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Abstract

The principal nucleus of the bed nucleus of the stria terminalis (BNSTp) is larger in males than in
females of several species. We previously demonstrated that in mice lacking the pro-death gene,
bax, total BNSTp cell number is increased and sex differences in cell number are eliminated. This
suggests that Bax-dependent cell death underlies sexual differentiation of the BNSTp. However, it
is not known what cells in the BNSTp are affected by bax deletion. Here we used
immunohistochemistry and stereological techniques to quantify phenotypically-identified cells in
the BNSTp of adult male and female bax -/- and bax +/+ mice. Sections were thionin-stained, or
double-labeled for NeuN and GFAP to identify mature neurons and astrocytes, respectively; an
additional series was labeled for androgen receptor (AR). As previously demonstrated, sex
differences in BNSTp area and overall cell number were seen in wildtype mice, but absent in bax -/-
animals. In addition, sex differences (favoring males) were present in the number of NeuN+ and AR
+ cells in wildtype mice. Bax gene deletion significantly increased the number of NeuN+ and AR+
cells and reduced or eliminated the sex differences in these cell types. The number of astrocytes in
the BNSTp was not sexually dimorphic, nor significantly affected by bax gene status, although there
was a trend for more GFAP+ cells in bax -/- mice. Overall brain weight was also greater in bax -/-
animals compared to controls. We conclude that the sex differences in neuron and AR+ cell number
are due at least in part to Bax-mediated cell death. Increased NeuN+ and AR+ cell number in bax -/-
mice suggests that supernumerary cells in bax knockouts differentiate similarly to those in wildtype
mice, and retain the capacity to respond to androgens.
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A major facet of sexual differentiation of the vertebrate nervous system is the sculpting of cell
number in a sex typical manner. Many of the best-studied neural sexual dimorphisms manifest
as either a sex difference in the total number of cells, or in the number of neurons of a particular
phenotype within a neural region. Sex differences in cell number could result from differences
in cell birth, differentiation, migration, or death, although hormone regulated cell death is
currently the best established mechanism underlying sex differences in adult cell number
(reviewed in Forger, 2006).
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Support for the role of cell death in neural sex differences comes from recent work using mice
genetically altered to over- or under-express particular cell death proteins. Specifically,
members of the Bcl-2 family of proteins are key regulators of cell death in a variety of tissue
types (Merry and Korsmeyer, 1997) and Bax, a pro-death member of the family, is critically
important for apoptosis of many developing neurons (White et al., 1998). In mice lacking the
bax gene, sex differences in cell number are eliminated in several brain regions, including the
anteroventral periventricular nucleus (AVPV) and the principal nucleus of the bed nucleus of
the stria terminalis (BNSTp) (Forger et al., 2004).

The BNSTp is a key component of an integrated neural circuit that regulates sexual and social
behaviors in rodents. Pheromonal and olfactory information are relayed from the accessory
olfactory bulb to the BNSTp, which in turn projects to several sexually dimorphic hypothalamic
nuclei (Simerly, 2002). The BNSTp has a high density of both androgen and estrogen receptors
(Simerly et al., 1990). It is larger overall in male than in female rats, mice, guinea pigs, and
humans (Hines et al., 1985; del Abril et al., 1987; Guillamon et al., 1988; Allen and Gorski,
1990; Forger et al., 2004), and the number of androgen receptor (AR)-expressing cells, or the
‘cloud’ of AR-expressing cells, is also larger in males (Wersinger et al., 1997; Shah et al.,
2004).

Although deletion of the bax gene in mice eliminates the sex differences in BNSTp volume
and total cell number (Forger et al., 2004), this finding is based on cells identified in a thionin
stain. The BNSTp is a heterogeneous nucleus consisting of multiple cell types, including, but
not limited to cells expressing AR, estrogen receptors o and B, progestin receptors, galanin,
vasopressin (VP), cholecystokinin, and substance P (Malsbury and McKay, 1987; Micevych
et al., 1988; Wersinger et al., 1997; Han and De Vries, 1999; Greco et al., 2001; Mitra et al.,
2003; Shah et al., 2004). These categories are not mutually exclusive; for example since most
neurons in the mouse BNSTp express AR (Shah et al., 2004), many markers co-localize with
AR. The only subset of BNSTp neurons to be examined thus far in bax -/- mice is those that
express the neuropeptide VP. VP cells are much more numerous in the BNSTp of males than
of females, but deletion of the bax gene does not affect this sex difference (De Vries et al.,
2008). In the present study, we used immunohistochemistry to quantify three phenotypically
identified cell types in the BNSTp of bax +/+ and bax -/- animals. Counts of total cell number
(based on a thionin stain) were compared with counts of cells expressing NeuN, a marker of
mature neurons, glial fibrillary acidic protein (GFAP), a marker of astrocytes, and the AR.

Experimental Procedures

Animals and tissue collection

Bax +/+ and bax -/- mice were generated by pairing bax +/- males and females from our
breeding colony. Genotyping was performed by PCR amplification of tail DNA using
established primer sequences (White et al., 1998). The mice used in the present experiment
served in a previous study of motor and sexual behaviors (Cohort Il in Jyotika et al., 2007).
All animals were gonadectomized at 2-3 months of age and received a subcutaneous Silastic
capsule (1.02 mm ID x 2.16 mm OD) packed with 5 mm of crystalline testosterone. Two to
three months later, and one week after the last behavioral test, animals were subcutaneously
injected with 500 pg of dihydrotestosterone (Zhou et al., 1994). This bolus of androgen was
provided to maximize the translocation of AR to the nucleus and ensure that all AR+ cells
would be detected. Thirty minutes later, animals were weighed, deeply anesthetized, and
transcardially perfused with 4% paraformaldehyde. Brains were extracted, post-fixed for 4
hours and transferred to 30% sucrose for cryoprotection. Brains were then blocked (cerebellum
and olfactory bulbs removed), weighed by an investigator blind to experimental group, and
frozen-sectioned at 30 um in the coronal plane into four series. One series was stained with
thionin (Figure 1A) and the others were stored at -20°C until processing.

Neuroscience. Author manuscript; available in PMC 2010 February 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holmes et al.

Page 3

Immunohistochemistry

One series of sections was processed for double-label immunohistochemistry (IHC) for NeuN
and GFAP, markers for mature neurons and mature astrocytes, respectively (Figure 1C). Tissue
was rinsed in 0.05M tris buffered saline (TBS), and incubated for 45 minutes in TX100 [TBS
+ 10% normal horse serum (NHS) + 0.35% Triton X] with avidin blocking solution and 1%
H»0, at room temperature. Next, tissue was incubated in NeuN primary antibody [1:1000
mouse anti-NeuN monoclonal antibody (Chemicon International, Temecula, CA)] in TX100
+ biotin blocking solution for 40 hours at 4°C. Secondary antibody incubation [1:200 horse
anti-mouse (Vector Laboratories, Burlingame, CA) in TBS with NHS and Triton X for 90 min
at room temperature] was followed by a 90 min ABC incubation (Vector Laboratories,
Burlingame, CA). NeuN staining was visualized using a diaminobenzidine (DAB) reaction
and tissue was rinsed 3x5 min with TBS between all steps. GFAP IHC (1:1000 rabbit anti-
GFAP polyclonal antibody; Chemicon International) immediately followed the DAB reaction.
All steps were the same except that normal goat serum (NGS) and goat anti-rabbit were used
and visualization was performed using Vector SG (Vector Laboratories). Tissue was then
mounted onto gel coated slides, dehydrated and coverslipped using Permount (Fisher
Scientific).

A separate series was processed for AR IHC (Figure 1B). Sections were rinsed with TBS, and
incubated in 1.47% sodium citrate at 80°C for 30 min. Following a 30 min incubation in
blocking solution (TBS + 4% NGS + 0.35% Triton X-100) with 1% H,O, tissue was
transferred to the primary antibody solution (blocking solution plus 2 pl/ml of the polyclonal
AR antiserum, PG21, a generous gift from Dr. Gail Prins) for 40 hours at 4°C. A 90 min
secondary antibody incubation [1:400 goat anti-rabbit (Vector Laboratories) in TBS with 4%
NGS] was followed by a 90 min ABC wash. Visualization was achieved using a nickel-
enhanced DAB reaction. TBS washes were performed between all steps and after the DAB
reaction.

Morphometry and statistical analyses

Results

All analyses were performed on slides coded to conceal the sex and genotype of the animals.
Stereological analyses of overall volume, thionin cell number, NeuN+ cell number, GFAP+
cell number and AR+ cell number were performed using Stereolnvestigator software
(MicroBrightfield, Williston, VT). To calculate overall volume of the BNSTp in thionin and
AR stained tissue, outlines were bilaterally traced in each section, and the summed areas
multiplied by section thickness. Unbiased estimates of the number of each cell type were
obtained using the optical disector method. A counting frame of 20 x 20 um was systematically
moved through the traced area, with counts performed every 100 um (i.e., @a 100 x 100 um
sampling grid, as in Forger et al., 2004). Cells were counted bilaterally throughout the rostral-
caudal extent of the BNSTp for each stain; estimates of the total number for each cell type
incorporate the number of cells counted per section, section thickness, and sampling ratio.
Thionin stained cells were counted if they had the size and staining characteristics consistent
with neuronal morphology. Boundaries for NeuN and GFAP cell counts were based on tracings
of thionin-stained tissue.

Data were analyzed by two-way ANOVAs (sex-by-genotype) except where indicated below.
Planned comparisons using Fisher’s LSD were performed following significant main effects
or interactions in the ANOVA, tests are two-tailed unless otherwise noted.

As expected, we observed a main effect of sex, favoring males, on BNSTp volume (F1 31 =
8.1, p = 0.008) and total cell number (Fq 31 = 10.9, p = 0.002) in thionin stained tissue. Bax
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deletion increased both volume (F1 31 = 49.3, p < 0.0001) and cell number (Fq 31 = 108.8, p <
0.0001) in males and females. Planned comparisons indicate that cell number and volume were
sexually dimorphic in wildtype mice (p < 0.007 in both cases) but not in bax knockouts (Figures
2A and B). Thus, in confirmation of previous findings (Forger et al., 2004), bax deletion
increases total cell number and eliminates the sex difference in cell number in the BNSTp.

IHC demonstrates that the sex difference in total cell number is due to a greater number of
neurons in males. Wildtype males had more NeuN+ cells than wildtype females (p = 0.017).
Bax deletion increased NeuN+ cell number in both sexes (F1 23 = 32.5; p < 0.001) and
eliminated the sex difference (p = 0.433) (Figure 3A). We observed no sex difference in the
number of GFAP+ cells (F1 23 = 0.001, p = 0.99). There also was no significant effect of bax
deletion on glial cell number, despite a trend for an increased number of GFAP+ cells in
bax-/- mice (F1 23 = 3.2, p = 0.086) (Figure 3B).

Consistent with Shah et al. (2004), we report a greater number of AR+ cells in the BNSTp of
males than of females (Fj 28 = 5.2, p = 0.030) and further demonstrate that bax deletion
increased AR+ cell number (F1 28 = 21.7, p < 0.001) (Figure 4A). In planned comparisons the
sex difference in AR+ cell number did not reach significance for either wildtype or bax -/- mice
(p > 0.05 in both cases), although we note that the two-tailed value was very close to
significance for the wildtype mice (p = 0.065) and the previous report by Shah and colleagues
(2004) might justify a 1-tailed test here. Similarly, the volume of the cluster of AR cells was
greater in wildtype males than in females (p = 0.034) and bax deletion eliminated this sex
difference (p = 0.34; Figure 4B).

It has been suggested that bax gene deletion does not affect gross brain morphology or brain
size (White et al., 1998). However, direct quantification of brain size or weight has not been
reported. We find that bax -/- mice in fact do have significantly heavier brains than wildtype
mice (F1 34 = 87.44, p <0.0001; Table 1). There was no effect of genotype on body weight
although, as expected, males were heavier than females (F1 34 = 37.006, p < 0.0001; Table 1).
The effect of bax deletion on brain weight remains if brain weights are corrected by body size
(F1,34 =41.84, p <0.0001).

Discussion

The present data demonstrate that the sex difference in BNSTp cell number is due to an
increased number of neurons in males relative to females. Overall, bax-/- mice have more NeuN
+ cells in the BNSTp than do wildtypes, resulting in the elimination of the sex difference. A
similar pattern is seen for AR+ cell number. Shah and colleagues (2004) have demonstrated
that the majority of neurons in the mouse BNSTp express AR (80-90%) and, conversely, fewer
than 5% of AR+ cells fail to express NeuN. Similarly, our AR+ cell counts are 85-90% of our
NeuN+ counts across all groups. The most parsimonious interpretation is that bax deletion
rescues neurons, the majority of which are AR+, and that sex differences in both neuron number
and AR+ cell number are due, at least in part, to Bax-dependent cell death.

We did not find a sex difference in the number of astrocytes in the BNSTp, as identified by
GFAP labeling. We also did not find an effect of bax deletion, although the number of GFAP
+ cells tended to be higher in knockout animals. In addition to Bax, many cell types express a
second multidomain pro-death member of the bcl-2 family, Bak. Neurons, however, lack full-
length Bak (Uo et al., 2005). As a result, while Bax and Bak are functionally redundant in many
non-neuronal tissue types including glia (Lindsten et al., 2000; Wei et al., 2001; Degenhardt
et al. 2002; Itoh et al., 2003), Bax is singularly important for initiating apoptosis in many
populations of developing neurons (White et al., 1998; Uo et al., 2005). This may explain why
bax deletion selectively increases neuron number. However, apoptotis in glial cells is often
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dependent on the presence or absence of neuron-derived signals (Winseck et al., 2002), and an
increase in the number of neurons results in a corresponding increase in astrocytes in some
systems (Burne et al., 1996). Thus, one might expect an increase in GFAP+ cell number in
bax -/- mice as an indirect result of the greater numbers of neurons.

Previously, we examined VP cell number in the BNSTp and dopaminergic cell number in
AVPV of wildtype and bax -/- mice. Males have more VP neurons than do females, even after
hormone levels have been made equivalent in adulthood (De Vries and al-Shamma, 1990).
Bax gene deletion does increase VP cell number in the BNSTp, but the magnitude of the sex
difference is unchanged in knockout animals (De Vries et al., 2008). The same pattern is seen
for mice overexpressing the pro-survival protein, Bcl-2 (De Vries et al., 2008). Thus, cell death
may determine the total number of cells with the potential to become VP neurons in the BNSTp,
but is not the mechanism underlying the sex difference. In the AVPV, females have many more
dopaminergic cells than do males (Simerly et al., 1997). However, bax deletion neither alters
the total number of dopaminergic cells, nor affects the sex difference in dopaminergic cell
number in AVPV (Forger et al., 2004). Recently, a novel cell death pathway has been identified
for cultured dopaminergic neurons of the mouse midbrain that is independent of Bax and other
Bcl-2 family proteins (Yu et al., 2008); it is possible that a similar mechanism controls sexually
dimorphic cell death of dopaminergic neurons in AVPV. Thus, while Bax-dependent cell death
is clearly important for establishing sex differences in neuron number, and is required for the
sex differences in NeuN+ and AR+ cells in the BNSTp, other mechanisms contribute to the
sexual differentiation of cell number throughout the brain.

Previous investigators report that some cells rescued by bax deletion may be atrophic and not
differentiate or migrate normally (e.g., Sun et al., 2003; 2004; Jacob et al., 2005; Buss et al.,
2006; Jung et al., 2008). In contrast, other neural populations show little or no change in cell
size in bax-/- mice, perhaps because the ‘extra’ neurons are able to maintain functional
connections (e.g., Fan etal., 2001; Sun et al., 2003). The present study demonstrates that most,
if not all, of the extra cells in the BNSTp of bax -/- mice become mature neurons, at least to
the point of expressing NeuN. It must be acknowledged that expression of NeuN does not
necessarily infer complete differentiation and/or functionality. For example, adult-generated
dentate gyrus neurons express the NeuN and GFAP proteins in a similar ratio in bax -/- and
wildtype mice, although expression of another neuronal marker, calbindin, is markedly
decreased in cells rescued by bax deletion (Sun et al., 2004). However, as we demonstrate that
supernumerary cells in the BNSTp can also express the AR protein (present results) and the
VP peptide (De Vries et al., 2008), these neurons may be responsive to circulating steroids and
involved in neuroendocrine function. Interestingly, both sexual and social behaviors that are
sexually dimorphic in wildtype animals are altered in bax -/- mice. Specifically, lordosis
quotients and social affiliation are masculinized in bax-/- mice of both sexes, and a sex
difference in olfactory preference is eliminated in the knockouts (Jyotika et al., 2007; MM
Holmes, L Niel, DA Monks, & NG Forger, unpublished observations). Determining how the
elimination of cell death influences the circuitry underlying these and other socio-sexual
behaviors is the next challenge.
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NHS, normal horse serum
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Figure 1.

Photomicrographs of cross-sections through the BNSTp in tissue stained for thionin (A),
androgen receptor immunohistochemistry (B), or NeuN/GFAP double-label
immunohistochemistry (C). (A) and (B) are adjacent sections from a bax -/- male mouse; the
lateral border of the BNSTp is marked by black arrows and insets are taken from the center of
the cell group. In (C), NeuN+ cells are identified by brown reaction product and GFAP+ cells
are identified by blue/grey reaction product; arrows point to two GFAP+ cells. Scale bar = 500
um for A and B (50 um for inserts) and 30 um for C.
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-/- mice based on thionin stained tissue.
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and bax -/- mice.
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Mean (+SEM) AR+ cell number (A) and volume (um?3) of AR+ ‘cloud’ (B) in the BNSTp of
wildtype (bax +/+) and bax -/- mice.
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Table 1
Body and brain weight (+/- SEM) of bax -/- and +/+ mice

Body weight, g Brain Weightf,mg
bax +/+ males (n=10) 29.72 (0.61) @ 356 (6)
bax +/+ females (n=10) 24.89 (0.54) 344 (5)
bax -/~ males (n=9) 2860 (0.54) @ 416 (13)°
bax -/- females (n=9) 26.67 (0.51) 433 (7)°

*
Brain weight after removal of olfactory bulbs and cerebellum.

aSignificantly different from females of the same genotype (p<0.05).

bSignificantly different from same sex bax +/+ animals (p<0.05).
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