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Abstract 1 

Calcium permeable transient receptor potential M2 (TRPM2) ion channel activation contributes 2 

to cerebral ischemic injury specifically in males. In male mice, circulating androgens are 3 

required for TRPM2 inhibition with clotrimazole (CTZ) to provide protection following 4 

experimental stroke.  Sufficient levels of circulating androgens are necessary to support 5 

ischemia-induced activation of poly ADP ribose polymerase (PARP) and consequent activation 6 

of TRPM2 channels. In this study we tested whether differences in sex steroids contribute to the 7 

lack of CTZ neuroprotection in females.  Middle cerebral artery occlusion (MCAO) was 8 

performed using adult female mice that were hormonally intact, ovariectomized (OVX) or 9 

dihydrotestosterone (DHT) treated.  CTZ or vehicle was administered at the time of reperfusion, 10 

animals were sacrificed 24 hours later and brains and serum were collected.  Infarct analysis 11 

revealed no effect of CTZ in intact females or females lacking endogenous sex steroids (OVX). 12 

Interestingly, treatment of female mice with the potent androgen receptor agonist DHT had no 13 

effect on ischemic injury and did not permit CTZ neuroprotection. Similarly, DHT treated females 14 

did not exhibit increased levels of ADPribose, the TRPM2 ligand generated by PARP, following 15 

ischemia.  No differences in TRPM2 or androgen receptor expression were observed between 16 

males and females.  These data suggest that the lack of TRPM2 activation in females following 17 

experimental stroke is not due to the presence of estrogen or the absence of androgens.  In 18 

conclusion, our data demonstrate that while circulating androgens are necessary for PARP-19 

mediated TRPM2 injury in males, they are not sufficient to produce TRPM2 activation in 20 

females. 21 

Significance statement:   TRPM2 is an ion channel that is activated by ischemia in stroke and 22 

contributes to neuronal injury only in males.   We tested whether the lack of TRPM2 activation 23 

following stroke in females is caused by differences in sex steroids.  Using adult female mice we 24 

show that removal of female steroids or addition of males hormones fail to engage TRPM2-25 



 

 2 

mediated injury. This study is an important negative preclinical study demonstrating that 26 

alterations in sex steroids fails to engage the TRPM2 cell death pathways in the female brain.   27 
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Introduction 28 

Transient receptor potential M2 (TRPM2) channels are non-selective cation channels that are 29 

permeable to Na+, K+ and Ca2+. The most well-characterized role for the TRPM2 channel is its 30 

role in excessive Ca2+ influx following exposure of cells to oxidative stress, thus playing a 31 

pathological role in oxidative stress-induced cell injury (Kuhn et al., 2005; Miller, 2006; Miller & 32 

Zhang, 2011; Simon et al., 2013). Expression of TRPM2 channels in sensitive neuronal 33 

populations and channel activation following oxidative stress provided strong rationale for 34 

hypothesizing that TRPM2 channels are important mediators of brain injury following ischemia-35 

reperfusion (Szydlowska & Tymianski, 2010; Miller & Zhang, 2011). Indeed, inhibitors and 36 

knockdown of TRPM2 expression reduce ischemic injury following experimental stroke (middle 37 

cerebral artery occlusion; MCAO) in the male brain, while having no effect in the female brain 38 

(Jia et al., 2011; Shimizu et al., 2013). A male-specific role of TRPM2 in ischemia induced 39 

neuronal injury has also been demonstrated following global cerebral ischemia and in vitro 40 

(Verma et al., 2012; Nakayama et al., 2013). The focus of the current study is to test the 41 

hypothesis that hormonal differences in females underlie the lack of TRPM2 channel 42 

engagement following cerebral ischemia. 43 

Stroke is well recognized as being a sexually dimorphic disease. Females have a lower 44 

incidence and better outcome from stroke compared to males into their menopausal years 45 

(Niewada et al., 2005; Herson et al., 2009; Herson & Hurn, 2010; Hall, 2012).  Animal models of 46 

experimental stroke have been useful in examining gender differences in neurological injury and 47 

the role of sex steroids in modulating injury mechanisms. Interestingly, cell death pathways 48 

activated by ischemia are different between males and females (Lang & McCullough, 2008).  49 

Caspase-dependent cell death pathways are dominant in females (Liu et al., 2009), while 50 

oxidative stress-induced activation of poly ADP ribose polymerase (PARP) and stimulation of 51 

apoptosis inducing factor is engaged in males (Yuan et al., 2009; Liu et al., 2011).  Of particular 52 
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relevance to the current study, PARP-mediated damage following ischemia is male-specific and 53 

activation of PARP generates ADP ribose which directly activates TRPM2 channels (Perraud et 54 

al., 2001; Fonfria et al., 2004; Yuan et al., 2009; Vagnerova et al., 2010; Liu et al., 2011). 55 

Indeed, it was recently demonstrated that TRPM2 channel inhibition does not protect the male 56 

brain in the absence of PARP (Shimizu et al., 2013). Further, increased PARP activity and 57 

TRPM2-mediated cell death following experimental stroke requires the presence of circulating 58 

androgens in males (Shimizu et al., 2013). In contrast, it remains unclear what is responsible for 59 

the inability of ischemia to activate TRPM2 channels in the female brain. This study tests 60 

whether removal of estrogen or addition of androgens engages TRPM2-mediated injury 61 

mechanisms. 62 

Methods 63 

For all experiments, 8-12 week male and female (20-25g) C57Bl/6 mice (Charles River 64 

laboratories, Portage, MI) were used.  All experiments were approved by the Institutional Animal 65 

Care and Use Committee (IACUC) and were performed according to the guidelines from the 66 

National Institutes of Health. Mice were individually housed and allowed free access to food and 67 

water. All experiments were performed in a blinded randomized manner with a separate 68 

experimenter generating the experimental code.  69 

Ovariectomy and DHT implantation Surgical procedures were performed under isoflurane 70 

anesthesia (1.5-3%). Ovariectomy (OVX) was performed one week prior to MCAO to allow for 71 

endogenous steroid levels to fall, as previously described (Dubal et al., 2001). For DHT 72 

administration implants were fabricated from silastic tubing (3 cm) filled with DHT powder (5 or 73 

25 mg) (Steraloids, Newport, RI) and sealed with silicone rubber. Implants were allowed to dry 74 

overnight and were equilibriated in 0.9% saline for 12-16 hours before implantation.  One week 75 

prior to MCAO, implants were placed subcutaneously and wounds were closed with surgical 76 
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clips.  Animals were administered bupivacaine (0.25 mg/ml, s.c.) at the incision site for post-77 

operative analgesia.  78 

Middle cerebral artery occlusion 79 

Transient focal cerebral ischemia was induced using the intraluminal filament technique to 80 

reversibly occlude the middle cerebral artery. Briefly, mice were anesthetized with isoflurane 81 

(induction 3.0% and maintenance 1.5% to 2.0%), delivered through a face mask in oxygen-82 

enriched air). Head and body temperature were monitored and maintained at 36.5±0.5°C 83 

throughout the MCAO surgery with an electrical heating pad and heating lamp. A laser Doppler 84 

probe (Moor Instruments, Oxford, England, UK) was placed over the ipsilateral cortex to 85 

measure cerebral blood flow and assure adequate occlusion. Probe placement was established 86 

in a similar location for all mice by making a small incision (probe hole) in the middle of a line 87 

drawn between the outer canthus (lateral corner of the eye) and ear canal. All mice had a 88 

similar level of occlusion throughout, reduced to less than 30% of baseline obtained prior to 89 

filament occlusion. Clotrimazole (30 mg/kg) or vehicle (corn oil) was administered via 90 

subcutaneous injection (50 μL/10 g body weight) 60 minutes after occlusion (at the time of 91 

reperfusion). 92 

Infarct analysis 93 

At 24 hours after reperfusion, mice were anesthetized with isoflurane (5.0%) and the animals 94 

were decapitated for brain removal. If hemorrhage was observed, the mouse was excluded from 95 

the study. A total of 117 mice were used in the study, with 8 being excluded because of 96 

premature death, with no differences among groups. Brains were sliced into five 2-mm-thick 97 

coronal sections and were placed in a 1.2% solution of 2,3,5-triphenyltetrazolium chloride (TTC, 98 

Sigma, St Louis, MO, USA) for 30 minutes at 37°C and fixed in 10% formalin for 24 hours. Both 99 

sides of each stained coronal slice were photographed using a digital camera (Leica 100 
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Microsystems, Buffalo Grove, IL, USA), and infarct volume was measured with ImageJ (NIH, 101 

Bethesda, MD, USA) and integrated across all five slices. To account for the effect of edema, 102 

the infarct volume of ipsilateral hemisphere was estimated indirectly and expressed as a 103 

percentage of the contralateral hemisphere. 104 

Quantitative real-time polymerase chain reaction 105 

TRPM2 mRNA expression was analyzed in non-surgical hormonally intact adult males and 106 

females (8-12 weeks).  Androgen receptor expression was analyzed in contralateral cortex at 24 107 

hours after MCAO. Animals were decapitated under isoflurane anesthesia, brains were rapidly 108 

removed and cortices were isolated and rapidly frozen. Total RNA was isolated from 109 

approximately 10 mg of cortical tissue (RNAqueous- 4 PCR kit, Ambion, Austin, TX) and eluted 110 

RNA was treated with DNAse (Ambion). First-strand cDNA was synthesized from 500ng total 111 

RNA by reverse transcription using High Capacity cDNA archive Kit (Applied Biosystems, Foster 112 

City, CA). Quantitative real-time polymerase chain reactions (qRT-PCR) were run in triplicate 113 

using SsoFast mastermix (Biorad, Hercules, CA) on a Biorad CFX Connect real-time PCR 114 

system. FAM labeled primer/probes used to detect mRNA transcripts of 18s, TRPM2 and the 115 

androgen receptor were synthesized by Applied Biosystems (Foster City, CA). Expression 116 

levels were calculated using the CT method relative to the internal control, 18S, and were 117 

normalized to male expression levels. 118 

ADP ribose measurements 119 

At 24 hours after reperfusion ADP ribose levels were measured in the cortical ipsilateral peri-120 

infarct zone and the corresponding region from the contralateral cortex. ADP ribose was 121 

measured using tandem mass spectrometry (LC-MS/MS) as previously described. Briefly, peri-122 

infarct and contralateral cortical tissues were obtained 24 hours after reperfusion and 123 

homogenized in ice cold 12% perchloric acid. Following neutralization (with KOH) and 124 
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lyophilization steps, samples were dissolved in water containing the internal standard (IS, 1µM 125 

aminohexyl-ADP final concentration) and subjected to LC-MS/MS analysis. Agilent series 1100 126 

HPLC (Agilent Technologies, Santa Clara, CA, USA) coupled to an API4000 triple stage 127 

quadrupole mass spectrometer (AB Sciex, Foster City, CA, USA) equipped with an electrospray 128 

ionization source (ESI) was employed for quantitation of ADP ribose according to the previously 129 

published method for quantitation of nucleotide mono-, di-, and triphosphates (Klawitter et al., 130 

2007). Following mass transitions (mass/charge ratio, m/z) were used: ADP ribose 131 

(quantitation): 558.2→345.9; ADP ribose (verification); 558.2→210.7; internal standard 6-132 

aminohexyl-ADP: 525.0→233.0. Nebulizer gas was at 30, and so was the heater gas (both 133 

nitrogen). The collision gas and curtain gas were at 10 and 20, respectively (both nitrogen). The 134 

source temperature was kept at 450°C. Data were acquired and processed for calibration and 135 

quantitation of all samples using the Analyst software 1.6.2.  Data ( in ng/mg tissue) were 136 

presented as the ratio of peri-infarct/contralateral cortical values. 137 

DHT measurements 138 

At 24 hours after reperfusion DHT measurements were performed from serum collected by 139 

cardiac puncture. 150 µL phosphate buffered saline (PBS) and 200 µL water were added to 50 140 

µL mouse serum sample, followed by addition of 10 µL d3-testosterone (internal standard, at 50 141 

ng/mL) and 2.5 mL of 2:1 chloroform/methanol extraction solution (modified Folch extraction 142 

method). After the vortex and centrifugation steps, the organic layer was dried in a vacuum 143 

concentrator, reconstituted in 300 µL acetonitrile (ACN)/water (1:1, v/v) and subjected to LC-144 

MS/MS analysis. DHT measurements were performed on a Dionex Ultimate 3000 HPLC system 145 

(Thermo Scientific, Sunnyvale, CA) that was connected to an API5500 QTRAP mass 146 

spectrometer (Framingham, MA). The sample was loaded onto a XDB-C8 cartridge (Agilent, 147 

Santa Clara, CA) and washed with 20% methanol and 80% 0.1% formic acid (FA) for 148 

0.7 minutes (2 mL/minute). Thereafter, the switching valve was activated and the analytes were 149 
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back-flushed with 98% methanol (at 100 µL/min) from the extraction column onto the analytical 150 

column (XDB-C8 3.5µm, 4.6x150mm, Agilent). The LC mobile phase consisted of 0.1% FA in 151 

water (mobile A) and methanol (mobile B). The following LC gradient was run at 1 mL/minute: 0 152 

to 1.5 minutes: 60% mobile B; 1.5 to 4.5 minutes: 60% to 98% mobile B; 4.5 to 5.5 minutes: 98% 153 

mobile B; 5.5 to 5.6 minutes: 98% to 60% mobile B; 5.6 to 7 minutes: held at 60% mobile B. MS 154 

data were acquired in positive ESI mode with an ion voltage of 5.5 kV. Following mass 155 

transitions (m/z) were used: DHT (quantitation): 291.2→255.2; DHT (verification); 291.2→159.2; 156 

internal standard d3-testosterone: 292.2→109.1. Nebulizer gas and heater gas were at 45 157 

(nitrogen). The collision gas and curtain gas were at medium and 15, respectively (both 158 

nitrogen). The source temperature was kept at 550°C. Data were acquired and processed for 159 

calibration and quantitation of all samples using the Analyst software 1.5.2. Data levels (in 160 

pg/ml) were normalized to male DHT levels.  161 

Statistics 162 

All data are presented as means ±SEM. Each n represents an individual animal. Statistical 163 

comparisons between two groups was performed using Student’s t-test (unpaired, two-tailed).  164 

Comparisons of multiple groups was performed using one-way ANOVA with Tukey’s post-hoc 165 

analysis. Statistical significance was set at p< 0.05. Power analysis was performed in StatMate 166 

2.0 (Graphpad) using n and standard deviation of actual data (Table 1).   167 

Results 168 

MCAO (60 minutes) was performed on adult male and female mice.  The TRPM2 inhibitor CTZ 169 

(CTZ; 30 mg/kg, s.c.) or vehicle were administered at the time of reperfusion. Mice were 170 

sacrificed 24 hours after MCAO and TTC staining was performed on 2 mm brain sections 171 

(Figure 1A). Infarct volume was smaller in CTZ-treated males (26.11±2.25% of hemisphere, 172 

n=8) compared to vehicle treated males (38.98 ± 3.7%; n=8; p=0.02) a (Figure 1B). In contrast, 173 
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CTZ had no effect on infarct volume in intact female mice (29.85± 2.04%, n=12 and 30.24±2.83, 174 

n=11, p=0.99, respectively) b. Infarct volumes in vehicle treated male and females were not 175 

significantly different (male vehicle vs female vehicle p=0.09 c; male CTZ vs female CTZ p=0.76 176 

d). The lack of protection observed in CTZ-treated female mice is not the result of reduced 177 

expression in females as mRNA levels of TRPM2 transcript were not different from males 178 

(1.000 ± 0.07692, n=4) and females (1.274 ± 0.1219, n=5; p=0.11 e).  179 

To investigate whether circulating female hormones prevent TRPM2 activation, female mice 180 

were ovariectomized. MCAO was performed 1 week after OVX to allow for depletion of 181 

hormones (Dubal et al., 2001)and CTZ or vehicle were administered at the time of reperfusion. 182 

Infarct was analyzed 24 hours after MCAO. Consistent with extensive literature demonstrating a 183 

protective effect of endogenous estrogen (Alkayed et al., 1998; Fukuda et al., 2000; Herson et 184 

al., 2009), we observed significant increase in infarct volume in OVX mice compared to intact 185 

females (p=0.0008 f). However, CTZ administered at the time of reperfusion had no effect on 186 

infarct volume in OVX females compared to vehicle-treated OVX females (Vehicle: 51.69 ± 187 

5.59%; CTZ: 54.58 ± 8.88%, n=10, p=0.79 g) (Figure 2).  188 

We next tested whether the lack of TRPM2 activation in females is due to relatively low levels of 189 

androgens compared to males. Females received subcutaneous implants of the potent 190 

androgen DHT, which is not metabolized to estrogen. We chose doses (5 and 25 mg) that have 191 

been used previously to modulate injury in the male (Uchida et al., 2009; Nakano et al., 2010; 192 

Dziennis et al., 2011).  Sham groups received empty implants. MCAO was performed one week 193 

after implantation.  As shown previously, no effect of CTZ was observed in females with empty 194 

implants.  DHT administered to females had no effect on infarct volume compared to sham 195 

females (Sham+vehicle: 29.85 ± 2.04%, n=12; 5 mg/kg; DHT+vehicle: 28.73 ± 3.07%, n=11, 196 

p.0.99 h; 25 mg/kg DHT+vehicle: 29.17 ± 4.22, n=7, p>0.99 i) (Figure 3A).  In females that 197 

received DHT implants, CTZ administered at the time of reperfusion did not alter infarct size 198 
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relative to vehicle-treated group (5 mg/kg DHT + CTZ: 26.95 ± 4.5 n=12 p>0.99 compared 5 199 

mg/kg DHT + vehicle j; 25 mg/kg DHT+ CTZ: 36.46 ± 2.4 n=8 p=0.65 compared to 25 mg/kg 200 

DHT+ vehicle k) (Figure 3B).  201 

Serum DHT levels 24 hours after MCAO were measured from males, sham-implanted and DHT-202 

implanted females.  DHT levels in sham implanted females (0.85 ± 0.05, n=5) were similar to 203 

males (1.0 ± 0.18, n=6; p=0.98 l).  DHT levels in females receiving 5 mg/kg DHT were not 204 

significantly different from males or sham implanted females (1.69 ± 0.22, n=7; p=0.29 m vs 205 

males and p=0.19 n vs sham females).  DHT levels in females that received 25 mg/kg DHT were 206 

significantly higher than all other groups (3.7 ± 0.46, n=6; p<0.01 o) (Figure 4A). To assess 207 

androgen receptor expression in males and females qRT-PCR was performed on RNA isolated 208 

from contralateral cortical tissue collected 24 hours after MCAO. Expression levels were 209 

quantitated relative to 18s RNA and normalized to male expression. Relative androgen receptor 210 

mRNA levels in sham females were 7.7 ± 1.2 (n=5) and 9.7 ± 1.7 (n=5) in DHT-treated females 211 

(25 mg/kg), significantly higher than males (1 ± 0.27; p<0.0008 p) (Figure 4B). 212 

We next assessed the effect of ischemia on brain levels of the TRPM2 activator ADP ribose, 213 

measured by LC/MS/MS in peri-infarct cortex and normalized to corresponding contralateral 214 

cortex levels.  Ischemia did not cause an increase in ADP ribose levels in sham implanted 215 

females 24 hours after MCAO (p=0.90 q, contralateral compared to peri-infarct), confirming our 216 

previously published results.  Similarly, females treated with the high dose of DHT (25 mg/kg), 217 

also failed to exhibit an ischemia-induced increase in ADP ribose levels in peri-infarct cortex 218 

(p=0.97 r) (Figure 3B).  219 

 220 

Discussion 221 
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The results of this study suggest that the lack of TRPM2 mediated injury mechanisms in 222 

females is not the result of differences in sex steroids.   Neither removal of estrogen, nor 223 

addition of androgens, was capable of engaging TRPM2 mediated injury following experimental 224 

stroke in female animals. It has been previously reported that circulating androgens were 225 

required for PARP-mediated TRPM2 activation in males (Shimizu et al., 2013).  Therefore, we 226 

predicted that administration of DHT to females would permit PARP mediated increases in ADP 227 

ribose levels and subsequent TRPM2 activation.  The lack of ADP ribose increase and TRPM2 228 

mediated injury in DHT-treated females, combined with similar expression levels of TRPM2 in 229 

males and females suggests there are signaling pathways that prevent PARP activation in 230 

females, but are not related to circulating steroid levels.  231 

Gender differences in infarct size following stroke have been well documented in both the 232 

clinical and animal studies. Many of the gender differences observed between young adult 233 

males and females can be attributed to endogenous circulating sex steroids (Hurn & Macrae, 234 

2000; McCullough & Hurn, 2003; Herson et al., 2009; Liu et al., 2010).  Several studies have 235 

demonstrated that reduction of endogenous female steroids by ovariectomy causes an increase 236 

in neuronal injury following experimental ischemia in young adult females (Alkayed et al., 1998; 237 

Fukuda et al., 2000). Data presented in the current study is consistent with this body of 238 

literature, as we observed a significant increase in infarct volume in OVX females compared to 239 

intact females. Numerous mechanisms underlying the relative protection afforded females by 240 

endogenous sex steroids have been identified, including inhibition of excitotoxicity, oxidative 241 

stress and apoptotic cell death pathways, as well as activation of anti-apoptotic signaling 242 

(McCullough & Hurn, 2003; Lebesgue et al., 2009; Liu et al., 2009).  Our data indicates that 243 

inhibition of TRPM2 channels is not among these mechanisms. We did not observe protection 244 

following inhibition of TRPM2 channels with CTZ in OVX females. This suggests that female sex 245 

steroids are not preventing the activation of TRPM2-mediated injury mechanisms.  246 
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 247 

TRPM2-mediated neuronal injury following cerebral ischemia has been shown to be a male 248 

specific cell death pathway (Jia et al., 2011; Verma et al., 2012; Nakayama et al., 2013; Shimizu 249 

et al., 2013). Previous in vitro studies have demonstrated a similar level of TRPM2 expression in 250 

sex-stratified cultures (Nakayama et al., 2013).  Our current study is in agreement with these 251 

earlier in vitro observations, observing that TRPM2 mRNA levels are similar in the intact animal, 252 

between males and females. This suggests that channel activation, rather than expression, 253 

accounts for gender differences in CTZ protection. Indeed, it was recently reported that CTZ 254 

protection is observed in female cultures exposed to oxidative stress with hydrogen peroxide 255 

and application of ADP ribose to female neurons results in TRPM2-mediated depolarization 256 

(Nakayama et al., 2013). Therefore, it appears that the female brain expresses similar levels of 257 

TRPM2 channels and under certain circumstances TRPM2 channels can be activated in the 258 

female, resulting in neuronal injury. However, ischemia does not provide a sufficient stimulus to 259 

active TRPM2 channels in the female brain. The simplest explanation is the relative lack of 260 

PARP-mediated generation of ADP ribose in the female brain following cerebral ischemia. 261 

Indeed, it was recently reported that experimental stroke does not activate PARP or enhance 262 

ADP ribose levels in the intact female brain (Shimizu et al., 2013). Consistent with this recent 263 

report, we do not observe increased levels of ADP ribose in the peri-infarct region in females. In 264 

males, the increased PARP activity/ADP ribose levels and subsequent TRPM2 mediated injury 265 

was androgen-dependent (Shimizu et al., 2013).  Based on results in castrated males we 266 

hypothesized that androgen mediated signaling accounts for gender differences in TRPM2 267 

activation following cerebral ischemia. Our results with DHT treated females lacking CTZ 268 

protection suggest that circulating androgens are not sufficient to engage PARP-mediated 269 

TRPM2 activation in females. Indeed, we failed to observe relative changes in ADP ribose in 270 

females with or without DHT treatment.  The lack of TRPM2 engagement in DHT treated 271 
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females is not due to insufficient levels of androgens or the androgen receptors. We observed 272 

significantly elevated levels of DHT in females treated with 25 mg DHT and females had much 273 

higher mRNA expression of the androgen receptor than males. We did not observe a difference 274 

in plasma DHT levels in male and female post-ischemic animals. This observation is consistent 275 

with recent reports demonstrating a dramatic decrease in androgens in males following 276 

ischemic stroke (Dash et al., 1991; Jeppesen et al., 1996). Therefore, it appears that the lack of 277 

PARP activation in the female brain is not related to insufficient levels of androgens, which is in 278 

direct contrast to our previous results in males demonstrating that androgens are necessary for 279 

PARP and TRPM2 activation.   280 

The fundamental role of female sex steroids in shaping ischemic sensitivity implicates them in 281 

the modulation of cell death mechanisms. However, results from the current study emphasize 282 

the importance of considering sex-specific factors independent of circulating sex steroids when 283 

assessing mechanisms of neuroprotection in pre-clinical studies. The lack of protection 284 

observed in OVX and DHT-treated female mice administered with the TRPM2 inhibitor CTZ is 285 

surprising and suggests other factors prevent engagement of this pathway in females. It is 286 

possible that acute changes in sex steroids used in this study are not sufficient to overcome 287 

hormonal imprinting that may occur during early development and puberty. Males experience a 288 

surge in circulating androgens during early postnatal development which may determine later 289 

signal transduction capacity of the cell (Knickmeyer & Baron-Cohen, 2006; Courant et al., 2010; 290 

Persky et al., 2013). Similarly, the post-pubertal increase in circulating steroids in males and 291 

females may impact cell death mechanisms in a manner that is not easily altered by 292 

manipulating steroids in adulthood. There is increasing evidence that genetic sex (XX vs XY) 293 

shapes cell death mechanisms and contribute to oxidative stress pathways being the dominant 294 

cell death pathway in males and caspase-dependent pathways being dominant in females 295 

(Lang & McCullough, 2008; Liu et al., 2009; Yuan et al., 2009). Indeed, we have observed sex 296 
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differences in estrogen neuroprotection in pre-pubertal juvenile mice subjected to MCAO, 297 

suggesting sex differences in ischemic injury may already be established at this stage of 298 

development (Herson et al., 2013). Therefore, it is likely that ischemic outcome and cell death 299 

mechanisms are influenced by the complex interaction of innate sex and hormonal influences. 300 

These complex interactions are certainly worthy of study, however are beyond the scope of the 301 

present study. Nonetheless, our current data indicating the lack of influence of sex steroids on 302 

the TRPM2 cell death pathway has important implications when considering the treatment of 303 

post-menopausal women after stroke. It could have been expected that due to the decline in 304 

estrogen, injury mechanisms in the post-menopausal female would resemble the male response 305 

to ischemia, however this hypothesis is not supported by the current study. 306 

Male-specific protection following inhibition or genetic deletion of PARP-1 has been well 307 

described (Yuan et al., 2009; Vagnerova et al., 2010; Liu et al., 2011; Shimizu et al., 2013). In 308 

fact, PARP-1 KO female mice exhibit enhanced ischemic injury compared to WT mice. Similarly, 309 

nitric oxide synthase (NOS) KO mice reveal a sexually dimorphic role of NOS, with males 310 

exhibiting less neuronal injury in female NOS KO mice (McCullough et al., 2005). Thus, it 311 

appears that males generate more reactive oxygen species (ROS) and are more sensitive to 312 

ROS-mediated injury compared to females (Lang & McCullough, 2008). The data generated by 313 

this study and previously are consistent with this model as the oxidative-stress sensitive ion 314 

channel TRPM2 is engaged preferentially in the male brain following ischemia. The current 315 

study furthers the hypothesis that TRPM2 channels are downstream of PARP and thus 316 

conditions that fail to activate PARP also do not engage TRPM2 channels. However, it remains 317 

possible that additional factors are involved in preventing ischemia-induced activation of TRPM2 318 

channels in the female brain. TRPM2 channels have been demonstrated to be activated by O-319 

actyl-ADP ribose generated by sirtuins (Grubisha et al., 2006) and thus it is possible that sirtuin 320 

activation is sexually dimorphic. Similarly, TRPM2 channel activity was recently shown to be 321 
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modulated by EFHC1 (Katano et al., 2012), making this another candidate for sexually 322 

dimorphic regulation of channel activity. While the current study provides important new 323 

information regarding the role of sex steroids in TRPM2 channel regulation in the female brain, 324 

further studies are needed to understand the lack of activation of TRPM2 channels in the female 325 

brain following cerebral ischemia. 326 

Figure Legends: 327 

Figure 1. Clotrimazole is neuroprotective specifically in males.  A. TTC staining and infarct 328 

analysis was performed 24 hours after MCAO and presented as % of corrected hemisphere.  329 

Clotrimazole administered at the time of reperfusion caused a significant reduction in infarct size 330 

in males but not females. Bars represent mean±SEM.  Comparisons made using One-way 331 

ANOVA and Tukey’s post-hoc analysis; *p=0.02 B. TRPM2 mRNA expression was measured 332 

by quantitative RT-PCR and quantified relative to the housekeeping gene 18s. Data were 333 

normalized to male TRPM2 expression levels. No significant differences in TRPM2 mRNA were 334 

observed between males and females (Student’s t-test; p=0.12)  335 

Figure 2. Clotrimazole administered to overarectomized females fails reduce infarct size. 336 

Female mice were ovarectomized and MCAO was performed 7 days later. Infarct analysis 24 337 

hours after MCAO revealed no difference between vehicle and CTZ treated females (Student’s 338 

t-test; p=0.79). 339 

Figure 3. Administration of DHT fails to engage TRPM2 activation following cerebral ischemia. 340 

A. Mice were implanted with DHT (0, 5 or 25 mg) and MCAO was performed 1 week later. 341 

Infarct anlaysis showed no effect of CTZ administered at the time of reperfusion on infarct 342 

volume (One-way ANOVA; p=0.83). B. Mass spectrometry performed on cortical tissue 343 

collected 24 hours after MCAO revealed no relative increase in ADP ribose in peri-infarct cortex 344 

relative to contralateral hemisphere in DHT- or DHT+ groups (One-way ANOVA; p=0.27).  345 
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Figure 4.  Serum DHT levels and androgen receptor expression. A. Serum DHT levels were 346 

measured in males and DHT-/+ females 24 hours after MCAO by LC/MS.  Females receiving 347 

DHT (25 mg) had significantly higher levels of DHT than all other groups (One-way ANOVA; 348 

p<0.0001). B. Androgen receptor expression was measured by quantitative RT-PCR and 349 

revealed that female mRNA levels were higher than those in males (One-way ANOVA; 350 

p=0.0008). 351 

  352 
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 Data Structure Type of test Power 
a Normally distributed One way ANOVA; 

Sidak’s post-hoc 
60% 

b Normally distributed One way ANOVA; 
Sidak’s post-hoc 

80% 

c Normally distributed One way ANOVA; 
Sidak’s post-hoc 

70% 

d Normally distributed One way ANOVA; 
Sidak’s post-hoc 

70% 

e Normally distributed Student’s t-test 60% 
f Normally distributed Studen’t t-test 50% 
g Normally distributed One way ANOVA; 

Sidak’s post-hoc 
75% 

h Normally distributed One way ANOVA; 
Sidak’s post-hoc 

70% 

i Normally distributed One way ANOVA; 
Sidak’s post-hoc 

60% 

j Normally distributed One way ANOVA; 
Sidak’s post-hoc 

50% 

k Normally distributed One way ANOVA; 
Sidak’s post-hoc 

50% 

l Normally distributed One way ANOVA; 
Tukey’s post-hoc 

70% 

m Normally distributed One way ANOVA; 
Tukey’s post-hoc 

75% 

n Normally distributed One way ANOVA; 
Tukey’s post-hoc 

60% 

o Normally distributed One way ANOVA; 
Tukey’s post-hoc 

50% 

p Normally distributed One way ANOVA; 
Tukey’s post-hoc 

20% 

q Normally distributed Student’s t-test 60% 
r Normally distributed Student’s t-test 60% 
 

Table 1.  Statistical table.  Lines refer to the alphabetical value provided in the results section of the text.  
Power calculations were performed in StatMate using the n and standard deviations from data sets 
being analyzed and the smallest difference between means that is scientifically relevant.  For infarct 
analysis a delta of 10 was used.  For qPCR data sets delta = 0.3.  For ADP ribose and DHT data sets delta 
= 1.0 

 


