratory has shown that the decrease in physical activity that 

occurs after ovariectomy correlates with suppression of dopamine-associated gene 

expression in the NAc (Park et al., 2016). This brain region is part of the mesolimbic 

pathway that plays a prominent role in the reward circuitry of the brain, relying on dopamine 

signaling to learn rewarding behaviors (e.g. food, sex, use of addictive drugs [e.g. cocaine 

and amphetamine]) and increases motivation to engage in those behaviors (Gorres-Martens 

et al., 2018; Tonn Eisinger et al., 2018). Thus, estradiol signaling in the NAc may modulate 

dopamine signaling; thereby, affecting motivation to engage in physical activity (Park et al., 

2016).

Pharmacological aromatase inhibition is commonly used as adjuvant therapy for post-

menopausal women with hormone-receptor positive breast cancer, with noteworthy increases 

in the incidence of cognitive impairments with such treatments (Collins et al., 2009; Jenkins 

et al., 2004). Indeed, the potential negative neuroendocrine consequences of aromatase 
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inhibition are recently becoming more appreciated (Rosenfeld, 2017; Shay et al., 2018). 

Together with the metabolic dysfunction that already occurs post menopause, aromatase 

inhibition therapy may exacerbate these issues by decreasing motivation for engaging in 

physical activity. Indeed, aromatase inhibition therapy associates with reduced physical 

activity in humans (Brown et al. (2014); (de Paulo et al., 2018). In addition, males are also 

prescribed aromatase inhibitors, often to treat the decrease in endogenous testosterone that 

occurs with increasing age, but the cognitive effects of aromatase inhibition in men have not 

been thoroughly assessed (Dias et al., 2016). Thus, it is important to determine whether 

there are sex differences in risk for physical inactivity due to aromatase suppression and if 

so, the underlying molecular changes that might be driving such effects.

Although prior work has indicated that aromatase knock-out (ArKO) mice have suppressed 

physical activity (Jones et al., 2001), no studies to our knowledge have compared sexes in 

this regard. We hypothesized that physical activity would be significantly depressed in 

aromatase deficient male and female mice, but that female mice would show heightened 

sensitivity due to the fact that male motivation for physical activity may be primarily 

influenced by testosterone (Bowen et al., 2011). Additionally, we postulated that NAc gene 

expression patterns would be differentially regulated by sex and correlate with the degree of 

physical inactivity. To test these hypotheses, a systemic ArKO mouse model originally 

created by Ogawa et al. (Honda et al., 1998) and bred at our facilities was utilized to 

examine sex and genotype differences in spontaneous physical activity, as well as other 

behaviors (e.g., anxiety-like behaviors). RNA-seq was performed on the NAc brain region to 

examine for potential sex- and genotype-dependent associations between gene expression 

changes in the NAc and physical activity.

2. Materials and methods

2.1. Subjects

Male and female C57B16/J wild-type (WT) and ArKO mice were bred and housed at 

University of Missouri Animal Sciences Research Center (Columbia, MO, USA) under a 

normal 12–12 h light-dark cycle with room temperature maintained at 21.7 °C (71 °F) in 

standard polysulfone mouse cages (18.4 cm W × 29.2 cm D × 12.7 cm H; Alternative 

Design Manufacturing & Supply Co., Siloam Springs, AR, USA). Corn cob bedding 

(sterilized 1/4 in.; Andersons Lab Bedding Products, Maumee, OH, USA), food (standard 

chow, Purina 5008) and water were available ad libitum. All mice were weaned at 3 weeks 

of age and housed with siblings until genotyped. At 12 weeks of age, mice were divided 

based on sex and genotype (WT/ArKO) into the following groups: male (WT, n = 8; ArKO, 

n = 10) and female (WT, n = 11; ArKO, n = 9). Within these groups, mice were either 

housed singly [female (WT, n = 3; ArKO, n = 5); male (WT, n = 3; ArKO, n = 4)] or in pairs 

[female (WT, n = 8; ArKO, n = 4); male (WT, n = 5 {1 pair and 1 group of 3}; ArKO, n = 

6)] to provide social enrichment, as recommended by our ACUC committee. Mice were 

singly housed, if they engaged in aggressive acts against other mice that manifested with 

age. All animal husbandry and experimental procedures were conducted in accordance with 

the NIH Guide for Care and Use of Laboratory Animals and approved by the University of 
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Missouri Institutional Animal Care and Use Committee (ACUC, Protocol # 8573) prior to 

initiation of experiments.

2.2. Metabolic chambers

At 12 weeks of age, animals were placed in the indirect calorimetry (MET) chambers for a 

period of 72 h (Promethion; Sable Systems International, Las Vegas, Nevada) to assess 

metabolic activity parameters including total energy expenditure (TEE), resting energy 

expenditure (REE), and spontaneous physical activity (SPA) as quantified by the total 

distance (m) traveled within the home cage. This was the only period throughout the study 

mice were housed in the metabolic chamber cages (Supplementary Fig. 1). Data from the 

first 24 h was not used as this time was considered the habituation period. The following 48-

h run captured at least two light and two dark cycles of REE. Mice were fed ad libitum for 

the duration of the study (standard chow, Purina 5008).

2.3. Body composition and food intake

Percent body fat and percent lean mass were measured within 24 h of removal from the 

metabolic chambers via a nuclear magnetic resonance imaging whole-body composition 

analyzer (EchoMRI 4in1/1100; Echo Medical Systems, Houston, TX). Total food consumed 

over a 5-day observation period (a time where mice were undisturbed in their home cage) 

was measured for each group following assessment of body composition and reported as 

average grams consumed per day (Supplementary Fig. 1).

2.4. Elevated plus maze

The elevated plus maze test was utilized to examine exploratory and anxiety-like behaviors 

in mice. The procedure was conducted as described previously when mice reached 15 weeks 

of age (Fountain et al., 2008; Jasarevic et al., 2011) (Supplementary Fig. 1). Briefly, each 

animal was placed in the center of the maze and was allowed to explore for a single 300 s 

trial. Each trial was recorded with a Sony HD Han-dycam HDR-CX440 (San Diego, CA) 

camcorder and videos were analyzed using Observer 11 software (Noldus Technologies, 

Leesburg, VA, USA). Behavioral indices measured that were considered to be exploratory, 

non-anxious behaviors included number of entries into the center of the maze, duration of 

time spent in the center (s), number of entries into the open arms of the maze, time spent in 

the open arms (s), number of rearing instances, duration of head dipping behavior below the 

level of the platform (s), and duration of time spent mobile. Behaviors examined that are 

considered more anxiety-like included number of entries and time spent (s) in the closed 

arms of the maze, number and duration (s) of grooming events, and time spent immobile. 

Male and female mice were assessed on the same day with all testing being performed 

between 8:00 am and 12:00 pm.

2.5. Brain collection & preparation

After animals were humanely euthanized in accordance with American Veterinary Medical 

Association guidelines for euthanasia of laboratory animals, and whole brain was collected 

and snap-frozen in liquid nitrogen and stored at −80 °C until transcriptome analyses. Brains 

were rapidly thawed at room temperature to obtain tissue punches of the NAc region. This 
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brain region was located and dissected using the Allen mouse brain atlas (P56, coronal 

section) (Lein et al., 2007). Brain slices were obtained with a Zivic brain block (Adult 

mouse brain slicer matrix with 1.0 mm coronal section slice intervals; Zivic Instruments, 

Pittsburgh, PA) as a guide. Micro punch samples of the NAc were acquired using a 2 mm 

Harris micro punch (GE Whatman Harris micro punch, 2 mm; GE Healthcare Biosciences, 

Marlborough, MA). Bilateral NAc punches were combined and snap-frozen in liquid 

nitrogen and stored at −80 °C until further analyses.

2.6. RNA isolation of NAc region

NAc samples were homogenized in QIAzol solution using a tissue homogenizer 

(TissueLyser LT, Qiagen, Valencia, CA). Total RNA was isolated according to the Qiagen’s 

RNeasy lipid tissue protocol and assayed using a NanoDrop spectrophotometer (Thermo 

Scientific, Wilmington, DE) to assess purity and concentration. The five highest 

concentrations within each group in the young age-range were submitted to the University of 

Missouri DNA Core facility for RNA-seq analyses. Qubit fluorometer (Invitrogen, Carlsbad, 

CA) with the Qubit HS RNA assay kit was used to verify sample concentration. RNA 

integrity was assessed using the Fragment Analyzer (Advanced Analytical Technologies, 

Ankey, IA) automated electrophoresis system. Only those samples that had a RIN score 

above 7.0 were used for follow-up RNA-seq analysis.

2.7. RNA-seq

To investigate possible mechanisms for the robust decrease in physical activity in female 

ArKO mice, RNAseq data were collected from the NAc brain region for male and female 

WT and ArKO mice. The average total reads were 64,519,492.72 reads with an average of 

56,945,785.76 reads after quality control (Supplementary Table 1). The average number of 

mapped reads was 56,501,086.96 translating to 99.214% of reads being mapped. We 

previously demonstrated this average number of reads to be sufficient for eukaryotic 

transcriptome data (Johnson et al., 2017). High-throughput sequencing was performed at the 

University of Missouri DNA Core Facility (Columbia, MO) as described previously (Ortega 

et al., 2019). Libraries were constructed following the manufacturer’s protocol with reagents 

supplied in Illimina’s TruSeq mRNA Stranded Library Preparation kit.

Briefly, the poly-A containing mRNA is purified from total RNA. RNA is fragmented and 

double-stranded cDNA is generated from fragmented RNA, and the index containing 

adapters are ligated to the ends. The final construct of each purified library was evaluated 

using the Fragment Analyzer automated electrophoresis system, quantified with the Qubit 

fluorometer using the Qubit HS dsDNA assay kit, and diluted according to Illumina’s 

standard sequencing protocol for sequencing on the NextSeq 500.

2.8. Analysis of RNA-seq data

RNA-seq data was processed and analyzed as described previously (Givan et al., 2012). 

Briefly, latent Illumina adapter sequence were identified and removed from input 100-mer 

RNA-Seq data using Cutadapt (Martin, 2011). Subsequently, input RNA-Seq reads were 

trimmed and filtered to remove low quality nucleotide calls and whole reads, respectively, 

using the Fastx-Toolkit (GitHub, 2010). To generate the final set of quality-controlled RNA-
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Seq reads, foreign or undesirable sequences were removed by similarity matching to the Phi-

X genome (Genome Resource, 1993) (NC_001422.1), the relevant ribosomal RNA genes as 

downloaded from the National Center for Biotechnology Information (NCBI, 2015) or 

repeat elements in RepBase (Jurka et al., 2005), using Bowtie (Langmead et al., 2009). This 

final set of quality-controlled RNA-Seq reads was aligned to the Ensemble Mus musculus 
genome sequence, GRCm38.p5 (Ensembl, 2019), using STAR (Dobin et al., 2013) with the 

default settings, which also generates the initial expression estimates for each annotated 

gene. The R (The R Foundation, 2000) Bioconductor (Bioconductor, 2003) package DESeq2 

(Love et al., 2014) is used to normalize the gene expression estimates across the samples and 

to analyze the differential expression of genes between sample types. A gene is identified as 

being differentially expressed between two conditions when the FDR-corrected p-value of 

its expression ratio is < 0.05. Subsequent data was reformatted, sorted and filtered using a 

variety of R commands (The R Foundation, 2000) and Bash command-line scripts (Gnu 

Operating System, 2019), which are available upon request.

In order to further understand the role of the identified DEGs, gene ontology (GO) terms 

were analyzed for molecular function and biological process, in addition to KEGG and 

Reactome biological pathways using gprofiler (Raudvere et al., 2019) in order to determine 

which biological pathways may be affected by differentially expressed genes based on sex or 

genotype. Benjamini-Hochberg false discovery rate (FDR) threshold was set at 0.02. 

Protein-protein interactions of the DEGs were analyzed using the Search Tool for the 

Retrieval of Interacting Genes (STRING database v.11.0) (Szklarczyk et al., 2019) to 

identify the most likely interactions between the observed DEGs and any potential 

downstream proteins of interest.

2.9. qPCR analysis of NAc to validate RNAseq

Following RNA extraction from the NAc (as described above), total RNA was assayed using 

a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and 

concentration. First-strand cDNA was synthesized from total RNA using the High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA). Quantitative real-time 

PCR was performed as previously described using the ABI StepOne Plus sequence detection 

system (Applied Biosystems) (Padilla et al., 2013; Roseguini et al., 2010). Primer sequences 

were designed using the NCBI Primer Design tool. All primers were purchased from Sigma-

Aldrich (St. Louis, MO) or Integrated DNA Technologies (Carolville, IA). The internal 

house-keeping control gene used was 18 s and cycle threshold (CT) was not different among 

the groups of animals. mRNA expression was calculated by 2∆CT where ∆CT = 18 s CT - 

gene of interest CT and presented as fold-difference. mRNA levels were normalized to the 

female WT group which was set at 1. Primer sequences are provided in Table 1.

2.10. Statistics

Male WT (n = 8) and ArKO (n = 10) mice were compared to female WT (n = 11) and ArKO 

(n = 9) mice. Significant sex-by-genotype interactions were noted, as well as main effects of 

both sex and genotype using 2 × 2 ANOVA between groups on all metabolic and behavioral 

data. When an interaction occurred, Tukey’s post-hoc analyses were performed to determine 

group differences. All data are presented as mean ± SEM; n = 8–11/group and p values < .05 
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were considered statistically significant. Effect sizes were calculated using partial eta-

squared for ANOVAs. Analyses were performed using SPSS version 25 (IBM, Armonk, 

New York).

To examine for potential associations between those genes that were identified by false 

discovery rate (FDR) to be differentially expressed and phenotypic changes, Pearson 

correlations were performed, as we have done previously (Manshack et al., 2017; Mao et al., 

2020). This was done two ways: 1) values were calculated across all mice and 2) only based 

on female results, as these were the most pronounced. In each case, only the 7 DEGs as 

determined by FDR that were identified to be different in the female groups were considered 

in this analysis and p < .05 was considered significant. A strong correlation was defined as 

having an r-value > ± 0.7, a moderate correlation having an r-value of ± 0.5–0.7, and a weak 

correlation having an r-value < ± 0.5 (Mukaka, 2012). Since we only examined those genes 

identified by to be differentially expressed based on a FDR, this obviated the need to 

perform additional corrections for multiple comparisons.

3. Results

3.1. Body weight, fat mass, lean mass, and body composition

As expected, sex differences were observed among WT mice, such that males weighed more 

than females and had greater lean mass (S, p < .05 for both), although adiposity was not 

significantly different. A S × G interaction (F(3,34) = 47.79, p < .01, η2 = 0.58) was observed 

for body weight, such that ArKO females weighed more than WT females, resulting in the 

WT female weighing less than all other groups based on Tukey’s post hoc tests (p < .05) 

(Fig. 1A). Similarly, S × G interactions were observed for fat mass (F(3,34) = 9.47, p < .01, 

η2 = 0.21) and lean mass (F(3,34) = 50.43, p < .01, η2 = 0.60). ArKO female mice had 

significantly more fat than all other groups (p < .05) (Fig. 1B). Compared to respective WT, 

ArKO females had greater, whereas ArKO males had lower lean mass (Fig. 1C). These 

differences in fat and lean mass resulted in the ArKO mice of both sexes having significantly 

higher body fat percentage than respective WT mice (G, F(3,34) = 18.79, p < .01, η2 = 0.36) 

(Fig. 1D). Main effects of S (F(3,34) = 11.79, p < 0.01, η2 = 0.26) and G (F(3,34) = 19.32, p 
< .01, η2 = 0.36) were observed for lean mass percentage such that female and ArKO mice 

had lower percent lean mass (Fig. 1E).

3.2. Energy intake, expenditure, & fuel metabolism

Typical sex differences in energy intake and expenditure were also observed among WT 

mice. Despite being smaller, WT females consumed more relative energy than all other 

groups (p < .05) (Fig. 2A). However, a S × G interaction was observed for energy intake 

relative to total body weight (F(3,33) = 12.72, p < .01, η2 = 0.28), such that ArKO females 

had lower intake compared to WT, making them more similar to WT males (Fig. 2A). On 

the other hand, males were not affected by aromatase ablation in this regard.

A S × G interaction was observed for total relative energy expenditure during the light 

(F(3,34) = 24.46, p < .01, η2 = 0.42), dark (F(3,34) = 18.12, p < .01, η2 = 0.35), and 24 h 

(F(3,34) = 21.09, p < .01, η2 = 0.38) cycles. Coinciding with energy intake, WT females had 
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significantly higher total energy expenditure than all other groups (p < .01) (Fig. 2B). No 

significant differences were observed for fuel metabolism (i.e. respiratory quotient; data not 

shown); whereas, WT females had greater relative resting energy expenditure than all other 

groups (S × G, F (3,34) = 23.13, p < .01, η2 = 0.41) (Fig. 2C).

Spontaneous physical activity (SPA; quantified by total meters traveled in the home cage) 

revealed a S × G interaction (light cycle: F(3,34) = 10.13, p < .01, η2 = 0.23; dark cycle: 

F(3,34) = 15.96, p < .01, η2 = 0.32; 24-hour period: F(3,34) = 16.12, p < .01, η2 = 0.32). Post-

hoc analyses revealed that WT females were significantly more active than all other groups 

(p < .05) (Fig. 2D), whereas ArKO females had a tendency (i.e., approaching statistical 

significance) to be even less active than WT males (dark cycle SPA: P = .08).

3.3. Sleep and anxiety-like behavior

Genotype and sex both affected sleep duration during the light (i.e., rodent inactive) cycle (S 

× G, p < .05). WT males and females did not differ in sleep quantity, while ArKO females 

slept more than WT (F(3,34) = 7.46, p < .05, η2 = 0.18) (Fig. 3A). During the dark (i.e., 

rodent active) cycle, WT females slept significantly less than males (F(3,34) = 18.96, p < .01, 

η2 = 0.33), while ArKO females slept more than all other groups (p < .05) (Fig. 3A). The 

same was true for the 24-hour period (F(3,34) = 15.15, p < .01, η2 = 0.33) (Fig. 3A).

The elevated plus maze was used to assess anxiety-like behavior. A main effect of genotype 

was observed for the duration of time spent in the center of the maze (F(3,33) = 2.43, p < .05, 

η2 = 0.17) such that ArKO mice of both sexes spent less time in the center compared to WT, 

but no differences were observed between groups for the duration in the closed and open 

arms of the maze (Fig. 3B). In addition, a S × G interaction was observed for duration 

mobile and immobile, such that ArKO male mice spent more time mobile, while ArKO 

females spent less time mobile compared to respective WT (F(3,33) = 2.42, p < .05, η2 = 

0.13) (Fig. 3C). However, there were no significant post hoc differences between groups (p 
= .08) (Fig. 3C). No differences were observed regarding the number of entries into each 

zone of the elevated plus maze, frequency or duration of grooming events, rearing, or head 

dips while in the maze (data not shown). Together, these findings suggest that aromatase 

deletion does not affect anxiety-like behavior. The locomotor differences in exploratory 

behavior during this test align with the sex-specific effects of aromatase deletion on SPA 

behavior.

3.4. Sex differences in NAc gene expression profiles

Among WT mice, a total of 48 DEGs were identified by RNAseq based on sex (i.e., FDR-

adjusted p < .05), 35 of which are indicated and described in Fig. 4a. Among those, six 

known genes showed a fold-change > 2 (i.e., were at least 2-fold different in females 

compared to males in either the positive or negative direction), including: Xist (FCWT = 

−11.37, FCArKO = −11.99), Ebf2 (FCWT = −2.85), Eif2s3y (FCWT = +12.24, FCArKO = 

+13.76), KdmSd (FCWT = +13.77, FCArKO = +13.50), and Ddx3y (FCWT = +13.91, FCArKO 

= +13.73), and Uty (FCWT = +12.07, FCArKO = +11.90). These genes, with the exception of 

Ebf2, have all previously been associated with sex chromosome activity. Other notable 

DEGs between sexes included those associated with estrogen signaling and locomotor 
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activity (Esrl (FCWT = −1.27)), cellular metabolism (Ngfr (FCWT = −1.75)), circadian 

rhythm (Per3 (FCWT = +0.33), dopamine synthesis (Prkg2 (FCWT = −0.50)), and obesity 

and associated cancers (Ccnd1 (FCWT = −0.52)) (Fig. 4a). Full gene descriptions can be 

found in Table 2.

In order to gain insight into the role played by aromatase on those sex differences in NAc 

gene expression, we determined which of those genes were no longer differentially 

expressed when comparing female and male ArKO mice. Interestingly, with the exception of 

Ebf2 (gene encoding a transcription factor associated with dopamine neurogenesis (Yang et 

al., 2015) all of the genes with a FC > 2 described above were also differentially expressed 

between sexes within ArKO mice. However, for all significant DEGs with fold change < 2 

noted above, sex differences disappeared with deletion of the aromatase gene. (Fig. 4a). A 

Venn diagram depicting the number of DEGs based on sex for each genotype, including 

those that were consistent across genotypes, is provided in Fig. 5a.

3.5. Genotype differences in NAc gene expression profiles

Once we characterized major sex differences in WT mice, and determined which of those 

were dependent upon aromatase, we then determined how aromatase ablation affected gene 

expression patterns in the NAc within each sex. The top 35 DEGs based on genotype were 

identified for males and females and are depicted in Fig. 4b. Descriptions of those DEGs are 

provided in Table 3. A Venn diagram depicting the numbers of DEGs for each sex, 

highlighting those that were consistent across sexes is provided in Fig. 5b.

The following 5 DEGs were consistently different between WT and ArKO mice within each 

sex: Pts (FCF = −0.57, FCM = −0.62), Gldn (FCF = −2.04, FCM = −1.58), Cryab (FCF = 

−1.21, FCM = −0.81), Nxpe4 (FCF = −0.45, FCM = −0.51), and Cypl9al (FCF = +1.96, FCM 

= +3.01). Notably, Pts is a gene necessary for tetrahydrobiopterin (BH4) synthesis, and thus 

production of catecholamines, such as dopamine (Stelzer et al., 2016).

Within males, 5 DEGs showed a fold change > 2, including: Neurodl (FCM = +2.58)), Tbata 
(FCM = +2.47)), and Bhlhe22 (FCM = +2.16)). Notably, Neurod1 is associated with glucose 

homeostasis by regulating the expression of the insulin gene within the brain (Lee et al., 

2016).

In addition, various genes associated with lipid metabolism (Plekha2 (FCM = +0.34)), 

glucosemetabolism (Mfsd4a (FCM = +0.85); Clql3 (FCM = +1.54)), circadian rhythm (Id2 
(FCM = +0.61)), and cancer (Ccnd1 (FCM = +0.82); Klhl14 (FCM = +1.83)) were also 

differentially expressed in males only, but with a smaller fold change (Fig. 4b).

Two additional DEGs were unique to the female and were associated with binding of 

carbohydrate and hyaluronic acid (Layn, FCF = −0.91) and regulation of the Wnt signaling 

pathway (Dixdc1, FCF = −0.22). Key DEGs were validated via qPCR. These data are 

provided in Supplementary Fig. 2.
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3.6. Correlations between gene expression and phenotypical traits and behaviors

Because of the particularly robust genotype differences detected among female cohorts, we 

chose the top 6 DEGs and assessed correlations between those DEGs and key physiological 

and behavioral phenotypic characteristics. Those DEGs (Pts, Layn, Dixdc1, Per3, Cryab, 
Nxpe4, Gldn) were chosen for correlation analyses across all mice (Fig. 6a) and in female 

mice only (Fig. 6b). Key correlations with Pts (a necessary gene for catecholamine synthesis 

(Korner et al., 2016)), Per3 (a gene known to regulate circadian rhythm (Dewandre, 2018)), 

and Cryab (a member of the small heat shock protein family that may associate with cellular 

stress resistance (Stelzer et al., 2016)) are highlighted below.

When analyzing the entire cohort, energy intake, which was significantly reduced in ArKO 

mice, significantly correlated with Cryab (r = 0.85, p < .01) and Per3 (r = −0.83, p < .01). 

Interestingly, Pts exhibited a strong positive correlation with spontaneous physical activity (r 
= 0.9, p < .01), a negative correlation with body fat (r = −0.55, p < .05), and a positive 

correlation with energy intake (r = 0.55, p < .05) (Fig. 6a).

Within females, Per3 (i.e, a clock gene) correlated negatively with physical activity (r24 = 

−0.81, p24 < 0.01), and energy intake (r = −0.85, p < .01) and positively with sleep during 

the rodent active cycle (r = 0.66, p < .05) (Fig. 6b). Interestingly, Pts (i.e., gene associated 

with dopamine synthesis) correlated with all indices of physical activity (rLt = 0.73, p < .05; 

rDk = 0.90, p < .01; r24 = 0.88, p < .01), but correlated negatively with sleep during the active 

cycle (r = −0.87,p < .05) (Fig. 5b). Finally, Cryab (i.e., a stress response gene) correlated 

positively with energy intake (r = 0.85, p < .01) and negatively with sleep during the active 

cycle (r = −0.70, p < .01).

3.7. Pathway analysis and protein-protein interaction networks

Gene ontology analysis of DEGs in M v. F WT and ArKO mice were performed and the top 

biological pathways were identified and provided in Tables 4–7. The major molecular 

function pathways between male and female mice of both genotypes involved histone 

demethylation activity, steroid and nuclear hormone receptor binding, estrogen response 

element binding, and estrogen receptor activity. Protein-protein interaction networks of pair-

wise comparisons between groups are presented in Supplementary Fig. 3A–D.

Among WT mice, the top GO biological processes that were different between males and 

females involved steroid hormones, lipid metabolism, regulation of sleep/circadian rhythm, 

and DNA methylation (Table 4). Among ArKO mice, the top GO biological processes that 

were different between sexes involved steroid hormones, metabolism, sexual differentiation, 

growth and development, regulation of circadian rhythm, and ovulation (Table 5).

Reactome analysis identified 3 biological pathways that were differentially regulated by sex 

independent of genotype: HDMs demethylase histones, chromatin organization, and RUNX1 

regulation of estrogen receptor mediated transcription (Tables 4 & 5). The KEGG biological 

pathways in WT mice were associated with cancer, endocrine resistance, or thyroid hormone 

signaling pathways, while these same pathways were identified between sexes in ArKO 

mice, suggesting that those sex differences may be independent of aromatase (i.e., estrogen 

availability) (Tables 4 & 5).
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As described in Table 6, gene ontology analysis of DEGs in WT v. ArKO males indicated 

involvement in molecular function of lipid binding, prostaglandin binding, 6-

pyruvoyltetrahydropterin synthase (Pts) activity, neuropeptide Y receptor, and peptide YY 

receptor activity. The top GO biological processes associated with these DEGs involved 

neurogenesis, steroid hormone signaling, metabolism, growth and development of the CNS, 

locomotor behavior, BH4 synthesis and metabolism, and aging. Of those, Reactome 

identified four processes: Class A/1 rhodopsin-like receptors, metabolism, Got signaling 

events, and GPCR ligand binding. One KEGG biological pathway was identified as a 

longevity regulating pathway (Table 6).

In Table 7, GO analysis of DEGs in female WT v. ArKO mice indicated involvement in 

molecular function of Pts activity and aromatase activity. Six biological pathways were 

identified via Reactome: BH4 synthesis, recycling, salvage, and regulation; metabolism of 

cofactors; estrogen biosynthesis; HSF1-dependent transactivation; endogenous sterols; and 

metabolism of steroid hormones. Five KEGG biological pathways were identified as 

associated with: folate biosynthesis, steroid hormone biosynthesis, ovarian steroidogenesis, 

metabolic pathways, and longevity regulating pathways (Table 7).

4. Discussion

Male and female WT and ArKO mice were compared for metabolic and behavioral traits 

and their relation to differences in gene expression profiles in the NAc brain region obtained 

via RNAseq. Gene ontology pathway enrichment analyses were then performed to identify 

the potential biological pathways most likely to be different between sex and genotype.

Previous research established that ArKO mice are obese even provided a standard chow diet 

(Fisher et al., 1998; Honda et al., 1998; Jones et al., 2000, 2001) and have impaired lipid 

metabolism (Amano et al., 2017; Hewitt et al., 2003; Hewitt et al., 2004; Jones et al., 2000; 

Nemoto et al., 2000), disrupted sexual behavior (Dalla et al., 2004; Honda et al., 1998), and 

reduced locomotor activity (Jones et al., 2000). Gonadotropin assays consistently show 

elevated testosterone levels in male mice, but mixed results in females (Amano et al., 2017; 

Fisher et al., 1998; Harada et al., 2009; Liew et al., 2010; Takeda et al., 2003; Toda et al., 

2001).

In the current study, observed sex differences and genotypic effects support previous 

findings, while reduced physical activity and obesity was only observed in mutant females. 

For example, ArKO females had greater fat mass compared to all other groups. Our findings 

indicate that this is due to reduced physical activity, rather than increases in energy intake or 

decreased resting energy expenditure, similar to what has been previously shown in another 

ArKO model (Jones et al., 2001). Unlike females, ArKO males did not differ in body weight 

or fat mass from WT males, neither did they differ in spontaneous physical activity. A 2011 

study by Mahoney et al. examined wheel-running behavior in the same mouse model and 

discovered similar genotype effects as our findings in female mice. Interestingly, Mahoney’s 

group also noted a decrease in wheel-running in male ArKO mice, contrasting our findings 

(Brockman et al., 2011). Paralleling previous literature (Jones et al., 2001; Jones et al., 

2000), we determined that ArKO males had lower lean mass compared to WT counterparts. 
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This finding is intriguing since testosterone is known to increase lean mass (Mouser et al., 

2016) and endogenous testosterone is increased in ArKO males (Amano et al., 2017); we 

confirmed this in our mice (data not shown).

In addition to energy intake and physical activity, sleep patterns are now recognized as 

profoundly influencing metabolic health and are known to be regulated by sex steroids 

(Brockman et al., 2011). Importantly, aromatase inhibition therapy in humans is known to 

cause insomnia (Bhave et al., 2018; Karatas et al., 2015), but the mechanisms are not fully 

understood. We assessed sleep patterns in the ArKO and WT mice and found that ArKO 

females slept more during the dark cycle (i.e., when mice are most typically active) and light 

(i.e., typical sleep/ inactive) cycle relative to WT. These differences associated with their 

physical inactivity, while male sleep patterns did not differ by genotype. Similar findings 

have been reported where ArKO females slept more during the dark cycle, although the total 

sleep duration in 24 h did not differ between ArKO and WT females in that study 

(Vyazovskiy et al., 2006). This may be due to differences in the genetic ArKO model, as 

they used a model with a neomycin disruption in exon IX of the Cypl9 gene, whereas our 

model had an exon I and II disruption, as well as the brain promoter region (Fisher et al., 

1998; Honda et al., 1998).

Interestingly, our findings in relation to anxiety-like and learning behaviors did not 

significantly differ with loss of aromatase in males or females. This is in contrast to previous 

findings. Impaired short-term spatial reference memory in male and female ArKO mice has 

been previously demonstrated via Y-maze testing (Martin et al., 2003). While we utilized a 

Barnes maze in this study to analyze short-term learning, mice did not effectively perform in 

the maze, providing null results (data not shown). The different types of mazes to measure 

spatial learning and memory may account for these conflicting results. Another group 

reported analogous findings with regards to anxiety-like behavior when ArKO males and 

females were tested in the elevated plus maze, in that no significant effects of genotype were 

observed in either sex (Dalla et al., 2004, 2005).

In addition to phenotypic differences, our current work builds on original findings by 

identifying gene expression differences in the NAc region, which we hypothesize may 

partially account for differences in SPA and ensuing obesity. Within WT mice, notable sex 

differences in gene expression included those with a FC > 2 (i.e. Xist, Ebf2, Uty, Eif2s3y, 
Kdm5d, and Ddx3y). Of these genes, Ebf2 is a transcription factor for dopamine 

neurogenesis (Yang et al., 2015) and is the only DEG between WT sexes that disappears 

when comparing ArKO mice. All other genes with fold change > 2 were similarly 

differentially expressed between sexes within WT and ArKO mice and are all associated 

with sex-chromosomes (UniProt, 2019).

Several DEGs between WT males and females were not present between sexes in the ArKO 

mouse, possibly indicating that these changes are dependent on the presence of estradiol. For 

instance, Esr1 (the gene for estrogen receptor alpha (UniProt, 2019)) disappears when 

comparing male and female ArKO mice. Interestingly, estrogen receptor beta (i.e., Esr2) was 

not different between sexes or genotypes. Other notable gene differences that disappeared 

with aromatase ablation include the CLOCK gene, Per3, Prkg2 (associated with circadian 
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regulation (Oster et al., 2003), as well as BH4, and thus, dopamine synthesis (Scherer-

Oppliger et al., 1999)), Ccnd1 (a potential mechanistic link between obesity and breast 

cancer (Adams et al., 2018)), and Ngfr (associated with circadian rhythms of glucose and 

lipid homeostasis genes (Baeza-Raja et al., 2013)).

When assessing the effect of aromatase ablation on gene expression of each sex, Pts 
(essential for BH4, and thus catecholamine synthesis (Elzaouk et al., 2003)), Gldn (involved 

in sodium channel function on the Nodes of Ranvier in the peripheral nervous system (Eshed 

et al., 2005)), Cryab (gene coding for a heat shock protein (Zhang et al., 2019)), and Nxpe4 
(associated with glycosylation of amino acids (UniProt, 2019)) were differentially expressed 

within males and females. It is noteworthy that a previous study genetically downregulated 

systemic Pts expression in C57B1/6J mice, resulting in significantly impaired BH4 synthesis 

in liver and brain (Korner et al., 2016). While systemic ablation of Pts is not a viable 

mutation, mice with significantly reduced Pts expression were obese with impaired glucose 

and lipid metabolism. In particular, these mice had elevated intrabdominal fat, particularly in 

males (Korner et al., 2016). Their findings determined that downregulation of Pts 
contributed to increased body weight and elevated intrabdominal fat, particularly in males, 

with alterations in glucose and lipid metabolism in both sexes potentially via reduced eNOS 

function (Korner et al., 2016). Unfortunately, analyses of behaviors that may have 

contributed to obesity, namely reduced physical activity, were not analyzed in this previous 

work. Since Pts is necessary for dopamine production, and prior work has shown that 

dopamine signaling in the NAc brain region is a critical determinant of voluntary physical 

activity (Ruegsegger et al., 2016; Ruegsegger et al., 2017), it is tempting to speculate that the 

low physical activity among ArKO mice is due to aromatase’s inhibitory actions on Pts 
expression in the NAc. Furthermore, our prior work has shown that ovariectomy in rats both 

leads to reduced voluntary wheel running, and reduces genes associated with dopamine 

signaling in the NAc brain region. Furthermore, a strong correlation was noted between 

positive dopamine signaling in this brain region and voluntary wheel running (Park et al., 

2016).

It is also notable that Per3, a CLOCK gene and known regulator of circadian rhythm, may 

impact metabolism, sleep, body temperature, and locomotor activity, and was expressed 

higher in F vs. M WT, yet this sex difference went away with aromatase deletion. This may 

suggest that estrogen-mediated regulation of CLOCK genes in the NAc is implicated in sex 

differences in sleep and physical activity patterns, and that physical activity and sleep 

disruptions that occur following menopause are related to changes in such genes in the NAc 

brain region.

Pathway enrichment and functional analysis supported our hypothesis and identified 

locomotion as a GO:BP pathway between WT and ArKO mice. Although this pathway was 

identified as different between WT and KO males, no significant differences were observed 

in our study regarding male physical activity. The lack of physical activity differences in 

males may indicate that this behavior is age-dependent in a sexually dimorphic manner. 

Previous work has identified dopamine in the NAc as differentially regulated with changes 

in physical activity (Bonansco et al., 2018; Jardi et al., 2018; Park et al., 2016). This brain 

region may be sexually dimorphic in that females reduce physical activity after loss of 
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estradiol, while males rely on testosterone for the same behavioral changes, an idea which is 

supported by studies of addiction and locomotor activity, behaviors that are also associated 

with the NAc and have been shown to be sexually dimorphic (Jardi et al., 2018; Wissman et 

al., 2011; Zhu et al., 2016).

Limitations of this study include the use of a systemic aromatase knock-out mouse model 

and the diet used in our facility as well as the use of single/pair housing. The rodent chow 

available to these mice included phytoestrogens, which may have confounded the effects; 

nevertheless, all groups received the same diet. Regarding the model, these mice lack the 

aromatase enzyme throughout fetal development, so it is not possible to determine if the 

observed effects of aromatase are organizational or activational in nature. In addition, mice 

were not singly-housed or pair-housed consistently, contributing to possible variations in 

behavioral outcomes as social interactions are known to impact mouse behavior (Ma et al., 

2011). Mice used in these studies systemically lack Cyp19 throughout their lifespan, and 

thus, it is not clear if similar gene expression changes may be evident in the NAc region of 

adult females treated with AI. To address this issue, future studies in WT mice may examine 

aromatase action in the NAc by pharmacologic manipulation via localized cranial injection 

of pharmacological aromatase inhibitor or use of Designer Receptors Exclusively Activated 

by Designer Drugs (DREADD) technology targeting dopaminergic neurons in order to 

assess the organizational versus activational role of aromatase in this brain region (Zhu et al., 

2016). In addition, metabolic and behavioral analyses will need be performed in order to 

evaluate the physiologic effects of the changes in aromatase and dopamine signaling on 

these outcomes. These findings likely have important implications for clinical treatments of 

various diseases associated with estrogen signaling, in particular, the metabolic dysfunction 

and insulin resistance associated with obesity. Future studies in humans could also utilize 

fluorescent techniques such as positron emission tomography (PET) imaging to analyze 

aromatase expression and activity in vivo (Hurria et al., 2014), allowing scientists to 

investigate which brain regions are most affected by changes in aromatase.

In conclusion, our findings of ArKO phenotype sex differences support previous work in this 

model. Novel findings of correlations between NAc gene expression (e.g. Pts, Cryab, & 
Per3) and physical activity, sleep, and body composition provide insight to possible 

mechanisms of the role of estrogen in the brain via aromatase. Future studies should 

examine the underpinning mechanisms leading to sex differences in physical activity that 

may be regulated by the aromatase activity in the NAc.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Aromatase ablation significantly increases adiposity in females. Body weight, fat and lean 

mass, and body composition. All values are expressed as mean ± SEM. S = main effect of 

sex; G = main effect of genotype. WT = wild-type; ArKO = knockout. M = male. F = 

female. Tukey’s post-hoc tests: * = p < .05 compared to WT within sex; ** = p < .05 

compared to all other groups. Mice were 12–16 weeks old (n = 8–11/group).
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Fig. 2. 
Aromatase ablation promotes a positive energy balance in females only via reductions in 

physical activity. Energy intake, energy expenditure (total and resting), and physical activity. 

All values are expressed as mean ± SEM. S × G = Sex by genotype interaction. WT = wild-

type; ArKO = knockout. M = male. F = female. Tukey’s post-hoc tests: * = p < .05 

compared to WT within sex; ** = p < .05 compared to all other groups. Mice were 12–16 

weeks old (n = 8–11/group).
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Fig. 3. 
Aromatase ablation alters sleep duration in females but has no effect on anxiety-like 

behavior in either sex. Sleep, anxiety-like behavior in the Elevated Plus Maze (EPM). All 

values are expressed as mean ± SEM. S × G = Sex by genotype interaction (p < .05). G = 

Main effect of genotype. ND = No differences were observed between groups. WT = wild-

type; ArKO = knockout. M = male. F = female. Tukey’s post-hoc tests: # = p < .05 when 

compared to WT female; ** = p < .05 compared to all other groups. Mice were 12–16 weeks 

old (n = 8–11/group).
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Fig. 4. 
a: Sex differences in NAc gene expression. The top 35 DEGs expressed between sexes. Each 

bar represents the fold change for that gene in the female compared to her male counterpart. 

All DEGs are significant (p < .05). Solid gray bars are WT mice. Patterned bars are ArKO 

mice.

b: Genotype differences in Nac gene expression. The top 35 DEGs expressed between 

genotypes. Each bar represents the fold-change of the identified gene in the ArKO mouse 

compared to WT counterparts. All DEGs are significant (p < .05). Striped bars are male 

mice. Dotted bars are female mice.
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Fig. 5. 
a: Venn diagram of the number differentially expressed genes between sexes. F = Female. M 

= Male. DEG = differentially expressed genes. Ddx3y, Kdm5d, Eif2s3y, and Uty are 

upregulated in females of both genotypes compared to males, while Eif2s3x, Ddx3x, 
Kdm6a, Kdm5c, Jpx, and Xist are downregulated.

b: Venn diagram of the number of differentially expressed genes between genotypes. ArKO 

= Aromatase knockout. WT = Wild-type. DEG = differentially expressed gene. Pts, Gldn, 
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Cryab, and Nxpe4 are downregulated in ArKO of both sexes, compared to WT, while 

Cyp19a1 is upregulated.
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Fig. 6. 
a: Correlations between differentially expressed genes and selected phenotypic traits across 

all mice. Significance was set at p < .05. The top number in each box is the r-value for that 

correlation. The bottom number in parentheses is the associated p-value. Positive 

correlations are in red with the weakest correlations being the lightest shade and the 

strongest correlations being the darkest shade. The same trend applies to the negative 

correlations in blue. Correlation strength: strong correlation r > ± 0.7; moderate correlation r 

= ± 0.5–0.7; weak correlation r < ± 0.5. TEE/REE = Total/Resting energy expenditure. SPA 

= spontaneous physical activity. RQ = Respiratory quotient. SLEEP = Sleep duration. FAT = 

Fat mass (g). LEAN = Lean mass (g). BW = Bodyweight (g). SQAT(g) = Subcutaneous fat 

mass (g). PGAT(g) = Perigonadal adipose tissue mass (g). Liver(g) = Liver weight (g). 

BAT(g) = Brown adipose tissue mass (g). EI/BW = Relative energy intake (g food/g 

bodyweight). Lt = Light cycle. Dk = Dark cycle. 24 h = 24-hour total.

b: Correlations between differentially expressed genes and selected phenotypic traits in 

female mice only. Significance was set at p < .05. Positive correlations are in red with the 

weakest correlations being the lightest shade and the strongest correlations being the darkest 

shade. The same trend applies to the negative correlations in blue. Correlation strength: 

strong correlation, r > ± 0.7; moderate correlation, r = ± 0.5–0.7; weak correlation, r < ± 0.5. 

TEE/REE = Total/Resting energy expenditure. SPA = spontaneous physical activity. RQ = 

Respiratory quotient. SLEEP = Sleep duration. FAT = Fat mass (g). LEAN = Lean mass (g). 

BW = Bodyweight (g). SQAT(g) = Subcutaneous fat mass (g). PGAT(g) = Perigonadal 

adipose tissue mass (g). Liver(g) = Liver weight (g). BAT(g) = Brown adipose tissue mass 
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(g). EI/BW = Relative energy intake (g food/g bodyweight). Lt = Light cycle. Dk = Dark 

cycle. 24 h = 24-h total. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.)
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Table 6

Significantly enriched interactions of DEGs indicating the gene ontology and biological pathways (KEGG & 

Reactome) in Male WT v. ArKO mice.

Description FDR

GO: Molecular 
Function

lipid binding 0.003086564

prostaglandin binding 0.003452799

6-pyruvoyltetrahydropterin synthase activity 0.003452799

neuropeptide Y receptor activity 0.018157161

peptide YY receptor activity 0.010641921

GO: Biological 
Process

glial cell migration 0.000348694

neurogenesis 0.000686558

locomotion 0.000792012

metabolic process 0.0014716

nervous system development 0.002011761

regulation of hormone levels 0.002758

regulation of astrocyte differentiation 0.003388127

cell-cell adhesion involved in neuronal-glial interactions involved in cerebral cortex radial glia guided 
migration 0.006503613

neuron differentiation 0.006503613

aging 0.00761918

hormone secretion 0.008085701

hormone transport 0.008424296

regulation of glial cell differentiation 0.008963381

neuronal-glial interaction involved in cerebral cortex radial glia guided migration 0.009730318

cerebellum structural organization 0.009730318

hindbrain structural organization 0.009730318

regulation of primary metabolic process 0.009730318

cellular hormone metabolic process 0.009959859

estradiol secretion 0.011722735

response to drug 0.011818741

feeding behavior 0.012703111

aromatic compound biosynthetic process 0.013689053

androgen catabolic process 0.013769906

motor neuron migration 0.017303974

Post-synapse organization 0.017605926

tetrahydrobiopterin biosynthetic process 0.018216943

tetrahydrobiopterin metabolic process 0.019688381

Biological 
Pathways 
(Reactome)
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Description FDR

Class A/1 (Rhodopsin-like receptors) 0.016216258

Metabolism 0.016216258

G alpha (i) signalling events 0.018546984

GPCR ligand binding 0.018546984

Biological 
Pathways 
(KEGG)

Longevity Regulating Pathway-multiple species 0.014854072
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Table 7

Significantly enriched interactions of DEGs indicating the gene ontology and biological pathways (KEGG & 

Reactome) in Female WT v. ArKO mice.

Description FDR

GO: molecular 6-Pyruvoyltetrahydropterin synthase 0.006792819

function activity

aromatase activity 0.015984047

Biological pathways Tetrahydrobiopterin (BH4) synthesis, 0.010725654

(Reactome) recycling, salvage and regulation

Metabolism of cofactors 0.010725654

Estrogen biosynthesis 0.010725654

HSF1-dependent transactivation 0.011254654

Endogenous sterols 0.011254654

Metabolism of steroid hormones 0.014391637

Biological pathways Folate biosynthesis 0.013072049

(KEGG) Steroid hormone biosynthesis 0.013072049

Ovarian steroidogenesis 0.013072049

Metabolic pathways 0.013072049

Longevity regulating pathway-multiple species 0.013072049
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