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Abstract

The transient receptor potential cation channel 2 (TRPC2) conveys pheromonal information 

from the vomeronasal organ (VNO) to the brain. Both male and female mice lacking this gene 

show altered sex-typical behavior as adults. We asked whether TRPC2, highly expressed in the 

vomeronasal organ (VNO), normally participates in the development of VNO-recipient brain 

regions controlling mounting and aggression, two behaviors affected by TRPC2 loss. We now 

report significant effects of TRPC2 loss in both the posterodorsal aspect of the medial amygdala 

(MePD) and ventromedial nucleus of the hypothalamus (VMN) of male and female mice. In the 

MePD, a sex difference in neuron number was eliminated by the TRPC2 knockout (KO), but the 

effect was complex, with fewer neurons in the right MePD of females, and fewer neurons in the 

left MePD of males. In contrast, MePD astrocytes were unaffected by the KO. In the ventrolateral 

(vl) aspect of the VMH, KO females were like wildtype (WT) females but TRPC2 loss had a 

dramatic effect in males, with fewer neurons than WT males and a smaller VMHvl overall. We 

also discovered a glial sex difference in VMHvl of WTs, with females having more astrocytes than 

males. Interestingly, TRPC2 loss increased astrocyte number in males in this region. We conclude 

that TRPC2 normally participates in sexual differentiation of the mouse MePD and VMHvl. These 

changes in two key VNO-recipient regions may underlie the effects of the TRPC2 KO on behavior.

Loss of a functional TRPC2 gene alters anatomical sex differences in the posterodorsal medial 

amygdala and ventromedial hypothalamic nucleus ventrolateral subdivision of adult mice. TRPC2 
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presence influenced the unique male and female anatomy of the amygdala while the impact on the 

hypothalamus was largely limited to males.
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Introduction

Considerable evidence indicates that sex differences in gonadal hormones drive sex 

differences in brain and behavior (1, 2). Recent work supports the idea that brain sexual 

differentiation is also regulated by signals from the periphery (3). One such peripheral 

influence is the accessory olfactory system, starting with sensory information from the 

vomeronasal organ (VNO). After a VNO neuron detects pheromones in the environment, the 

transient receptor potential cation channel 2 (TRPC2) transduces the chemical signal into 

action potentials that are sent to the accessory olfactory bulb (AOB) (4). Sex differences 

in the expression of vomeronasal receptors, could allow the same environment to uniquely 

activate the male and female VNO (5). Ultimately, this information is processed in the 

amygdala and hypothalamus (6), two regions that are sexually differentiated (7–9) and 

facilitate sex-specific sexual and aggressive behaviors (2, 10, 11). Notably, these same 
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behaviors are altered in mice without a functional TRPC2 gene (KO) (12, 13), raising the 

question of whether TRPC2 also normally participates in the formation of morphological 

sex differences in these same brain areas.

The expression of sex-specific behaviors depends on a functional VNO and sex-specific 

pheromones. For example, the expression of a mounting preference in naïve male rodents 

depends on receiving female-specific and VNO-dependent pheromonal signals (14, 15). As 

naïve WT males express sexual behaviors towards receptive females, limbic neuron activity 

changes across appetitive and consummatory events. The neuronal activity seen in WT 

males during their initial olfactory investigations is absent in TRPC2 KO males (16) and 

they lack a preference in sexual partners, mounting both males and females (13). Perhaps 

more striking is the robust and frequent expression of mounting behavior in TRPC2 KO 

females, a behavior that typically requires testosterone treatment (17). Like KO males, 

KO females will mount both male and female mice (18). Several other behaviors known 

to involve pheromones in rodents are altered as well. TRPC2 loss eliminates maternal 

aggression in females (19) and male-directed aggression in males (13). In short, pheromone-

dependent behaviors that are sex-specific are selectively altered in TRPC2 KO mice. 

Importantly, these same behaviors do not appear following VNO ablation in adulthood (14, 

17). However, the effect of the TRPC2 KO is life-long, which could affect the development 

of relevant brain regions.

The neural basis for these changes in social behavior is largely unknown, with only a 

few studies showing anatomical changes in relevant brain regions. For example, while the 

number of projections from the VNO to AOB is initially normal in TRPC2 KO mice, 

a deficit emerges as development proceeds (13). Adult KO mice also have fewer mature 

sensory neurons in the VNO compared with WTs . These two factors undoubtedly reduce 

the transmission of pheromonal information to downstream brain regions. Indeed, KO mice 

have a smaller AOB and, importantly, the effects of the TRPC2 KO on the AOB vary by 

sex (19). Sex differences in these sensory neurons or their function may be critical for the 

appearance of sex differences in the central nervous system, a possibility we examine here.

Sex-typical behaviors like mounting and aggression involve several nuclei along the VNO-

recipient pathway that also show sex differences, but do not express TRPC2 (20), notably, 

the posterodorsal aspect of the medial amygdala (MePD) (8, 21) and ventromedial nucleus 

of the hypothalamus (VMH) (2). The MePD mediates courtship/copulatory behavior in 

mice (21–23) and has sex differences in volume, neuron number, neuron soma size, and 

astrocyte number in mice (8) and/or rats (24–26). Importantly, several sex differences in the 

rodent MePD also vary by hemisphere (8, 26). The ventrolateral subdivision of the VMH 

(VMHvl) has sex differences (2, 9, 27) and contains neurons critical for the expression 

of male mounting and aggression (11) and female sexual behavior (2). We characterized 

the morphology of the MePD and VMHvl in KO and WT mice of both sexes using Nissl 

staining and immunostaining for glial fibrillary acidic protein (GFAP), yielding measures of 

regional volume, and number of neurons, total glia, and astrocytes. Given cell number may 

be permanently organized by adulthood, we also assessed aspects of cell morphology within 

each region. We find that the effect of TRPC2 KO on these brain regions is complex, with 

sex differences in morphology sometimes eliminated and sometimes introduced by virtue of 
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the KO. KO mice show overall deficits in the number of cells in the MePD and VMHvl, 

although the extent of these deficits depends on sex and/or hemisphere. Such morphological 

changes initiated by the loss of TRPC2 function likely contribute to the unique behavioral 

outcomes observed in KO mice.

Materials and methods

Animals:

TRPC2 KO (B6;129S1-Trpc2tm1Dlc/J JAX stock number: 021208) mice and WT mice 

(B6129SF2/J021208; JAX stock number: 101045) were purchased and used to establish 

homozygous TRPC2 KO and WT breeding pairs, respectively. F1 pups from these 

homozygous pairings were weaned at postnatal day (PD) 21, ear punched, housed with 

same-sex littermates and remained unmanipulated until tissue collection. Adult (PD 84–105) 

age-matched WT and KO mice were overdosed with sodium pentobarbital (210 mg/kg) and 

perfused transcardially with 0.9% saline followed by phosphate buffered (0.1M, pH 7.4) 4% 

paraformaldehyde. Male and female mice were categorized based on external markers and 

testicle presence, PCR for SRY confirmed categorizations (28). Brains were harvested and 

postfixed 2 hours in the same paraformaldehyde solution (room temperature) followed by 

cryoprotection in 20% sucrose in 0.1M phosphate buffer for at least 48 hours at 4° C. Brains 

were scored along the right dorsal surface of the cortex to mark side and then cross sectioned 

at 30 microns on a freezing sliding microtome. Three adjacent series were collected and 

stored at −20°C in de Olmos cryoprotectant (29) until stained. All animal procedures were 

approved by the Institutional Animal Care and Use Committee at Michigan State University.

Nissl staining:

One series of sections was brought to room temperature, rinsed, and mounted onto gel-

subbed slides. Once dry and defatted, sections were stained with thionin (8), dehydrated, 

cleared, and coverslipped with Permount (Fisher Scientific). This protocol results in distinct 

staining characteristics for neurons and glia, allowing for counts of each. Neurons were 

identified based on presence of a cytoplasmic shell surrounding a distinct nucleus and 

nucleolus. Glial cells, which included astrocytes, were identified based on the absence of 

an apparent cytoplasmic compartment but with a distinct nucleus often containing lobed 

nucleoli.

Glial fibrillary acidic protein immunohistological staining:

The second series was brought to room temperature and rinsed with phosphate buffered 

saline (0.1M, pH 7.4) containing 0.3% Triton and 0.1% gelatin (PBS-GT). This same 

solution was used throughout as the vehicle for immunoreagents and rinses. Following 

a published protocol for GFAP immunostaining of astrocytes in mice (8), sections were 

incubated in 0.5% sodium borohydride in PBS-GT (15 min) and blocked for nonspecific 

avidin-biotin binding (Avidin and Biotin blocking kit, SP-2001, Vector, Burlingame, 

CA), followed by an overnight incubation at 4°C in monoclonal mouse anti-GFAP 

(EMD Millipore Cat# MAB360, RRID:AB_2109815, 1:50,000 dilution). Sections were 

then incubated in biotinylated horse anti-mouse secondary antibody (Vector Laboratories 

Cat# BA-2001, RRID:AB_2336180, 1:2,500 dilution) followed by incubation in half-
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strength peroxidase avidin-biotin complex solution (Elite Avidin Biotin complex kit, 

PK-6100, Vector Laboratories, Burlingame, CA) and reacted for 5 minutes using 0.025% 

diaminobenzidine (DAB, Sigma, St. Louis, MO) with 0.0125% H2O2 in Tris buffer 

(0.05M, pH 7.2), to visualize horseradish peroxidase. After rinsing to quench the reaction, 

sections were mounted onto gel-subbed slides and allowed to dry before counterstaining 

with Harris’s Hematoxylin solution (Sigma, #010M4354), followed by alcohol dehydration, 

clearing, and coverslipping with Permount.

Antibody characterization:

A full list of antibodies used can be found in Table 1. As has been previously reported in 

our lab, staining was absent when the primary antiserum was omitted and reliably led to the 

visualization of morphology resembling that of astrocytes (8).

Stereological analysis:

Stereological analysis was performed on a Zeiss Axioplan II microscope equipped with 

an Optronics MicroFire digital video camera and StereoInvestigator software (v. 7.0, 

MBF Bioscience, Williston, VT). The total numbers of neurons, glia, and astrocytes were 

determined throughout the rostrocaudal extent of the MePD, and the ventrolateral (vl) 

subregion of the VMH, while neurons and glia, but not astrocytes were counted in the 

dorsomedial (dm) subdivision. At low magnification, regional boundaries were traced in 

each section. Regions were identified based on a mouse atlas (30) and previously published 

representative images and parameters for the MePD of C57Bl/6J mice (8). To outline the 

MePD (Bregma −1.34mm to −2.06 mm), landmarks visible in both Nissl and hematoxylin-

stained sections included the optic tract, shape of the stria terminalis and posteroventral 

medial amygdala. Parameters used to identify the VMH of rats were modified to examine 

mice (27). The arcuate nucleus and third ventricle acted as the main landmarks for the VMH 

in Nissl (see results) and hematoxylin-stained sections.

Neurons and glia were counted in Nissl-stained sections using a 100X Zeiss plan-neofluar 

oil-immersion objective (na=1.3). Previously defined characteristics and images were used 

to identify neuron and glia (8). Slides were coded, making the observer blind to the sex and 

genotype of the animal. The optical fractionator probe was used to produce unbiased counts 

of the number of neurons and overall glial cells in Nissl-stained sections. To measure the 

size of neuronal soma, the perimeter of neurons from five randomly selected contours were 

traced. The StereoInvestigator optical fractionator setup was used to pick five random sites 

within each of the five contours, with a total of 25 cells traced per hemisphere. The neuronal 

soma closest to the optical fractionator probe was traced using the nucleator probe and 100X 

objective. Astrocytes were counted using the optical fractionator probe in GFAP-labeled 

sections with a 40X Zeiss plan-neofluar objective (na = 0.75). Astrocytes were identified 

and counted based on having three or more GFAP-labeled fibers surrounding a distinct 

hematoxylin-stained nucleus.

These methods provided estimates of the total number of neurons, overall glial cells, and 

astrocytes, along with regional volumes and neuronal soma size. If one section was missing, 

the average cell number of adjacent sections was included in the program’s estimation, but 
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if more than one section was damaged or missing, the brain was excluded from the analysis. 

The program does not permit users to include averaged regional areas in its estimations, 

accounting for the lower sample sizes reported for volume measures.

Neurolucida software (v. 7.0, MBF Bioscience) was used to trace and estimate the 

complexity of astrocyte arbors. In five randomly selected MePD and VMHvl regions from 

each animal, the entire GFAP-stained arbor of two astrocytes randomly selected by an 

observer blind to sex and genotype were traced using the 100X objective, with ten astrocytes 

sampled from the MePD of each hemisphere. Based on these traces, the average number 

of primary processes, average number of branch points, average number of branch endings, 

total length and average branch length were calculated for each animal and hemisphere.

Statistical analysis:

Separate ANOVAs were used to examine each measure (regional volume, neuron number, 

overall glial number, neuron soma size, astrocyte number and process complexity) within 

each brain region. For the MePD and the VMH regions, a 3-way mixed design ANOVA was 

utilized, with laterality as the within-subjects variable, and sex and genotype as between-

subject variables. This was followed by conservative posthoc Bonferroni comparisons to 

examine significant main effects and interactions. Results reported are means ± standard 

errors of the mean (SEM) with alpha set at 0.05.

Results

Posterodorsal aspect of the medial amygdala:

Regional volume: MePD volume in Nissl-stained sections depended on both genotype 

(F(1,25)=8.84, p=0.006, d=1.06) and sex (F(1,25)=19.7, p<0.001, d=1.58; Figure 1). Total 

MePD volume, the sum of both hemispheres, is larger in WT mice (44.4 mm3×10−2 ± 

1.7) than KO mice (37.2 mm3×10−2 ± 1.8) and larger in males (46.2 mm3×102 ± 1.7) 

than females (35.4 mm3×10−2 ±1.8). There was also a main effect of laterality, with the 

left MePD larger than the right (F(1,25)=3.65, p=0.019, d=0.44) and a three-way interaction 

between hemisphere, sex and genotype (F(1,25)=11.6, p=0.01). Posthoc analyses indicated 

that volume of the MePD is sexually differentiated in WTs on both the left (p<0.001, 

d=2.03) and right hemisphere (p=0.035, d=1.24), whereas TRPC2 KO mice had a sex 

difference only on the right (p=0.002, d=1.83) and not the left hemisphere (p=0.11). 

Moreover, MePD volume was reduced in TRPC2 KO mice in both a sex– and side-specific 

manner, with the right MePD smaller in KO females than WT females (p=0.049, d=1.15), 

and the left MePD smaller in KO males than WT males (p=0.002, d=0.95). Knocking out 

the TRPC2 gene also affected which sex was lateralized in MePD volume; the left-bias seen 

in WT males (p=0.008, d=1.2; Figure 1) was lost in KO males (p=0.45), but gained in KO 

females (p=0.028, d=2.1). In sum, deletion of TRPC2 reduced both the volume of the MePD 

and its sex differences.

Neuron number and soma size: Cell counts of MePD neurons in Nissl-stained slices 

revealed a significant effect of sex (F(1,29)=8.24, p=0.008, d=0.99), with males having more 

neurons overall than females regardless of whether TRPC2 was functional (Figure 2A). 
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There was also a main effect of laterality (F(1,29)=7.44, p=0.011, d=0.29) with the left 

MePD containing more neurons overall than the right. While there was only a marginal 

effect of genotype on MePD neuron number (F(1,29)=3.16, p=0.086), there was a three-way 

interaction of sex, genotype and hemisphere (F(1,29)=12.47, p=0.001). Further analyses 

revealed a sex difference in MePD neuron number only on the left of WT mice (p=0.011, 

d=1.34), and only on the right of KO mice (p=0.014, d=1.38). Moreover, neuron number 

was reduced on the right of KO females compared to WT females (p=0.046, d=1.03), 

and on the left of KO males compared to WT males (p=0.041, d=0.93). As a result of 

these lateralized effects of the TRPC2 KO on MePD neuron number, KO females have 

significantly more neurons in the left MePD than the right (p=0.001, d=0.79; Figure 2A), 

similar to WT males (p=0.02, d=0.52), whereas KO males, like WT females, exhibit no 

laterality in MePD neuron number (WT female p=0.59, KO males p=0.8). There was also 

an overall sex difference in the size of neuronal somata in the MePD, with neurons being 

larger in males than in females (F(1,25)=12.62, p=0.002, d=1.67; Figure 2B.i). The size 

of neuronal somata in the MePD was independent of both the TRPC2 gene (F(1,25)=0.1, 

p=0.754) and hemisphere (F(1,25)=2.55, p=0.12) with no interactions between these variable 

and sex (Figure 2B).

Glia Number: Counts of all glial cells in Nissl-stained MePD revealed main effects of both 

sex and genotype; males had more glia than females (F(1,29)=7.86, p=0.009, d=1.21) and 

KO mice had fewer glia than WT mice (F(1,29)=11.59, p=0.002, d=1; Figure 2C). There was 

also an overall effect of hemisphere with more glia present in the left compared to the right 

hemisphere (F(1,29)=8.7, p=0.006, d=1.6). No interactions were significant for this measure.

Astrocyte number and branch complexity: Like our counts of glia in Nissl-stained 

sections, counts of astrocytes visualized by GFAP in the MePD showed an overall sex 

difference, with males having more MePD astrocytes than females (F(1,26)=16.44, p>0.0001, 

d=1.17; Figure 2D), similar to previous findings (8). However, unlike overall glial cell 

number, TRPC2 KO had no effect on the number of MePD astrocytes (F(1,26)=0.299, 

p=0.59), suggesting TRPC2 regulates glial cells other than astrocytes to account for effects 

of overall glial numbers in Nissl stain. While no overall effects of laterality were found 

(F(1,26)=3.85, p=0.06), sex interacted with hemisphere (F(1,26)=6.17, p=0.02), as both KO 

and WT females had more astrocytes on the left than right (p=0.004, d=0.49; Figure 2D).

The complexity of MePD astrocytes was unaffected by sex, laterality and genotype (Table 

2) with one exception; KO mice have fewer branch endings than WTs (F(1,16)=4.48, p=0.05, 

d=0.9). Given the number of independent F tests on related parameters from the same data, 

this may be a type I error despite the large effect size.

In sum, the MePD displays robust sex differences in most cellular and volumetric measures 

in WT mice. The effect of knocking out TRPC2 on these sex differences are complex, 

with sex differences conserved, absent, minimized, or introduced depending on the cellular 

parameter being measured. Moreover, a continuing theme of the MePD is its marked 

laterality, which is also susceptible to the influence of TRPC2, with its effects comparably 

complex.
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Ventromedial Nucleus of the hypothalamus:

Regional volume: Dense cell populations with a cell-poor central region between them 

and surrounded by a capsule formed the VMHdm and VMHvl (Figure 3A, B; bregma 

−1.31mm to −2.03mm). Both regions were identifiable throughout the medial hypothalamus 

due to the lower cell densities of the surrounding tissue. In Nissl-stained VMH, neither 

sex (F(1,19)=2.7, p=0.12), nor genotype (F(1,19)=2.69, p=0.12), nor hemisphere (F(1,19)=0.99, 

p=0.33) significantly influenced the volume of the VMHvl. In contrast to the MePD, we 

found no evidence of laterality in any measure of the VMH.

However, there were marginally significant interactions between sex and genotype on 

VMHvl volume (F(1,19)=4.3, p=0.052), prompting posthoc Bonferroni analyses. While 

VMHvl volume was equal in WT males and females (p=0.36), it was smaller in males 

than females in the KO mice (p=0.017, d=1; Figure 3C). WT males also had larger VMHvl 

than KO males (p=0.013; d=0.8). The loss of VMHvl volume in KO males introduces a sex 

difference in KOs that is absent in WT mice. In contrast, we found no differences in the 

volume of the VMHdm based on Nissl staining (Figure 3D).

Neuron number and soma size: The number of neurons in the VMHvl varied by 

both sex (F(1,25)=6.88, p=0.015) and genotype (F(1,25)=7.39, p=0.012; Figure 4A) but not 

hemisphere (F(1,25)=0.053, p=0.82). A significant interaction between sex and genotype was 

also found (F(1,25)=7.57, p=0.011). Posthoc analyses indicated that while WT mice showed 

no sex difference (p=0.927) in neuron number, KO mice did (Figure 4A). In KO mice, 

males had fewer neurons than females (p=0.001, d=1.86), aligning with the effect of the 

KO on VMHvl volume. KO males also had significantly fewer neurons than WT males 

(p<0.001, d=1.9). Overall, the size of VMHvl neuronal somata were similar between the 

sexes (F(1,25)=1.2, p=0.28) and across hemispheres (F(1,25)=1.5, p=0.3), but WT mice had 

larger neuronal somata than KOs (F(1,25)=4.28, p=0.049, d=2; Figure 4B), indicating a main 

effect of genotype but not sex. These two factors did not interact (F(1,25)=0.96, p=0.34). 

In sum, TRPC2 KO reduced the size of neurons in the VMHvl of males and females and 

reduced the regional volume and number of neurons in males only.

Glia number: We found no significant effects of sex, genotype, or laterality on glial cell 

number in Nissl-stained VMHvl (Figure 4C).

Astrocyte number and branch complexity: The number of astrocytes in the VMHvl 

revealed no overall effect of sex (F(1,30)=1.31, p=0.26), nor genotype (F(1,30)=3.36, p=0.08), 

nor hemisphere (F(1,30)=0.71, p=0.41). There was however a significant interaction between 

sex and genotype (F(1,30)=10.34, p=003; Figure 4D). In WT mice, females had more 

VMHvl astrocytes than males (p=0.004, d=1.6), a sex difference that is absent in KO mice 

(p=0.162), caused by a selective increase in astrocytes in KO males compared to WT males 

(p=0.002, d=1.8). Notably, this is the only variable that is increased by TRPC2 loss.

Some measures of astrocyte complexity in the VMHvl were affected by the TRPC2 KO 

(Table 3). KO mice had fewer nodes (F(1,17)=8.04, p=0.012, d=1.15) but this effect depended 

on sex (F(1,17)=4.47, p=0.05). Posthoc analysis revealed no sex difference in WTs (p=0.554) 

but a sex difference in KOs, with VMHvl astrocytes of KO males having fewer nodes 

Pfau et al. Page 8

J Comp Neurol. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than those of KO females (p=0.027, d=1.4). VMHvl astrocytes in males also had fewer 

nodes in KO mice than WTs (p=0.002, d=2). The number of branch endings showed an 

overall sex difference (F(1,17)=5.68, p=0.029, d=1.1) and this main effect also depended 

on genotype (F(1,17)=4.65, p=0.046), with KO males having fewer branch endings than 

both KO females (p=0.004, d=2.1) and WT males (p=0.017, d=2). These data suggest that 

astrocytes in the VMHvl are notably simpler in KO males, which could affect the degree of 

synaptic connectivity carrying behaviorally relevant signals. Finally, there was a significant 

interaction between sex, genotype and hemisphere on branch length (F(1,17)=6.8, p=0.019) 

without significant main effects of these variables separately. Posthoc analysis indicated that 

astrocyte branch length in the VMHvl of WT females was lateralized, with longer branches 

appearing in the right hemisphere (Table 3). This was the only effect of hemisphere found in 

the VMHvl and could be a type I error.

In contrast to measures of the vl portion of the VMH, we found no effects of either sex or 

genotype in the dm subdivision (Figure 4E, 4F).

In sum, the VMHvl of WT mice displays few sex differences in overall morphology and 

virtually no laterality. The role of TRPC2 in the neuroanatomical development of the 

VMHvl appears specific to males, resulting in several sex differences in KO mice not seen in 

WT mice.

Discussion

Sex differences in brain circuitry are presumed critical for the expression of sex-typical 

behaviors (2, 31), including aggression and sex behavior. Because these behaviors are 

affected in TRPC2 null mice (12), we asked whether the cellular attributes of two forebrain 

regions, the posterodorsal aspect of the medial amygdala (MePD) and ventromedial nucleus 

of the hypothalamus ventrolateral subdivision (VMHvl), implicated in the control of these 

behaviors were also affected. We now report that both the MePD and VMHvl are indeed 

altered in TRPC2 KO mice, with the effects of the KO greater in the MePD than the VMHvl. 

For some measures, sex differences in WT mice were lost in the KO mice while, for other 

measures, new sex differences were gained. Such changes in TRPC2 null mice suggest that 

TRPC2-dependent processes guide sexual differentiation of mouse brain nuclei, influencing 

sex-specific aggressive and sexual behavior. Our findings also show for the first time that the 

MePD in WT mice is both sexually differentiated and lateralized, as had been reported for 

C57Bl/6J mice (8), and for rats (24, 26, 32). The VMHvl, also not previously characterized 

in WT mice, has sex differences in several parameters, but is not lateralized, aligning well 

with findings from rats (9).

TRPC2 loss alters the male and female MePD:

In WT mice, the MePD is larger overall (Figure 1) with more neurons, glia and astrocytes, 

and larger neuronal soma in males than females (Figure 2), aligning with findings from 

other mouse strains. For example, males of three different strains (BALB/c, C57Bl/6J and 

B6129S; Figures 1, 2) have a larger MePD with larger neuronal somata than females (8, 33). 

Current data also align with previous reports of a sex difference with males having a greater 

number of neurons and astrocytes in C57Bl/6J mice, with a comparably marked laterality 
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in these measures (8). Thus, the constancy of sex differences and laterality in MePD cell 

number and/or size across three different mouse strains suggest that these cellular attributes 

may critically mediate the expression of sex differences in sexual behavior preserved across 

strains.

Notably, several measures in the MePD were altered in TRPC2 KO mice, showing decreases 

in regional volume, and in the number of neurons, glia, and astrocytic arbor complexity. 

The effects on regional volume eliminated laterality in KO males and induced laterality in 

KO females (Figure 1). Perhaps one reason KO females exhibit male-like sex behavior is 

because they have acquired this masculinized lateralization of MePD volume. For both WT 

males and KO females, the left MePD is larger than the right. These shifts in volume are 

also accompanied by similar changes in MePD neuron number, with KO females having 

lateralized neuron numbers, in the same manner as WT males (Figure 2Bii). Other effects 

of the KO on MePD morphology include fewer total glia (Figure 2), and astrocytic fiber 

endings (Table 2). These data support the idea that sexual differentiation of the MePD 

depends on TRPC2 and may underlie the effects of TRPC2 KO on behavior in males and 

females.

There is considerable evidence that the MePD plays a role in sexual and aggressive 

behaviors. For example, in males, loss of the MePD affects sexual behaviors (34), including 

an odor preference for urine from the opposite sex, a critical component in directing sex 

behavior of males toward females (7, 35). Losses in MePD volume and cell number in 

KO males may contribute to their loss of an odor preference (13). However, this idea 

raises the question of which MePD neurons might be lacking in TRPC2 KO mice. The 

preference for urine from the opposite sex in males may depend on specific subpopulations 

of MePD projection neurons. For example, disconnecting the MePD from the extended 

medial amygdala disrupts this preference in hamsters (35), similar to what is seen in KO 

male mice (13). Staining specific neuronal subtypes would provide information necessary to 

determine whether changes in the TRPC2 KO mouse brain may influence behavior.

Whether MePD neurons are lost in the right or left hemisphere may also be important. 

The rodent brain shows lateralized responses while processing olfactory cues (37, 38) and 

most VNO signals remain ipsilateral (39). Male mice preferentially examine novel female 

scents with the right nostril (40) while familiar scent detection occurs through the left nostril 

in dogs (41). The organization and activation of a female-urine odor preference in males 

requires detection of both a novel and familiar scent which, if processed by the MePD, 

may occur within the right and left hemispheres respectively. That lateralized function may 

contribute to the changes in behavior of KO mice underscores the importance of tracking 

morphological and functional changes in each hemisphere of the MePD.

TRPC2 KO female mice are particularly interesting in their apparent loss of mate 

recognition and maternal aggression. Notably, the MePD has been implicated in the control 

of both of those behaviors (23). Estrous females find novel male pheromones attractive 

(42, 43) while lactating dams will respond aggressively towards an animal carrying a novel 

male scent (14). The loss of maternal aggression in lactating TRPC2 KO dams (19) is 

associated with a reduced c-fos response to novel male urine in their MePD compared 
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with WT females (44). While MePD laterality was not examined in those studies, c-fos 

increases in the right AOB of WT females exposed to a novel male intruder but not 

in KOs (19). Interestingly, we find a deficit in the number of neurons only in the right 
MePD of KO females compared to WT females (Figure 2Aii). Because in mammals the 

right nostril is tied to detecting unfamiliar scents (45, 46), perhaps those neurons lost in 

the right MePD of KO females are involved in the expression of maternal aggression. 

However, the picture is not a simple one, since KO females retain the “Bruce Effect” and 

are able to abort pre-implanted embryos when exposed to a novel male scent (47). While 

these findings appear contradictory, the outcomes represent different domains of pheromone 

responses. Blocking pregnancy by delaying implantation involves a physiological response 

(48) while maternal aggression is a behavioral response (49). The circuits influencing 

pheromone-induced behavior or hormone release are distinct (50, 51). These data further 

support the importance of identifying which MePD neuronal populations are affected after 

TRPC2 KO.

While neurons are often considered the active components of the nervous system, glia 

play a dynamic role in brain function (57) and may contribute to brain sex differences 

(58). When examining the total glial cell population in adult WT mice, we found a sex 

difference absent in C57Bl/6J mice (Figure 2Ci) (8). This sex difference may extend to 

multiple glial subtypes, i.e. microglia, astrocytes, oligodendrocytes. We know astrocytes 

contribute to an overall glial sex difference (Figure 2Di) but the sex difference in glial 

number exceeds that of astrocytes (Figure 2Ci). We also know that, along with astrocytes, 

microglia respond to steroid hormones to support the production of sex differences in other 

brain measures (59–61) and sex differences in the glial population itself may facilitate this 

process (62). The sex difference in WTs likely involves multiple glia subtypes and sources, 

as both circulating steroid hormone milieus and sex chromosome complement may drive 

glia-dependent sex differences (58). Since astrocyte number is independent of genotype, 

glial loss in KOs appears outside the astrocyte population. Critical targets for future MePD 

research in TRPC2 mice include both neuronal and glial characteristics.

TRPC2 loss alters the male VMHvl:

Male rats have a larger VMHvl than females (63), accompanied by larger neuronal somata 

(9), greater neuropil volume (27), more extensive dendritic arbors (64), and more afferent 

fibers from the fornix (65). In rats, both high circulating testosterone and androgen receptors 

are necessary for the sex differences in VMHvl volume (9, 63). Compared with the rat, 

relatively little is known regarding the anatomy and steroid responsiveness of the mouse 

VMHvl. Here, we find no sex differences in VMHvl volume (Figure 3A) neuronal number 

(Figure 4A), nor neuron soma size (Figure 4B). We find WT female mice have more 

astrocytes than males in the VMHvl (Figure 4D) and the GFAP-ir fibers in females have 

more endings (Table 3). This sex difference may be influenced by gonadal hormones as 

male mice lacking the androgen receptor show an increase in hypothalamic astrocytes (66). 

Compared to the MePD, the VMHvl of WT mice has little laterality and few overall sex 

differences. Still, several VMHvl measures were influenced by TRPC2 loss.
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Overall, KO mice have smaller neurons than WTs (Figure 4C) while other effects of 

genotype depended on sex. We found KO males have a smaller VMHvl (Figure 3A) 

with fewer neurons (Figure 4A) compared with WT males. Neurons in the male VMHvl 

are critical for social behavior (11, 67). In males, the same neurons expressing estrogen 

receptor-alpha (Esr1) exert control over sexual and aggressive behaviors. When these 

Esr1+ neurons are weakly activated, males mount intruders (11). Increasing Esr1+ neuron 

activation or activating the entire VMHvl generates attack behavior (11, 67). TRPC2 

function may influence Esr1+ neurons as KO males are capable of mounting but not 

aggression (12). Because knocking out ER entirely within the VMH greatly reduces 

male sexual behaviors (68), the Esr1+ neuron population in KOs must be sufficient to 

induce mounting but incapable of reaching the activation required for seeking aggression. 

Male KOs have more VMHvl astrocytes than WT males, eliminating the sex difference 

seen in WTs (Figure 4D). Despite having more VMHvl astrocytes, the GFAP-ir fibers 

of KO males have fewer nodes and endings than any other group (Table 3). Astrocytes 

are known to contribute to cellular signaling (69) and assist in the scalable activation of 

another hypothalamic region (70). Astrocytes may play a similar role in VMHvl activation. 

Therefore, in addition to neuronal changes, the increased number of VMHvl astrocytes or 

decreased arbor complexity in KO males may relate to changes in their aggression and 

mounting.

We found relatively few structural changes to the female VMHvl after TRPC2 KO (Figure 3, 

4, Table 3). While their VMHvl anatomical measures are generally independent of genotype, 

TRPC2 loss blocks c-fos activation in the VMH of female mice after exposure to a male 

scent (19). Future examinations of cell characteristics may still identify TRPC2-dependent 

anatomy in KOs. Additionally, the lateralization that is so pervasive in our measures of the 

MePD, here and previously (8, 26), is notably absent in the VMH. While the functional 

significance of laterality is unknown, its role appears minor in the VMHvl and this reassures 

us that findings of laterality in the MePD are very unlikely to be spurious.

While it is possible the differences between WT and KO mice result from global disruption 

of brain development, several findings refute this notion. First, many anatomical measures in 

KO animals match their WT counterparts, including most measures in the female VMHvl. 

Second, while we found robust genotype differences in regions critically tied to the VNO, 

none were found in the VMHdm (Figure 3B, 4E, 4F), a region outside the accessory 

olfactory system (71). This result suggests loss of TRPC2 function in the VNO is the driving 

factor affecting the KO brain. However, TRPC2 is also expressed in the main olfactory 

epithelium (72), reproductive organs (73, 74) and, although it is not present in many regions 

of the adult mouse brain (20), it is expressed by dorsal root and nodose ganglion neurons 

during development (75). Further research will be necessary to determine where and when 

TRPC2 expression is important for sexual differentiation of the MePD and VMHvl.

Conclusion

In sum, regional volume and several cellular measures of WT mice show sex and laterality 

differences in the MePD, while virtually no laterality and few sex differences appear in 

the VMHvl. TRPC2 KO mice show robust sex- and hemisphere-specific differences from 
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WT mice. Most of the MePD measures we recorded were affected by TRPC2 KO but the 

differences varied by sex. Conversely, TRPC2-dependent influence over the VMHvl appears 

largely limited to males. Thus, the prominent differences in sexual and aggressive behavior 

between TRPC2 KO mice and controls may be accounted for by the KOs effect on the 

sexual differentiation of these two brain regions. Future research may examine how and 

when TRPC2 loss leads to these sex-typical brain changes and how these differences affect 

behavior in KO mice. In any case, the suggestion that sex differences in the brain may be 

irrelevant to adult sex differences in behavior, based on findings in TRPC2 KO mice (18), 

seems to be premature.
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Key Points:

1. TRPC2 is critical to the appearance of anatomical sex differences in adult 

mouse MePD and VMHvl

2. TRPC2 loss alters MePD anatomy in both males and females

3. TRPC2 loss alters the VMHvl of males but has little influence over VMHvl 

anatomy in females
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Figure 1: Loss of TRPC2 signaling alters posterodorsal aspect of the medial amygdala (MePD) 
regional volume in a sex- and hemisphere-specific manner.
(i) WT adult B6/129S males (M) have larger MePD than females (F) and the MePD of 

WT males is also lateralized, being larger in the right (R) hemisphere than the left (L) in 

Nissl-stained sections. MePD volume is not lateralized in WT females. In TRPC2 KO mice, 

the sex difference remains in the right hemisphere but is lost in the left. TRPC2 loss reduced 

MePD volume in both sexes, in a lateralized manner, significantly decreasing the left MePD 

in KO males, and significantly decreasing the right MePD in KO females. Consequently, 

the lateralization of MePD is lost in KO males, while the KO induces laterality in females 

that is absent in WT females. These complex effects of TRPC2 loss on the MePD suggest 

sex-specific and lateralized mechanisms regulate the sex-specific behaviors altered in KOs. 

Bar values are group means ± standard errors of the mean; numbers on bars indicate the n 

per group. Data points are individual values by hemisphere. The symbols > and < indicate 

significant main effects of sex or genotype and within-subject laterality with p<0.05.
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Figure 2: Sex differences and laterality of the adult posterodorsal aspect of the medial amygdala 
(MePD) are affected in TRPC2 KO mice.
A MePD in Nissl-stained sections from males (M) have more neurons than females (F), 

regardless of genotype. There was no significant effect of genotype on this measure 

(F(1,29)=3.16, p=0.086). A(ii) Looking across hemispheres, the sex difference in the 

lateralized number of MePD neurons in WT mice is flipped by the loss in TRPC2, where 

only females display laterality. In short, the number of neurons shows sex differences in 

the left (L) hemisphere of WT mice, while KO mice show sex differences in number of 

neurons only on the right (R). B Neuronal somata are larger in male mice than females, 

regardless of genotype or hemisphere. C The number of glia in the MePD is greater in 

males than females, in both WT and KO mice, and is also reduced in KO mice compared to 

WTs. This count includes all glia types i.e., it does not differentiate between astrocytes, 

microglia, oligodendrocytes etc. While TRPC2 loss significantly reduced glial number 

the sex difference is retained, KO males have more glia than KO females. There were 

no hemisphere differences in overall glial number in Nissl-stained sections from either 

genotype in Nissl stain. D In glial fibrillary acidic protein-(GFAP)-stained tissue, the MePD 

males have more astrocytes than females in both WT and KO mice, and there was no main 

effect of genotype on this measure. In both WT and KO mice, females have more astrocytes 
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in the left MePD than the right. These data show that TRPC2 has a significant influence in 

determining many cellular attributes of the adult MePD that may contribute to behavioral 

effects in KO mice. Bar values are group means ± standard errors of the mean, numbers on 

bars indicate the n per group. Data points are individual values by hemisphere. The symbols 

> and < indicate main effects of sex or genotype and within-subject laterality with p<0.05.
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Figure 3: Loss of TRPC2 introduces a sex difference in the regional volume of the ventromedial 
hypothalamus (VMH).
A) The volume of the ventrolateral (vl) subdivision of the VMH was reduced in TRPC2 KO 

mice, but only in males. B) Volume of the dorsomedial (dm) subdivision of the VMH was 

not affected by sex or genotype. There was no laterality detected in any measures of the 

VMH, in either genotype. Bar values are means ± standard error of the mean, data points 

are individual values averaged across hemisphere, bar numbers indicate the n per group, 

*=significant gene by sex interactions with p<0.05.
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Figure 4: TRPC2 KO affects neuronal size in the ventromedial hypothalamus (VMH).
A) There was no sex difference in the number of neurons in the VMH ventrolateral 

subdivision (vl) of WT mice, but TRPC2 KO reduced the number of neurons in males only. 

B) TRPC2 KO reduced the size of VMHvl neurons in both sexes. C) The number of overall 

glia in the VMHvl displayed neither a sex difference nor an effect of genotype in Nissl 

stained sections. D) The number of astrocytes seen in glial fibrillary acidic protein-stained 

sections was lower in males than in females for WT mice, but this sex difference was lost 

in TRPC2 KO mice due to an increase in astrocyte number in KO males. E, F) In contrast 

to measures of the vl subdivision of the VMH, there were no effects of sex or genotype on 

neither neuronal number nor number of glia in the dorsomedial (dm) subdivision. Bar values 

are means ± standard error of the mean, data points are individual values averaged across 

hemispheres, bar number represents n per group, *=significant gene by sex interactions with 

p<0.05.
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Table 1:

List of Antibodies Used for GFAP Immunohistochemistry

Antigen Description of Immunogen Source, Host Species, Cat. #, Clone or Lot#, 
RRID

Concentration Used

Glial Fibrillary Acidic 
Protein clone GA5

Purified porcine spinal cord Glial 
Fibrillary Acidic Protein

EMD Millipore, mouse monoclonal, Cat# 
MAB360, RRID:AB_2109815 0.02 μl/ml

Anti-mouse IgG Mouse IgG (H+L), rat absorbed, 
biotinylated

Vector Laboratories, horse polyclonal, Cat# 
BA-2001, RRID:AB_2336180 0.4 μl/ml
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Table 2:

Statistical measures of MePD astrocyte complexity (bolded numbers are significantly greater; Mean±SEM).

FEMALES MALES Sex Genotype Laterality

TRPC2 +/+ TRPC2 −/− TRPC2 +/+ TRPC2 −/− F (1,16) P F (1,16) P F (1,16) P

Branch number 5.47 ± 0.14 5.01 ± 0.21 5.47 ± 0.17 5.37 ± 0.13 1.22 0.29 1.17 0.3 1.38 0.26

Node Number 16.31 ± 1.31 14.42 ± 0.8 14.85 ± 1.2 12.89 ± 0.59 2.11 0.17 3.48 0.08 1.83 0.19

End Number 22.18 ± 1.27 19.5 ± 0.95 20.2 ± 1.05 18.58 ± 0.71 2.04 0.172 4.48 0.05 2.4 0.14

Total Length 291.9 ± 12.9 257.6 ± 20.2 260.7 ± 12.9 252.1 ± 13.2 1.79 0.2 2.43 0.14 1.53 0.24

Mean Branch Length 53.03 ± 3.86 52.95 ± 2.96 48.93 ± 1.37 46.43 ± 1.31 4.14 0.06 0.245 0.63 0.058 0.81
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Table 3:

Statistical measures of VMHvl astrocyte complexity (bolded numbers are significantly greater based on main 

effects and interactions; Mean±SEM).

FEMALES MALES Sex Gene Laterality

TRPC2 +/+ TRPC2 −/− TRPC2 +/+ TRPC2 −/− F (1,17) P F (1,17) P F (1,17) P

Branch number 5.1 ± 0.22 5.15 ± 0.18 5.22 ± 0.23 5.0 ± 0.21 0.002 0.97 0.14 0.71 0.01 0.98

Node Number 20.2 ± 0.54 19.43 ± 0.96 21.15 ± 0.9 15.8 ± 1.45 1.54 0.23 8 0.012 0.58 0.46

End Number 26.32 ± 1.52 27.31 ± 1.92 25.99 ± 1.44 20.51 ± 1.13 5.68 0.029 2.25 0.15 0.013 0.91

Total Length 329.15 ± 43.5 305.21 ± 25.4 333.86 ± 13.5 275.26 ± 23.4 0.2 0.66 2.13 0.16 1.39 0.25

Mean Branch 
Length

64.51 ± 8.09 59.66 ± 4.01 65.19 ± 5.23 55.29 ± 4.14 0.113 0.74 1.8 0.2 0.78 0.39
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