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Abstract

Treatment with progesterone protects the male and female brain against damage after middle 

cerebral artery occlusion (MCAO). However, in both sexes, the brain contains significant 

amounts of endogenous progesterone. It is not known whether endogenously produced 

progesterone enhances the resistance of the brain to ischemic insult. Here, we used steroid 

profiling by gas chromatography-tandem mass spectrometry (GC-MS/MS) for exploring 

adaptive and sex-specific changes in brain levels of progesterone and its metabolites after 

MCAO. We show that in the male mouse brain, progesterone is mainly metabolize -

- -DHP), also a progesterone receptor (PR) 

- -THP). In the female 

- - -DHP are higher 

than in males. -DHP are rapidly upregulated to 

pregnancy-like levels in the male but not in the female brain. To assess whether endogenous 

-DHP contribute to the resistance of neural cells to ischemic damage, we 

selectively inactivated PR in the central nervous system. Deletion of PR in the brain reduced its 

resistance to MCAO, resulting in increased infarct volumes and neurological deficits in both 

sexes. Importantly, endogenous PR ligands continue to protect the brain of aging mice. These 

results uncover the unexpected importance of endogenous progesterone and its metabolites in 

cerebroprotection. They also reveal that the female reproductive hormone progesterone is an 

endogenous cerebroprotective neurosteroid in both sexes. 



Significance statement 

The brain responds to injury with protective signaling and has a remarkable capacity to 

protect itself. We show here that in response to ischemic stroke, levels of progesterone and its 

-dihydroprogesterone are rapidly upregulated in the male mouse brain 

but not in the female brain. An important role of endogenous progesterone in cerebroprotection 

was demonstrated by the conditional inactivation of its receptor in neural cells. These results 

show the importance of endogenous progesterone, its metabolites and neural progesterone 

receptors in acute cerebroprotection after stroke. This new concept could be therapeutically 

exploited by taking into account the progesterone status of patients and by supplementing and 

reinforcing endogenous progesterone signaling for attaining its full cerebroprotective potential. 



Introduction

The very rapid loss of brain tissue after the onset of ischemic stroke represents a major 

therapeutic challenge (Saver, 2006). To date, the only acute treatments for ischemic stroke are 

thrombolysis with tissue plasminogen activator and removal of the thrombus with a retriever 

stent (Vivien et al., 2011; Campbell et al., 2015). These reperfusion therapies would benefit from 

the combined use of a cerebroprotective agent, which may prolong the survival of neural cells 

and extend the very short 4.5-hour time window to reperfusion. In addition, a cerebroprotective 

agent may limit tissue damage resulting from reperfusion (Donnan et al., 2011; Fisher, 2011). 

Treatment with exogenous progesterone has been demonstrated to protect the male and 

female rodent brain against ischemic damage after middle cerebral artery occlusion (MCAO) 

(Sayeed and Stein, 2009; Gibson et al., 2011). Notably, progesterone treatment shows long-

lasting cerebroprotective efficacy with a 6 hr window of opportunity (Gibson et al., 2011; Wali 

et al., 2014). However, it is unknown whether endogenous progesterone plays a role in 

cerebroprotective mechanisms. In adult males and females, neural cells are indeed exposed to 

significant levels of progesterone, either derived from the ovaries in females or from the adrenal 

glands in both sexes (Schumacher et al., 2014). Moreover, progesterone is a "neurosteroid" 

synthesized de novo within the brain (Baulieu, 1997).  

The aim of the present study was to assess whether endogenous progesterone and its 

metabolites are involved in acute self-protection of the male and female mouse brain against 

ischemic damage. This is an important problem, as there is an ongoing interest in taking 

advantage of endogenous cerebroprotective mechanisms for therapeutic purposes (Iadecola and 

Anrather, 2011; Mergenthaler and Dirnagl, 2011). However, assessment of the cerebroprotective 

actions of progesterone requires to take into account its extensive metabolism in the brain 



(Schumacher et al., 2014). -DHP by neural cells 

(Celotti et al., 1992). -DHP activate gene transcription 

via PR (Rupprecht et al., 1993) (Fig. 1). The PR are ligand-activated transcription factors, but 

they also interact with membrane associated kinases outside the nucleus (Lange et al., 2007; 

Grimm et al., 2016). We have recently demonstrated that PR play a key role in the 

cerebroprotective actions of progesterone after MCAO (Liu et al., 2012). The progesterone 

- -THP, also well-known as allopregnanolone, 

which does not bind to PR but functions as a positive modulator of GABAA receptors, resulting 

in the inhibition of neuronal activity (Fig. 1) (Hosie et al., 2006; Lambert et al., 2009). The 

- -DHP) is an additional metabolic pathway of 

- -

reduction is generally considered as an inactivation pathway of progesterone (Fig. 1). However, 

- -DHP may thus serve as a reservoir for 

progesterone and its biologically active metabolites (Hillisch et al., 2003; Williams et al., 2012). 

We used sensitive and specific gas chromatography-tandem mass spectrometry (GC-

MS/MS) for establishing steroid profiles in the brain and plasma of intact and ischemied male 

and female C57BL/6 mice. We found that - -THP are higher while 

-DHP are lower in the male than in the female brain. During the first 6 hrs after 

MCAO, there was a rapid and major -DHP in the 

male but surprisingly not in the female brain. To determine whether endogenous PR-active 

-DHP are involved in the acute resistance of the brain to ischemic damage, 

we selectively inactivated PR in neural cells. Lack of neural PR increased the vulnerability of the 

brain of both male and female, young and aging mice.



- - -

- -

-

Generation of PR +/loxP mice  

-

-

- -

Breeding colonies establishment: 



-

-

 

Screening for LoxP sites: F1: -AACATGGAAGGATGCACCTGTTCCC-

R1: -GCCTTGAACTCATGAATTCCCAGCTTC- -CCTTCCCTCTCATTGTCATG

GAGAC- -AGAGAATCTCTCGCCAGTGTCATGG- Screening for Nes Cre 

transgene: -GCGGTCTGGCAGTAAAAACTATC- ; R3: -GTGAAACAGCATTGCT

GTCACTT- . Internal positive control for PCR amplification: F4: -CTAGGCCACAGAATT 

GAAAGATCT- ; R4: -GTAGGTGGAAATTCTAGCATCATCC- ).

ad libitum

Transient cerebral ischemia was performed under ketamine (50 mg/kg) and xylazine 

hydrochloride (6 mg/kg) anesthesia. 



A middle cerebral artery occlusion was performed for 30 min as previously described

Briefly, the left common carotid artery was isolated. A nylon monofilament 

introduced through an arteriotomy performed in the common carotid artery and advanced into 

the internal carotid artery to occlude the origin of the . The filament was 

withdrawn 30 min after occlusion to allow reperfusion.  

-

-

-

-

-



Experimental groups:

Set 1: Designed to evaluate the effect of ischemia on steroid levels:

The estrus cycle was monitored between 9 and 10 a.m. by the examination of 

vaginal smears in a large group of intact young adult females. The adopted nomenclature was 

proestrus, estrus, metestrus and diestrus according to the percentage of different cell types 

present: proestrus (a majority of nucleated epithelial cells), estrus (a majority of cornified 

epithelial cells), metestrus (cornified epithelial cells and leukocytes) and diestrus (a majority of 

leukocytes) (Byers et al., 2012). The estrus cycle stage was checked in all females and those in 

diestrus were selected to constitute experimental groups of that day. 

Set 2: Designed to evaluate the effects of neural PR deletion on steroid levels in both sexes: 

- -

- -

. The estrus cycle stage was checked in all females 

and those in diestrus were selected to constitute experimental groups of that day.

Set 3: Designed to evaluate the effect of neural PR deletion and MCAO on steroid levels:

- -



- -

-

Steroids were extracted from plasma and the left hemisphere (180-240 mg) of brain with 

methanol, and the following internal standards were added to the extracts for steroid 

quantification: 2 ng of 2H6- -DHP (CDN Isotopes, Sainte Foy la Grande, France) for the 

- -DHP), 2 ng of 13C3-testosterone (Isoscience, PA, 

USA) for the analysis of testosterone, 2 ng of 13C3-androstenedione for the analysis of 

androstenedione, 2 ng of 13C3-progesterone for the analysis of progesterone, 2 ng of 13C3- -

-estradiol, 2H13-deoxycorticosterone (DOC) for analysis of DOC, 

2 ng of 19 nor- - -dihydrodeoxycorticosterone, 2 ng of 

-

-DHT), 3 - -

- -tetrahydroprogesterone, 

- -tetrahydrodeoxycorticosterone, 2H8-corticosterone

for the analysis of corticosterone. Samples were purified and fractionated by solid-phase 

extraction with the recycling procedure (Liere et al., 2004). Briefly, the extracts were dissolved 

in 1 ml methanol and applied to the C18 cartridge (500 mg, 6 ml, International Sorbent 

Technology, IST), followed by 5 ml of methanol/H2O (85/15). The flow-through, containing the 

free steroids, was collected and dried. After a previous re-conditioning of the same cartridge with 

5 ml H2O, the dried samples were dissolved in methanol/H2O (2/8) and re-applied. The cartridge 



was then washed with 5 ml H2O and 5 ml methanol/H2O (1/1) and unconjugated steroids were 

eluted with 5 ml methanol/H2O (9/1). 

The unconjugated steroid-containing fraction was then filtered and further purified and 

fractionated by HPLC. The HPLC system was composed of a WPS-3000SL analytical 

autosampler and a LPG-3400SD quaternary pump gradient coupled with a SR-3000 fraction 

collector (Thermoscientific, USA). The HPLC separation was achieved with a Lichrosorb Diol 

column (25 cm, 4.6 mm, 5 m) and a thermostatic block at 30°C. The column was equilibrated 

in a solvent system of 90% hexane and 10% of a mixture composed of hexane/isopropanol 

(85/15). Elution was performed at a flow-rate of 1 ml/min, first 90% hexane and 10% of 

hexane/isopropanol (85/15) for 8 min, then with a linear gradient to 100% of hexane/isopropanol 

(85/15) in 2 min. This mobile phase was kept constant for 10 min and a linear gradient to 100% 

methanol was applied. The column was washed with methanol for 15 min. 

Thre -DHPROG was eluted in the 

first HPLC fraction (3-13 min) and was silylated with 50 l of a mixture N-methyl-N-

trimethylsilyltrifluoroacetamide/ammonium iodide/dithioerythritol (1000:2:5 vol/wt/wt) for 15 

min at 70°C. The second fraction (13-25 min) containing pregnenolone, 20 -

dihydropregnenolone, progesterone, deoxycorticosterone, testosterone and their reduced 

metabolites, and -estradiol, was derivatized with 25 l heptafluorobutyric anhydride (HFBA) 

and 25 l anhydrous acetone for 1 hr 20°C. Corticosterone was eluted in the third fraction (25-33 

min) and derivatized with 25 l HFBA and 25 l anhydrous acetone for 1 hr at 80°C. All the 

fractions were dried under a stream of N2 and resuspended in hexane for GC-MS/MS analysis. 

GC-MS/MS analysis of the brain extracts was performed using an AI 1310 autosampler, a 

Trace 1310 gas chromatograph (GC), and a TSQ 8000 tandem mass spectrometer (MS/MS) 



(Thermo Fisher Scientific San Jose, CA) using Argon as collision gas. Injection was performed 

in the splitless mode at 250°C (1 min of splitless time) and the temperature of the gas 

chromatograph oven was initially maintained at 50°C for 1 min and ramped between 50 to 200°C 

at 20°C/min, then ramped to 300°C at 5°C/min and finally ramped to 350°C at 30°C/min. The 

helium carrier gas flow was maintained constant at 1 ml/min during the analysis. The transfer 

line and ionization chamber temperatures were 330°C and 180°C, respectively. Electron impact 

ionization was used for mass spectrometry with ionization energy of 70 eV. GC-MS/MS signals 

were evaluated using a computer workstation by means of the software Excalibur®, release 3.0 

(Thermoscientific, USA). Identification of steroids was supported by their retention time and 

according to two or three transitions. Quantification was performed according to the transition 

giving the more abundant product ion (Table 1) with a previously established calibration curve. 

The analytical protocol has been validated for all the targeted steroids by using extracts of 

200 mg from a pool of male mice brain. The evaluation included the limit of detection, linearity, 

accuracy, intra- and inter-assay precisions (Table 2). The limit of detection was determined as 

the lowest amount of compounds that can be measured by GC-MS/MS with a signal-to-noise 

ratio greater than 3. It ranged from 0.5 pg/g to 20 pg/g. The linearity was assessed by analyzing 

increasing amounts of mouse brain extracts (20, 50, 100 and 200 mg) in triplicate. The linearity 

was satisfactory for all the steroids with a coefficient of correlation ranging from 0.992 to 0.999. 

The accuracy of the assay was evaluated by determining the analytical recovery, which was 

defined as C/(C0+S)x100(%). C is the concentration of the steroid in the spiked brain extract 

(100 mg), C0 is the concentration of a steroid in the unspiked brain extract (100 mg) and S is the 

spiked concentration. The precision of the intra and inter-assays were evaluated by analyzing 5 

replicates of 200 mg of brain extracts on 1 day and over 4 days, respectively. 



-

-

-

Cyc3

PR F: -TTACCTGT 

GGGAGCTGCAAG- -ATGCCAGCCTGACAACACTT- 3 F: -CCTGGCT

GGGTGAGCATGGC- 3 R: -CAGTGGCTTGTCCCGGCTGT-

-

-

coefficient (r2) and efficiency (Ex) of PCR amplification were calculated 

before



-

-

-

- -

-

-

- -

- -

-



-

Infarct volumes (TTC staining): 

-

-

Neurological deficits (6-point neurological severity score): 

-

Immunofluorescence analysis of neurons and microglia: 

-



- -

-

-

-

- - -

-

-



Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software Inc., USA). The 

data are expressed as mean ± SEM and n refers to the number of animals per experimental group. 

Statistical tests included one-way ANOVA and two-way ANOVA followed by Newman-Keuls 

multiple comparisons tests between groups. Kruskal-Wallis analysis and Mann-Whitney tests 

were used for neurological deficits. The correlation of infarct volume and neurological deficits 

p



Results

Steroid profiling in brain and plasma of young adult male and female mice 

We first established steroid profiles by GC-MS/MS for brain and plasma of 3 months old 

male and female C57BL/6 mice to determine reference values (Fig. 2 and Table 3). Females 

were at their diestrus stage according to vaginal cytology. Results for pregnenolone, 

progesterone and its major metabolites are shown in Figure 2. Brain levels of pregnenolone were 

similar in both sexes and about 30 times higher than in plasma, consistent with a de novo

synthesis by neural cells (Fig. 2A). Levels of progesterone did not differ between sexes in brain, 

but tended to be higher in the plasma of females. However, in comparison with pregnenolone, 

brain levels of progesterone were low (< 1 ng/g) (Fig. 2B). Progesterone is indeed rapidly 

metabolized in the brain, and its measure thus does not provide sufficient information about the 

dynamics of pregnanes. 

The analysis of progesterone metabolites by GC-MS/MS indeed provided a completely 

different and unexpected picture, with marked differences between brain and plasma and 

-DHP were 75 times higher than those of 

progesterone, reaching concentrations of 12 ng/g (about 40 nM) (Fig. 2C). Importantly, brain 

-DHP were about 4 times higher in males than in females, and may thus be 

considered as a major male brain steroid. -DHP were also elevated 

in males, suggesting an important contribution of the adrenal glands (Fig. 2C).

- -THP were higher in males than 

in females (Fig. 2D - -

THDOC), another potent GABAA receptor modulator derived from the metabolism of adrenal 



deoxycorticosterone (DOC) (Sarkar et al., 2011), were also significantly higher in brain of males 

when compared to females (Table 3). 

Thus, steroid profiling by GC-MS/MS revealed the surprising fact that the male mouse 

brain contains more neuroactive metabolites of progesterone than the female brain. In contrast, 

-DHP were respectively more than 10 or 20 times higher in 

females as compared to males (Fig. 2E).  The reversible conversion of progesterone to -DHP

may represent a reservoir of brain pregnanes in females. Additional steroids analyzed in brain 

and plasma of both sexes are shown in Table 3. Of note, -

-reduced metabolites of testosterone was 

very low (Table 3). 

Steroid profiling after MCAO in brain and plasma of male and female mice 

To gain insight into changes of steroid levels in response to ischemic injury, we performed 

steroid profiling by GC-MS/MS in the left ischemic hemisphere and in plasma of male and 

diestrus female C57BL/6 mice at 1, 2, 4, 6 or 24 hrs after transient MCAO. The left middle 

cerebral artery was occluded during 30 min, followed by reperfusion (Fig. 3 and Table 4). 

In both males and females, brain levels of pregnenolone were about 5 to 10 times higher in 

brain when compared to plasma, confirming results of the previous experiment (Fig. 3A). In the 

ipsilateral hemisphere, levels of pregnenolone were significantly increased at 6 hrs after MCAO 

and returned to control values after 24 hrs in males. There was no such change with time in 

females. In both sexes, the low plasma levels of pregnenolone were slightly, but significantly, 

increased in a transient manner at 4 and 6 hrs (Fig. 3A).



In males, brain levels of progesterone were increased at 4 and 6 hrs after MCAO, paralleled 

by a similar increase in plasma levels, which probably reflects activation of the adrenal glands 

(Fig. 3B). A similar trend was observed in females, but without reaching statistical significance 

for the brain. At 6 hrs, brain and plasma levels of progesterone were lower in females when 

compared with males. 

The magnitude of brain-specific changes in endogenous progesterone after MCAO may 

have been partially masked by its rapid and strong -reduction (Poletti et al., 1998). Indeed, the 

-DHP. In the male 

-DHP continuously raised between 1 and 6 hrs after MCAO 

(Fig. 3C). Maximal and very elevated -DHP were reached at 6 hrs. In plasma, 

-DHP remained much lower, with a slight increase at 24 hrs. Of note, leve -

DHP remained elevated in the male brain as late as 24 hrs after MCAO. In contrast, levels of 5 -

DHP remained low in brain (  5 ng/g) and plasma (  1 ng/ml) of females (Fig. 3C). 

The GABAA -THP did not show significant 

changes with time after MCAO in both sexes, neither in brain nor in plasma. However, levels of 

-THP in brain and plasma were higher in males when compared with females (Fig. 3D). In 

-DHP were significantly increased in brain and plasma at 4 and 6 hrs after 

MCAO. No significant changes over time for the constantly elevated levels -DHP in 

females (Fig. 3E).

-DHP well illustrates the rapid and marked 

increase in PR-active steroids in male brain after MCAO and the noticeable sex difference. Both 

pregnanes reached maximal levels of nearly 70 ng/g (about 220 nM) at 6 hrs after MCAO in the 

male brain (Fig. 4A), which is comparable to their pregnancy plasma levels in mice (Murr et al., 



1974). In males, plasma levels of progesterone + -DHP were about 6 times lower than brain 

levels, and only showed a small increase at 6 and 24 hrs (Fig. 4B). In contrast to males, summed 

levels of progesterone + -DHP remained low after MCAO in the female brain and plasma 

(Fig. 4C,D).

Additional steroid metabolomic data for brain and plasma, providing reference data, are 

- -DHP were very low in brain and 

plasma of both sexes (around 10 -reduced

steroids is not planar but bent, they are considered as biologically inactive and to be involved in 

hormone clearance (Chen and Penning, 2014). Howeve -reduced metabolites of 

progesterone have neuroactive properties. Thus - -THP,

-THP (allopregnanolone) a positive allosteric modulator of GABAA

receptors, both having the same potency (Belelli et al., 1996). Interestingly, whereas brain and 

-THP were higher in males (Fig. 3D -THP were higher in 

-hexahydroprogesterone were also 

higher in females than in males, but the biological significance of the hexahydroprogesterone 

isomers remains to be explored. 

Remarkable were sex differences in the levels of neuroactive steroids derived from the 

adrenal glands. Plasma levels of corticosterone, the principal glucocorticoid in mice and rats, 

increased from 10-20 ng/ml in controls to about 200 ng/mg at 6 hrs after MCAO in both sexes 

(effect of time: F(5,47) = 18.3, p < 0.0001) (Table 4). However, in the brain, a different picture 

was observed. Although levels of corticosterone significantly increased in the ischemic 

hemisphere of both sexes (effect of time: F(5,76) = 13.2, p < 0.0001), they remained lower than in 

plasma until 4 hrs after MCAO. Only at 6 hrs, brain levels of corticosterone reached plasma 



levels in males, whereas in females brain levels of corticosterone remained lower (effect of sex: 

F(1,76) = 10.5, p = 0.002; interaction between time and sex (F(5, 76) = 4.31, p = 0.002). The female 

brain may thus protect itself against the steadily increasing, very high levels of adrenal 

glucocorticoids. After 24 hrs, levels of the adrenal steroids returned to lower levels, but remained 

above control levels. 

Also of note, in the plasma, co -

-DHDOC (effect of sex: F(1,59) = 244.7, p < 0.0001) -THDOC

(effect of sex: F(1,50) = 80.7, p < 0.0001) was much higher in females than in males (Table 4). In 

-reduced metabolites reached 32 ng/ml in females at 4 hrs, 

which was about 250 times levels measured in males. In the brain, levels of both metabolites 

-DHDOC: effect of sex: F(1,77) = 83.5, p < 0.0001; 

-THDOC: effect of sex: F(1,67) = 6.69, p < 0.05) (Table 4). Thus, females produce 

significantly higher amounts of GABAA -reduced metabolites of progesterone 

and DOC, respectively -THP and by structural analogy -THDOC (Gunn et al., 2015). 

In contrast to the glucocorticoids, levels of testosterone decreased after the ischemic injury 

in plasma (effect of time: F(5,59) = 5.38, p < 0.001) and brain (effect of time: F(5,73) = 5.89, p < 

0.001) of males (Table 4). Moreover, there was a significant decrease in male -DHT

levels (effect of time: F(5,67) = 5.41, p < 0.001) -reduction of testosterone 

-reduced metabolites of progesterone 

in males (Fig. 3C,D). As expected (Nilsson et al., 2015), low brain concentrations of estradiol 

were measured and no significant changes over time were observed after MCAO.  



Selective deletion of intracellular progesterone receptors (PR) in the central nervous 

system

We hypothesized that that the rapid and important increase in brain levels of progesterone 

-DHP may be part of spontaneous cerebroprotective responses. To gain an insight into the 

potential role of these endogenous PR ligands in the acute resistance of brain tissues against 

ischemic damage, we selectively inactivated PR expression in neural cells by using the Cre-LoxP 

site-specific recombination system to generate a new transgenic mice line PRNesCre.

Specificity and efficiency of neural PR gene invalidation via Cre recombination were 

determined by quantitative RT-PCR (qPCR) and immunofluorescence analyses. QPCR showed a 

nearly complete deletion of PR mRNA expression in the brain of PRNesCre males and females 

(96% in hypothalamus and 99% in cortex and subcortical regions) (Fig. 5A). In contrast to the 

brain, PR mRNA expression was similar in wild-type PR+/+, PRloxP/loxP and PRNesCre mice for 

aorta, kidney and thymus in males, and for uterus, ovary and mammary glands in females (Fig. 

5B). Immunofluorescence detection revealed that neural PR protein was expressed in the 

hypothalamus of PRloxP/loxP mice, but that it was almost completely absent in the hypothalamus of 

PRNesCre mice (Fig. 5C). In contrast to the hypothalamus, a similar distribution and density of PR 

immunoreactivity was observed in the uterus of PRloxP/loxP and PRNesCre female mice (Fig. 5C). 

Altogether, these results demonstrate that the PR gene was efficiently and selectively invalidated 

in the brain of both male and female PRNesCre mice. As the Cre recombinase was not expressed in 

microglia, present results also show that in the mouse brain, PR is not present in this cell type. 

At the age of 1 month, PRNesCre mice had the same weight as sex-matched PRloxP/loxP mice. 

At 4 months, about the time when experiments of ischemic injury in young animals were 

performed, PRNesCre mice were 6-7% lighter than PRloxP/loxP mice of the same sex (males: 



PRNesCre: 26.4g ± 0.2; PRloxP/loxP: 28.1g ± 0.2; females: PRNesCre: 20.9g ± 0.2; PRloxP/loxP: 22.4g ± 

0.2, means ± SEM; effect of sex: F(1,29) = 1208.1, p < 0.001; effect of genotype: F(1,29) = 100.3, p

< 0.001). At 12 months, the weight differences between PRloxP/loxP and PRNesCre mice became 

even more pronounced, but did not exceed 20% (males: PRNesCre: 28.3 g ± 0.3; PRloxP/loxP: 35.1 g 

± 1.1; females: PRNesCre: 27.3 g ± 0.8; PRloxP/loxP: 31.3 g ± 1.5, means ± SEM; effect of sex: F(1,31)

= 5.55, p < 0.05; effect of genotype: F(1,31) = 28.5, p < 0.001). Thus, during aging, PRNesCre mice 

of both sexes gain less weight. 

Male PRNesCre mice showed normal fertility when mated with female PRloxP/loxP mice. Of 8 

pairs, all produced a number of offspring comparable to wild-types. In contrast, PRNesCre females 

exhibited significantly reduced fertility when mated with PRloxP/loxP males. Over a 3 months 

observation period, only 4 females out of 24, produced offspring, and the size of their litters did 

not exceed 2 pups. One reason for this low fertility of PRNesCre females were irregular estrus 

cycles, as determined by vaginal cytology, and a markedly reduced number of corpus lutea 

within the ovaries of PRNesCre females. This reproductive phenotype is consistent with the 

previously reported inability of total PR knockout mice to ovulate (Lydon et al., 1995). 

Steroid profiling in brain and plasma of young adult PRloxP/loxP and PRNesCre mice of both 

sexes

To assess whether conditional inactivation of PR in neural cells of the CNS had an impact 

on steroid levels, extended brain and plasma profiles were established by GC-MS/MS for young 

(3 months old) male and female PRloxP/loxP and PRNesCre mice (Table 5). Both PRloxP/loxP and 

PRNesCre females were again sampled according to vaginal cytology at the diestrus stage.  



Levels of the major steroids measured in the PRloxP/loxP and PRNesCre mice were comparable 

to those reported in Figure 2 and Table 3 for wild-type C57BL/6 mice. Levels of pregnenolone 

were much higher in brain than in plasma, whereas similar low levels of progesterone were 

measured. Important for our purpose was the confirmation of much higher levels of PR active 

-DHP in the male brain when compared to females and plasma (Table 5). Furthermore, levels 

-DHP in brain and plasma were about 10-20 times higher in females when compared with 

males. However, -DHP in this experiment were much higher than those 

shown in figure 2. This difference may not necessarily reflect strain variations, but it may have 

been caused by higher levels of stress and adrenal activity. Indeed, levels of the stress response 

hormone corticosterone were also elevated in the present experiment. Results further confirm 

-reduced metabolites of progesterone and DOC in females when compared to 

males. 

Importantly, steroid levels were comparable between PRloxP/loxP and PRNesCre mice for PR-

-DHP (Table 5). However, plasma and brain levels of corticosterone 

were lower in PRNesCre males when compared with PRloxP/loxP males. This may also have 

contributed to slightly reduced levels of -reduced metabolites of progesterone and DOC 

in PRNesCre mice. 

Changes in brain levels of progesterone and its metabolites after MCAO in male and 

female PRloxP/loxP and PRNesCre mice

The PRNesCre mice were generated to uncover the cerebroprotective effects of endogenous 

-DHP, both active PR ligands, in males. It was thus important to 

examine whether levels of progesterone and its active metabolites were rapidly increased after 



MCAO in the transgenic male PRloxP/loxP and PRNesCre mice, as they are in wild-type males (see 

Fig. 3). Brain levels of progesterone and its major reduced metabolites were analyzed by GC-

MS/MS in the left infarcted hemisphere of PRloxP/loxP and PRNesCre male and female mice at 6 hrs 

after sham surgery or MCAO. 

Analysis by GC-MS/MS revealed similar steroid profiles for PRloxP/loxP and PRNesCre mice at 

6 hrs after sham surgery or MCAO (Fig. 6) -

DHP were significantly higher in sham-operated PRNesCre males when compared with sham-

operated PRloxP/loxP males, suggesting a greater sensitivity of the former to surgical stress (Fig. 

6B,E). After MCAO, brain levels of progesterone were elevated in the male brain, and they were 

3 times higher in males than in females (Fig. 6B -DHP were nearly 10 times 

higher in males when compared to females, and they were markedly up-regulated at 6 hrs after 

MCAO in males when compared to sham operation (Fig. 6C). No increases in the levels of 

-DHP were found after MCAO in females, consistent with results presented 

in Figure 3 for C57BL/6 mice. -THP were also higher in males than in females, 

but were not upregulated in response to MCAO (Fig. 6D - -THP

were low in both sham and MCAO operated males and females (Fig. 6E,F).

Thus, the response of brain steroids to MCAO surgery differs between sexes. Whereas 

males upregulate the production of PR acti -DHP in response to ischemic 

injury, females do not show such changes. 

The resistance of the brain to ischemic damage is reduced in young male and female 

PRNesCre mice 



For all the outcomes measured after MCAO, we first verified that they were similar for 

C57BL/6 and PRloxP/loxP mice.  Neurological scores, time spent on the rotarod and infarct volumes 

did not significantly differ between the two strains of mice, and we used PRloxP/loxP mice as 

controls for the effect of targeted PR inactivation in the CNS. 

-DHP play a role in rapid endogenous 

cerebroprotective mechanisms, deletion of PR in the brain could be expected to reduce its 

resistance to ischemic injury. We therefore compared the total infarct volume, neurological 

outcomes, neuron densities and microglial activation between young male and female PRloxP/loxP

and PRNesCre mice at 6 hrs after MCAO (Figs. 7-9; left side). Although sham surgery seemed to 

have an influence on the brain levels of some progesterone metabolites, it did not cause ischemic 

damage. Indeed, sham surgery did not affect cerebral blood flow, neurological deficit scores and 

infarct volume. 

Infarct volumes were significantly increased in PRNesCre mice of both sexes when compared 

with PRloxP/loxP mice (Fig. 7A,B). In males, the size of the infarct was nearly doubled after 

deletion of PR, whereas in PRNesCre females, the infarct was increased by 30%. Infarct volumes 

did not differ between sexes in PRloxP/loxP mice, but they were significantly larger in male than in 

female PRNesCre mice (Fig. 7B), pointing to the existence of additional PR-independent protective 

mechanisms in females. 

Neurological deficits were assessed on a 6-point scale, with elevated scores reflecting 

higher functional disability (Gibson et al., 2011). In contrast to the infarct size, they were 

similarly increased in male and female PRNesCre males when compared to PRloxP/loxP mice (Fig. 

7C). Thus, endogenous PR-dependent signaling contributed to the preservation of neural 



functions in both sexes. Highly positive correlations were observed between infarct volumes and 

neurological deficits in both sexes (Fig. 7D).

To go further in the evaluation of the tissue damage at 6 hrs after MCAO, the density of 

neurons labelled with an antibody against the neuronal nuclear antigen NeuN was measured by 

immunofluorescence analysis. Neurons were counted in the infarct and in the peri-infarct at the 

levels of the cerebral cortex and striatum (Fig. 8A,B). In both brain regions, MCAO is known to 

produce widespread ischemic cell death, with the most rapid damage occurring in the striatum 

(Carmichael, 2010). DAPI counterstaining of cell nuclei allowed to define the demarcation 

between the infarct and peri-infarct areas. 

At the infarct core in both cerebral cortex and striatum, neuron density was significantly 

lower in PRNesCre mice when compared to PRloxP/loxP mice for both sexes (Fig. 8C,D). At the peri-

infarct area, the density of neurons was almost twice the one counted in the infarct core, and no 

differences were observed between PRNesCre mice and PRloxP/loxP mice (Fig. 8E,F). Similar 

neuronal densities with no differences between PRNesCre mice and PRloxP/loxP mice were also 

observed in the contralateral hemisphere. Sex differences in the density of NeuN+ neurons were 

observed after MCAO in the striatum (Fig. 8D,F) but not in the cortex (Fig. 8C,E).

The density of activated microglia was assessed by immunofluorescence analysis of Iba1+

cells in cerebral cortex and striatum. As early as 6 hrs after MCAO, microglial activation was 

only observed in the peri-infarct (Fig. 9B-D). In both cortex and striatum, the density of activated 

microglial cells was significantly lower in PRNesCre mice when compared to PRloxP/loxP mice for 

both sexes (Fig. 9C,D). The density of Iba1+ microglial cells was low in the contralateral non-

ischemic side and was unaffected by the PR deletion (Fig. 9E,F).



The resistance of the brain to ischemic damage is also reduced in aging male and female 

mice after deletion of PR 

To determine whether the endogenous PR-dependent cerebroprotective mechanisms remain 

functional during aging, infarct volume, neurological outcomes, neuron densities and microglial 

activation were examined at 6 hrs after MCAO in aging (12-14 months old) male and female 

PRloxP/loxP and PRNesCre mice (Figs. 7-9; right side) and were compared with the results obtained 

for young (3 months old) mice (Figs. 7-9; left side). 

In aging mice, the invalidation of PR also resulted in larger infarct volumes, and there were 

no differences between sexes (Fig. 7E,F). As expected, infarct volumes were larger in aging 

when compared to young mice (Fig. 7B,F). Neurological deficit scores were increased to the 

same extent in both sexes, reflecting higher functional disability (Fig. 7G). Interestingly, 

neurological deficits tended to be higher in aging than in young mice, but only for the PRNesCre

mice. As for the young mice, positive correlations were observed between infarct volumes and 

neurological deficits (Fig. 7H). Thus, endogenous PR signaling continues to play an important 

role in cerebroprotection in aging males and females. 

Densities of neurons were lower in the aging males and females comparatively to young 

adults in infarct and peri-infarct areas of cortex and striatum (Fig. 8). Sex differences in the 

density of NeuN+ neurons were only observed in the infarct at the level of the striatum in aging 

PRloxP/loxP mice (Fig. 8I). Neuron density was significantly lower in PRNesCre mice when 

compared to PRloxP/loxP mice not only in the infarct region, but also in the peri-infarct area (Fig. 

8H-K), suggesting a more rapid spreading of the ischemic lesion in aging comparatively to 

young mice. The reduced number of neurons after inactivation of PR in the aging brain 



uncovered a role for endogenous PR signaling in neuroprotection in cerebral cortex and dorsal 

striatum in both infarct and peri-infarct.  

Activated Iba1+ microglial cells were observed in the peri-infarct of aging mice at 6 hrs 

after MCAO (Fig. 9G-I). The density of Iba1+ cells was lower in aging mice comparatively to 

young mice, at the level of the striatum. In both cerebral cortex and striatum, the density of 

activated microglial cells in the peri-infarct was lower in PRNesCre mice when compared to 

PRloxP/loxP mice, thus confirming a role of endogenous PR signaling in the activation of microglial 

responses (Fig. 9H,I). In the contralateral non-ischemic side of the cerebral cortex and striatum, 

the density of Iba1+ cells was low with no effect of PR deletion (Fig. 9J,K).

Discussion

In this study we demonstrate the importance of endogenous progesterone, its metabolites 

and neural PR, in cerebroprotection in young and aging mice of both sexes during the early acute 

phase after stroke. We choose females in diestrus, a stage lasting more than 2 days of the 4-day 

reproductive cycle (Byers et al., 2012), as it was considered to be advisable to avoid short peak 

levels of ovarian progesterone and estradiol (Smith et al., 1975; Nilsson et al., 2015) to uncover a 

role of endogenous brain progesterone in female cerebroprotection. Only limited information is 

available concerning the influence of the estrus cycle on responses to cerebral ischemia, but one 

study reported that hypertensive female rats develop smaller cerebral infarcts during the short 

proestrus stage (Carswell et al., 2000).  

The unexpected results of brain steroid profiling by GC-MS/MS lent further support to the 

notion that progesterone and its metabolites are important brain steroids in males. Whereas levels 

-reduced metabolites of progesterone were particularly elevated in the male 



brain, females instead produced larger -DHP. This metabolite of progesterone has 

been reported to have little affinity for PR and no progestogenic activity (Nadeem et al., 2016). 

Instead, as the formation of the -hydroxy-pregnanes is reversible, they may regulate the 

availability of biologically active 20-keto-pregnanes (Pelletier, 2010). Even more striking was 

-DHP after 

MCAO in males but not in females.  

Because of its -DHP, one may have 

predicted the male brain to be more resistant to ischemic damage than the female brain. 

However, this was not the case under the present experimental conditions: infarct volume and 

neurological deficit scores did not differ between male and female PRloxP/loxP mice at 6 hrs after 

MCAO. Moreover, in both sexes, infarct volumes and neurological deficits were increased and 

neuronal densities decreased in PRNesCre mice, demonstrating an important role of PR signaling in 

the resistance of brain tissue to ischemic damage for both sexes. Somehow, the low brain levels 

of -DHP in females were sufficient for efficient cerebroprotection. However, 

males may -

DHP, as suggested by the larger infarct volumes in PRNesCre males when compared to PRNesCre

females. Taken together, these observations point to additional protective mechanisms against 

ischemic injury in the female brain.  

An auxiliary cerebroprotective agent may be estradiol in spite the fact that similar low brain 

levels of the hormone were measured in both sexes, and that they were not increased in response 

to MCAO. Females may indeed be more sensitive to the cerebroprotective effects of estradiol 

females but not of males (Dubal et al., 2006; Westberry et al., 2008). Estrogens may potentiate 



the cerebroprotective effects of progesterone in females by upregulating PR expression (Waters 

et al., 2008). 

Steroid profiling revealed other potential cerebroprotective mechanisms in females. Thus, 

-reduced metabolites in males, females produce 

higher amounts of GABAA -reduced metabolites of progesterone and DOC, 

- -THDOC (Gunn et al., 2015). The positive modulation of 

GABAA -reduced metabolites of progesterone and DOC and the resulting 

decrease in neuronal excitability is indeed a well recognized mechanism involved in 

neuroprotective responses (Sayeed et al., 2006; Brinton, 2013; Melcangi and Panzica, 2014). 

Another sex difference deserving attention was the exposure of the male brain to higher 

amounts of injury-induced corticosterone when compared with females. Endogenous 

corticosterone and stress have indeed been shown to exacerbate brain injury resulting from 

cerebral ischemia and the suppression of glucocorticoid production or actions has been proposed 

as a therapeutic option for stroke patients (Smith-Swintosky et al., 1996). Of note, progesterone 

has been recently shown to counter the deleterious effects of stress after brain ischemia 

(Espinosa-Garcia et al., 2017). -DHP may protect 

the brain against the ischemia-induced rise in corticosterone, whereas lower levels of 

glucocorticoids may improve the resistance of the female brain to ischemic damage. 

Previous studies have shown that CNS levels of progesterone are increased in response to 

traumatic brain and spinal cord injury and MCAO (Labombarda et al., 2006; Meffre et al., 2007; 

Liu et al., 2012; Lopez-Rodriguez et al., 2015, 2016). As treatment with progesterone exerts 

protective effects in these different injury models, it has been presumed that increased production 

of progesterone may be part of protective responses of neural cells to injury (De Nicola et al., 



2009). Here, we provide evidence for this concept by showing that deletion of PR in the brain 

results in increased ischemic damage and aggravation of neurological deficits after MCAO in the 

absence of treatment with exogenous progesterone.  

We have previously shown that the resistance of the brain to ischemic damage is decreased 

in total PR knockout mice (Liu et al., 2012). However, this study did not allow to distinguish 

between central and peripheral actions of progesterone. Present results demonstrate a key role of 

neural PR in the cerebroprotective effects of the hormone. This finding has two major 

implications. First, synthetic progestins, which have been designed to selectively target PR for 

contraceptive purposes or for the treatment of endocrine disorders, may be used as 

cerebroprotective agents (Sitruk-Ware and El-Etr, 2013; Schumacher et al., 2014). However, 

synthetic progestins cannot mimic the complex and regulated metabolism of natural progesterone 

in the brain (Kumar et al., 2017). Second, a route of progesterone administration with direct 

access to the brain, such as intranasal delivery, may be particularly advantageous for acute stroke 

therapy (Fréchou et al., 2015). 

In men and women, age is the most important risk factor for stroke and a prognostic marker 

for poor outcomes (Wong et al., 2013). Concordantly, studies involving aging animals report 

worse stroke outcomes (Liu et al., 2009). The present study confirms that infarct volumes are 

larger in aging than in young mice. Moreover, neurological deficits were more severe in aging 

PRNesCre mice. Treatment with progesterone continues to reduce infarct volumes in aging rodents 

of both sexes (Wang et al., 2010; Gibson et al., 2011; Wali et al., 2016). Here, we show that 

endogenous PR-dependent cerebroprotective mechanisms remain operational in aging males and 

females: infarct volumes and neurological deficits were increased and the density of neurons 

decreased in PRNesCre mice when compared to PRloxP/loxP mice. The preservation of PR-dependent 



cerebroprotective mechanisms at the early acute phase after stroke could explain why the 6-hr 

time window for treatment by progesterone is preserved in aging males and females (Yousuf et 

al., 2014). 

In the PRNesCre mice, PR expression was ablated in neurons, astrocytes and 

oligodendrocytes, but not in microglial cells. The latter do not express PR, even after 

lipopolysaccharide challenge (Sierra et al., 2008). Cell-specific inactivation of PR will allow us 

-DHP act. 

By using GC-MS/MS technology for steroid profiling and conditional CNS-specific PR 

knockout mice, the present study demonstrates an important role of endogenous progesterone 

and its metabolites in the resistance of brain tissue to ischemic damage. Importantly, endogenous 

PR-dependent cerebroprotective mechanisms are operational in young and aging males and 

females. Remarkably, summed brain levels of PR-active pregnanes are much higher in males 

than in females, and they are specifically upregulated in males after MCAO. Thus, progesterone 

and its neuroactive metabolites may play a particularly important role in the male brain. 
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Figure legends 

Figure 1. Schematic presentation of the single biosynthetic pathway starting with cholesterol and 

leading to progesterone, its metabolites and their main signaling mechanisms. Enzymes are 

shown as numbers in italics next to the arrows indicating metabolic steps. Cholesterol is 

converted to pregnenolone inside the steroidogenic mitochondria by cytochrome P450scc (1).

-

hydroxysteroid dehydrogenases (2 - -DHP) by 

-reductases (3 -DHP bind to intracellular progesterone 

receptors (PR), which regulate gene transcription inside the nucleus, but also interact with 

membrane associated kinases in extranuclear compartments. The conversion o -DHP to 

- - -hydroxysteroid

dehydrogenase (4 - -THP

does not bind to PR but is a positive modulator of GABAA receptors. The interconversion of 20-

keto- -hydroxy-pregnanes, considered as biologically inactive, is also reversible 

and -hydroxysteroid dehydrogenase (5). 

Figure 2. Levels of pregnenolone, progesterone and its major metabolites were analyzed by GC-

MS/MS in the left hemisphere and in plasma of young adult males and diestrus females (for an 

extended steroid profiling, see Table 3). A, Levels of pregnenolone were higher in the brain of 

males and females than in plasma (effect of tissue: F(1,29) = 27.5, p < 0.0001). B, Levels of 

progesterone were similar in brain and plasma of of both sexes (effect of tissue: p = 0.4). In 

plasma, levels of progesterone were higher in females than in males (effect of sex: F(1,25) = 4.74, 

p < 0.05). C -DHP were higher in males than in females for brain and plasma (effect 



of sex: F(1,27) = 20.6, p < 0.001). -DHP tended to be higher in brain when compared 

to plasma (effect of tissue: F(1,27) = 3.51, p = 0.072). D -THP

were higher in males when compared to females (effect of sex: F(1,27) = 8.71, p < 0.01). 

-THP tended to be higher in brain when compared to plasma (effect of 

tissue: F(1,27) = 3.26,  p = 0.082). E -reduced 20-keto-pregnanes, levels of 

-DHP were higher in brain and plasma of females (effect of sex: F(1,25) = 33.1, p < 0.0001). 

-DHP did not differ between brain and plasma. F, -DHP was 

convert - -THP were very low (40  50 pg/ml) 

(effect of tissue: F(1,24) = 19.0, p < 0.001). Results are presented as means ± SEM (n = 5-6 per 

group) and were analyzed by two-way ANOVA (sex x tissue) followed by Newman-Keuls 

multiple comparisons tests. *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to males or as 

indicated.

Figure 3. Levels of pregnenolone, progesterone and its major metabolites were analyzed by GC-

MS/MS in the ipsilateral (left, ischemic) hemisphere and in plasma of young adult male and 

diestrus female mice at different times (hours, hrs) after MCAO (for an extended steroid 

profiling, see Table 4). A, In males, levels of pregnenolone were significantly increased in the 

ipsilateral hemisphere at 6 hrs after MCAO (F(5,46) = 3.0, p < 0.05) and slightly in plasma at 4 and 

6 hrs (F(5,37) = 8.3, p < 0.001). As in males, plasma levels of pregnenolone were weakly but 

significantly increased in females at 4 and 6 hrs (F(5,28) = 10.7, p < 0.001). Analysis by 2-way 

ANOVA (sex x time) indeed revealed a significant effect of sex (F(5,81) = 11.7, p < 0.001). B, In

males, progesterone was significantly increased at 4 and 6 hrs after MCAO both in the ipsilateral 

hemisphere (F(5,46) = 9.67, p < 0.0001) and in plasma (F(5,35) = 11.4, p < 0.0001). Analysis by 2-



way ANOVA (sex x time) of brain progesterone levels showed a significant effect of time (F(5,80)

= 7.94, p < 0.0001) and a significant interaction between time and sex (F(5,80) = 3.20, p < 0.05). 

Similarly, 2-way ANOVA analysis of plasma progesterone levels revealed a significant effect of 

time (F(5,60) = 12.4, p < 0.0001), a significant interaction between time and sex (F(5,60) = 4.64, p <

0.001) and also an effect of sex (F(1,60) = 17.8, p < 0.0001). C, In the male ipsilateral hemisphere, 

-DHP continuously increased between 1 and 6 hrs after MCAO, and they were still 

elevated at 24 hrs (F(5,45) = 7.33 p < 0.0001). Analysis by 2-way ANOVA (sex x time) of brain 

-DHP levels showed a significant effect of time (F(5,79) = 7.05, p < 0.0001), of sex (F(1,79) =

158.7, p < 0.0001) and a significant interaction between time and sex (F(5,79) = 5.80, p < 0.0001). 

D, -THP in brain and plasma were higher in males when compared with females. 

This observation was supported by 2-way ANOVA (sex x time) for brain (effect of sex: F(1,80) =

33.7, p < 0.0001) and plasma (effect of sex: F(1,62) = 29.1, p < 0.0001). E, -

DHP were significantly increased in brain (F(5,42) = 9.0, p < 0.0001) and in plasma (F(5,34) = 9.60, 

p < 0.0001) at 4 and 6 hrs after MCAO. No significant changes over time were observed in 

females. A two-way ANOVA (sex x time) revealed a significant effect of sex for plasma levels 

-DHP (F(1,61) = 30.5, p < 0.0001). Results are presented as means ± SEM (n = 5-10 per 

group) and were analyzed by one-way ANOVA followed by Newman-Keuls multiple 

comparisons tests. *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to the control (CTL).

Figure 4. Rapid and marked increase in the summed levels of the PR-active steroids 

-DHP after MCAO in the ipsilateral hemisphere of males. A, In the male 

brain, -DHP progressively increased between 1 and 6 hrs after MCAO and 

remained elevated at 24 hrs  (F(5,45) = 7.87, p < 0.0001). B, In the plasma of males, pooled levels 



of progesterone + -DHP remained low, but showed a small increase over time (F(5,37) = 6.48, p

< 0.001). C, -DHP remained very low in the 

female brain and were not affected by MCAO. D, There was a slight, albeit significant increase 

-DHP at 4 and 6 hours (F(5,28) = 13.1, p < 0.0001). 

Figure 5. Verification of the selective deletion of the progesterone receptors in the brain of 

PRNesCre mice. A, B, PR mRNA expression was analyzed by q-PCR (n = 4 per group). A, In

hypothalamus, cerebral cortex and subcortical regions, PR mRNA expression was similar in 

wild-type (PR+/+) and male and female PRloxP/loxP mice, but was almost completely abolished in 

PRNesCre mice. B, In contrast to the brain, PR mRNA expression was not affected in peripheral 

tissues of PRNesCre mice, including aorta, kidney and thymus for males and uterus, ovary and 

mammary glands for females. Results are presented as means ± SEM. Group differences were 

analyzed by one-way ANOVA followed by Newman-Keuls multiple comparisons tests. ***, p < 

0.001 when compared to PRloxP/loxP mice. C, The successful deletion of PR was also verified in 

the hypothalamus at the protein level by immunofluorescence. No specific immunostaining was 

detected in PRNesCre mice. In contrast to the hypothalamus, PR immunostaining was not 

decreased in the uterus of PRNesCre mice when compared to PRloxP/loxP mice. Scale bar = 50 m.

Figure 6. Levels of pregnenolone, progesterone and its major metabolites were analyzed by GC-

MS/MS in the left hemisphere of males and females PRloxP/loxP and PRNesCre mice at 6 h after 

sham operation or MCAO. A, Levels of pregnenolone did not significantly differ between sexes 

and genotypes, and they were not affected by MCAO. B, Levels of progesterone were 

significantly upregulated in response to MCAO in PRloxP/loxP males. In contrast to PRloxP/loxP



males, brain levels of progesterone were elevated after sham surgery and MCAO in PRNesCre

males (effect of MCAO: F(1,19) = 15.1, p = 0.001; effect of genotype: F(1,19) = 9.85, p = 0.005; 

interaction between MCAO and genotype: F(1,19) = 5.29, p = 0.033). In females, levels of 

progesterone were lower as compared to males and similar in sham and MCAO mice of both 

genotypes. C, -DHP were much higher in males than in females and were only 

increased in response to MCAO in males (effect of MCAO in males: F(1,21) =23.1, p < 0.0001). 

-DHP levels between PRloxP/loxP and PRNesCre mice. D, -

-THP were much higher in males than in females. Neither in males 

nor in females, there was an effect of MCAO or genotype. E, -DHP (< 

2 ng/g) were measured in the brain of PRloxP/loxP and PRNesCre males and females after sham 

-DHP, they were significantly 

upregulated after MCAO in PRloxP/loxP males, and they were higher in sham operated PRNesCre

males when compared to sham operated PRloxP/loxP males (effect of MCAO in males: F(1,21) =13.9,

p = 0.001; effect of genotype in males: F(1,21) =11.8, p = 0.003). F, As in the normal brain, levels 

- -THP

levels were slightly upregulated after MCAO in PRloxP/loxP mice (effect of MCAO in females: 

F(1,19) =8.29, p = 0.010; effect of genotype in females: F(1,19) =3.94, p = 0.062). Results are 

presented as means ± SEM (n = 5-7 per group) and were analyzed by two-way ANOVA (MCAO 

x genotype) for males and females separately followed by Newman-Keuls multiple comparisons 

tests. *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to sham or as indicated. 

Figure 7. Infarct volumes and neurological deficits at 6 hrs after MCAO were increased in 

young and aging mice of both sexes after deletion of PR in the brain. Total infarct volumes and 



neurological deficit scores (higher scores reflect higher disability) were analyzed in young (A-D)

and aging (E-H) PRloxP/loxP and PRNesCre mice. A, E, Representative 1 mm thick coronal brain 

sections of young and aging male and female PRloxP/loxP and PRNesCre mice stained with 2,3,5

triphenyltetrazolium chloride. Infarcted tissue appears pale and normal tissue is colored dark red. 

Scale bar = 5 mm. B, In young males and females, total infarct volumes were significantly larger 

in PRNesCre mice when compared to PRloxP/loxP mice. However, for PRNesCre mice, the infarct 

volume was significantly larger in males than in females. Data analysis by two-way ANOVA 

revealed significant effects of genotype (F(1,23) = 36.7, p < 0.0001) and sex (F(1,23) = 17.4, p =

0.0004) as well as significant interactions between both factors (F(1,23) = 5.89, p = 0.024). C,

Neurological deficits were analyzed by Kruskal-Wallis analysis of variance (p = 0.003). In both 

sexes, neurological deficits were greater in PRNesCre mice when compared to PRloxP/loxP mice. D,

Spearman's test showed highly positive correlations between neurological deficit scores and 

infarct volumes for males (r = 0.86, p = 0.0003) and females (r = 0.70, p = 0.009). F, In aging 

males and females, total infarct volumes were significantly larger in PRNesCre mice when 

compared to PRloxP/loxP mice. In contrast to young mice, infarct volumes were comparable 

between males and females. Indeed, two-way ANOVA only showed a significant effect of 

genotype (F(1,20) = 18.7, p = 0.0003). However, infarct volumes were larger in aging mice when 

compared to young mice, as revealed by a two-way ANOVA with age and sex as factors (effect 

of age: PRloxP/loxP mice: F(1,20) = 15.2, p = 0.0009; PRNesCre mice: F(1,23) = 12.6, p = 0.002). G, As 

for young mice, neurological deficits were greater in PRNesCre mice when compared to PRloxP/loxP

mice (p = 0.017 by Kruskal-Wallis analysis). Interestingly, neurological deficits were higher in 

aging than in young PRNesCre mice (p = 0.018 by Mann-Whitney test), but there was no such 

effect of age on functional outcomes in PRloxP/loxP mice. H, Spearman's test showed strong 



positive correlations between neurological deficit scores and infarct volumes for both aging 

males (r = 0.81, p = 0.002) and females (r = 0.92, p < 0.001). Results are presented as means ± 

SEM (n = 5-7 per group). Two-way ANOVA (sex x genotype) followed by Newman-Keuls 

multiple comparisons tests were used for infarct volume analysis. *** p < 0.001, ** p < 0.01, * p

< 0.05 when compared to PRloxP/loxP mice or as indicated. 

Figure 8. The density of NeuN+ neurons at 6 hrs after MCAO was decreased in the ipsilateral 

ischemic hemisphere in young and aging mice after deletion of PR in the brain. A, Localization 

of the 4 regions where neurons were counted at the level of the cerebral cortex and striatum. The 

regions were located on the infarct and peri-infarct, which were delimited by DAPI staining of 

cell nuclei. The regions are drawn on a coronal brain section taken from the atlas of Franklin and 

Paxinos (2008) at the level of bregma +0.14. The infarct area is schematically presented in grey.

B, G, Representative immunofluorescence staining of NeuN+ neurons in region 1 (infarct in the 

cerebral cortex) of young and aging PRloxP/loxP and PRNesCre mice of both sexes. Scale bar = 100 

m. B-F, Neuronal density in young mice. C, In region 1 (infarct in the cerebral cortex), there 

were no differences between males and females, but the density of NeuN+ neurons was 

significantly lower in PRNesCre mice when compared to PRloxP/loxP mice (two-way ANOVA with 

sex and genotype as factors, effect of genotype: F(1,20) = 20.1, p = 0.0002). D, In region 2 (infarct 

in the striatum), the density of NeuN+ neurons was also significantly lower in PRNesCre mice when 

compared to PRloxP/loxP mice (effect of genotype: F(1,20) = 48.8, p < 0.0001) for both sexes. 

However, neuron density was slightly but significantly higher in females than in males for both 

PRloxP/loxP and PRNesCre mice (effect of sex: F(1,20) = 18.3, p = 0.0004). E, F, in the peri-infarct in 

the cerebral cortex (E) and striatum (F), neuronal density was about twice as high as at the 



infarct. There were no differences between PRloxP/loxP and PRNesCre mice, but the density of 

neurons tended to be higher in males (effect of sex in region 3: F(1,20) = 5.84, p = 0.025 and in 

region 4: F(1,20) = 10.2, p = 0.005). G-K, Neuronal density in aging mice. H, As in region 1 of 

young mice, the density of NeuN+ neurons was significantly lower in PRNesCre males and females 

when compared to PRloxP/loxP mice (effect of genotype: F(1,20) = 20.7, p = 0.0002). However, the 

density of neurons was lower in aging mice when compared to young mice as revealed by a two-

way ANOVA with age and sex as factors (effect of age: PRloxP/loxP mice: F(1,19) = 37.8, p <

0.0001; PRNesCre mice: F(1,21) = 16.7, p = 0.0005). I, In region 2, the density of NeuN+ neurons

was significantly lower in PRNesCre males when compared to PRloxP/loxP males (effect of genotype: 

F(1,20) = 11.7, p = 0.003). Again, a two-way ANOVA with age and sex as factors showed that the 

density of neurons was lower in aging mice when compared to young mice (effect of age: 

PRloxP/loxP mice: F(1,19) = 17.2, p = 0.0006; PRNesCre mice: F(1,21) = 3.20, p = 0.088). J, K, In 

contrast to the young mice, neuronal density was lower in the peri-infarct in cerebral cortex (J)

and striatum (K) of PRNesCre mice when compared to PRloxP/loxP (effect of genotype in region 3: 

F(1,20) = 16.7, p = 0.0006 and in region 4: F(1,20) = 10.6, p = 0.004). Again, the density of neurons 

was lower in the aging mice when compared to the young mice (p < 0.001 for regions 3 and 4 of 

PRNesCre and PRloxP/loxP mice). Results are presented as means ± SEM (n = 5-7 per group) and 

were analyzed by Newman-Keuls multiple comparisons tests after two-way ANOVA (sex x 

genotype). *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to PRloxP/loxP mice or as 

indicated.

Figure 9. The density of activated Iba1+ microglial cells at 6 hrs after MCAO was decreased in 

the peri-infarct in young and aging mice after deletion of PR in the brain. A, Localization of the 4 



regions where microglial cells were counted at the level of the cerebral cortex and striatum. The 

regions are drawn on a coronal brain section taken from the atlas of Franklin and Paxinos (2008) 

at the level of bregma +0.14. The infarct area is schematically presented in grey. B, G,

Representative immunofluorescence staining of Iba1+ microglial cells in region 3 (peri-infarct in 

the cerebral cortex) of young and aging PRloxP/loxP and PRNesCre mice of both sexes. Scale bar = 

100 m. B-F, Microglial density in young mice. C, In region 3 (peri-infarct in the cerebral 

cortex), the density of Iba1+ cells was lower in PRNesCre mice when compared to PRloxP/loxP mice 

(effect of genotype: F(1,18) = 22.8, p = 0.0002). In PRloxP/loxP mice, the density of microglial cells 

was slightly higher in females (effect of sex: F(1,18) = 7.68, p = 0.013). D, In region 4 (peri-infarct 

in the striatum), as in cerebral cortex, the density of Iba1+ cells was lower in PRNesCre mice when 

compared to PRloxP/loxP mice (effect of genotype: F(1,18) = 22.8, p = 0.0002). E, F, In contrast, the 

density of microglial cells was low and not affected by the inactivation of PR or the sex of the 

mice in cerebral cortex (E) and striatum (F) of the contralateral non-ischemic hemisphere (in 

region 5 and region 6). G-K, Microglial density in aging mice. H, I, in the peri-infarct in cerebral 

cortex (H) and striatum (I), the density of Iba1+ microglial cells was lower in PRNesCre mice when 

compared to PRloxP/loxP mice (effect of genotype: cerebral cortex: F(1,20) = 15.6, p = 0.0008; 

striatum: F(1,20) = 6.02, p = 0.024). J, K, As for the young mice, the density of microglial cells 

was low and not affected by the inactivation of PR in cerebral cortex (J) and striatum (K) of the 

contralateral non-ischemic hemisphere (in region 5 and region 6) of both sexes. Results are 

presented as means ± SEM (n = 5-7 per group) and were analyzed by Newman-Keuls multiple 

comparisons tests after two-way ANOVA (sex x genotype). *** p < 0.001, ** p < 0.01, * p <

0.05 when compared to PRloxP/loxP mice or as indicated.  



Table 1. GC-MS/MS parameters for steroid identification and quantification in multiple 

reaction monitoring 

Steroids 

(Molecular weight)

Derivatized steroids 

(molecular weight)

Retention 

 time (min.)

Transition Collision

energy (eV)

Pregnenolone (316) Pregnenolone-3-HFB (512) 21.24 8

P (314) P-3-HFB (510) 21.34 14 

-DHP (316) -DHP-3,20-TMS2 (460) 18.63 12 

-DHP (316) -DHP-3,20-TMS2 (460) 17.30 10 

-THP (318) -THP-3-HFB (514) 20.23 8

-THP (318)  -THP-3-HFB (514) 21.62 8

-THP (318) -THP-3-HFB (514) 20.39 12 

-DHP (316) -DHP-3,20-HFB2 (708) 18.48 10 

-THP (318) -THP-3-HFB (514) 22.93 8

-HHP (320) -HHP-3,20-HFB2 (712) 17.40 8

-HHP (320) -HHP-3,20-HFB2 (712) 18.75 10 

-HHP (320) -HHP-3,20-HFB2 (712) 17.59 8

-DHPREG (318) -DHPREG-3,20-HFB2 (710) 18.00 10 

Testosterone (288) Testosterone-3,17-HFB2 (680) 15.98 8

-DHT (290) -DHT-17-HFB (486) 20.16 10 

-THT (292) -THT-3,17-HFB2 (684) 15.00 8

-estradiol (272) -estradiol-3,l7-HFB2 (664) 16.60 10 

DOC (330) DOC-3,21-HFB2 (722) 21.80 10 

-DHDOC (332) -DHDOC-3,21-HFB (528) 25.55 8

-DHDOC (332) -DHDOC-3,21-HFB (528) 25.23 8

-THDOC (334) -THDOC-3,17-HFB2 (726) 20.69 8

-THDOC (334) -THDOC-3,17-HFB2 (726) 20.83 10 

Corticosterone (346) Corticosterone-3,21-HFB2-H2O (720) 20.31 10 



-

- - - -



Table 2. Validation of the GC-MS/MS analytical procedure in mouse brain 

Steroids 

(Molecular weight) 

Detection  

Limit (pg/g) 

Accuracy

(%) 

Intra-assay  

variation (%) 

Inter-assay  

variation (%) 

Pregnenolone (316) 2 102.9 5.1 5.5

P (314) 20 105.9 2.2 3.6

-DHP (316) 5 101.3 3.2 4.8

-DHP (316) 2 103.4 3.6 6.8

-THP (318) 10 97.5 5.4 7.4

-THP (318) 0.5 99.6 4.5 5.6

-THP (318) 10 105.1 6.2 6.5

-DHP (316) 10 103.6 8.2 9.2

-THP (318) 1 106.2 4.3 5.1

-HHP (320) 5 98.4 3.2 3.5

-HHP (320) 5 99.6 2.9 3.0

-HHP (320) 5 95.3 2.6 2.7

-DHPREG (318) 1 107.1 1.5 2.5

Testosterone (288) 1 99.8 1.1 1.8

-DHT (290) 2 101.4 3.9 4.3

-THT (292) 1 102.6 3.6 4.9

-estradiol (272) 1 96.4 1.3 1.9

DOC (330) 5 98.2 1.5 1.7

-DHDOC (332) 5 102.6 5.4 5.8

-DHDOC (332) 5 104.5 6.1 6.9

-THDOC (334) 2 10.1.4 4.9 6.1

-THDOC (334) 2 98.2 3.4 4.0

Corticosterone (346) 20 97.6 2.5 3.0

-

- -



-



Table 3. Steroid profiling in brain (left hemisphere) and plasma of young adult C57BL6 

mice of both sexes

Steroids Left hemisphere (ng/g) Plasma (ng/ml) 
Males Females Males Females 

-

3 5 -THP

-

3 5 20 -HHP

3 5 20 -HHP

3 5 20 -HHP

-

DOC 

5 DHDOC

5 DHDOC 

3 5 THDOC

3 5 THDOC

Corticosterone

Testosterone

5 -DHT

3 5 -THT

Estradiol

-

- -

p p



Table 4. Steroid profiling in brain (ipsilateral hemisphere) and plasma of young adult C57BL/6 mice of both sexes: endpoint 

measures at 1, 2, 4, 6 and 24 hrs after MCAO 

Steroids Ipsilateral hemisphere (ng/g) 
Time post-MCAO (hrs) 

Sex CTL 1 2 4 6 24 

-
0.07 0.09 0.09 0.11 0.06 

3 5 -THP
0.36 0.44 0.41 0.33 0.43 0.61 

0.09 0.01 0.09 0.07 0.09 0.14 

-
0.09 0.06 0.08 0.10 0.10 0.06 

0.12 0.10 0.19 0.47 0.71 0.47 

3 5 20 -HHP 0.39 0.51 0.46 0.69 0.66 

0.68 0.62 0.28 0.21 0.14 

3 5 20 -HHP
0.04 0.03 0.05 0.04

0.04 0.04 0.05 0.03 0.03

3 5 20 -HHP
0.005 ND ND ND 

0.07  0.04 0.01 0.02 0.03 0.10 

-
0.09 0.11 0.11 0.11 

0.21 0.21 0.11 



DOC 
0.02 2.68 4.56 7.90 7.30 1.34 

0.11 4.47 3.27 4.79 5.93 0.81

5 DHDOC
0.23 1.16 0.25 1.20 1.96 1.90 1.48

0.06 0.49 0.75 0.99 0.90 0.35

5 DHDOC 
0.01 0.01 0.07 0.15 0.06 

0.21 2.63 3.46 2.43 3.45 

3 5 THDOC
0.11 0.37 0.33 0.35 0.39 0.61 

0.02 0.03 0.04 0.04 0.13 0.01 

3 5 THDOC
0.003 0.05 0.08  0.05 0.02

0.15 0.99 1.44 0.75 7.71 0.58

Corticosterone
3.76 27.6 69.0 75.7 214.6 67.0

1.40 17.  6.85 49.2 76.1 68.6 20.4

Testosterone
1.21 0.22 0.15 0.14 0.08 0.06

0.02 0.04 0.01 0.03 0.02 0.01

5 -DHT
0.02 0.02

0.02 0.02 0.02 0.002 0.01 0.002

3 5 -THT
0.02 0.01



Estradiol
0.02 0.02 0.01 0.001 0.02

Plasma (ng/ml) 
Time post-MCAO (hrs) 

Sex CTL 1 2 4 6 24 

-

3 5 -THP
0.01

0.02 0.01 0.02 0.01 0.02 0.02 

-
0.33 0.22 0.57 0.74 1.03 0.25 

3 5 20 -HHP
0.18 0.35 0.54 0.52 0.34 

0.32 0.54 0.35 0.27 0.22 

3 5 20 -HHP
0.02 0.05 0.05 0.06

0.04 0.10 0.04 0.03 0.03

3 5 20 -HHP
0.01 0.02 0.01 0.01

0.06  0.02 0.07 0.15 0.23 0.25

-
0.02 0.03 0.02 0.02 

0.01 0.02 0.02 



DOC 
0.28 1.42 2.27 2.78 4.83 0.84 

0.20 1.31 2.07 4.08 3.26 0.81

5 DHDOC
0.20 0.35 0.09 0.34 0.50 0.39 0.43

0.09 0.04 0.05 0.18 0.18 0.08

5 DHDOC 
0.03 0.01 0.02 0.03 0.01 0.06

0.21 1.64 1.79 2.89 2.54

3 5 THDOC
0.11 0.26 0.39 0.51 0.38 0.41 

0.02 0.05 0.09 0.24 0.17 0.05 

3 5 THDOC
0.07 0.10 0.03  0.01 0.05

0.39 6.95 13.9 29.6 21.8 4.58

Corticosterone
10.2 109.2 139.3 215.6 213.2 67.6

21.5 60.5  6.80 92.0 182.4 191.2 66.4

Testosterone
2.16 0.34 0.15 0.14 0.11 0.05

0.01 0.02 0.01 0.03 0.02 0.02

5 -DHT
0.04 0.08

0.01 ND 0.02 0.004 0.01 0.004

3 5 -THT
0.06 ND 



Estradiol

0.03 0.02 0.06 0.01 0.04

- -

 p p p -

- p p p



Table 5. Steroid profiling in brain (left hemisphere) and plasma of young adult PRloxP/loxP

and PRNesCre mice of both sexes

Steroids Left hemisphere (ng/g) 
PRloxP/loxP PRNesCre Two-way ANOVA 

Males Females Males Females 
Sex: F(1,17)=20.4 p=0.0003
Genotype: F(1,17)=0.05 p=0.825
Interaction: F(1,17)=0.43 p=0.521 
Sex: F(1,17)=1.09 p=0.311
Genotype: F(1,17)=2.59 p=0.126
Interaction: F(1,17)=3.10 p=0.096 

- Sex: F(1,18)=29.2 p<0.0001
Genotype: F(1,18)=0.19 p=0.669
Interaction: F(1,18)=0.44 p=0.515 

- Sex: F(1,18)=31.6 p<0.0001
Genotype: F(1,18)=10.3 p=0.005
Interaction: F(1,18)=4.96 p=0.039 

- Sex: F(1,16)=21.9 p=0.0003
Genotype: F(1,16)=0.43 p=0.522
Interaction: F(1,16)=0.13 p=0.728 

- Sex: F(1,17)=3.60 p=0.075
Genotype: F(1,17)=8.38 p=0.010
Interaction: F(1,17)=7.28 p=0.015 

-

3 5 -THP Sex: F(1,17)=27.4 p<0.0001
Genotype: F(1,17)=9.49 p=0.007
Interaction: F(1,17)=9.27 p=0.007 

- Sex: F(1,17)=32.3 p<0.0001
Genotype: F(1,17)=4.55 p=0.048
Interaction: F(1,17)=0.30 p=0.592 

3 5 20 -HHP Sex: F(1,15)=1.69 p=0.213
Genotype: F(1,15)=4.61 p=0.049
Interaction: F(1,15)=5.82 p= 0.029 

3 5 20 -HHP Sex: F(1,15)=8.63 p=0.010
Genotype: F(1,15)=7.17 p=0.017
Interaction: F(1,15)=5.07 p=0.040 

3 5 20 -HHP

- Sex: F(1,17)=5.47 p=0.032
Genotype: F(1,17)=0.25 p=0.625
Interaction: F(1,17)=4.16 p=0.057 

DOC Sex: F(1,17)=38.1 p<0.0001
Genotype: F(1,17)=1.28 p=0.273
Interaction: F(1,17)=0.11 p=0.743 



5 DHDOC Sex: F(1,17)=0.08 p=0.786
Genotype: F(1,17)=0.0001 p=0.992 
Interaction: F(1,17)=1.38 p=0.257 

5 DHDOC 

3 5 THDOC Sex: F(1,18)=102.2 p<0.0001
Genotype: F(1,18)=16.2 p=0.0008 
Interaction: F(1,18)=27.5 p<0.0001 

3 5 THDOC

Corticosterone Sex: F(1,18)=0.001 p=0.979 
Genotype: F(1,18)=9.86 p=0.006
Interaction: F(1,18)=12.6 p=0.002 

Testosterone Sex: F(1,14)=23.7 p=0.0003
Genotype: F(1,14)=0.41 p=0.533
Interaction: F(1,14)=0.52 p=0.482 

5 -DHT Sex: F(1,16)=2.41 p=0.141
Genotype: F(1,16)=0.02 p=0.901
Interaction: F(1,16)=0.15 p=0.704 

3 5 -THT Sex: F(1,16)=13.3 p=0.002
Genotype: F(1,16)=1.85 p=0.193
Interaction: F(1,16)=1.83 p=0.195 

Estradiol Sex: F(1,16)=0.89 p=0.361
Genotype: F(1,16)=2.24 p=0.154
Interaction: F(1,16)=3.89 p=0.066 

Plasma (ng/ml) 
PRloxP/loxP PRNesCre Two-way ANOVA 

Males Females Males Females 
Sex: F(1,17)=1.54 p=0.232
Genotype: F(1,17)=1.33 p=0.265
Interaction: F(1,17)=0.51 p=0.486 
Sex: F(1,18)=0.34 p=0.565
Genotype: F(1,18)=2.46 p=0.134
Interaction: F(1,18)=0.29 p=0.598 

- Sex: F(1,17)=318.2 p<0.0001
Genotype: F(1,17)=0.54 p=0.471
Interaction: F(1,17)=0.90 p=0.357 

- Sex: F(1,16)=33.3 p<0.0001
Genotype: F(1,16)=8.05 p=0.012
Interaction: F(1,16)=8.30 p=0.011 

- Sex: F(1,16)=71.3 p<0.0001
Genotype: F(1,16)=0.22 p=0.645
Interaction: F(1,16)=0.71 p=0.412 

- Sex: F(1,16)=0.33 p=0.575
Genotype: F(1,16)=3.28 p=0.089
Interaction: F(1,16)=3.96 p=0.064 

-



3 5 -THP Sex: F(1,17)=9.21 p=0.008
Genotype: F(1,17)=6.24 p=0.023
Interaction: F(1,17)=7.49 p=0.014 

- Sex: F(1,13)=338.9 p<0.0001
Genotype: F(1,13)=5.62 p=0.034
Interaction: F(1,13)=5.71 p=0.033 

3 5 20 -HHP Sex: F(1,16)=0.04 p=0.839
Genotype: F(1,16)=6.31 p=0.023
Interaction: F(1,16)=2.10 p=0.167 

3 5 20 -HHP Sex: F(1,15)=4.28 p=0.056
Genotype: F(1,15)=6.74 p=0.020
Interaction: F(1,15)=4.61 p=0.049 

3 5 20 -HHP

- Sex: F(1,16)=0.39 p=0.540
Genotype: F(1,16)=2.18 p=0.160
Interaction: F(1,16)=0.14 p=0.715 

DOC Sex: F(1,18)=12.1 p=0.003
Genotype: F(1,17)=0.30 p=0.593
Interaction: F(1,17)=0.43 p=0.518 

5 DHDOC Sex: F(1,16)=12.7 p=0.003
Genotype: F(1,16)=1.24 p=0.282
Interaction: F(1,16)=0.92 p=0.352 

5 DHDOC 

3 5 THDOC Sex: F(1,15)=20.4 p=0.0004
Genotype: F(1,15)=1.24 P=0.283
Interaction: F(1,15)=1.87 P=0.192 

3 5 THDOC

Corticosterone Sex: F(1,17)=0.55 p=0.469
Genotype: F(1,17)=2.09 p=0.167
Interaction: F(1,17)=7.64 p=0.013 

Testosterone Sex: F(1,17)=46.1 p<0.0001
Genotype: F(1,17)=0.42 p=0.523
Interaction: F(1,17)=0.01 p=0.913 

5 -DHT Sex: F(1,17)=36.5 p<0.0001
Genotype: F(1,17)=0.84 p=0.373
Interaction: F(1,17)=0.78 p=0.389 

3 5 -THT Sex: F(1,17)=17.7 p=0.0006
Genotype: F(1,17)=2.72 p=0.117
Interaction: F(1,17)=0.002 p=0.969

Estradiol Sex: F(1,17)=0.11 p=0.741
Genotype: F(1,17)=0.31 p=0.587
Interaction: F(1,17)=2.30 p=0.148 



-

-

- p p p

p p p




















