
E-Mail karger@karger.com

 Original Paper 

 Brain Behav Evol 2013;81:236–249 
 DOI: 10.1159/000353260 

 Sexual Dimorphism in the Brain of 
the Monogamous California Mouse 
 (Peromyscus californicus)  

 Katharine L. Campi    Chelsea E. Jameson    Brian C. Trainor  

 Department of Psychology and Center for Neuroscience, University of California Davis,  Davis, Calif. , USA

 

sence of significant differences in monogamous prairie 
voles. However, the magnitude of sex differences in MEA and 
the BNST were comparable to polygynous species. No sex 
differences were observed in the volume of the whole brain, 
the VTA, the nucleus accumbens or the number of TH-ir neu-
rons in the VTA. These data show that despite a monoga-
mous social organization, sexual dimorphisms that have 
been reported in polygynous rodents extend to California 
mice. Our data suggest that sex differences in brain struc-
tures such as the SDN-POA persist across species with differ-
ent social organizations and may be an evolutionarily con-
served characteristic of mammalian brains. 

 © 2013 S. Karger AG, Basel 

 Introduction 

 Sexual selection is an important factor in the genera-
tion of sex differences in morphology and behavior. In-
trasexual competition or mating preferences can result in 
the development of extreme ornaments or behavioral dis-
plays, which are often sexually dimorphic. Sexual selec-
tion is also thought to have important effects on brain 
morphology. However, the functional significance of sex-
ual dimorphism in the brain has been debated [Sodersten, 
1987; Cooke et al., Davis 1998; De Vries and Boyle, 1998; 
De Vries and Sodersten, 2009; Kelley, 1986]. On the one 
hand, sexual dimorphism in brain structure can be 
strongly linked with sex differences in behavior. In song-
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 Abstract 

 Sex differences in behavior and morphology are usually as-
sumed to be stronger in polygynous species compared to 
monogamous species. A few brain structures have been 
identified as sexually dimorphic in polygynous rodent spe-
cies, but it is less clear whether these differences persist in 
monogamous species. California mice are among the 5% or 
less of mammals that are considered to be monogamous 
and as such provide an ideal model to examine sexual dimor-
phism in neuroanatomy. In the present study we compared 
the volume of hypothalamic- and limbic-associated regions 
in female and male California mice for sexual dimorphism. 
We also used tyrosine hydroxylase (TH) immunohistochem-
istry to compare the number of dopamine neurons in the 
ventral tegmental area (VTA) in female and male California 
mice. Additionally, tract tracing was used to accurately de-
lineate the boundaries of the VTA. The total volume of the 
sexually dimorphic nucleus of the preoptic area (SDN-POA), 
the principal nucleus of the bed nucleus of the stria termina-
lis (BNST), and the posterodorsal medial amygdala (MEA) 
was larger in males compared to females. In the SDN-POA we 
found that the magnitude of sex differences in the California 
mouse were intermediate between the large differences ob-
served in promiscuous meadow voles and rats and the ab-
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birds, striking sexual dimorphisms in the song control 
system are observed in species in which only males sing 
[Wade and Arnold, 2004]. On the other hand, there is 
evidence that sexual dimorphism in brain structure may 
reflect different mechanisms for achieving a common
behavioral output. For example, in prairie voles a sexual
dimorphism in the vasopressin system promotes male
parental behavior [Wang et al., 1994]. Because the only 
difference between male and female parental behavior in 
this species is lactation, it has been argued that sex differ-
ences in brain structure prevent sex differences in paren-
tal behavior in prairie voles [De Vries and Boyle, 1998]. 
Thus, sexual dimorphism in brain structure can underlie 
both behavioral differences and similarities between 
males and females.

  Most sex differences in brain morphology are observed 
within a network of hypothalamic and limbic brain re-
gions often referred to as the social behavior circuit [New-
man, 1999; Goodson, 2005]. The sexually dimorphic nu-
cleus of the preoptic area (SDN-POA) is the most well-
known sexual dimorphism in mammalian brains. Initially 
described in rats, males have more cells and increased cell 

density in the SDN-POA than females [Gorski et al., 1980]. 
The SDN-POA is larger by volume and/or cell density or 
size in males in a wide array of species ( table 1 ; note the 
exception of rabbits). Male copulatory behavior typically 
consists of different motor patterns than female copula-
tory behavior, and it was hypothesized that sexual dimor-
phism in the SDN-POA contributed to these differences. 
In adults, lesions of the SDN-POA disrupt male sexual 
behavior in virgin rats [De Jonge et al., 1989] but not sex-
ually experienced rats [Arendash and Gorski, 1983]. In-
triguingly, the SDN-POA has been linked instead to mat-
ing preferences in rats [Paredes et al., 1998], ferrets [Pare-
des and Baum, 1995] and sheep [Roselli et al., 2004]. In 
mating preference tests, males of all three of these species 
typically prefer females. However, about 25% of rams pre-
fer to mount other rams instead of ewes [Alexander et al., 
2011], and this preference is linked to smaller volume of 
the SDN-POA [Roselli et al., 2004]. In rats [Houtsmuller 
et al., 1994] and ferrets [Paredes and Baum, 1995], the hor-
monal milieu during development of the SDN-POA af-
fects sexual partner preference as well, such that rats treat-
ed with an aromatase inhibitor pre- and neonatally or fer-

Table 1.  Sexual dimorphism by area, type and mating system

Area and Animal Sexually dimorphic Type Mating system

SDN-POA
Rat [Gorski et al., 1980; Bleier et al., 1982] male > female volume, cell density promiscuous [Parker, 1990]
Mouse [Brown et al., 1999] depends on strain cell size and/or density polygynous [Reimer and Petras, 1967]
Guinea pig [Bleier et al., 1982; Hines et al., 1985] male > female volume, cell density polygynous [Kraus et al., 2005]
Hamster [Bleier et al., 1982] male > female cell density polygynous [Nowack, 1999]
Ferrets [Tobet et al., 1986] observed in males only cell density polygynous [Weckerly, 1998]
Montane voles [Shapiro et al., 1991] male > female volume, cell density polygamous [Jannett, 1982]
Prairie voles [Shapiro et al., 1991] none monogamous [Getz et al., 1993]
Rabbit [Bisenius et al., 2006] female > male cell size polygynandrous (promiscuous)

[Hutchins, 2004]
Human [Hofman and Swaab, 1989] male > female volume monogamous and promiscuous

[Murphy, 1986]
Quail [Viglietti-Panzica et al., 1986] male > female volume polygynous [Wetherbee, 1961]
Gerbil [Commins and Yahr, 1984] observed in males only cell density promiscuous [Carleton and Musser, 1984]
California mouse male > female volume monogamous [Ribble, 1991]

BNSTpr
Rat [del Abril et al., 1987] male > female volume promiscuous
Guinea pig [Bleier et al., 1982; Hines et al., 1985] male > female volume, cell density polygynous
Mouse [Hisasue et al., 2010] male > female volume, cell number polygynous
Human [Allen and Gorski, 1990] male > female volume monogamous and promiscuous
California mouse male > female volume monogamous

MEApd
Rat [Cooke et al., 1999] male > female volume promiscuous
Mouse [Morris et al., 2008a, b] male > female volume polygynous
Human [Murphy, 1986] none monogamous and promiscuous
California mouse male > female volume monogamous
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rets with neonatal medial preoptic area lesions exhibited 
a preference for males over females. Another aspect of 
mating preferences is partner preference. In polygynous 
species such as  Rattus , individuals tend to mate with sev-
eral partners whereas in monogamous species long-term 
pair bonds are formed with an individual mating partner 
[Carter et al., 1995]. In  Mus  and  Rattus , the SDN-POA is 
roughly 2–3 times larger in males than females whereas in 
socially monogamous prairie voles the SDN-POA is not 
significantly larger at approximately 1.4 times the size in 
males [Shapiro et al., 1991]. Recent pharmacological stud-
ies have demonstrated that the mesolimbic dopamine sys-
tem plays a critical role in the formation of partner prefer-
ences [Aragona et al., 2003].

  The mesolimbic dopamine system encompasses popu-
lations of dopaminergic neurons in the ventral tegmental 
area (VTA) that project to forebrain nuclei including the 
nucleus accumbens core (NAc) and frontal cortex (FC) as 
well as the bed nucleus of the stria terminalis (BNST) and 
amygdala. Indeed, it has been proposed that the social 
behavior network interacts with the mesolimbic dopa-
mine system to form a social decision-making network 
[O’Connell and Hofmann, 2011, 2012]. Studies of the me-
solimbic dopamine system in rats report that the overall 
size of the VTA is larger in females [McArthur et al., 
2007] and that females have more large spines than males 
in the NAc [Forlano and Woolley, 2010; Wissman et al., 
2012]. Interestingly, females also have a larger FC than 
males in two species of  Microtus  voles, although this sex 
difference was absent in two species of  Peromyscus  mice 
[Kingsbury et al., 2012]. However, in promiscuous voles 
and  Peromyscus , FC size is larger compared to closely re-
lated species that are socially monogamous. These data 
suggest that individual nodes in the social decision-mak-
ing network can vary independently of each other.

  The majority of studies examining sex differences in 
brain structure have focused on domesticated rats or 
mice, which have similar polygynous social organizations 
[Berdoy and Drickhamer, 2007]. Although the sex differ-
ences in the size of the BNST or medial amygdala (MEA) 
have not been reported in monogamous species, there is 
strong evidence for sex differences in the chemoarchitec-
ture of these nuclei [Cushing and Wynne-Edwards, 2006; 
Northcutt et al., 2007; Holmes et al., 2008; Wu et al., 
2009]. To our knowledge, no study has examined wheth-
er sex differences exist in the mesolimbic dopamine sys-
tem nuclei in a monogamous species. Here we examine 
sex differences in morphological and histological compo-
nents of the social behavior network and mesolimbic sys-
tem in the monogamous California mouse  (Peromyscus 

californicus) . Males and females of this species form mo-
nogamous breeding pairs [Ribble, 1991] and defend joint 
territories [Ribble and Salvioni, 1990], which is unique 
among mammals as only 3% of mammals are considered 
to be monogamous [Carter et al., 1995]. The relatively 
unique natural history of California mice has contributed 
to its emergence as an important species for studying 
many aspects of behavior including development [Bester-
Meredith and Marler, 2003; Frazier et al., 2006], parental 
behavior [de Jong et al., 2009; Lambert et al., 2011], ag-
gression [Fuxjager and Marler, 2010; Silva et al., 2010; 
Trainor et al., 2010b], mating preferences [Gleason et al., 
2012], communication [Kalcounis-Rueppell et al., 2010] 
and stress [Trainor et al., 2010a; Chauke et al., 2011; 
Trainor et al., 2011]. Although immunostaining studies 
have compared the chemoarchitecture of male and fe-
male California mice, there has been little quantification 
of the size of nuclei within the social behavior network or 
mesolimbic dopamine system [but see Gubernick et al., 
1993]. We compared the volumes of the whole brain, 
NAc, BNST, BNST posterior dorsal division (BNSTpr), 
BNST anterior medial division (BNSTam), VTA, MEA, 
MEA posterior dorsal division (MEApd) and SDN-POA 
in sexually mature male and female California mice. We 
also used immunohistochemistry to compare the number 
of tyrosine hydroxylase (TH)-positive cells in the VTA in 
male and female California mice. Based largely on previ-
ous observations in monogamous prairie voles, we pre-
dicted that sexual dimorphism in the SDN-POA, BNSTpr 
and MEApd would be modest compared to other promis-
cuous species of rodents. While this prediction was cor-
rect for the SDN-POA, we observed that sexual dimor-
phism in the BNSTpr and MEApd was comparable to 
what has been observed in promiscuous species of ro-
dents. Our results provide interesting insights into the 
relationship between social organization and sexual di-
morphism in the brain.

  Materials and Methods 

 Morphometric and histological comparisons were made using 
10 whole brains from 5 male and 5 female California mice  (P. cali-
fornicus) . For a complete listing of body and brain weights, brain 
volume and % brain to body ratio for each animal see  table 2 . Male 
and female mice ranged from 17 to 19 weeks in age. Two additional 
adult male California mice were used for tracer injections in order 
to differentiate substantia nigra pars compacta (SNc) from the VTA. 
All mice were from our breeding colony, lived on corn cob bedding, 
were fed Harlan Teklad 2016 Global diet and had a long day light 
cycle (16L:8D). All procedures were approved by the Internal Ani-
mal Care and Use Committee and conformed to NIH guidelines.
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  Morphometric and Histological Processing 
 Animals were euthanized through isoflurane induction (5%) for 

90 s followed by rapid decapitation. The brain was extracted from 
the skull and fixed in a 5% solution of acrolein in phosphate-buff-
ered saline (PBS) for 24 h. Brains were then blocked behind the 
cerebellum. Care was taken to block brains of all animals at the 
same location, immediately caudal to the cerebellum. After block-
ing, weight and volume measurements were taken. Volume mea-
surements were made by using fluid displacement, which relies on 
the Archimedean principle of fluid displacement based on the ‘sus-
pension technique’ described by Hughes [2005; see also Scherle, 
1970; Weibel, 1979; Howard and Reed, 2005; Karlen and Krubitzer, 
2006, 2009]. Using this method the volume of the object suspended 
in a fluid is equal to the weight of the fluid displaced by the sus-
pended object divided by the specific gravity of the fluid. A beaker 
of 0.9% normal saline (specific gravity = 1.0048) was placed on a 
laboratory balance (Denver Instrument; d = ±0.01 g) and a plastic 
mesh basket was suspended below the surface of the saline while 
not touching the sides or bottom of the beaker. The balance was 
tared and the brain was placed in the basket. The weight was re-
corded and repeated 5 times for each brain. To ensure accuracy of 
the measurement an average of the 5 measurements was used to 
calculate the final volume shown in  table 2 . The brains were im-
mersed in 20% sucrose overnight, frozen and sectioned at 40 μm on 
a cryostat coronally from just posterior to the olfactory bulbs to 
halfway through the hippocampus. The brain was then removed 
from the chuck and replaced dorsal side down on the chuck and 
sectioned horizontally for visualization of the VTA. Brain sections 
were then divided into a one-in-two series for processing. One se-
ries of coronal and horizontal sections was mounted on gelatin-
coated slides and stained using cresyl violet, and a second set of 
coronal and horizontal sections was processed for TH immunohis-
tochemically. Briefly, sections were washed 3 times with PBS and 
blocked in 10% rabbit serum and 3% hydrogen peroxide in PBS. 
Sections were incubated successively with sheep polyclonal anti-
TH antibody (1:   600, Millipore AB 1542), rabbit biotinylated-con-
jugated polyclonal anti-sheep antibody (1:   500, Vector BA-6000), 
and horseradish peroxidase-conjugated avidin/biotin complex 
(Vectastain elite ABC kit, Vector Laboratories, Burlingame, Calif., 
USA). Sections were then exposed to diaminobenzidine (Vector 

Laboratories) for detection. All sections were dehydrated in etha-
nol, cleared in Histoclear (National Diagnostics, Atlanta, Ga., USA) 
and coverslipped with permount (Fisher Scientific SP15–500).

  Tracer Injections 
 The neuroanatomical tracer injections were performed under 

standard sterile conditions. At the beginning of these experiments, 
the animals were anesthetized and maintained with isoflurane an-
esthesia. Once anesthetized, the skin was cut, the skull was exposed 
and a burr hole drilled at the stereotaxically (anterior-posterior: 
0.51 mm, medial-lateral: ±1.1 mm, dorsal-ventral: 3.0 mm) de-
fined position for the dorsal striatum. These coordinates were 
found empirically as there is no stereotaxic atlas for the California 
mouse. A 10% solution of 10,000 molecular weight each of either 
biotinylated dextran amine (BDA) or fluoro-ruby (FR; Invitrogen, 
Carlsbad, Calif., USA) was injected with a calibrated Hamilton sy-
ringe (Hamilton Co., Reno, Nev., USA). Approximately 0.3 μl of 
the tracer was injected. One week was allowed for tracer transport. 
Animals were euthanized with a lethal dose of sodium pentobar-
bital (250 mg/kg) and perfused transcardially with 0.9% saline fol-
lowed by 4% paraformaldehyde in 0.1  M  phosphate buffer (pH 7.4). 
The brains were extracted and immersed in 20% sucrose over-
night, frozen and sectioned at a 40-μm thickness on a cryostat in 
the horizontal plane. Sections were split into a one-in-three series 
for processing. One series of sections was immediately mounted 
on gelatin-coated slides and used for examination of connections 
labeled with FR, a second series of sections was processed for con-
nections labeled using BDA and a third series of sections was 
stained using cresyl violet. FR labeling was visualized using a Zeiss 
Axioimager and Zeiss filter set 43 Excitation 545/25; Emission BP 
605/70. BDA labeling was visualized with horseradish peroxidase-
conjugated avidin/biotin complex (Vectastain elite ABC kit, Vec-
tor Laboratories). Sections were then exposed to diaminobenzi-
dine for detection and viewed on the same microscope as above 
under bright field illumination. All sections were dehydrated in 
ethanol, cleared in Histoclear (National Diagnostics) and cover-
slipped with permount (Fisher Scientific SP15–500).

  Brain and Body Comparison Measures 
 The brain and body weights were measured in each animal and 

the brain weight/body weight ratio was calculated for individual 
animals. Group averages were then calculated for each measure. 
Brain weight, body weight, brain volume and brain-to-body weight 
percentage were then compared across groups using independent 
t tests for female and male comparisons.

  Reconstruction and Data Analysis 
 Architectonic boundaries of each brain region of interest from 

sections stained with cresyl violet were drawn from photomicro-
graphs using Adobe Illustrator (version CS2). The volume of each 
region of interest was calculated using the Cavalieri method [May-
hew et al., 1990; Howard and Reed, 2005; Karlen and Krubitzer, 
2006, 2009] as determined by the formula:

1
1 2 ,n

i
V T A T A T An T Ai

  where  V  is the total volume of the nucleus,  T  is the thickness of 
the section (80 μm – to account for use of alternate sections) and 
 Ai  is the cross-sectional area of the object seen on the  i -th section. 
We did not adjust the calculated volumes for tissue shrinkage or 

Table 2.  Brain and body weight information for individual cases

Animal Sex Body
weight, g

Brain
weight, g

Brain
volume, 
mm3

% Brain
to body 
ratio

DM 1282 female 32.73 0.89 906 2.71
DM 1283 female 31.87 0.80 804 2.52
DM 1287 female 31.74 0.78 792 2.46
DM 1290 female 37.91 0.83 860 2.20
DM 1297 female 28.5 0.78 778 2.75
DM 1276 male 29.29 0.87 856 2.98
DM 1279 male 28.85 0.67 664 2.31
DM 1280 male 27.96 0.76 748 2.71
DM 1295 male 32.93 0.78 782 2.37
DM 1298 male 30.15 0.89 884 2.95
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section compression as we were interested in the difference be-
tween groups and the brains from both groups underwent the 
same histological processing. 

 For cell counting in the VTA, TH-ir-positive cells were count-
ed in each section through the entire one-in-two series of sections 
reacted for TH. All TH-ir-positive cells within the boundaries de-
lineating VTA were counted. As can be observed in online supple-
mentary figure 1 (see www.karger.com/doi/10.1159/000353260 
for all online suppl. material), TH-ir cells are readily distinguished 
from background in this representative section. Cell counts from 
individual sections were then summed for a total cell count for 
each case. Individual case cell counts were then averaged by group 
and then compared across groups using independent t tests for 
female and male comparisons. Adjustments to the contrast and 
brightness of photomicrographs were made using Adobe Photo-
shop (CS2 version).

  Determination of Nuclei and Volume Observations 
 Atlases of mouse and rat brain were used in order to identify 

the boundaries of nuclei and areas delineated here because there is 
not an atlas of the California mouse brain, which is larger than a 
mouse brain but smaller than a rat brain [Paxinos and Watson, 
1982; Franklin and Paxinos, 2007; Paxinos et al., 2008]. The SDN-
POA is readily distinguished as an oval cell-dense region of the 
POA ( fig. 1 ). The SDN-POA is located midway between the ante-
rior commissure (AC) dorsally and the suprachiasmatic nucleus 
ventrally and just lateral to the third ventricle. The volume of the 
SDN-POA ranged from 0.01 to 0.05 mm 3  on each side and togeth-
er account for a mean of 0.05% of total brain volume.

  The anatomy of the BNST is quite complex and over several 
decades has been subdivided into between 2 and 12 different parts 
[Ju and Swanson, 1989]. We used nomenclature from Ju and 
Swanson [1989] to identify subregions of the BNST. The BNSTam 
can be delineated by densely packed cells that wrap the AC ( fig.
2 a). As the AC decussates, the BNSTam can be delineated as the 
medial part of the bilateral triangular wedges above the lateral
one third of the AC ( fig. 2 b). The principal nucleus or the BNST 
(BNSTpr) and BNSTam were also measured separately as these 
subregions have been demonstrated to be sexually dimorphic 
( fig. 2 c, d) [Hines et al., 1992; Alheid et al., 1998; Cooke et al., 1999;] 
and to contain hormonally responsive neurons [Cushing and 

Wynne-Edwards, 2006; Trainor et al., 2007]. The volume of the 
BNST ranged from 1.24 to 1.66 mm 3  on each side and together ac-
count for a mean of 0.36% of total brain volume. The volume of 
BNSTpr ranged from 0.1 to 0.2 mm 3  on each side and together ac-
count for a mean of 0.04% of total brain volume. The volume of 
BNSTam ranged from 0.17 to 0.25 mm 3  on each side and together 
account for a mean of 0.04% of total brain volume.

  The MEA is readily distinguished from surrounding structures 
as having moderately dense cell packing ( fig. 3 ). The MEA is located 
at the ventral edge in a coronal section and is bordered medially by 
the optic tract and laterally by the less densely cell packed anterior 
cortical amygdala nucleus and the basomedial amygdala nucleus. 
The volume of the MEA ranged from 0.59 to 0.65 mm 3  on each side 
and together account for a mean of 0.15% of total brain volume. The 
MEApd was also measured separately as this subregion has been 
demonstrated to be sexually dimorphic [Hines et al., 1992; Cooke et 
al., 2003]. The MEApd is readily distinguished from surrounding 
structures as having a moderately dense cell packing ( fig. 3 ). The 
volume of the MEApd ranged from 0.14 to 0.28 mm 3  on each side 
and together account for a mean of 0.05% of total brain volume.

  The VTA is more difficult to delineate, which is attested by its 
nomenclature as an area rather than nuclei. Area refers to a region 
of loosely grouped cells in which discrete cell groups have no dis-
cernible boundaries from neighboring cell groups [Bleier et al., 
1982]. This is in contrast to nuclei in which discrete boundaries 
between cell groups are readily delineated. The VTA has most of-
ten been delineated in coronal sections as the group of cells me-
dial to the substantia nigra (SN) and medial lemniscus sometimes 
including the dopaminergic midline nuclei [Oades and Halliday, 
1987] and sometimes excluding these nuclei [see Ikemoto, 2007, 
for a review of VTA delineation and nomenclature; Swanson, 
1982]. Because the cell bodies in this area lie in the horizontal plane 
[Phillipson, 1979], we cut our sections horizontally and distin-
guished this area using lines drawn between three reference points 
to frame the area: from the medial lemniscus to the medial termi-
nal nucleus of the accessory optic track to the interpeduncular nu-
cleus [Ikemoto, 2007; Margolis et al., 2012]. However, using this 
criterion alone for the lateral border may include some of the TH-
ir-positive SNc cells that wrap around the medial terminal nucleus 
of the accessory optic track (MT). Therefore, we also used tract 
tracing, between the dorsal striatum and SNc, as an additional aid 

a b

f
PaLM

PaLM

SDN SDN

SCh SCh

f

  Fig. 1.  Representative photomicrographs 
of 40-μm coronal sections of the SDN-POA 
stained with cresyl violet in female ( a ) and 
male ( b ) California mice. The SDN-POA is 
significantly larger in males compared to 
females (p < 0.05). Thin solid lines indi-
cate the boundary of the SDN-POA. Scale 
bars = 500 μm. 
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  Fig. 2.  Representative photomicrographs of 40-
μm coronal sections through the rostral to cau-
dal ( a–d  and  e–h ) extent of the BNST stained 
with cresyl violet in female ( a–d ) and male ( e–h ) 
California mice. The complexity of the BNST is 
demonstrated through the rostral to caudal axis 
by cell-dense and cell-sparse parts of the BNST. 
The BNST and BNSTpr are significantly larger 
in males compared to females (p < 0.05). Thin 
solid lines indicate the boundary of BNST. Thin 
dotted lines indicate the boundary of the poste-
rior dorsal nucleus of the BNST. Scale bars = 500 
μm. 
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ba

opt

opt

MEApd

MEApd

MEApv

MEApv

BLA

BLA

l

l  Fig. 3.  Representative photomicrographs 
of 40-μm coronal sections of the posterior 
dorsal MEA stained with cresyl violet in fe-
male ( a ) and male ( b ) California mice. The 
MEApd is significantly larger in females 
compared to males (p < 0.05). Thin solid 
lines indicate the boundary of the MEApd. 
Scale bars = 500 μm.     

a b

c d

  Fig. 4.  Photomicrographs of horizontal 
sections of the dorsal ( a ) through ventral 
( b ) aspect of a 0.3-μl BDA injection direct-
ed at the dorsal striatum.  c  Retrograde la-
beling of cell bodies can be seen on the lat-
eral edge of the SN and at the tip of the ar-
row on the medial edge of SN in the SNc.
 d  Representative photomicrograph of a 
horizontal section immunohistochemical-
ly reacted for TH. The arrow tip points to 
the band of TH-ir-positive cells located in 
the SNc and used as the lateral boundary 
for the VTA. Scale bars = 500 μm. 
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to differentiate between VTA and SNc ( fig. 4 ). Connections be-
tween the SNc and VTA are somewhat distinct with SNc neurons 
predominantly receiving projections from the dorsal striatum 
while VTA neurons predominantly receive projections from the 
ventral striatum [Joel and Weiner, 2000]. As can be readily ob-
served in  figure 4  the band of BDA tracer-labeled cells wraps the 
MT, as has previously been observed in rats but not mice [Margo-
lis et al., 2012]. However, when TH immunoreacted slices are ob-

served the dark band of neurons surrounding the MT is readily 
delineated and was used in subsequent analysis as the border for 
VTA. The volume of the VTA ranged from 0.26 to 028 mm 3  on 
each side and together account for a mean of 0.07% of the total 
brain volume ( fig. 5 ).

  The NAc is readily distinguished as a densely cell-packed, ovoid-
shaped structure encircling the AC ( fig. 6 ). The NAc is bordered by 
the less cell-dense caudate putamen on the dorsolateral boundary 
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ml

ml

  Fig. 5.  Representative photomicrographs of 40-μm horizontal sections through the dorsal to ventral ( a–c  and 
 d–f ) extent of the VTA immunohistochemically reacted for TH in female ( a–c ) and male ( d–f ) California mice. 
VTA volume and number of TH-ir-positive cells did not differ between females and males. Thin dotted lines 
indicate the boundary of the VTA. Scale bars = 500 μm. 
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and lateral septal nuclei and very densely cell-packed islands of 
Calleja major island on the dorsomedial boundary. The ventral 
boundary of the NAc is delineated by the surrounding very densely 
cell-packed ventral pallidum, islands of Calleja and ventral palli-
dum. The volume of the NAc ranged from 1.8 to 1.9 mm 3  on each 
side and together account for a mean of 0.47% of total brain volume.

  Results 

 Female and male California mice did not significantly 
differ in body weight (mean ± SE  ♀  = 32.6 ± 1.5 g;  ♂  = 29.8 
± 0.9 g; p = 0.16), brain weight in grams ( ♀  = 0.82 ±
0.02 g;  ♂  = 0.79 ± 0.04 g; p = 0.60), brain volume ( ♀  = 828 
± 24 mm 3 ;  ♂  = 787 ± 39 mm 3 ; p = 0.40), or percent of 
brain to body weight ( ♀  = 2.53 ± 0.10;  ♂  = 2.66 ± 0.14;
p = 0.45).

  Nuclei Volume Comparisons 
 Similar to other rodent species, in males the SDN-

POA is significantly larger compared to females [t(8) = 
2.904; p = 0.02;  fig. 7 a]. Although there is no significant 
difference in the overall (including all subregions) vol-
ume of the MEA between male and female California 
mice, the MEApd is significantly larger in males com-
pared to females [t(7) = 2.760; p = 0.03;  fig. 7 a, b]. There 
was no significant difference in the overall (including all 
subregions) volume of the BNST or in the BNSTam vol-
ume. However, BNSTpr is significantly larger in males 
compared to females [t(6) = 3.003; p = 0.04;  fig. 7 a]. There 
were no significant differences between female and male 
California mice in the observed volumes or mean percent 
of total brain volume for the NAc or VTA ( fig. 7 b). There 
is no significant difference in the number of TH-ir-posi-
tive cells in the VTA between female and male California 
mice (data not shown).

  Discussion 

 While female and male California mice have similar 
body size and brain volume, our results show that sexual 
dimorphism in the SDN-POA, BNSTpr and MEApd per-
sist in this monogamous species. This is the first time a 
sex difference in the size of the MEApd has been reported 
for a monogamous species. These nuclei are important 
nodes in the social behavior network that modulates sex-
ual and aggressive behaviors [Goodson, 2005]. In ro-
dents, sexual dimorphism in copulatory behavior is wide-
spread. For example, lordosis is observed in females but 
not males in both monogamous and polygynous species 

[Beach, 1976; Carter et al., 1987; Northcutt and Lonstein, 
2008]. Sex differences in aggression are also strong, al-
though there are intriguing exceptions. For example, in 
house mice males aggressively defend territories whereas 
aggressive interactions among females are less frequent 
[Hurst, 1987]. In contrast, female and male California 
mice jointly defend a territory and both males and fe-
males are readily aggressive with same-sex conspecifics 
[Ribble and Salvioni, 1990]. Sexual dimorphism in some 
nuclei, such as the SDN-POA, appears to be correlated 
with social organization. In contrast, sexual dimorphism 
in other nuclei like the BNSTpr and MEApd appear to be 
more evolutionarily conserved ( table 1 ).

  We found that the SDN-POA is twice as large in male 
California mice compared to females. Compared to other 
species with polygynous social organizations, these dif-
ferences are subtle. In guinea pigs the SDN-POA size is 
four times larger in males than in females [Hines et al., 
1985] and an SND-POA cannot even be discriminated in 
female ferrets [Tobet et al., 1986] or gerbils [Commins 
and Yahr, 1984]. Although human social organization 
does not lend itself easily to categorization as monoga-
mous or polygynous, sexual dimorphism in the human 
SDN-POA resembles that in rodent species with monog-
amous social organization [Hofman and Swaab, 1989]. 
Thus, these differences in magnitude do trend towards 
polygynous species having approximately a 4-fold differ-
ence in SDN-POA size between males and females versus 
a 2-fold difference in monogamous species. In contrast to 
the SDN-POA, no such trend is observed in the sex dif-
ferences in volume of the BNSTpr or MEApd. Indeed, sex 
differences in BNSTpr size are remarkably consistent 
across species of rodents with different social organiza-
tion (about 1.2–1.5 times larger in males than females). 
Similarly, there is little variation in sexual dimorphism in 
the MEApd which is typically about 1.4 times larger in 
males than females. These data underscore the idea, taken 
from sensory area evolution, that certain regions/areas or 
networks of areas in the brain may be evolutionarily con-
served but modified in a species-specific manner or dur-
ing the lifetime of the individual [Krubitzer, 2007]. These 
data suggest that individual nodes in the social decision-
making network can vary independently of each other.

  Intriguingly, size differences in all three of these sexu-
ally dimorphic nuclei have previously been demonstrated 
to be controlled by gonadal hormones. Given that the ex-
tent of sexual dimorphism across the SDN-POA, BNSTpr 
and MEApd can be uncoupled, this suggests that different 
developmental mechanisms may be activated by hor-
mones in these nuclei. For example, in  Mus , testosterone 
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  Fig. 6.  Representative photomicrographs 
of 40-μm coronal sections through the ros-
tral to caudal ( a–c  and  d–f ) extent of the 
NAc stained with cresyl violet in female ( a–

c ) and male ( d–f ) California mice. NAc vol-
ume did not differ between female and 
male California mice. Thin solid lines indi-
cate the boundary of the NAc. Thin dotted 
lines indicate the boundary of the core and 
shell subdivisions. Scale bars = 500 μm. 
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has different effects on gene expression in the POA versus 
the BNST [Xu et al., 2012]. These gene expression profiles 
could influence processes such as apoptosis, which is 
known to contribute to sexual dimorphism [Chung et al., 
2000; Hsu et al., 2001; Hisasue et al., 2010]. Variation in 
genetic background is thought to be a major factor influ-
encing differences in sexual dimorphism in different 
strains of mice [Brown et al., 1999]. The sexual dimor-
phism in the SDN-POA in rabbits, where females have 
larger cells compared to males, is intriguing [Bisenius et 
al., 2006]. However, no large differences exist in mating 
behaviors in this species. In both rodents and lagomorphs, 
mounting and thrusting is observed in both males and 
females while lordosis is observed in females only [Mora-
li and Beyer, 1992; Northcutt and Lonstein, 2008]. Small 
differences are present such that in contrast to rats, previ-
ous sexual experience does not affect mounting behavior 
in rabbits [Contreras and Beyer, 1979] and SDN-POA le-
sions in male rabbits as well as hormonal manipulations 
in female rabbits do alter the pelvic thrusting behavior 
[Morali et al., 2003]. Thus, the sexual dimorphism in the 
SDN-POA of rabbits appears to be highly derived and its 
effects on behavior remain unclear. Intriguingly, in rats 
the sex difference in volume of the MEApd has been 
found to be dependent on circulating androgens starting 
before puberty and continuing into adulthood [Cooke et 
al., 1999; Cooke and Woolley, 2005]. This effect is thought 

to be mediated by effects of testosterone on dendritic 
branching and glial processes [Gomez and Newman, 
1991; Rasia-Filho et al., 2002], rather than changes in the 
number of neuron or glial cells [Cooke and Woolley, 
2005; Morris et al., 2007]. In closely related deer mice and 
white-footed mice, male testosterone levels are between 
1.5 and 2.0 ng/ml, whereas male California mice testos-
terone levels are only 0.5 ng/ml [Marler et al., 2003]. This 
suggests that the threshold in testosterone needed to 
maintain sex differences in MEApd size may be quite low, 
perhaps 0.5 ng/ml or lower.

  Our findings in the mesolimbic dopamine system are 
mixed in comparison to previous studies. Similar to pre-
vious reports, we did not detect sex differences in the vol-
ume of the NAc. In contrast to previous reports in rats 
[McArthur et al., 2007], we did not observe a difference 
in either the volume or the number of TH-ir-positive cells 
in the VTA. Two important features of our study are: (1) 
the use of tract tracing to help define the borders of the 
VTA, and (2) the use of horizontal sections of the Califor-
nia mouse brain. Dopamine neurons in the VTA have a 
caudal to rostral orientation, so horizontal sections max-
imize the visibility of these cells [Phillipson, 1979; Mar-
golis et al., 2006]. As indicated by its classification as an 
‘area’, the VTA is a difficult region to delineate anatomi-
cally. In particular, the lateral border with the SNc is dif-
ferent between mice and rats such that SNc cells wrap 
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  Fig. 7.   a  Subregion volume comparison.  b  Nuclei volume comparison.  *  p < 0.05.     
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around the MT in rats [see fig. 1 in Margolis et al., 2012] 
but not in mice [see fig. 4 in Chieng et al., 2011]. We ob-
served a similar wrapping of SNc cells around the MT in 
the California mouse ( fig. 4 ,  5 ), which more closely re-
sembles the condition in domestic rats than the domestic 
house mouse. Although most cells in the SNc and VTA 
cells are TH-ir positive (making distinguishing the 
boundary difficult based on TH immunoreactivity) the 
regions have somewhat distinct connections with SNc 
neurons predominantly receiving projections from the 
dorsal striatum while VTA neurons predominantly re-
ceive projections from the ventral striatum [Joel and 
Weiner, 2000]. Thus, tract tracing was used to confirm 
that the TH-ir-positive neurons surrounding MT were 
indeed part of SNc; it therefore helped to delineate the 
border between SNc and VTA. The VTA is known to be 
important in regulating motivated behavior [Berridge 
and Robinson, 1998] and the development of precise 
landmarks for delineating the VTA in the California 
mouse will be valuable for future studies.

  Most studies examining sex differences in brain mor-
phology have interpreted their findings either through 
the lens of sex differences in specific mating behaviors 
(i.e. mounting behavior) or in the context of mating sys-
tem differences between species (i.e. polygamous vs. mo-
nogamous). In  Peromyscus , sex differences in FC size ap-
pear to be correlated with social system [Kingsbury et al., 
2012], but it appears that sex differences in the SDN-

POA, BNSTpr and MEApd are more enduring, and per-
haps an ancestral state within mammals. These nuclei are 
most often considered within the context of sexual behav-
ior. However, the BNST in particular also has important 
effects on stress responses and, therefore, might contrib-
ute to well-described sex differences in physiological re-
sponses to stress [Ter Horst et al., 2009]. For example, 
social stress in California mice induces a transient in-
crease in corticosterone in females [Trainor et al., 2013] 
but an enduring increase in baseline corticosterone in 
males [Trainor et al., 2011]. Social stress in California 
mice also induces social withdrawal behavior in females 
but not males [Trainor et al., 2011]. Overall, our data sug-
gest that sexual dimorphism in certain brain structures 
persists across species with different types of social orga-
nization. Thus, we propose that the specific effects (i.e. 
region size, cell size, neuropeptides, etc.) of the hormonal 
milieu and specific social and reproductive systems have 
a more complex relationship than previously suggested 
by a division based on any one aspect alone.
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