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Many central nervous system (CNS) diseases display
sexual dimorphism. Exposure to circulating sex steroids
is felt to be a chief contributor to this phenomenon;
however, CNS diseases of childhood and the elderly also
demonstrate gender predominance and/or a sexually di-
morphic response to therapies. Here we show that XY
and XX neurons cultured separately are differentially
susceptible to various cytotoxic agents and treatments.
XY neurons were more sensitive to nitrosative stress
and excitotoxicity versus XX neurons. In contrast, XX
neurons were more sensitive to etoposide- and stauros-
porine-induced apoptosis versus XY neurons. The re-
sponses to specific therapies were also sexually dimor-
phic. Moreover, gender proclivity in programmed cell
death pathway was observed. After cytotoxic challenge,
programmed cell death proceeded predominately via an
apoptosis-inducing factor-dependent pathway in XY
neurons versus a cytochrome c-dependent pathway in
XX neurons. This gender-dependent susceptibility is re-
lated to the incapacity of XY neurons to maintain intra-
cellular levels of reduced glutathione. In vivo studies
further demonstrated an incapacity for male, but not
female, 17-day-old rats to maintain reduced glutathione
levels within cerebral cortex acutely after an 8-min as-
phyxial cardiac arrest. This gender difference in sensi-
tivity to cytotoxic agents may be generalized to non-
neuronal cells, as splenocytes from male and female
16-18-day-old rats show similar gender-dependent re-
sponses to nitrosative stress and staurosporine-induced
apoptosis. These data support gender stratification in
the evaluation of mechanisms and treatment of CNS
disease, particularly those where glutathione may play
a role in detoxification, such as Parkinson’s disease,
traumatic brain injury, and conditions producing cere-
bral ischemia, and may apply to non-CNS diseases as
well.

Sexual dimorphism exists in the normal developing mamma-
lian brain, particularly in sex steroid-concentrating regions
such as the hypothalamus (1). However, there is also evidence
of innate gender differences at the cellular level, dependent
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upon the brain region, neuronal subtype, and developmental
stage. For instance, phenotypic differences in XY and XX brain
cells appear to be independent of gonadal phenotype (2), and
cultured dopaminergic neurons from female rat fetuses are
morphologically distinct and have increased capacity for do-
pamine uptake versus neurons from males (3). Cell death in
certain brain regions can be different in both magnitude and
duration between male and female rats, supporting the notion
that divergent pathways of cell death occur between genders
(4). Innate sexual dimorphism independent of circulating sex
steroids would have significant clinical implications in central
nervous system (CNS)! diseases with regard to both mecha-
nisms and treatments.

Many CNS diseases also display sexual dimorphism, specif-
ically a predilection for one gender (5, 6) or a gender-dependent
response to treatment (7, 8). Exposure to circulating sex ste-
roids is felt to be a chief contributor to this phenomenon;
however, sexual dimorphism is also exhibited in many CNS
diseases afflicting children and the elderly. Studies in children
show that girls have more favorable neurologic outcome after
traumatic brain injury (9) and respond more favorably to treat-
ment for medulloblastoma (10) compared with boys but that
girls demonstrate worse outcome after stroke (11). Elderly men
have a higher incidence of Parkinson’s disease and do not
respond as well to surgical intervention compared with elderly
females (6, 7). Elderly men with Alzheimer’s disease have an
earlier onset and increased mortality compared with elderly
females (12, 13). In a study examining patients after cardiac
arrest where the mean age was 67 years, male gender, but not
age, was associated with poor outcome (14).

To determine whether innate gender differences independ-
ent of circulating sex steroids could contribute to gender-re-
lated differences in CNS disease prevalence and outcome, we
developed a model system where male and female embryologic
day (ED) 17 rats were segregated, and XY and XX neurons
were cultured separately. The response to various cytotoxic
agents and treatments and proclivity in programmed cell death
pathway was then evaluated in this model system.

EXPERIMENTAL PROCEDURES

Reagents and Materials—Neurobasal medium, RPMI 1640, and B27
supplement were from Invitrogen. Peroxynitrite (ONOO™) was from

! The abbreviations used are: CNS, central nervous system; ED,
embryologic day; INH2BP, 5-iodo-6-amino-1,2-benzopyrone; z-VAD, N-
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethyl ketone; RT, reverse
transcription; AIF, apoptosis-inducing AIF factor; ELISA, immuno-
absorbant assay; SH, sulfhydryl; MTT, 3-[4,5-dimethylthiazol]-2,5-
diphenyltetrazolium bromide; NMDA, N-methyl-D-aspartate; AMPA,
a-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid; NAC, N-ace-
tylcysteine; DIV, days in vitro; PND, post-natal day; PI, propidium
iodide.
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Cayman Chemical, Ann Arbor, MI. The poly-ADP-ribose polymerase
inhibitor 5-iodo-6-amino-1,2-benzopyrone (INH2BP) was a kind gift
from Dr. Csaba Szabé, Inotek Pharmaceuticals, Inc., Beverly, MA. The
pancaspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluorom-
ethyl ketone (z-VAD) was from Enzyme Systems Products, Livermore,
CA. The reverse transcription (RT)-PCR primers for rat SRY3 and actin
were synthesized and purchased from Invitrogen. The antibody against
apoptosis-inducing factor (AIF) was from Santa Cruz Biotechnology,
Santa Cruz, CA. The anti-caspase-3 antibody that recognizes both the
intact zymogen and the cleaved p17 fragment was from Cell Signaling,
Beverly, MA. The anti-cytochrome ¢ oxidase and anti-histone III anti-
bodies were from BD Pharmingen. The cytochrome ¢ enzyme-linked
immunoabsorbant assay (ELISA) was from R&D Systems, Minneapolis,
MN. ThioGlo-1 reagent for measurement of reduced glutathione (GSH)
and protein sulfhydryls (SHs) were from Convalent Associates, Inc.,
Woburn, MA. The 3-[4,5-dimethylthiazol]-2,5-diphenyltetrazolium bro-
mide (MTT) assay, hydrogen peroxide (H,0,), L-glutamate, N-methyl-
p-aspartate (NMDA), kainate, a-amino-3-hydroxy-5-methylisoxazole-4-
proprionic acid (AMPA), staurosporine, etoposide, 17B-estradiol,
MKS801, catalase, superoxide dismutase, N-acetylcysteine (NAC), and
remaining reagents were from Sigma, unless otherwise noted.

Gender-segregated Neuronal Cultures, Cytotoxicity, and Pharmaco-
logical Studies—Male and female Sprague-Dawley rat fetuses (ED 16—
17) were separated by visual inspection, and neurons were harvested
and cultured separately using standard methods (15, 16). Male and
female fetuses can be distinguished by visualization of the dorsal penile
vessels and sex cords (Fig. 1a) (3). Dissociated cell suspensions from
cerebral cortices were placed in 96-well plates (5 X 10* cells/well) or in
plastic dishes coated with poly-D-lysine (1.3 X 107 cells/well). Cortical
neuron-enriched cultures were achieved by using neurobasal medium
with serum- and estrogen-free B27 supplement (17). Neuron survival
was optimized by replacing glutamine with GlutaMaxl. Cells were
incubated at 37 °C in a humidified chamber containing 5% CO,. On the
second and sixth days in vitro (DIV) the culture media was replaced
with fresh media. At 10 DIV, cultures consisted primarily of neurons
with minimal glial cells detectable (>95% microtubule associated pro-
tein-2-immunoreactive cells, <5% glial fibrillary acidic protein immu-
noreactive cells analyzed in 810 fields/well, collected from 6 independ-
ent experiments). The majority of experiments were performed on the
10th DIV, with the exception of the excitotoxicity studies, which were
performed on days 8-14. Primary hippocampal neuron cultures were
prepared in similar fashion, with the exceptions that dissociated cell
suspensions were prepared from hippocampi and glia were removed by
treating cultures on DIV 2 with 5 uM cytosine arabinoside for 72 h.

Nitrosative/Oxidative Stress—Neuron-enriched cultures were ex-
posed to varying concentrations of ONOO™ or H,0O, in phosphate-
buffered saline for 10 min, whereupon fresh media was replaced. For
excitotoxicity, neuron-enriched cultures were exposed to varying con-
centrations of L-glutamate with 5 uM glycine for 30 min, NMDA for 20 h
or Kainate or AMPA for 30 min in culture media. Glycine was not added
in the NMDA, AMPA, or kainate experiments. For apoptosis, neuron-
enriched cultures were exposed to varying concentrations of staurospo-
rine or etoposide in culture media for 4 h.

For pharmacological studies cultures were pretreated with either
17B-estradiol (10—60 nM for 24 h on DIV 7, 10, and 14), the poly-ADP-
ribose polymerase inhibitor INH2BP (100 uMm), the NMDA antagonist
MK801 (1-5 um), the antioxidant catalase (5000 units), or the pan-
caspase inhibitor z-VAD (100 uMm) dissolved in 20% dimethyl sulfoxide
(Me,SO) or the antioxidants superoxide dismutase (300 units) or NAC
(5 mm) dissolved in distilled H,O. High concentration stock solutions
were diluted in culture media. Although poly-ADP-ribose polymerase
inhibitors are notoriously nonspecific, INH2BP at the concentration
used here significantly inhibited poly-ADP-ribosylation in neurons (15)
and was considerably more potent and selective than 3-aminobenz-
amide (18).

Gender-segregated, Isolated Splenocytes—Spleens were isolated from
male and female post-natal day (PND) 16—18 Sprague-Dawley rats.
Splenocytes were obtained by squeezing the organ in culture medium
(RPMI 1640 containing 10% fetal bovine serum, 1% glutamine, 100
units of penicillin, and 100 mg/ml streptomycin). After centrifugation at
500 X g for 10 min at 4 °C, erythrocytes were removed using red blood
cell lysing buffer (Sigma). Splenocytes were again centrifuged, and the
pellet was washed twice with culture medium. Isolated gender-segre-
gated splenocytes were resuspended in culture medium and cultured in
5% CO, at 87 °C for 24- 48 h at a concentration of 1 X 108 cells/ml in
96-well plates. For cytotoxicity assays varying concentrations of
ONOO™ or staurosporine were added to culture media, and the MTT
assay was performed at 24 and 48 h.

Innate Gender Proclivity in Neurons

RT-PCR for SRY3—RT-PCR was performed using genomic DNA
harvested from neurons in culture or brain tissue from male and female
rats using standard methods (19). Total RNA was extracted using
TRIzol reagent (Invitrogen), and the concentration was determined
using a spectrophotometer. One ug of total RNA from each sample was
reverse transcribed with 200 units of Superscript II reverse tran-
scriptase (Invitrogen) for 50 min at 42 °C primed with 0.5 pg of random
hexamer. RT products were then digested with RNase H at 37 °C for 30
min. cDNA samples (1 ul) were subjected to PCR amplification using
primers specific for rat SRY gene (forward, 5'-GCTCAACAGAATC-
CCAGCAT-3’; reverse, 5'-TTTGTTGAGGCAACTTCACG-3’) or primers
for rat actin with a Robocycler Gradient 96 PCR system (Stratagene, La
Jolla, CA) using a Plantinum Taq PCRx kit (Invitrogen). Reagents were
assembled in a final volume of 50 ul as follows: 1 ul of first-strand
c¢DNA, 1 uM each primer, 1X PCR amplification buffer, 2.5 mm MgSO,,
1X PCR digoxigenin-labeling mix (Roche Applied Science), and RNase
free water to volume. Samples were initially denatured at 94 °C for 3
min, and 2 units of Taqg DNA polymerase were then added. Thermocy-
cling parameters were 1 min at 94 °C, 1 min of annealing at 55 °C and
1 min of extension at 72 °C repeated for 30 cycles with a final extension
step at 72 °C for 10 min. PCR products were then separated on a 1.2%
agarose gel and transferred onto nylon membranes overnight in 20X
SSC (1x SSC = 0.15 m NaCl and 0.015 M sodium citrate). After air
drying and UV cross-linking, the membrane was blocked at room tem-
perature for 1 h in 3% blocking reagent in 1X maleic acid buffer (Roche
Applied Science) and incubated for 30 min at room temperature with
alkaline phosphate-conjugated anti-digoxigenin at a concentration of
1:10,000 in 1% blocking reagent. A CDP-Star chemiluminescence rea-
gent (PerkinElmer Life Sciences) was applied before exposing the mem-
brane to x-ray film.

Assessment of Cell Viability—Cell viability was assessed using the
MTT assay, lactate dehydrogenase release, and/or flow cytometry. Du-
plicate 100-ul supernatant samples from 96-well plates were used for
the MTT assay (15, 16). Values are expressed as the percentage of
control (untreated) neurons and represent 5—-8 separate experiments.
In some paradigms, lactate dehydrogenase release was measured in
duplicate 20-ul supernatant samples.

Flow cytometry labeling of propidium iodide (PI) uptake and annexin
V binding was also used to evaluate cell viability after ONOO-, gluta-
mate/glycine, and staurosporine cytotoxicity (15). Neurons were har-
vested using trypsin-EDTA, washed once in ice-cold phosphate-buffered
saline, and resuspended in 1 ml of annexin V binding buffer (10 mm
Hepes, pH 7.4, 140 mm NaCl, 2.5 mm CaCl,). 1 X 10° cells were stained
with 5 ul of annexin V-fluorescein isothiocyanate and 5 ug/ml PI in
binding buffer at 4 °C. After 20 min, 400 ul of binding buffer was added
to each tube, and samples were analyzed using a FACSCalibur flow
cytometer. Unstained cells were used to determine background fluores-
cence, and thresholds for normal (unlabeled) cells were determined. The
percentage of cells in each quadrant was calculated. For statistical
comparison, the percentage of normal cells defined as PI and annexin V
for each cytotoxicity paradigm were analyzed.

Subcellular Fractionation and Western Blot Analysis—Cellular pro-
teins were separated into mitochondrial, nuclear, and cytosolic frac-
tions (15, 16). Neurons at 0, 2, and 24 h after cytotoxic treatment were
lysed in buffer. Samples were centrifuged at 600 X g for 15 min at 4 °C.
The supernatants were centrifuged at 17,200 X g for 20 min at 4 °C.
These supernatants were used for assessment of cytosolic proteins. The
pellets containing mitochondria were lysed in buffer and sonicated. The
initial pellet was re-suspended in lysis buffer then centrifuged at
16,000 X g for 25 min at 4 °C with the supernatant used for assessment
of nuclear proteins. Protein concentration was determined using bicin-
choninic acid (Pierce).

Protein samples (50 pg) were then boiled in loading buffer for 5 min
followed by chilling on ice, then electrophoretically separated on SDS-
PAGE gels and transferred onto polyvinylidene difluoride membranes
(Bio-Rad). After blocking overnight in 5% nonfat milk in phosphate-
buffered saline, the membranes were incubated in 1:100 dilutions of
antibodies against AIF or caspase-3 at room temperature for 1 h,
washed, then incubated in appropriate secondary antibody. Protein
bands were visualized using a chemiluminescence detection system
(PerkinElmer Life Sciences) and exposed to x-ray film. The relative
optical density of detected peptides was semi-quantified using an East-
man Kodak Co. imaging system. To determine the purity of individual
cellular compartments, immunoblotting for cytochrome ¢ oxidase and
histone III was performed pre hoc.

Cytochrome ¢ Enzyme-linked ELISA—Cellular proteins were sepa-
rated into mitochondrial and cytosolic fractions (15, 16). Cytochrome ¢
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concentrations were determined by ELISA within 96-well plates using
triplicate samples as per manufacturer’s instruction.

DNA Analysis—Chromosomal DNA samples were prepared in agar-
ose plugs using a CHEF Mammalian Genomic DNA Plug Kit (Bio-Rad).
Samples were homogenized in cell suspension buffer, mixed with pre-
heated (50 °C) 2% low melting point agarose, and transferred into
agarose plug molds. After solidification at room temperature the plugs
were incubated with 1 mg/ml proteinase K overnight at 50 °C without
agitation. Deproteinized DNA-containing agarose plugs were washed in
wash buffer, added to wells, and sealed with low melting point agarose.
Pulsed field gel electrophoresis was performed as described (16) using a
CHE DR II pulsed field gel electrophoresis system (Bio-Rad). Frag-
ments were separated on a 1.2% agarose gel at 14 °C for 20 h. Field
strength was set at 6 V/ecm, and initial switching time was set at 60 s for
15 h followed by final switching time 90 s for 9 h. The gel was stained
with ethidium bromide and visualized under UV light. DNA laddering
was performed using standard methods.

Fluorescence Assay of GSH and Protein-SH—The concentrations of
GSH and protein-SH were determined using ThioGlo-1, a maleimide
reagent that produces a highly fluorescent product upon its reaction
with sulfhydryl groups (20), modified for use in culture and brain tissue.
A standard curve was established using 0.04—4 uMm GSH in 50 mMm
Na,PO, buffer, pH 7.4, containing 10 uM Thio-Glo-1. GSH content was
estimated by an immediate fluorescence response observed upon the
addition of ThioGlo-1 to each sample. Levels of total protein-SH were
determined as an additional fluorescence response after adding of 4 mm
SDS to the same sample. A Cytofluor 2350 fluorescence plate reader
(Millipore Corp., Marlborough, MA) was used to detect fluorescence at
excitation and emission wavelengths of 388 and 500 nm, respectively.

Asphyxial Cardiopulmonary Arrest in Post-natal Day 17 Rats—Cor-
tical brain tissue samples were obtained from PND 17 rats after 8-min
of asphyxial cardiac arrest. This model produces hypoxic-ischemic in-
jury at a time when circulating levels of reproductive hormones are
similar between genders (21). At 6 or 24 h after asphyxia or in sham
controls, rats were perfused with ice-cold saline, and cerebral cortices
were dissected and frozen. Gender was verified at necropsy. The con-
centrations of GSH and protein-SH were determined as above. For
analysis, 6- and 24-h samples were combined for each gender.

Data Analysis—Data are presented as the mean = S.D. Comparisons
between genders, treatment groups, and time points were made using
two-factor analysis of variance with Tukey’s post hoc tests unless oth-
erwise specified. If data failed tests of normality and/or equal variance,
data were ranked before analysis. For cell viability studies, 3-9 wells/
condition and a minimum of 3 independent experiments were per-
formed. For Western blot, ELISA and DNA gels 3—6 wells/condition and
a minimum of 2 independent experiments were performed. DNA gels
were qualitatively analyzed. A p < 0.05 was considered significant.

RESULTS

Gender Proclivity in Response to Cytotoxicity—There were no
obvious gross morphologic differences between XY and XX neu-
rons. Accurate gender separation was verified using RT-PCR
for the Y-chromosome gene SRY3 (Fig. 1b6). The sensitivity of
XY and XX neurons to multiple cytotoxic insults is shown in
Fig. 1c. The conversion of MTT to formazan as the indicator of
cell viability was used because the assay could be performed in
a high-throughput fashion. Cytotoxicity models of nitrosative/
oxidative stress using exogenous ONOO™ or H,,0,, excitotoxic-
ity (supraphysiologic glutamate and glycine), cell-signal medi-
ated apoptosis (staurosporine), and apoptosis mediated via
topoisomerase II inhibition (etoposide) were tested. Remark-
ably, for most cytotoxicity paradigms, XY and XX neurons were
differentially susceptible. XY neurons were more sensitive to
nitrosative stress and excitotoxicity, whereas XX neurons were
more sensitive to etoposide and staurosporine. Responses to
H,0, were similar between genders. Because ONOO™ and
other oxidants affect mitochondrial function thereby influenc-
ing the results of the MTT assay, other measures of cell viabil-
ity were performed. Gender-dependent responses to nitrosative
stress, excitotoxicity, and staurosporine were confirmed by
flow-cytometric analysis using PI and Annexin V binding as
markers (Fig. 1d and e), as well via measurement of lactate
dehydrogenase release (data not shown).

Hippocampal neurons at ED 17 are also non-sex steroid
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producing (1). Similar gender-dependent sensitivity to
ONOO™, glutamate/glycine, and staurosporine was seen in hip-
pocampal neurons compared with cortical neurons (Fig. 1g).
However, both XY and XX hippocampal neurons were more
sensitive to similar concentrations of glutamate/glycine and
staurosporine than their cortical neuron counterparts.

To determine whether results in neurons could be general-
ized to non-neuronal cells, the sensitivity of splenocytes to
nitrosative stress and staurosporine-induced apoptosis was
also examined. Remarkably, similar gender-dependent sensi-
tivity to ONOO™ and staurosporine was seen in splenocytes as
was seen in neurons (Fig. 1 h; representing n = 10 wells/
condition and 2 independent experiments). However, spleno-
cytes of both genders appeared more sensitive to equivalent
concentrations of ONOO™ and staurosporine versus cortical
neurons. In addition, gender differences were not detected in
splenocytes after staurosporine treatment until 48 h after ex-
posure (versus 2 h in neurons).

Gender Proclivity in Programmed Cell Death Pathway—
Pathways of programmed cell death were examined by meas-
uring mitochondrial release of cytochrome ¢ and AIF. We and
others have previously reported that nitrosative/oxidative
stress induces programmed cell death in mixed-gender neurons
via an AIF-mediated, poly-ADP-ribose polymerase-dependent
and caspase-independent pathway (15, 22). After ONOO ™, nu-
clear translocation of AIF was more prominent in XY neurons
in contrast to cytochrome c release, which was more prominent
in XX neurons (Fig. 2, a—c). Similar to our previous studies, a
concomitant reduction in mitochondrial AIF was not detected
using this dose of ONOO™ (15). With higher concentrations of
ONOO-, a reduction in mitochondrial AIF is seen (16). The
predilection for XY neurons to undergo an AIF-mediated pro-
grammed cell death pathway was confirmed by the detection of
50-kbp DNA fragments. Large scale DNA fragments are the
biochemical hallmark of ATF-mediated cell death (23) and were
increased in XY neurons to a greater degree than in XX neu-
rons after ONOO™ exposure (Fig. 2d). These data show that
under conditions of nitrosative stress, AIF-mediated cell death
predominates over cytochrome ¢ mediated cell death in XY
versus XX neurons and vice versa.

Mitochondrial release of cytochrome c, caspase-3 proteolysis,
and oligonucleosomal DNA fragmentation are phenotypic hall-
marks of caspase-mediated programmed cell death culminat-
ing in apoptosis (24). After staurosporine exposure, XX neurons
demonstrated more cytochrome c release, caspase-3 proteoly-
sis, and oligonucleosomal DNA fragmentation versus XY neu-
rons (Fig. 2, e-g). The magnitude of differences between XY
and XX neurons were significant but less striking with stauro-
sporine compared with ONOO™ treatment. These data show
that XX neurons are more sensitive to staurosporine-induced
apoptosis versus XY neurons.

Gender-dependent Responses to Treatments—A variety of an-
tioxidants were tested in neurons after ONOO™ exposure. XY
neurons were protected from nitrosative stress by pretreat-
ment with catalase and NAC but not superoxide dismutase,
whereas XX neurons were protected only by pretreatment with
catalase (Fig. 3a). After nitrosative stress, both XY and XX
neurons are protected and respond in similar magnitude to the
poly-ADP-ribose polymerase inhibitor INH2BP; however, XY
neurons benefited more from the NMDA antagonist MK801
than XX neurons (Fig. 3, b and c¢). These differences are un-
likely to be related to estrogen, as exogenous 17-B-estradiol did
not protect neurons from ONOO ™ -toxicity, and in fact exacer-
bated cell death in XX neurons (Fig. 3d).

XY neurons were more sensitive than XX neurons to gluta-
mate/glycine whether tested on DIV 8, 10, or 14, suggesting
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Fic. 1. Gender segregation and proclivity in response to cytotoxicity. a, prominence of sex cords (arrows) and penile vessels were used
to separate ED 17 males from females. b, accuracy of gender segregation in primary cortical neurons verified using RT-PCR for the Y-chromosome
gene SRY3. ¢, differential sensitivity of XY and XX cortical neurons to multiple cytotoxic insults. Cell viability was determined using the MTT assay
with results presented as % of control. XY cortical neurons were more sensitive to ONOO ™ and glutamate (+5 puM glycine) excitotoxicity versus XX
cortical neurons. XX cortical neurons were more sensitive to staurosporine (ST'S) and etoposide (Etop) versus XY cortical neurons. Similar
sensitivity to H,O, was seen in both XY and XX cortical neurons. d, flow cytometry at 0 and 24 h after ONOO ~, Glu/Gly, or staurosporine exposure
(x axis: PI, y axis: annexin V binding). e, quantification of the percentage of normal cortical neurons, defined as PI-/annexin V-, for each condition.
f, primary hippocampal XY and XX neurons at base-line labeled with an antibody against microtubule associated protein-2 (red) and the nuclear
dye Sytox Green. g, XY hippocampal neurons were more sensitive to 250 um ONOO™ and 10 uM glu/5 uM glycine versus XX hippocampal neurons.
In contrast, XX hippocampal neurons were more sensitive to 2.5 uM staurosporine versus XY hippocampal neurons. &, differential sensitivity of XY
and XX splenocytes to cytotoxic insults. Similar to neurons, XY splenocytes were more sensitive to ONOO™~ versus XX splenocytes, and XX
splenocytes were more sensitive to staurosporine versus XY splenocytes. *, p < 0.05 versus XY cells; n = 3-10 wells/condition; independent
experiments were performed 2—4 times for each.

that gender-dependent differences are not simply due to differ- XX neurons over multiple concentrations of NMDA, kainate,
ent in vitro rates of glutamate receptor maturation between and AMPA (Fig. 3f). XY neurons treated with the NMDA an-
genders (Fig. 3e). However, because gender dependent differ- tagonist MK-801 were protected from excitotoxicity in a dose-
ences were most prominent on DIV 14, subsequent excitotox- dependent manner (Fig. 3g). In XX neurons cell viability was
icity experiments were performed at this time point. The re- reduced after treatment with 1 um MK801 but increased after
sponse to multiple ionotropic glutamate receptor agonists was treatment with 5 um MKS801 versus vehicle after glutamate/
also tested. XY neurons were consistently more sensitive than  glycine. The increased sensitivity of XX versus XY neurons to
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MKS801 in vitro is consistent with work by others showing
increased neuronal necrosis in female versus male rats injected
with NMDA antagonists in vivo (25). Treatment with the poly-
ADP-ribose polymerase inhibitor INH2BP and the caspase in-
hibitor z-VAD had no effect in either gender. Similar to XX
neurons under conditions of nitrosative stress, 17-B-estradiol
exacerbated cell death after excitotoxicity.

In contrast to nitrosative stress and excitotoxic insults, XX
neurons were more sensitive to staurosporine-induced injury.
XX neurons showed a more robust response to treatment with
the caspase inhibitor z-VAD versus XY neurons (Fig. 32). Sim-
ilar to experiments shown in Fig. 1c, the magnitude of differ-
ences between XY and XX neurons were less striking at 24 h
after staurosporine compared with the other cytotoxicity para-
digms tested.

GSH Depletion in XY Neurons and Male Rat Brain; a Poten-
tial Mechanism?—Because XY but not XX neurons responded
to treatment with NAC, presumably via restoration of intracel-
lular GSH levels, we examined GSH levels after exposure to
ONOO™. Intracellular GSH levels were reduced in XY but not
XX neurons 24 h after ONOO™ and were partially restored in
XY neurons with NAC treatment (Fig. 4a). These alterations
could not be explained by cellular release of GSH in XY neurons
(data not shown). Intracellular levels of protein-SH were not
different between genders (Fig. 4b), suggesting that the reduc-
tion in GSH was not simply a reflection of total cellular sulf-
hydryls or a greater degree of oxidative/nitrosative stress in the
XY neurons. Base-line concentrations for GSH are at the upper
limit of other published data (~20—-65 nmol/mg of protein) (26,
27). A similar gender-dependent difference in the capacity to
maintain intracellular levels of GSH was also seen in vivo
utilizing a model of asphyxial cardiac arrest in sexually imma-
ture rats (21). Brain levels of GSH within cerebral cortex 624
h after asphyxial cardiac arrest in PND 17 rats were lower in
male versus female rats (Fig. 4c). Similar to studies in vitro,

protein-SH concentrations were not different between genders
(Fig. 4d).

DISCUSSION

The novel findings of this study are as follows. 1) XY and XX
neurons are differentially susceptible to a variety of cytotoxic
agents, with XY neurons more sensitive to nitrosative stress
and excitotoxicity compared with XX neurons and XX neurons
more sensitive to apoptosis-inducing agents compared with XY
neurons; 2) in XY neurons an AIF-mediated pathway of pro-
grammed cell death predominates, whereas in XX neurons a
cytochrome c-mediated pathway of programmed cell death pre-
dominates given similar cellular insults; 3) responses to ther-
apies targeting nitrosative stress, excitotoxicity, and caspase-
mediated apoptosis are also gender-dependent; 4) in terms of
nitrosative stress and ischemia, one mechanism contributing to
this gender proclivity is the incapacity of XY neurons to main-
tain intracellular levels of GSH; and 5) splenocytes from male
and female PND 16-18 rats show similar gender-dependent
responses to nitrosative stress and staurosporine-induced apo-
ptosis, suggesting that these results may be generalized to
non-neuronal cells in vitro. These findings have important clin-
ical ramifications related to CNS and potentially non-CNS
diseases, where nitrosative stress, excitotoxicity, and apoptosis
contribute to pathology and where both genders are affected.

Nitrosative stress is felt to play important roles in many
CNS diseases including neurodegenerative diseases, cerebral
ischemia, and traumatic brain injury (28). Consistent with the
in vitro data in the present study, men are more susceptible
than women to both Parkinson’s and Alzheimer’s diseases (6, 7,
12, 13) and ischemia after cardiac arrest (14). In addition, boys
have worse outcome after traumatic brain injury than girls (9),
and men demonstrate a greater degree of lipid peroxidation
than women after traumatic brain injury (29). Our data do not
discount the importance of circulating sex steroids and their
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Fic. 3. Gender-dependent responses to treatments in primary cortical neurons. Response of XY and XX neurons to superoxide
dismutase (SOD) (300 units), catalase (5000 units), and NAC (5 mM) (@), 100 um INH2BP (b), 1 or 5 um MK801 (¢), or 17B-estradiol (d) 24 h after
250 um ONOO™, assessed using MTT. e, sensitivity to 10 uM L-glutamate + 5 um glycine, tested on DIV 8, 10, or 14. f, sensitivity to increasing
concentrations of the glutamate receptor agonists NMDA, kainate, and AMPA. g, sensitivity to 10 uM L-glutamate+5 um glycine (tested on DIV
14) and response to treatment with 1 um MK801, 100 um INH2BP, 100 uMm z-VAD, or 50 nm 17B-estradiol assessed using MTT at 24 h. A, sensitivity
of XY and XX neurons to 2.5 uM staurosporine (ST'S) and response to treatment with 100 um z-VAD. *, p < 0.05 versus gender control; T, p < 0.05
versus XY neurons; £, p < 0.05 versus vehicle; n = 3-9 wells/group. §, p < 0.05 versus XY neurons, Mann-Whitney rank sum test.

influence on neurological outcome in these disease states (8).
Furthermore, our data do not address the issue of sex steroid
imprinting and decades of exposure to sex hormones. As such,
these data may be less applicable to diseases of the elderly
versus childhood. However, our data do identify an important
role for innate gender differences, independent of circulating

sex steroids. Although exogenous 17B-estradiol is generally
protective in models of oxidative stress and excitotoxicity (30),
our data demonstrated a lack of benefit under conditions of
nitrosative stress and indeed high dose 17B-estradiol increased
ONOO™ toxicity in XX neurons (Fig. 3D). We are unaware of
previous studies testing the therapeutic effect of 178-estradiol
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under similar conditions; however, estrogens are capable of
stimulating NO production by NO synthases (31), potentially
exacerbating ONOO -mediated toxicity.

Excitotoxicity is another major contributor to the pathologi-
cal consequences of many CNS diseases including cerebral
ischemia, traumatic brain injury, and seizures, and outcomes
from these diseases are also gender-dependent including those
observed in children and the elderly (9, 11). The present data
suggest that males would be more susceptible than females to
diseases where excitotoxicity contributes to the overall pathol-
ogy and that males may benefit more from treatments target-
ing excitotoxicity than females. These data may help explain
the disappointing results observed in clinical trials testing
NMDA antagonists after acute brain injury (32). Similar to
nitrosative stress, we found that treatment with 50 nm 178-
estradiol was not protective under conditions of excitotoxicity
and indeed exacerbated toxicity in XX neurons (Fig. 3g). This
may be related to our use of higher doses (33) or long durations
(34) of 17B-estradiol compared with other studies showing neu-
roprotection in cortical neurons, possibly related to the gener-
ation of toxic estrogen metabolites such as 2-methoxyestradiol
(35).

The present data, showing that XX neurons and XX spleno-
cytes are more sensitive than XY neurons and XY splenocytes
to apoptosis-inducing agents, are also consistent with clinical
studies where girls responded better than boys to treatment for
leukemia (36) and medulloblastoma (10). Our data are also
congruent with clinical stroke studies, where girls demonstrate
worse outcome than boys (11), but premenopausal women are
at lower risk for stroke than age-matched men (8). The latter
suggests that high levels of female reproductive hormones pre-
dominate over innate gender differences but that innate gender
differences may be unmasked when sex hormone levels are
similar between sexes. Compared with the other cytotoxicity
paradigms tested in the present study, gender differences in
both sensitivity to apoptosis-inducing agents and response to
treatment were less striking, suggesting a more prominent role
for sex steroids versus innate gender differences related to
apoptosis. Indeed, estrogen induces expression of apoptosis-
suppressing genes and is protective in experimental stroke
(37).

Gender proclivity for different cell death pathways was also

identified. Nitrosative stress is a key component of glutamate
neurotoxicity (38), and both trigger predominately caspase-
independent cell death either via AIF-mediated apoptosis or
necrosis (15, 22). In contrast, etopside and staurosporine pro-
duce cell death by triggering caspase-dependent apoptosis (24).
XY neurons showed proclivity for AIF-mediated cell death,
whereas XX neurons showed proclivity for cytochrome c release
and caspase-dependent apoptosis and a robust response to
treatment with a caspase inhibitor. Previous studies examin-
ing mechanisms of cell death in neuronal cultures have utilized
primarily mixed gender neurons. Our data identify potentially
important mechanistic differences between XY and XX neurons
in culture.

What are the potential mechanisms that could explain this
gender proclivity? GSH is a prominent intracellular defense
against oxidative/nitrosative stress, and the capacity to main-
tain GSH levels under stressful conditions is gender-depend-
ent. For example, mitochondria from female rats contain
higher glutathione peroxidase activity than those from males
(39), and GSH and glutathione S-transferase content are
higher in human lymphocytes obtained from women compared
with men (40). Interestingly, intramitochondrial AIF functions
as an antioxidant (41) and has structural homology to gluta-
thione reductase (42). The present in vitro and in vivo data
show that GSH levels diminish in XY neurons after ONOO™
and in male brain after ischemia at a time when circulating
levels of sex steroids are similar but are maintained in both XX
neurons and female brain under similar conditions, identifying
one biologically plausible contributory mechanism for this gen-
der proclivity. Another possibility is that the reason males are
more sensitive to oxidative/nitrosative stress than females is
multi-factorial and that reduced GSH levels in XY neurons and
male brain simply represent a global reduction in antioxidant
reserves, although protein-SH levels were maintained. Further
investigation defining the role of glutathione in gender procliv-
ity is warranted.

In conclusion, primary neurons from the developing male rat
brain are more sensitive to nitrosative stress and excitotoxicity
than their female counterparts, whereas primary neurons from
the developing female rat brain are more sensitive to cytotoxic
agents that produce caspase-dependent apoptosis than their
male counterparts. In cerebral cortex and hippocampus, this
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likely represents innate differences between XX and XY neu-
rons rather than differences in available sex steroids, and the
ability to maintain GSH appears to be a contributing factor
toward this gender proclivity in vitro and in vivo. These data
have implications in many CNS and perhaps non-CNS diseases
and their related therapies.
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