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ELL DEATH AND SEXUAL DIFFERENTIATION OF THE
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bstract—Sex differences in nuclear volume or neuron num-
er often are attributed to the hormonal control of cell death.

n the spinal nucleus of the bulbocavernosus, the central
ortion of the medial preoptic nucleus, and the principal
ucleus of the bed nucleus of the stria terminalis testicular
ormones decrease cell death during perinatal life, resulting

n a male advantage in neuron number in adulthood. Con-
ersely, males have more dying cells during development
nd fewer neurons in adulthood than do females in the an-
eroventral periventricular nucleus of the hypothalamus. This
eview discusses several limitations and unresolved issues
n the literature on sexually dimorphic cell death, and identi-
es molecular mechanisms by which gonadal steroids may
ontrol cell survival. In particular, evidence is presented for
he hormonal regulation of neurotrophic factors and involve-
ent of Bcl-2 family proteins in the determination of sex
ifferences in neuron number. © 2005 Published by Elsevier
td on behalf of IBRO.

ey words: cell death, sexual differentiation, Bcl-2, Bax, neu-
otrophic factor.

t has been over 30 years since the discovery of the first
eural sex differences, and since then a large number of
ifferences have been found throughout the brains, spinal
ords, and peripheral nervous systems of male and female
ertebrates. In most cases sex differences in the nervous
ystem are due to the actions of gonadal steroid hor-
ones, usually testosterone or an estrogenic metabolite of

estosterone, acting early in development. This single hor-
onal explanation has been remarkably powerful in ex-
laining much of the variation between male and female
rains. What is not known, however, is exactly how tes-
osterone and its metabolites engender the myriad differ-
nces that have been reported. In fact, it is probably fair to
ay that for no single neural sex difference can we trace
he steps from hormone production to the neural morphol-
gy observed in adulthood. In a surprising number of
ases, it is not even known with certainty where testoster-
ne acts to initiate the cascade culminating in an observed

Tel: �1-413-545-5982; fax: �1-413-545-0996.
-mail address: nforger@psych.umass.edu (N. G. Forger).
bbreviations: AVPV, anteroventral periventricular nucleus; BC, bul-
ocavernosus muscle; BH, Bcl-2 homology; BNSTp, principal nucleus
f the bed nucleus of the stria terminalis; CNTF, ciliary neurotrophic
actor; CNTFR�, ciliary neurotrophic factor � receptor; ER, estrogen
eceptor; LA, levator ani muscle; MPNc, central portion of the medial
A
reoptic nucleus; SNB, spinal nucleus of the bulbocavernosus;
H, tyrosine hydroxylase; VP, arginine vasopressin.

306-4522/06$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
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ifference in neuronal size, number, connectivity, or neuro-
hemistry.

Differences in cell number are among the most com-
on types of sex difference reported and may be either a
ifference in the total number of cells in a given area (e.g.
s assessed in a Nissl stain), or in the number of defined
eurons of a particular phenotype. In theory, these differ-
nces could arise as the result of differential neurogenesis,
igration, differentiation of phenotype, or cell death in
ales and females. Currently, there is no clear evidence

inking the hormonal control of neurogenesis to a sex
ifference seen in the adult brain, and only scant evidence
hat the hormonal control of migration contributes to sexual
ifferentiation of the brain (Henderson et al., 1999; Orikasa
t al., 2002). In contrast, several well-studied sex differ-
nces are attributed to the hormonal control of cell survival
see Forger, 2001 for review).

Given that the hormonal control of cell death is often
ited as the best established mechanism for creating neu-
al sex differences, it is interesting to ask: just how well
stablished is it? If the evidence is viewed with a critical
ye, it must be admitted that even for this “best estab-

ished” mechanism, the data are clear in only a few cases.
ased on the types of methodologies actually employed in

he sexual differentiation literature to date, I propose the
ollowing four criteria in order to comfortably conclude that
ormonally regulated developmental cell death underlies
ny given sex difference in the nervous system: 1. There is
sex difference in neuron number in the adult; 2. this sex

ifference in adult cell number is reversed by hormone
reatments during development; 3. there is a sex difference
t some point in development in the number of dying cells;
nd 4. hormone treatments that reverse the sex difference

n cell number also reverse the developmental sex differ-
nce in cell death. In other words, a hormonally-deter-
ined sex difference in cell number in adulthood correlates
ith a hormonally-determined sex difference in develop-
ental cell death.

If one requires that all four criteria be demonstrated,
hen cell death is an “established” mechanism in only a
andful of neural regions, all in the laboratory rat (Table 1).
hese are: the spinal nucleus of the bulbocavernosus
SNB), the central portion of the medial preoptic nucleus
MPNc; a subportion of the sexually dimorphic nucleus of
he preoptic area), the principal nucleus of the bed nucleus
f the stria terminalis (BNSTp), and the anteroventral
eriventricular nucleus (AVPV). Testosterone decreases
ell death in the SNB, MPNc and BNSTp, while increasing
ell death in AVPV (Nordeen et al., 1985; Murakami and

rai, 1989; Davis et al., 1996a; Chung et al., 2000) and in
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ach case, the dying cells exhibit the morphological and/or
iochemical hallmarks of apoptosis (i.e. pyknosis and DNA
ragmentation). In several other cases, two or three of the
our criteria have been demonstrated, making it likely that
ell death is the mechanism underlying an observed sex
ifference in cell number. This latter category includes
xamples in birds, frogs, and rodents other than rats,
uggesting that the mechanism of hormonally controlled
ell death is likely to be widespread.

imitations of the cell death literature

ven for those neural regions in which all four criteria have
een satisfied, however, there are reasons for caution. For
xample, in order for counts of dying cells in development
o account for an adult sex difference in neuron number in
quantitative way, we would have to know how long a cell
ppears apoptotic in the material under study. A common
stimate is that the entire process of apoptosis takes only
wo to three hours (Bursch et al., 1990). If so, then the
umber of apoptotic cells seen in a tissue section at any
ime represents only a small fraction of the total number
ying that day. However, other investigators have esti-
ated that it may take two days or more for apoptotic cells

o be eliminated (Hu et al., 1997). Determining the length of
ime a cell appears apoptotic in the material under study is

tall order, and has been attempted for only one of the
egions listed in Table 1 (Nuñez et al., 2000). The unset-
ling possibility that the hormonal milieu could affect the
ime-course of apoptosis has received even less attention;
f so, then counts of dying cells would lead to erroneous
onclusions about the magnitude of cell death in different
reatment groups.

Secondly, it is difficult to rule out other mechanisms.
or example, in the AVPV testosterone increases cell
eath perinatally (Murakami and Arai, 1989; Sumida et al.,
993), but sex differences in nuclear volume and length do
ot emerge until much later (Davis et al., 1996b). This does
ot invalidate cell death as the mechanism responsible for

able 1. Neural sex differences attributed to hormonally controlled ce

eural area Species Evidence (reference)

1. Sex difference in cell
number

2. Ce
by ho

NB Rat Breedlove & Arnold (1980) Bree
PNc Rat Dodson & Gorski (1993) Dods
NSTp Rat Guillamón et al. (1988b) Guill
VPV Rat Sumida et al. (1993)a Sum
isual cortex Rat Reid & Juraska (1992) Nuñe
A Zebra finch Gurney (1981) Gurn

Ar
aryngeal
motoneurons

Frog Kay et al. (1999) Kay

DApc Gerbil Holman et al. (1995) —

Total cell number not reported; sex difference inferred from measur
Androgens administered perinatally decrease cell death in females;

or the sex difference in cell number.
Early work suggested that androgens increase cell number in RA; la
Sex difference in cell death inferred, based on greater disappearanc
he volume or length differences, but leaves plenty of room o
or contributions by other mechanisms (e.g. cell size
hanges, developmental changes in apparent nuclear
oundaries, and the recruitment or emigration of cells).
ndeed, in the rat locus coeruleus, adult females have
ore neurons than do males (Guillamón et al., 1988a).
lthough cell death is greater in males on the day of birth,
detailed study of developmental changes in locus coer-

leus cell number suggests that the adult sex difference is
rimarily due to greater postpubertal cell addition in fe-
ales than in males (Pinos et al., 2001). Finally, one can
e led astray by effects of exogenous hormone treatments.
or example, treatment with androgens masculinizes the
attern of cell death in primary visual cortex of neonatal
emale rats (Nuñez et al., 2000), but androgens may not
ormally account for the sex difference in neuron number
f adults (Nuñez et al., 2002).

Investigators have struggled with the best way to quan-
ify cell death and variously report the absolute number of
ying cells in the region under study, the number of dying
ells per unit volume, or a ratio of apoptotic to healthy
eurons. If cell death is the only process influencing the
umber of neurons in a given region, ratios of dying cells to
otal cell number make good sense. If multiple processes
re involved, however, ratios can be problematic. This can
e appreciated if one imagines a cell group in which a sex
ifference in neuron number (male�female) is due solely
o the fact that more neurons migrate into the nucleus in
ales. If migration overlaps with the period of cell death
nd exactly the same number of neurons die in both sexes
i.e. there is no sex difference in absolute counts of ap-
ptotic cells), the result would be a sex difference in the
ell death ratio, and the incorrect conclusion that differen-
ial cell death in males and females explains the sex dif-
erence. This is not far-fetched: a similar scenario has
een proposed to explain the development of a sex differ-
nce in neuron number in the higher vocal center of zebra
nches (Burek et al., 1997), and migration into the nucleus

r reversed 3. Sex difference in cell
death

4. Cell death reversed
by hormones

rnold (1983) Nordeen et al. (1985) Nordeen et al. (1985)
rski (1993) Davis et al. (1996a) Davis et al. (1996a)
al. (1988b) Chung et al. (2000) Chung et al. (2000)
(1993)a Sumida et al. (1993) Murakami & Arai (1989)
2002)b Nuñez et al. (2001) Nuñez et al. (2000)b

); Grisham &
5)c

Kim & De Voogd (1989) —

99) Kay et al. (1999)d —

Holman et al. (1996) —

density and overall volume of the nucleus.
ovarian steroids after postnatal day 20 may normally be responsible

implicates estrogens.
lthy motoneurons in females than in males during development.
ll death

ll numbe
rmones

dlove & A
on & Go

amón et
ida et al.
z et al. (
ey (1981
nold (199
et al. (19

es of cell
however,

ter work
verlaps with the period of cell death in the rat SNB and
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erbil sexually dimorphic area pars compacta (Sengelaub
nd Arnold, 1986; Holman et al., 1995).

Thus, even in cases for which the evidence is quite
trong, there are limitations inherent in using counts of
ying cells in development to explain sex differences in
dult neuron number. When any evidence is found sug-
esting that cell death contributes to a neural sex differ-
nce, the temptation is to conclude that the sex difference
as been explained and to look no further. We probably
hould keep in mind that the data are rarely quantitative
nough to conclude that cell death can account for the
ntire difference and that no other mechanisms are in-
olved. Recently, we have used mutant mice to get around
ome of these problems and to test more directly the
ontribution of cell death genes to neural sex differences
see below).

efining the first steps in the cascade: site of
ormone action

f the ultimate goal is to explain how testosterone or its
etabolites control cell death, then one must know which

ell or cells the hormone acts on. For most neural sex
ifferences, however, we do not really have a clear answer

o the “site of hormone action” question. Classical intracel-
ular androgen and estrogen receptors (ER) regulate sex-
al differentiation of cell number in several systems
Breedlove and Arnold, 1981; Simerly et al., 1997), so it is
easonable to start the search for sites of hormone action
y identifying cells expressing the relevant hormone recep-
or(s). For example, estrogens control cell number in the
VPV and MPNc, and ERs are expressed by neurons in

hese nuclei during the cell death period (DonCarlos and
anda, 1994). Thus, it is possible that aromatized products
f testosterone act directly on cells in AVPV and the MPNc

o control their survival. However, there are many other
ossibilities. Hormones may act on afferents or targets of
VPV or MPNc neurons or on glial cells within the region,

or example.
In the SNB, investigators were forced early on to con-

ider indirect effects of hormones in the control of neuron
umber. Testosterone acts via androgen receptors to res-
ue SNB cells from death (Breedlove and Arnold, 1981,
983) yet the motoneurons themselves do not express
ndrogen receptors during the perinatal cell death period
Jordan et al., 1991). In fact, an SNB motoneuron that
ever expresses a functional androgen receptor can none-
heless be rescued by perinatal androgen treatments
Freeman et al., 1996). A variety of observations indicate
hat androgens act at the target muscles in this system and
hat SNB cells are secondarily spared following direct hor-
one action at the muscle (Fishman and Breedlove, 1985;
ishman et al., 1990; Kurz et al., 1992; Freeman et al.,
996).

It can be more difficult to pinpoint the direct site of
ormone action in the brain. Even if one is successful in
emonstrating that gonadal steroids act within a given
ucleus to control cell number the search is not over,
ecause most brain nuclei are composed of many different

ell types. Ultimately, the answer to the site of action a
uestion for most neural areas may have to await the
evelopment of animals in which estrogen or androgen
eceptors are conditionally expressed or silenced specifi-
ally in the population of neurons known to undergo sex-
ally dimorphic cell death. In the absence of such evi-
ence, it is hard to know for sure where the cascade

eading to survival or death starts.

echanisms of hormone action: neurotrophic factors

s mentioned above, the direct site of hormone action for
ontrolling motoneuron survival in the SNB is thought to be
he perineal target muscles, bulbocavernosus and levator
ni (BC/LA). These muscles normally form in both sexes
renatally, but degenerate in female rats and mice around
he time of birth; testosterone treatments that rescue SNB
otoneurons also rescue the BC/LA (Cihak et al., 1970).
triated muscles throughout the body produce trophic fac-

ors that retrogradely influence the survival of innervating
otoneurons, suggesting a model in which trophic factors

rom the BC/LA muscles mediate the sparing effects of
ndrogens on SNB motoneurons (Fig. 1A). Indeed, find-

ngs from our laboratory indicate that signaling through the
iliary neurotrophic factor � receptor (CNTFR�) is required
or the development of the sex difference in the SNB. For
xample, the application of exogenous CNTF rescues
NB motoneurons in female rats; CNTF receptors are
bundantly expressed by SNB motoneurons during peri-
atal life; and the normal sex difference in the SNB is
bsent in knockout mice lacking the CNTFR� (Fig. 1B, C;
orger et al., 1993, 1997; Varela et al., 2000). Finally, the
ndrogenic rescue of SNB motoneurons can be blocked by
he local application of antagonists to several trophic factor
eceptors, including CNTFR� (Fig. 1D; Xu et al., 2001).

Taken together these findings provide compelling evi-
ence that endogenous factors, likely produced by the
C/LA muscles, act through trophic factor receptors on
NB motoneuron terminals to mediate sexual differentia-

ion of the SNB. In the brain, the complexity of neural
onnections and the relative inaccessibility of neurons
ake it difficult to perform manipulations such as those
escribed above. However, neurotrophic factors are ex-
ressed throughout the developing brain and are viewed
s the single most important regulators of neuronal cell
eath (Oppenheim, 1991). It would be surprising if the
ormonal control of trophic support does not contribute to
ome of the sex differences in neuron number observed in
he brain.

ntracellular mechanisms of neuronal cell death and
he Bcl-2 family

onadal hormones and trophic factors are two classes
f extracellular molecules influencing neuronal survival.
hese signals must then be integrated within individual
eurons to determine whether a given cell will live or die.
remendous strides have been made in understanding the
olecular bases of apoptosis over the past several years,
nd proteins of the Bcl-2 family have emerged as crucial
egulators of death in many cell types (reviewed in Merry

nd Korsmeyer, 1997). Bcl-2 family members can be di-
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ided into two categories, depending on whether they in-
ibit (e.g. Bcl-2, Bcl-xL) or promote cell death (e.g. Bax,
ak). Although the precise mechanisms whereby Bcl-2

amily proteins control apoptosis are still not clear, much of
he available evidence supports the so-called “rheostat
odel” in which the balance between death-promoting and
eath-repressing family members constitutes a critical
heckpoint that determines whether a cell will execute an
poptotic program (Gross et al., 1999).

Specifically, the pro-death proteins, Bax and Bak ac-
umulate at the mitochondrial outer membrane when a cell
eceives a “death signal.” Bax/Bak oligomers disrupt mito-
hondrial membrane function, allowing for the release of
ytochrome c and other signaling molecules, which acti-

ig. 1. (A) Model for the androgen-dependent sparing of SNB motone
nd neurotrophic factors from the muscle then bind to trophic factor re
urvival. (B) Daily perineal injections of CNTF from embryonic day 2
ecrease the number of pyknotic cells (white bars) in the SNB of fema
ewborn, wild-type mice (CNTFR �/�; * P�0.001) is absent in knock
umber of motoneurons in the SNB of female rats receiving systemic i
f 1 or 5 �g of the CNTF receptor antagonist, AADH-CNTF. A blockad
ignificantly different from all other groups. [B, C, and D adapted with
opyrights, the Society for Neuroscience.]
ate downstream executioners of death such as the t
aspases (Fig. 2; see Desagher and Martinou, 2000 for
eview). Pro-survival members of the Bcl-2 family may act
rimarily by preventing the translocation or oligomerization
f Bax/Bak (Cheng et al., 2001). Although Bax and Bak
lay redundant roles in most cell types, developing neu-
ons do not express full-length Bak (Sun et al., 2001; Uo et
l., 2005), leaving Bax as a singularly important protein for
poptosis in neural development.

We recently asked whether disrupting the balance of
cl-2 family members would affect the development of

hose neural sex differences thought to be due to differen-
ial cell death in males and females. We first examined mice
ver-expressing the survival-promoting protein, Bcl-2, and

ound reductions in the sex differences in neuron number in

stosterone binds to androgen receptors in the BC/LA target muscles,
on SNB axon terminals (black squares) to regulate SNB motoneuron
tnatal day 3 increase the number of motoneurons (black bars) and
C) A sex difference in motoneuron number that is seen in the SNB of
lacking the CNTF receptor (CNTFR �/�; n.d., not different). (D) The
of sesame oil or testosterone propionate (TP) and perineal injections
F receptors prevents the androgenic sparing of SNB cells. * Indicates
ion from Forger et al., 1993, 1997; and Xu et al., 2001, respectively.
urons. Te
ceptors
2 to pos
le rats. (
out mice
njections
e of CNT
he SNB and AVPV (Zup et al., 2003). These findings are
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onsistent with the idea that testosterone normally controls
ell death in the SNB and AVPV via a Bcl-2 dependent
athway. However, the effects of Bcl-2 over-expression
ere relatively modest, and an over-expression study can-
ot address the physiological relevance of a given protein.

More recently we addressed these concerns by examin-
ng the SNB, AVPV, and BNSTp of Bax �/� and Bax �/�

ice. We find that sex differences in overall cell number
re eliminated in each case (Fig. 3; Forger et al., 2004;
acob et al., 2005), demonstrating that Bax is required for
exually dimorphic cell death in the mouse forebrain and
pinal cord. Moreover, because all animals in this study
ere gonadally intact, Bax status overrides endogenous
ormonal signals in determining cell number of sexually
imorphic nuclei.

One advantage of cell death mutants is that they allow
s to get away from some of the limitations, mentioned
bove, in relying on correlations between counts of dying
ells in development and cell number in adulthood to ad-
ress the contribution of cell death to neural sex differ-
nces. Not all developing neurons require Bax for cell
eath (Fan et al., 2001; Middleton and Davies, 2001).
owever, in those regions in which Bax is involved, the

equirement is profound (White et al., 1998). If this is also
rue for sexually dimorphic regions, then cell number in
dult Bax �/� animals provides a window onto the number
riginally generated during development in both sexes,

ig. 2. A model for the control of cell death by Bcl-2, Bcl-xL and Ba
itochondria in response to a death signal. A high ratio of Bax to Bc

ytochrome c from the mitochondria, which then activates caspases l
nd the difference in neuron number between Bax �/� and e
ax �/� mice represents the total number of neurons lost,
ntegrated over the entire developmental cell death period.

Thus, one can ask whether cell death completely ac-
ounts for a given sex difference, or whether other mech-
nisms should be considered. In the AVPV, BNSTp, and
NB cell number is equivalent in male and female Bax �/�
ice, suggesting that cell death alone can explain the sex
ifferences in overall cell number found in these regions in
ild-type animals. Of course, there are also limitations to

he Bax knockout model for the study of neural sex differ-
nces. One must assume, for example, that Bax deletion
liminated cell death in development but did not affect any
ther processes. As in any scientific endeavor, the most
olid conclusions will rely on converging evidence from

ndependent types of experiments.

eterogeneity of mechanisms controlling cell
umber within a single area

lthough we talk about brain nuclei such as the AVPV and
NSTp as single cell groups, in fact they are an aggrega-

ion of phenotypically heterogeneous cells. In addition to
he relatively modest sex difference in overall cell number
n the AVPV, for example, there is a marked sex difference
n the small subset of dopaminergic neurons, as measured
y tyrosine hydroxylase (TH) immunoreactivity. Female
ats and mice have three to four times more TH-immuno-
eactive neurons in AVPV than do males, and this differ-

ral cells. Bax normally resides in the cytoplasm, but translocates to
l-xL) leads to the formation of Bax/Bax oligomers and the release of
cellular degradation.
x in neu
nce requires an intact ER� (Simerly et al., 1985, 1997).
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nterestingly, although Bax gene deletion increased AVPV
ell number in both sexes and eliminated the sex differ-
nce in overall cell number, there was no effect of Bax
ene status on the number of TH cells, and the normal sex
ifference in TH cell number persisted in Bax knockouts
Fig. 3B, C). This same pattern was seen in mice over-
xpressing Bcl-2 (Zup et al., 2003). Thus, different mech-
nisms control the sexual differentiation of overall cell
umber and dopaminergic cell number in AVPV. Our find-

ngs do not exclude a role for cell death in the differentia-
ion of TH neurons in AVPV, however. In fact, estradiol
educes the number of TH immunoreactive neurons in
xplants of neonatal rat AVPV and this effect can be
locked by caspase inhibitors (Waters and Simerly, 2002).
hus, the sex difference in the number of dopaminergic
eurons in AVPV may be caused by a cell death program

ndependent of Bcl-2 family proteins.
Similarly, in the BNSTp, male rats have two to three

imes as many neurons that express the neuropeptide
asopressin (VP) than do females (De Vries et al., 1994),
nd this sex difference depends on neonatal exposure to
estosterone (Wang et al., 1993). Whereas the sex differ-
nce in total neuron number in BNSTp can be attributed to
ifferential cell death (Chung et al., 2000; Forger et al.,
004), the hormonal control of neuronal phenotype (i.e.
estosterone directs more neurons to express VP in males)
s proposed to underlie the sex difference in VP cell num-
er (Han and De Vries, 1999). However, direct evidence
onfirming this explanation or refuting other explanations,
uch as differential cell death of VP neurons in males and
emales, has been lacking.

In collaboration with Geert de Vries, we are using Bax
nockout mice to test the role of cell death in the develop-
ent of a sex difference in VP cell number in the BNSTp of
ice. We reason that if hormones control VP cell pheno-

ype, then preventing cell death should not prevent the sex
ifference in VP cell number from emerging. Indeed, pre-

iminary evidence indicates that the absolute number of
ells expressing VP mRNA is increased in Bax �/� mice
f both sexes, but the relative sex difference is unchanged
De Vries, Reza and Forger, unpublished observations).
hus, the cells that (eventually) express VP are subject to
ax-dependent cell death, but a sex difference in the mag-
itude of this death does not explain why males have more
P neurons than do females.

These data remind us that not all sex differences are
ue to cell death, and that the control of cell number varies
ot only from region to region, but also among subtypes of
eurons within a single region. We have to be somewhat
ophisticated about the questions we ask regarding
hether a given sex difference is due to differential cell
eath in males and females, and cautious when extrapo-

ating counts of dying cells to functionally distinct classes of
eurons within a nucleus. In the future, it may be possible
o use Bax knockout mice or other cell death mutants as a
ind of “litmus test” to determine whether a given neural
ex difference is due—in whole or in part—to the hormonal

ontrol of cell survival.
ig. 3. (A) Wild-type (Bax �/�) male mice have more neurons than do
emales in the BNSTp and this sex difference is eliminated in knockout
ice lacking the Bax gene. (B) Wild-type females have more cells in
VPV than do males, and this sex difference is also eliminated by Bax
ene deletion. (C) Female wild-type mice have many more TH-positive
eurons in the AVPV than do wild-type males. A deletion of the Bax gene
as no effect on this sex difference. [Reprinted with permission from
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uture directions

s of yet, the direct gene targets regulated by estrogens
nd androgens to control neuronal cell death have not
een identified. The data presented above suggest that
onadal steroids might modulate cell death by controlling
he expression of Bcl-2 family proteins. There is a fairly
arge literature linking steroid hormone-regulated death of
eripheral tissues and cancer cells to an alteration in the
atio of pro-survival to pro-death Bcl-2 family members
e.g. Wang and Phang, 1995; Kandouz et al., 1996; Huang
t al., 1997). In at least some cases this regulation is likely
o be direct, since putative estrogen response elements
ave been described for the Bcl-2 and Bcl-xL genes (Pike,
999; Perillo et al., 2000).

Steroid hormones have also been shown to regulate
he expression of Bcl-2 family members in neural tissue
Garcia-Segura et al., 1998; Dubal et al., 1999; Pike, 1999;

ig. 4. Top: Bcl-2 immunoreactivity in the SNB and retrodorsolateral
cl-2 positive motoneurons on E22 in females treated with testosteron

higher percentage of cells in the SNB of TP-treated females (P�0.02). Hormo

n which motoneuron number is not regulated by gonadal steroids [(Zup, 2002
arms et al., 2001). This work has primarily been moti-
ated by a desire to understand the neuroprotective effects
f estrogens in injury models, however, and the hormonal
ontrol of Bcl-2 proteins during development is virtually
nexplored (but see Hsu et al., 2000). We have shown that
estosterone up-regulates Bcl-2 (but not Bax) protein in
NB motoneurons of adult rats (Zup and Forger, 2002),
nd may have the same effect during perinatal life (Fig. 4;
up, 2002). Thus, in some cases, gonadal steroid hor-
ones may regulate the expression of Bcl-2 and/or Bax to

ontrol neuronal cell death.
In other cases, however, posttranslational modifica-

ions and/or the sub-cellular redistribution of Bcl-2 family
embers are likely to be important. For example, the

ranslocation of Bax from the cytoplasm to the mitochon-
rial membrane is an important step in Bax-mediated ap-
ptosis (Fig. 2) and can occur quickly, without any change

(RDLN) of a female rat on E22. cc, central canal. Bottom: Percent of
nate (TP) or oil from E19-E21. Bcl-2 immunoreactivity was present in
nucleus
e propio
ne treatment did not alter immunoreactivity in the RDLN, a cell group
)]. Figure used with permission from the author.
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n Bax expression. The location and activity of Bax and
ther full-length Bcl-2 family proteins are often controlled
y family members known as “BH3-only” proteins (Cheng
t al., 2001). These molecules contain only one Bcl-2
omology (BH) domain (the third), in contrast to full length
embers of the family which contain three or four BH
omains. BH3-only proteins (e.g. Bid, Bim, Bik) are emerg-

ng as essential components of the “death signal,” which
as until recently been the most mysterious part of the cell
eath cascade (see Fig. 2). They are almost always pro-
poptotic and transduce extracellular signals, culminating

n Bax-dependent cell death (Putcha et al., 2001). Impor-
antly, BH3-only proteins can be dynamically regulated.
or example, the withdrawal of nerve growth factor mark-
dly upregulates Bim expression in sympathetic neurons,
nd estrogen deprivation upregulates Bik mRNA �40-fold

n breast cancer cells (Putcha et al., 2001; Hur et al.,
004). These BH3-only members of the Bcl-2 family are
herefore important potential targets of steroid hormone
egulation in sexually dimorphic brain regions.

With the explosion of apoptosis research in the last
ecade, there is a dizzying array of other proteins and
ignaling pathways that could also play important roles in
ormone-regulated cell death. It may be possible to narrow

he field a bit by taking advantage of the opposite patterns
f cell death in regions such as the AVPV and BNSTp.
estosterone (or a metabolite) decreases cell death in the
NSTp while increasing death in the AVPV, yet in both
ases the cell death is dependent on Bax. This suggests
he existence of a molecular switch someplace between
he production of testosterone and the “Bax checkpoint.”
ossibilities include differences in the active hormone me-

abolite, hormone receptor subtypes, expression of steroid
eceptor co-activators, or differences in expression of any
roteins influencing Bax-dependent cell death. Keeping in
ind the caveat that the direct site of hormone action for

ontrolling overall cell number has not been demonstrated
n either nucleus, a comparison of gene expression in
VPV and BNSTp in response to estradiol, perhaps cast-

ng the net widely with techniques such as microarrays,
eems like a promising place to start. In the process of
earching for the molecular explanation for the opposing
atterns of cell death in these two nuclei, one may identify
ey genes targeted by steroid hormones to control sexually
imorphic cell death.
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