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Abstract

Neuroactive steroids modulate alcohol’s impact on brain function and behavior. Ethanol exposure 

alters neuroactive steroid levels in rats, humans, and some mouse strains. We conducted an 

exploratory analysis of the neuroactive steroids (3α,5α)-3-hydroxypregnan-20-one (3α,5α-THP), 

(3α,5α)-3,21-dihydroxypregnan-20-one (3α,5α-THDOC), and pregnenolone across 126–158 

individuals and 19 fully inbred strains belonging to the BXD family, which were subjected to air 

exposure, or chronic intermittent ethanol (CIE) exposure. Neuroactive steroids were measured by 

gas chromatography-mass spectrometry in serum following five cycles of CIE or air exposure 

(CTL). Pregnenolone levels in CTLs range from 272 to 578 pg/mL (strain variation of 2.1-fold 
with p = 0.049 for strain main effect), with heritability of 0.20 ± 0.006 (SEM), whereas in CIE 

cases values range from 304 to 919 pg/mL (3.0-fold variation, p = 0.007), with heritability of 0.23 

± 0.005. 3α,5α-THP levels in CTLs range from 375 to 1055 pg/mL (2.8-fold variation, p = 

0.0007), with heritability of 0.28 ± 0.01; in CIE cases they range from 460 to 1022 pg/mL (2.2-

fold variation, p = 0.004), with heritability of 0.23 ± 0.005. 3α,5α-THDOC levels in CTLs range 
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from 94 to 448 pg/mL (4.8-fold variation, p = 0.002), with heritability of 0.30 ± 0.01, whereas 

levels in CIE cases do not differ significantly. However, global averages across all BXD strains do 

not differ between CTL and CIE for any of the steroids. 3α,5α-THDOC levels were lower in 

females than males in both groups (CTL −53%, CIE −55%, p < 0.001). Suggestive quantitative 

trait loci are identified for pregnenolone and 3α,5α-THP levels. Genetic variation in 3α,5α-THP 

was not correlated with two-bottle choice ethanol consumption in CTL or CIE-exposed animals. 

However, individual variation in 3α,5α-THP correlated negatively with ethanol consumption in 

both groups. Moreover, strain variation in neuroactive steroid levels correlated with numerous 

behavioral phenotypes of anxiety sensitivity accessed in GeneNetwork, consistent with evidence 

that neuroactive steroids modulate anxiety-like behavior.
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neuroactive steroids; 3α,5α-THP (allopregnanolone); ethanol dependence; BXD recombinant 
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Introduction

The 3α,5α-reduced metabolites of progesterone and deoxycorticosterone (DOC), (3α,

5α)-3-hydroxypregnan-20-one (3α,5α-THP or allopregnanolone), and (3α,5α)- 3,21-

dihydroxypregnan-20-one (3α,5α-THDOC or allotetrahydrodeoxycorticosterone) are 

endogenous neuroactive steroids that rapidly alter neuronal excitability via membrane 

receptors. Their systemic administration induces anxiolytic, antidepressant, anticonvulsant, 

sedative, anesthetic, and analgesic effects, mostly through action at γ-aminobutyric acid 

type A (GABAA) receptors (Porcu et al., 2016). Acute ethanol administration (>1.3 g/kg in 

rats) increases brain and plasma levels of these steroids (Serra et al., 2003; VanDoren et al., 

2000), with effects that are specific to different brain regions (Cook, Dumitru, O'Buckley, & 

Morrow, 2014). These effects also appear to be species-specific; in fact, acute ethanol fails to 

alter 3α,5α-THP and 3α,5α-THDOC concentrations in the cerebral cortex, hippocampus, 

and plasma of C57BL/6J and DBA/2J strains of mice, or in cynomolgus monkeys plasma 

(Porcu et al., 2010, 2014; Porcu & Morrow, 2014). However, numerous lines of evidence 

suggest that ethanol's behavioral and subjective effects involve neuroactive steroids, and that 

ethanol-induced changes in neuroactive steroids may contribute to ethanol sensitivity and 

consumption (Beattie et al., 2016; Morrow & Porcu, 2009; Morrow, Porcu, Boyd, & Grant, 

2006; Porcu & Morrow, 2014).

Individual differences in vulnerability to alcoholism have a strong genetic component 

(Schuckit, 2009). Studies in rodents indicate a shared genetic sensitivity to ethanol, anxiety, 

and stress/hypothalamic-pituitary-adrenal (HPA) axis response (Boehm, Reed, McKinnon, 

& Phillips, 2002; Crabbe, Phillips, Buck, Cunningham, & Belknap, 1999). We have 

previously demonstrated strong heritable differences in basal levels of the neuroactive 

steroid DOC (Porcu et al., 2011) across the C57BL/6 (B6) × DBA/2 (D2) (BXD) 

recombinant inbred mouse strains – a cohort of genetically diverse strains to study networks 

of phenotypes and their modulation by gene variants (Gora-Maslak et al., 1991; Wang et al., 

2016; Williams et al., 2016; Williams, Gu, Qi, & Lu, 2001). DOC is a progesterone 

Porcu et al. Page 2

Alcohol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolite and precursor of the GABAergic neuroactive steroid 3α,5α-THDOC and of the 

glucocorticoid corticosterone. Its levels are elevated in rat brain and mouse plasma following 

acute ethanol administration (Khisti, Boyd, Kumar, & Morrow, 2005; Porcu et al., 2010), 

and are regulated by hypothalamic and pituitary activation of the HPA axis in both 

cynomolgus monkeys and humans. This regulation is altered following ethanol dependence 

(Porcu, Grant, Green, Rogers, & Morrow, 2006; Porcu, O'Buckley, Leslie Morrow, & 

Adinoff, 2008). Using GeneNetwork (www.genenetwork.org), a public repository of genetic 

and phenotypic data as well as a tool for multivariate analysis of complex traits (Chesler et 

al., 2005; Wang et al., 2016; Wang, Williams, & Manly, 2003), we previously mapped 

quantitative trait loci (QTLs) on chromosomes 4 and 14 that appear to modulate basal DOC 

levels in cerebral cortex and plasma, respectively (Porcu et al., 2011). Moreover, variation in 

basal DOC levels is positively correlated with increased ethanol-induced sedation, ethanol-

induced ataxia, and ethanol-induced corticosterone levels–phenotypes previously 

characterized across these strains by several groups (data also in GeneNetwork). The finding 

that lines of mice with higher basal DOC levels have higher ethanol sensitivity is consistent 

with the hypothesis that neuroactive steroids may contribute to ethanol sensitivity and that 

elevated GABAergic neuroactive steroids, in response to ethanol administration, may protect 

against the risk for alcohol dependence (Morrow et al., 2006; Morrow & Porcu, 2009; Porcu 

& Morrow, 2014). Blunted elevations of neuroactive steroids following ethanol exposure 

would be predicted to reduce sensitivity to the anxiolytic, sedative, anticonvulsant, 

cognitive-impairing, and discriminative stimulus properties of ethanol (Morrow et al., 2006). 

Reduced sensitivity to ethanol is associated with greater risk for the development of 

alcoholism in individuals with genetic vulnerability to alcoholism (Schuckit, 1994; 

Wilhelmsen et al., 2003).

The present study is intended as an exploratory analysis of variation in serum levels of 3α,

5α-THP and 3α,5α-THDOC, as well as of the neuroactive steroid precursor pregnenolone, 

across ethanol-dependent BXD strains that underwent chronic intermittent ethanol (CIE) or 

air (controls, CTL) vapor exposure plus voluntary alcohol consumption between CIE or air 

exposure cycles. We hypothesized that CIE exposure would alter neuroactive steroid levels 

in mice, but in an idiosyncratic way depending on genetic background. We evaluated the 

strength of the genetic effects in a well-controlled laboratory environment simply by 

computing heritabilities of neuroactive steroid levels under both conditions in genetically 

well-matched cohorts. We also tested whether variation in neuroactive steroid levels 

correlated to ethanol consumption. Finally, given that the study design includes many male-

female pairs that are isogenic except for the obvious segregation of sex chromosomes, we 

were able to address sex differences with reasonable power and estimate correlations among 

traits across genetically diverse individuals. Indeed, we further analyzed correlations 

between neuroactive steroid levels and parameters of ethanol intake in the same mice, as 

well as phenotypic data previously determined in the BXD panel by multiple laboratories 

and available in GeneNetwork.
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Materials and methods

Animals

Adult (12–16 weeks old upon arrival) male and female DBA/2 and BXD mice were acquired 

from the vivarium at the University of Tennessee Health Science Center (Memphis, TN, 

USA). Adult (10 weeks old upon arrival) male and female C57BL/6J mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME, USA). After arrival at the animal facility, 

mice were allowed to acclimate for one week. They were housed individually under 12-h 

light, 12-h dark cycle (light on from 0200 to 1400 h) and at a centrally controlled 

temperature (~22 °C) and humidity. Animals had free access to water and standard 

laboratory food (Harland Teklad, Madison, WI, USA) at all times. All procedures were 

approved by the Medical University of South Carolina Institutional Animal Care and Use 

Committee and adhered to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (8th edition, National Research Council, 2011).

Chronic intermittent ethanol (CIE) exposure procedure

The general study design involved typically 2–4 mice per experimental cell defined by 

genotype, sex, and group (CIE, CTL). Body weights were recorded weekly during ethanol-

drinking weeks or daily during CIE or CTL air exposure (detailed below). Mice were tested 

for baseline ethanol intake using a two-bottle (15% v/v ethanol vs. water) limited access (2 

h/day, starting 30 min before lights off) drinking model for 6 weeks (Baseline). Ethanol 

bottles were prepared fresh every day and presented in 15-mL tubes (± 0.1 mL). Then, mice 

from each genotype received four cycles of chronic intermittent ethanol vapor exposure (CIE 

group) or air exposure (control group, CTL) (16 h/day × 4 days, followed by 72 h 

withdrawal), alternated by 5-day ethanol self-administration using the two-bottle choice 

procedure (Becker & Lopez, 2004; Lopez & Becker, 2005; Lopez, Griffin, Melendez, & 

Becker, 2012). Ethanol concentration in the inhalation chambers was uniformly set for all 

genotypes and monitored daily to ensure that the inhalation conditions produced stable 

blood ethanol concentrations (BEC) around 175 mg/dL in C57BL/6J mice. BEC was 

assessed once each week by sampling blood from the retro-orbital sinus immediately upon 

removal from the chamber. Before each 16-h ethanol exposure, intoxication was initiated in 

CIE mice by intraperitoneal (i.p.) administration of ethanol (1.6 g/kg) combined with the 

alcohol dehydrogenase inhibitor pyrazole (1 mmol/kg) in a volume of 0.02 mL/g body 

weight. The co-administration of pyrazole is critical to maintain a high and stable level of 

intoxication during each cycle of ethanol vapor exposure (Griffin, Lopez, & Becker, 2009; 

Griffin, Lopez, Yanke, Middaugh, & Becker, 2009). CTL mice were similarly handled, and 

administered the same pyrazole dose in a saline solution, prior to being placed in air 

inhalation chambers. Thus, all mice received the same number and timing of pyrazole 

injections prior to final removal from the inhalation chambers. Blood samples for 

neuroactive steroid assays were collected 72 h after a fifth and final CIE or CTL air exposure 

cycle. The data for neuroactive steroid levels and for ethanol intake reported in this study 

was obtained from three cohorts run in different time frames (2010–2014). Several strains 

were included in all cohorts to monitor for batch effects. Only those strains for which at least 

two replicates per treatment and per sex were obtained were included in the study. The 

number of mice per strain/treatment/sex ranged between 2 and 16.
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Neuroactive steroid assay

3α,5α-THP, 3α,5α-THDOC, and pregnenolone levels were measured in serum samples by 

gas chromatography-mass spectrometry (GC-MS) as previously described (Porcu et al., 

2009, 2010). Briefly, samples (100 µL) were spiked with 400 pg/mL of each deuterated 

internal standard and applied to C18 solid phase extraction columns (Strata C18-E, 500 mg, 

Phenomenex, Torrance, CA, USA) that had been preconditioned with 4 mL methanol and 4 

mL distilled water. The column containing the sample was washed with 4 mL distilled water 

in order to remove high polar impurities. Columns were dried under vacuum for 30 min and 

neuroactive steroids were then eluted with 2 mL methanol. The extracts were evaporated in a 

speed vacuum concentrator (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The dry 

residue was resuspended in 2 mL of ethyl acetate/methanol (80/20, v/v), and the sample was 

filtered through a NH2 column (Strata NH2, Phenomenex, Torrance, CA, USA) 

preconditioned with 4 mL of ethyl acetate and 4 mL of ethyl acetate/methanol (80/20, v/v). 

The neuroactive steroids passed unretained through the sorbent, and the eluate was collected. 

The NH2 column was further rinsed with 2 mL of the solvent mixture and the combined 

eluates were evaporated in the speed vacuum concentrator. Dried samples after purification 

were derivatized in 450 µL of ethyl acetate and 50 µL of heptafluorobutyric acid anhydride 

(Thermo Scientific, Waltham, MA, USA), followed by vortex mixing. Samples were allowed 

to react for 2 h at room temperature and were subsequently dried under a gentle stream of 

nitrogen. Derivatized samples were resuspended in 10 µL of heptane, and 2 µL of each 

sample was injected in duplicate into the GC-MS. Analysis was carried out on an Agilent 

7890 gas chromatograph coupled to a 5975 mass selective detector (Agilent Technologies, 

Inc., Santa Clara, CA, USA) operated in negative chemical ionization mode, as previously 

described (Porcu et al., 2009, 2010). Neuroactive steroids were analyzed by single ion 

monitoring. The data acquisition was broken into retention windows corresponding to the 

elution of the different neuroactive steroid groups. Neuroactive steroids were quantified by 

interpolation of linear regression standard curves. Calibration curves were made in 300 µL 

distilled water spiked with 5 µL human charcoal-stripped serum (Gemini Bio- Products, 

Woodland, CA, USA), with 400 pg/mL of each deuterated internal standard and with the 

appropriate known concentration of neuroactive steroids (2, 10, 20, 50, 100, 200, 500, and 

1000 pg/mL). A blank standard (5 µLhuman charcoal-stripped serum/300 µL distilled water) 

was also included. Calibration curves underwent the same extraction procedure as the 

samples. Steroid standards (>99% purity) for 3α,5α-THP and 3α,5α-THDOC were 

synthesized by the late Dr. R. H.Purdy (previously of Scripps Research Institute, San Diego, 

CA, USA). Pregnenolone standard (>99% purity) was purchased from Steraloids Inc. 

(Newport, RI, USA). (d4-17,21,21,21)-pregnenolone (98% purity), (d4-17,21,21,21)-3α,5α-

THP, and (d3-17,21,21)-3α,5α-THDOC (>95% purity) were purchased from Cambridge 

Isotope Laboratories, Inc., Andover, MA, USA. Organic solvents were pesticide grade from 

Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

Statistical and bioinformatics analysis

Only those strains for which at least two replicates per treatment/per sex were obtained were 

included in the analysis. The number of mice per strain/per treatment/per sex ranged 

between 2 and 16. Analysis was performed in male and female cases grouped together, as 

well as in male cases only and female cases only. Variation in neuroactive steroid levels was 
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analyzed by one-way ANOVA, using a commercially available statistical program 

(GraphPad Prism 5.0, GraphPad Software, San Diego, CA, USA). Average neuroactive 

steroid levels in all CTL and CIE cases were compared by paired t test or by two-way 

ANOVA with treatment and sex as independent variables. Effect size estimates were 

computed by Cohen’s d for t test and η2 for ANOVA. Heritability (h2) was estimated as the 

ratio of the variance between strains divided by the sum of the within-strain and between-

strain variances (Brigman, Mathur, Lu, Williams, & Holmes, 2009). The variance and 

standard error of the estimate of h2 was computed using a jackknife procedure (Williams, 

Strom, Rice, & Goldowitz, 1996). h2 estimates from the jackknife procedure in all CTL and 

all CIE cases were compared by paired t test. Genetic data were analyzed using the 

statistical software available in GeneNetwork, which allows for the analysis of networks of 

genes, transcripts, and classic phenotype data sets (Rosen, Chesler, Manly, & Williams, 

2007). Datasets for neuroactive steroid levels were subjected to simple interval mapping 

analysis using Haley-Knott regression equations. Interval mapping was performed using the 

Haldane function, a 1-cM window, and marker maps for each chromosome that are very 

dense relative to recombination frequency in this cross. The thresholds for statistically 

significant (p value ~0.05) and suggestive (p value ~0.63) (Lander & Kruglyak, 1995) 

genome-wide linkage were determined based on permutation tests (Doerge & Churchill, 

1996). Five thousand permutations were run. Spearman rank trait correlations were 

computed using analytical tools integrated into GeneNetwork and using data sets of 

numerous BXD behavioral and physiological phenotypes, since each statistic was more 

appropriate for some phenotypes.p values for correlation tests were not corrected for 

multiple tests, and nominally significant results should therefore be considered well-defined 

hypotheses rather than strong or independently valid results. The reason that this is the case 

is that GeneNetwork currently contains approximately 5000 phenotypes for BXD strains. To 

achieve a tolerably low FDR (p < 0.2), a correction factor of at least 100 is recommended (in 

other words, p < 0.0005 is likely to be significant at an FDR <0.2; see Wang et al., 2016).

Results

Neuroactive steroid levels in BXD strains

Serum pregnenolone levels in all CTL cases (414 ± 20 pg/mL, n = 18; data for BXD 81 were 

lost) range from 272 to 578 pg/mL (95% confidence interval 372–457), resulting in 2.1-fold 

variation [F(17,132) = 1.72, p = 0.049, η2 = 0.20] of this trait (Fig. 1A, Table 1), whereas 

levels in all CIE cases (434 ± 34 pg/mL, n = 19) range from 304 to 919 pg/mL (95% 

confidence interval 362–507), resulting in 3.0-fold variation [F(18,145) = 2.15, p = 0.007, η2 

= 0.23] of this trait (Fig. 1B, Table 1). h2 is estimated to be 0.20 ± 0.006 in all CTL cases, 

and 0.23 ± 0.005 in all CIE cases (+15%, t(17) = 5.8, p < 0.0001, Cohen’s d = 1.89). 

Average pregnenolone levels do not differ between CTL and CIE cases [t(17) = 0.8, p = 

0.41, Cohen’s d = 0.28]; however, they have a distinct pattern of variation in CTL vs. CIE 

cases as indicated by a lack of correlation among values of the two experimental groups 

(Spearman r = 0.33, p = 0.18, n = 18).

Serum 3α,5α-THP levels in all CTL cases (741 ± 40 pg/mL, n = 19) range from 375 to 1055 

pg/mL (95% confidence interval 657–824), resulting in 2.8-fold variation [F(18,143) = 2.68, 
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p = 0.0007, η2 = 0.28] of this trait (Fig. 1C, Table 1), whereas levels in all CIE cases (739 

± 36 pg/mL, n = 19) range from 460 to 1022 pg/mL (95% confidence interval 664–815), 

resulting in 2.2-fold variation [F(18,157) = 2.27, p = 0.004, η2 = 0.23] of this trait (Fig. 1D, 

Table 1). h2 is estimated to be 0.28 ± 0.01 in all CTL cases, and 0.23 ± 0.005 in all CIE 

cases (−18%, t(18) = 14.6, p < 0.0001, Cohen’s d = 4.75). Average 3α,5α-THP levels do not 

differ between CTL and CIE cases [t(18) = 0.06, p = 0.96, Cohen’s d = 0.02]; moreover, 3α,

5α-THP levels in CTL vs. CIE cases are positively correlated (Spearman r = 0.69, p = 0.01, 

n = 19), suggesting a similar pattern of variation, which is independent of CIE exposure.

Serum 3α,5α-THDOC levels in all CTL cases (211 ± 21 pg/mL, n = 19) range from 94 to 

448 pg/mL (95% confidence interval 168–254), resulting in 4.8-fold variation [F(18,125) = 

2.57, p = 0.001, η2 = 0.30] of this trait (Fig. 1E, Table 1). In contrast, 3α,5α-THDOC levels 

in all CIE cases (184 ± 14 pg/mL, n = 19) did not show a significant variation (Fig. 1F,Table 

1). h2 is estimated to be 0.30 ± 0.010 in all CTL cases, and 0.17 ± 0.003 in all CIE cases 

(−45%, t(18) = 36.3, p < 0.0001, Cohen’s d = 11.78). Average 3α,5α-THDOC levels do not 

differ between CTL and CIE cases [t(18) = 1.52, p = 0.15, Cohen’s d = 0.49]; however, they 

appear to have a distinct pattern of variation as indicated by a lack of correlation among 

values of the two experimental groups (Spearman r = 0.41, p = 0.08, n = 19).

Significant genetic variation for neuroactive steroid levels was also observed in CTL or CIE 

male cases or female cases only. Thus, we analyzed putative sex differences in neuroactive 

steroid levels in both CTL and CIE cases. Significant genetic variation was found for 

pregnenolone levels in CIE male cases (451 ± 45 pg/mL, n = 19), with values ranging from 

279 to 1113 pg/mL (95% confidence interval 358– 545), resulting in 4.0-fold variation 

[F(18,78) = 2.02, p = 0.023, η2 = 0.38] of this trait, and h2 of 0.37 ± 0.017 (Table 1). No 

significant variation was observed in CTL male or female cases, as well as CIE female cases 

(Table 1). However, two-way ANOVA for pregnenolone levels overall found no effect of 

CIE treatment [F(1,65) = 0.10, p = 0.75, η2 = 0.00], no effect of sex [F(1,65) = 1.49, p = 

0.23, η2 = 0.02], and no interaction [F(1,65) = 0.24, p = 0.62, η2 = 0.00].

Significant genetic variation was found for 3α,5α-THP levels in male cases; in CTL male 

cases (683 ± 47 pg/mL, n = 18), values range from 254 to 992 pg/mL (95% confidence 

interval 585–782), resulting in 3.9-fold variation [F(17,78) = 2.51, p = 0.005, η2 = 0.41] of 

this trait, and h2 of 0.41 ± 0.030 (Table 1); in CIE male cases (805 ± 62 pg/mL, n = 19), 

values range from 385 to 1291 pg/mL (95% confidence interval 676–935), resulting in 3.4-

fold variation [F(18,87) = 3.60, p < 0.0001, η2 = 0.48] of this trait, and h2 of 0.48 ± 0.011 

(Table 1). By contrast, no significant variation was observed in CTL or CIE female cases 

(Table 1). Two-way ANOVA for 3α,5α-THP levels found no effect of CIE treatment 

[F(1,66) = 0.00007, p = 0.99, η2 = 0.00] and no effect of sex [F(1,66) = 0.07, p = 0.79, η2 = 

0.00], but a significant interaction was found [F(1,65) = 6.55, p = 0.013, η2 = 0.09]. 

However, post hoc analysis did not reveal any significant differences between the groups.

Significant genetic variation was found for 3α,5α-THDOC levels in both CTL and CIE male 

cases. 3α,5α-THDOC levels in CTLs (247 ± 25 pg/mL, n = 18) range from 118 to 498 

pg/mL (95% confidence interval 187–292), resulting in 4.2-fold variation [F(17,74) = 2.45, p 
= 0.006, η2 = 0.42] of this trait, and h2 of 0.42 ± 0.017 (Table 1); 3α,5α-THDOC levels in 
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CIE cases (241 ± 23 pg/mL, n = 19) range from 93 to 512 pg/mL (95% confidence interval 

193–290), resulting in 5.5-fold variation [F(18,85) = 2.48, p = 0.004, η2 = 0.40] of this trait, 

and h2 of 0.40 ± 0.017 (Table 1). A similar result was found for 3α,5α-THDOC levels in 

female cases. 3α,5α-THDOC levels in CTL female cases (116 ± 19 pg/mL, n = 13) range 

from 30 to 243 pg/mL (95% confidence interval 75–157), resulting in 8.2-fold variation 

[F(12,41) = 2.80, p = 0.012, η2 = 0.54] of this trait, and h2 of 0.54 ± 0.024 (Table 1); 3α,5α-

THDOC levels in CIE female cases (109 ± 18 pg/mL, n = 15) range from 41 to 292 pg/mL 

(95% confidence interval 70–148), resulting in 7.1-fold variation [F(14,55) = 2.64, p = 

0.008, η2 = 0.47] of this trait, and h2 of 0.48 ± 0.011 (Table 1). Two-way ANOVA for 3α,

5α-THDOC levels found no effect of CIE treatment [F(1,61) = 0.01, p = 0.91, η2 = 0.00], a 

significant effect of sex [F(1,61) = 32.32, p < 0.0001, η2 = 0.35], and no interaction [F(1,61) 

= 0.04, p = 0.84, η2 = 0.00]. Bonferroni post hoc analysis revealed lower 3α,5α-THDOC 

levels in CTL females vs. CTL males (−53%, p < 0.001), as well as in CIE females vs. CIE 

males (−55%, p < 0.001).

Mapping QTLs for neuroactive steroid levels in BXD strains

Variation in neuroactive steroid levels across the BXD strains was mapped using tools in 

GeneNetwork. For pregnenolone levels in all CTL cases (GeneNetwork BXD phenotype ID 

17458), suggestive QTLs mapped on chromosome 3 and chromosome X, both with a 

likelihood ratio statistic (LRS) of 14 (Fig. 2A), while for pregnenolone levels in all CIE 

cases (GeneNetwork BXD phenotype ID 17461), suggestive QTLs mapped on chromosome 

5 (LRS of 15), chromosome 6 (LRS of 13), and chromosome X (LRS of 13) (Fig. 2B). No 

QTLs were found for 3α,5α-THP levels in all CTL cases (GeneNetwork BXD phenotype ID 

17305; Supplementary Fig. 1A), while for 3α,5α-THP levels in all CIE cases (GeneNetwork 

BXD phenotype ID 17306), a suggestive QTL mapped on chromosome 3 (LRS of 12, 

Supplementary Fig. 1B). Moreover, no QTLs were found for 3α,5α-THDOC levels in either 

CTL (GeneNetwork BXD phenotype ID 17452) or CIE cases (GeneNetwork BXD 

phenotype ID 17455; Supplementary Fig. 2). Because 3α,5α-THDOC levels differed by sex 

overall, we also mapped 3α,5α-THDOC levels separately in male and female cases. 

Suggestive QTLs were found for 3α,5α-THDOC levels in CIE males only (chromosomes 6 

and 17, LRS of 12 and 14, respectively, Supplementary Fig. 3).

Correlations between neuroactive steroid levels and ethanol intake across the BXD strains

Correlation analyses were performed between neuroactive steroid levels and ethanol intake 

measures obtained in the same mice during the last two-bottle choice procedure following 

four cycles of CIE or air exposure (Test 4). A detailed analysis of ethanol intake is reported 

by Lopez et al., this issue. Average 3α,5α-THP and 3α,5α-THDOC levels were not 

correlated with average ethanol intake across the BXD strains, either CTL or CIE-exposed 

males and females, males only or females only. However, pregnenolone levels in CIE female 

cases demonstrated a positive correlation with average ethanol intake (milliliters, Spearman r 

= 0.48, p = 0.045, n = 18, Fig. 3A; g/kg, Spearman r = 0.53, p = 0.02, n = 18, Fig. 3B), with 

absolute change in ethanol intake from baseline to Test 4 (Spearman r = 0.48, p = 0.04, n = 

18, Fig. 3C), and with percent change in ethanol intake from baseline to Test 4 (Spearman r 

= 0.52, p = 0.03, n = 18, Fig. 3D). Pregnenolone levels in the other CTL or CIE cases did not 

correlate with any ethanol intake measures (data not shown).
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In contrast, there were consistent correlations between 3α,5α-THP levels and ethanol 

consumption across individual mice. 3α,5α-THP levels were negatively correlated with 

ethanol intake in all CTL cases (Spearman r = −0.26, p = 0.001, n = 152, Fig. 4A), in all CIE 

cases (Spearman r = −0.32, p < 0.0001, n = 167, Fig. 4B), in CTL males only (Spearman r = 

–0.51, p < 0.0001, n = 85, Fig. 4C), and in CIE males only (Spearman r = −0.38, p = 0.0001, 

n = 93, Fig. 4D). No correlations were found between 3α,5α-THP levels and ethanol 

consumption in CTL females only (Spearman r = −0.06, p = 0.61, n = 67, Fig. 4E), or CIE 

females only (Spearman r = −0.15, p = 0.19, n = 74, Fig. 4F). Moreover, CIE-induced 

changes in ethanol intake from baseline to Test 4 were negatively correlated with 3α,5α-

THP levels in individual CTL male and female mice (Spearman r = −0.17, p = 0.03, n = 152; 

graph not shown).

Pregnenolone and 3α,5α-THDOC levels failed to correlate with ethanol intake across 

individual animals in any of the groups examined. However, a positive correlation was 

observed between 3α,5α-THDOC levels in all CIE cases and absolute change in ethanol 

intake from baseline to Test 4 (Spearman r = 0.22, p = 0.005, n = 154; graph not shown), as 

well as percent change in intake from baseline to Test 4 (Spearman r = 0.18, p = 0.03, n = 

154; graph not shown). Likewise, a positive correlation was observed between 3α,5α-

THDOC levels in male CIE cases and absolute change in ethanol intake from baseline to 

Test 4 (Spearman r = 0.23, p = 0.03, n = 91; graph not shown).

Trait correlations between neuroactive steroid levels and behavioral or neurochemical 
phenotypes across the BXD strains

One advantage of employing the BXD recombinant inbred set is the ability to test for 

covariation with other phenotypes that have been studied in this population. We examined 

correlations between neuroactive steroid levels in our study with several behavioral or 

neurochemical phenotypes previously characterized across the BXD strains by other 

independent laboratories and whose data are available in GeneNetwork (Tables 2–4). 

Because multiple correlations were analyzed simultaneously, we considered how to balance 

the risk of false discovery with the risk of false negatives and decided that Bonferroni 

corrections were too stringent. The gene network database contains many phenotypes that 

are essentially the same, such as measurements of ethanol intake or anxiety-like behavior at 

different time points, confounding correction procedures further. To address this dilemma, 

we consider correlations with p values <0.005 as most relevant, although even these will 

have a significant risk of false discovery. In addition, we focused on trait correlations with 

ethanol-related and anxiety-like behavior phenotypes because there is a rich literature 

showing that systemically administered neuroactive steroids have effects on these behaviors 

(Besheer, Lindsay, O'Buckley, Hodge, & Morrow, 2010; Bitran, Hilvers, & Kellogg, 1991; 

O'Dell et al., 2005; Reddy & Kulkarni, 1997; Wieland, Lan, Mirasedeghi, & Gee, 1991).

In agreement with the lack of correlation between average steroid levels and ethanol 

consumption in BXD mouse strains in the present study, variation in 3α,5α-THP, 3α,5α-

THDOC, and pregnenolone levels did not correlate with ethanol consumption or other 

ethanol-related behaviors previously collected by other groups (see extensive data curated in 

GeneNetwork). However, a few exceptions were noted for measures of ethanol consumption 
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using the drinking in the dark paradigm. For example, 3α,5α-THP levels in CTLs co-vary 

with change in ethanol consumption (Jones B. C. et al., unpublished, GeneNetwork BXD 

phenotype ID 13576, Spearman r = –0.86, p = 0.004, n = 8; Table 3). 3α,5α-THP levels in 

CIE cases were positively correlated with ethanol consumption (Jones, B. C. et al., 

unpublished, GeneNetwork BXD phenotype ID 13565, Spearman r = 0.71, p = 0.045, n = 8; 

Table 3). Finally, 3α,5α-THP levels in CTL female cases were negatively correlated with 

ethanol consumption (GeneNetwork BXD phenotype ID 13576, Spearman r = −0.95, p = 

0.00003, n = 8; data not shown). Correlations such as these, based on small sample size, 

should probably only be used to motivate possible validation studies.

We also found that variation in pregnenolone levels in CTL cases was positively correlated 

with ethanol consumption using a two-bottle choice test (Lopez et al., unpublished, 

GeneNetwork BXD phenotype ID 12579; Spearman r = 0.87, p = 0.001, n = 9; Table 2). 

Likewise, 3α,5α-THDOC levels in the CTL group were positively correlated with ethanol 

intake in a two-bottle choice procedure (Lopez et al., unpublished, GeneNetwork BXD 

phenotype ID 12961; Spearman r = 0.75, p = 0.0001, n = 19; Jones, S. R. et al., unpublished, 

GeneNetwork BXD phenotype ID 12963; Spearman r = 0.56, p = 0.01, n = 19; Table 4). 3α,

5α-THDOC levels in CTL males were also positively correlated with ethanol intake in a 

two-bottle choice procedure (Lopez et al., unpublished, GeneNetwork BXD phenotype ID 

12961; Spearman r = 0.82, p = 0.000008, n = 18; Jones, S. R. et al., unpublished, 

GeneNetwork BXD phenotype ID 12963; Spearman r = 0.63, p = 0.004, n = 14; data not 

shown). However, ethanol consumption reported in GeneNetwork BXD phenotype IDs 

12579, 12961, and 12963 is limited to strains from cohort 1 of this same study and does not 

include the other cohorts that were examined as part of this study (see also Lopez et al. this 

issue for more details).

Variation in neuroactive steroid levels was also positively correlated with phenotypes of 

anxiety-like behavior; in general, strains with higher neuroactive steroids levels are less 

anxious, regardless of CTL or CIE treatment (Tables 2–4), in agreement with the anxiolytic-

like properties of GABAergic neuroactive steroids (Porcu et al., 2016). Neuroactive steroid 

levels are altered in schizophrenia, and administration of pregnenolone ameliorated 

symptoms in patients (Marx et al., 2009). In agreement, pregnenolone levels in CIE strains 

are positively correlated with pre-pulse inhibition responses (Table 2); by contrast, 3α,5α-

THP levels in both CTL and CIE strains are negatively correlated with pre-pulse inhibition 

responses (Table 3). 3α,5α-THP exerts analgesic effects (Kavaliers & Wiebe, 1987), and in 

agreement, 3α,5α-THP levels in CTL strains are positively correlated with pain response, 

i.e., strains with higher levels are less sensitive to pain (Table 3). Finally, pregnenolone 

levels in both CTL and CIE strains, and 3α,5α-THDOC levels in CIE strains are negatively 

correlated with behavioral sensitivity to morphine (Tables 2 & 4), i.e., higher levels of 

steroids decrease sensitivity to morphine and to naloxone-induced morphine withdrawal, 

suggesting that neuroactive steroids may contribute to behavioral effects of this drug of 

abuse, in line with previous evidence of increased levels of neuroactive steroids following 

morphine administration and its withdrawal (Concas et al., 2006).

Finally, correlation analysis with phenotypes on GeneNetwork revealed that pregnenolone, 

3α,5α-THP, and 3α,5α-THDOC levels in CTL or CIE cases, reported in the present study, 
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did not always correlate with each other. For instance, in CTL cases, pregnenolone levels 

were positively correlated with 3α,5α-THP levels (Spearman r = 0.50, p = 0.0032, n = 18; 

Tables 2 & 3); however, 3α,5α-THDOC levels did not correlate with either pregnenolone or 

3α,5α-THP levels (data not shown). In CIE cases, no correlations were found among either 

steroid. Other significant correlations were found when taking into account male or female 

cases only. For example, pregnenolone levels in all CTL cases were positively correlated 

with its levels in CTL male cases as well as in CTL female cases; moreover, they were also 

correlated with 3α,5α-THP levels in CTL male cases. Pregnenolone levels in all CIE cases 

were positively correlated with pregnenolone levels in CIE male cases and CIE female cases 

(see Table 2 for details). 3α,5α-THP levels in all CTL cases were positively correlated with 

those in CTL male cases, CTL female cases, all CIE cases, and CIE male cases. Moreover, 

3α,5α-THP levels in all CTL cases were positively correlated with 3α,5α-THDOC levels in 

all CIE cases, and CIE male cases. 3α,5α-THP levels in all CIE cases were positively 

correlated with those in CIE male cases, as well as with those in all CTL cases, and CTL 

male cases (see Table 3 for details). 3α,5α-THDOC levels in all CTL cases were positively 

correlated with those in CTL male cases. Likewise, 3α,5α-THDOC levels in all CIE cases 

were positively correlated with those in CIE male cases and CIE female cases, as well as 

with those in CTL female cases. 3α,5α-THDOC levels in all CIE cases were also positively 

correlated with 3α,5α-THP levels in all CTL cases, and CTL female cases (see Table 4 for 

details).

Discussion

This study reports an exploratory analysis of the regulation of ethanol-induced levels of the 

neuroactive steroids 3α,5α-THP, 3α,5α-THDOC, and pregnenolone. This study also 

examined variation of these steroids with voluntary ethanol consumption in the test mice as 

well as behavioral phenotypes previously determined across the BXD strains by several 

independent labs. The design of this CIE study is unusual in that we have studied several 

strains and both sexes, but without deep replication within strain. In this respect, our work is 

more like an analysis of a human family or a cohort of nonhuman primates. The majority of 

studies using the CIE protocol in mice involves analysis of 6 to 12 cases across a single 

genotype – almost always the reference C57BL/6 strain or a knockout line. In contrast, we 

have studied a substantially larger number of cases (~140 per group) and 19 distinct 

genotypes. This design was intended as an initial survey that would provide a more robust 

and, we hope, ultimately replicable gauge of the range of variation in response to CIE 

treatment. We can compute heritabilities with some confidence (as in a twin study), but we 

cannot make strong claims about differences between specific strains. The latter would 

require deeper replication. Evidence for heritability of the steroid levels was in the range of 

0.20–0.30; heritability estimates would have been more accurate with a larger sample size 

(animals and strains). However, heritability estimates are usually “confounded” by one or 

more factors, the most important one being environmental factors. Thus, our estimates 

should still be unbiased.

No strong QTLs were found for any of the steroids measured. Because levels of these 

steroids are controlled by the expression of multiple genes involved in biosynthesis and 

degradation, it is possible that QTLs for individual steroids are unlikely to be detectable or 
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informative. Alternatively, we lacked sufficient genetic variation in the 19 BXD strains 

tested to detect QTLs. The use of substantially more BXD strains or a more diverse genetic 

reference panel may uncover genes controlling levels of neuroactive steroids. Further, there 

was no evidence that genetic variation in levels of these steroids was related to ethanol 

consumption or changes in drinking after CIE vs. air exposure, possibly due to the same 

limitations just mentioned. Nonetheless, individual variation in 3α,5α-THP levels was 

consistently found to be inversely related to ethanol consumption in all males and females, 

as well as male cases only.

Serum 3α,5α-THP levels in both CTL and CIE-exposed individual mice were negatively 

correlated with respective ethanol intake, such that lower 3α,5α-THP levels were associated 

with higher ethanol intake. This result is in agreement with a recent study showing that 3α,

5α-THP immunoreactivity in the lateral and basolateral amygdala of cynomolgus monkeys 

is also negatively correlated with average daily ethanol intake, such that 3α,5α-THP 

immunoreactivity was associated with higher daily ethanol intake (Beattie et al., 2016). 

Overall, these findings support the hypothesis that elevated 3α,5α-THP levels in response to 

ethanol may protect against excessive drinking and the risk for alcohol dependence (Morrow 

et al., 2006; Morrow & Porcu, 2009; Porcu & Morrow, 2014). However, this finding appears 

to be specific to 3α,5α-THP, as similar correlations were not observed for 3α,5α-THDOC 

and pregnenolone levels.

The evidence that different suggestive QTLs were identified for pregnenolone and 3α,5α-

THP levels and that no QTLs were identified for 3α,5α-THDOC levels points to a different 

genetic regulation of the synthesis of these neuroactive steroids following ethanol exposure, 

in agreement with the hypothesis that ethanol may differentially target selected 

neurosteroidogenic enzymes (Morrow et al., 2006; Porcu & Morrow, 2014). Suggestive 

QTLs for pregnenolone levels are observed on chromosomes 3 and X in all CTL cases and 

on chromosomes 5, 6, and X in all CIE cases, suggesting that CIE exposure changes genetic 

regulation of this neuroactive steroid. Likewise, a suggestive QTL for 3α,5α-THP levels is 

observed on chromosome 3 in CIE cases, whereas no QTLs were observed in CTL cases, 

once again, pointing to a different genetic regulation of neuroactive steroid synthesis 

following CIE exposure. Overall, these results suggest that genetic variation in all traits is 

polygenic and that at least two and probably four or more loci contribute to the heritable 

variation. However, further studies are needed for a sufficient genetic analysis and to identify 

more specific loci of genetic control. Indeed, the results of this study are limited by the small 

sample size, which does not allow resolution of QTLs with sufficient power or precision to 

seriously entertain candidate gene analysis (Belknap, 1998; Wang et al., 2014). It is likely 

that a sample size of 40 or more strains would begin to resolve single locus effects, and since 

there are now >100 BXD strains it should certainly be possible to define one or more 

candidate genes that underlie the heritable variation detected in this study. Furthermore, 

other mouse mapping populations, with greater recombination than the BXD panel, may 

uncover genes controlling neuroactive steroid levels. Moreover, the combination of 

genomics and bioinformatics approaches will also help to more accurately map single QTLs 

and any associated candidate genes (Putman et al., 2016).
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Blood samples for neuroactive steroid assays were obtained during withdrawal (72 h after 

the last CIE exposure). We cannot rule out the possibility that genetic regulation of 

neuroactive steroids would have been different immediately after ethanol exposure vs. 

withdrawal. For instance, changes in 3α,5α-THP immunoreactivity following CIE exposure 

in C57BL/6J mice differ with respect to time of ethanol withdrawal: a decrease in 3α,5α-

THP immunoreactivity was reported in the central nucleus of the amygdala at 8-h 

withdrawal only, while a decrease in medial prefrontal cortex, nucleus accumbens core, and 

dorsolateral striatum, as well as an increase in CA3 hippocampal area, were present only at 

72-h withdrawal (Maldonado-Devincci et al., 2014).

CIE exposure is a form of chronic stress (Becker, 2012). Neuroactive steroid levels are 

extremely sensitive to stress (Porcu & Morrow, 2014), and exposure to chronic stress per se 
may have influenced the genetic regulation of their levels.

Using 47 BXD strains, we previously reported variation in basal DOC levels, a progesterone 

metabolite and immediate precursor of 3α,5α-THDOC. QTLs on chromosomes 4 and 14 

were identified for basal DOC levels in cerebral cortex and plasma, respectively (Porcu et 

al., 2011). In the present study, we only identified suggestive QTLs for pregnenolone and for 

3α,5α-THP serum levels, but none for 3α,5α-THDOC. The total number of strains 

examined in the present study (19) is smaller, compared to the previous one (47) (Porcu et 

al., 2011), a fact that may have limited the power for QTL detection using recombinant 

inbred strains (Belknap, 1998; Wang et al., 2014). Furthermore, in the previous study we 

looked at baseline neuroactive steroid levels in naïve mice (Porcu et al., 2011), as opposed to 

mice with an extensive history of ethanol exposure following five CIE cycles, which may 

have likely influenced genetic regulation of neuroactive steroid levels.

Variation in basal DOC levels across the BXD strains was linked to several behavioral 

phenotypes previously characterized in these strains, including increased ethanol-induced 

sedation, ethanol-induced ataxia, and ethanol-induced corticosterone levels (Porcu et al., 

2011). In the present study, variation in 3α,5α-THP, 3α,5α-THDOC, and pregnenolone 

levels in CTL and/or CIE cases was not linked to behavioral phenotypes of ethanol 

sensitivity and consumption, previously determined in these strains by several groups, in 

agreement with the lack of correlation between average steroid levels and average ethanol 

consumption in the same strains of the present study. The few exceptions we found of 

correlations between variation in 3α,5α-THP levels and ethanol consumption using the 

drinking in the dark paradigm (Table 3), are limited by having only 8 female strains in 

common. Likewise, trait correlations between variation in pregnenolone or 3α,5α-THDOC 

levels and ethanol intake in the two-bottle choice paradigm are limited to strains from cohort 

1 of the Lopez et al. study (see Lopez et al., this issue). Thus, differences in the experimental 

procedures used to assess ethanol consumption and in the BXD strains examined may 

account for this discrepancy. Overall, genetic variation in serum neuroactive steroid levels 

does not seem to correlate with behavioral phenotypes of ethanol sensitivity across the BXD 

strains (Porcu et al., 2010, 2014). However, acute ethanol-induced changes in cerebral 

cortical 3α,5α-THP appear to be related to the genetic background of the strain (Porcu & 

Morrow, 2014), suggesting that genetic regulation of ethanol-induced neuroactive steroid 

synthesis may play some role in ethanol’s behavioral effects.
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Variation in 3α,5α-THP, 3α,5α-THDOC, and pregnenolone levels was also linked to other 

behavioral phenotypes, including anxiety, pre-pulse inhibition, pain sensitivity, and adrenal 

size, in agreement with the evidence that neuroactive steroids exert anxiolytic and analgesic 

effects, and their levels are altered in several psychiatric disorders involving stress and 

anxiety (Porcu et al., 2016). Finally, variation in pregnenolone and 3α,5α-THDOC levels 

was linked to behavioral sensitivity to morphine. This result is consistent with evidence that 

other drugs of abuse share with ethanol the ability to increase brain levels of neuroactive 

steroids, and that neuroactive steroids may contribute to sensitivity to drugs of abuse (Porcu 

et al., 2016). Indeed, morphine administration increases brain and plasma levels of 

neuroactive steroids in male Sprague-Dawley rats, as well as male C57BL/6J and DBA/2J 

mice (Concas et al., 2006; Porcu et al., 2014).

Males and females show different susceptibility to the effects of drugs of abuse. With respect 

to ethanol, C57BL/6J and DBA/2J mice show sex differences in ethanol’s discriminative 

stimulus effects (Shannon, Porcu, Purdy, & Grant, 2005) and in ethanol consumption, with 

female C57BL/6J mice consuming more ethanol than males (Finn, Beckley, Kaufman, & 

Ford, 2010; Melón, Wray, Moore, & Boehm, 2013). In the present study, we observed that 

3α,5α-THDOC levels were lower in females than males in both CTL and CIE cases, 

suggesting that CIE exposure did not influence levels of this steroid. However, a significant 

variation in 3α,5α-THP levels was observed in both CTL and CIE cases, when grouping 

males and females together and also in males, but not females, only. Moreover, 3α,5α-THP 

levels were significantly correlated with average ethanol intake in both CTL and CIE male 

and female cases together, as well as in males only, but not in females only (Fig. 4). These 

observations suggest that variation in the levels of these steroids, and correlations between 

3α,5α-THP levels and ethanol intake, were mainly driven by males, especially given that p 
values for the female-only group are quite high (approximately 0.5). 3α,5α-THP levels in 

female mice vary in relation to the estrus cycle phase (Corpéchot et al., 1997), and estrus 

cycle was not monitored in our experiments. We cannot rule out the possibility that the 

different estrus cycle phases may have influenced these results. Future studies are needed to 

explore putative sex differences in the ethanol-induced genetic regulation of neuroactive 

steroids.

In conclusion, we have reported an exploratory analysis of variation in serum levels of the 

neuroactive steroids 3α,5α-THP, 3α,5α-THDOC, and pregnenolone across the BXD 

population subjected to CIE exposure. Genetic variation in the levels of these steroids is 

linked to behavioral phenotypes of anxiety sensitivity, suggesting that neuroactive steroids 

may contribute to such sensitivity. Moreover, individual variation in 3α,5α-THP levels is 

inversely related to ethanol consumption under both control and CIE conditions. Future 

studies including a large number of strains are required to examine the hypotheses identified 

in this exploratory analysis and may identify the networks of genes involved in regulation of 

ethanol-induced neurosteroidogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CIE induces marked variation in neuroactive steroid 

levels across the BXD cohort of mice.

• 3α,5α-THP levels correlate negatively with ethanol 

intake in CTL and CIE conditions.

• Variation in neuroactive steroids is linked to phenotypes 

of anxiety sensitivity.
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Fig. 1. Variation in basal pregnenolone (A–B), 3α,5α-THP (C–D), and 3α,5α-THDOC (E–F) 
levels across BXD strains
Mice from each genotype received four cycles of chronic intermittent ethanol (CIE) vapor 

exposure (CIE group, B–D–F) or air exposure (CTL group, A– C–E) (16 h/day × 4 days, 

followed by 72-h withdrawal), alternated with 5-day drinking test cycles using a two-bottle 

(15% v/v ethanol vs. water) limited access (2 h/day) drinking model. Blood samples for 

neuroactive steroid assays were collected 72 h after a fifth CIE or air exposure cycle. 

Neuroactive steroid levels, assayed in all male and female cases, are expressed as pg/mL and 

are means ± SEM of values from 2–16 mice/strain/treatment. The x-axis reports the BXD 
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strain number; C57BL/6J and DBA/2 are also indicated (black bars). Strains are plotted in 

order from the lowest to the highest levels for each of the neuroactive steroids. One-way 

ANOVA was used to estimate significant variation.
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Fig. 2. Genome-wide interval mapping plots for basal pregnenolone levels across BXD strains
Mice from each genotype received four cycles of chronic intermittent ethanol (CIE) vapor 

exposure (CIE group) or air exposure (CTL group) (16 h/day × 4 days, followed by 72-h 

withdrawal), alternated with 5-day drinking test cycles using a two-bottle (15% v/v ethanol 

vs. water) limited access (2 h/day) drinking model. Blood samples for pregnenolone assay 

were collected 72 h after a fifth CIE or air exposure cycle. (A) Likelihood ratio statistic 

(LRS) scores for pregnenolone levels in all CTL cases (GeneNetwork BXD phenotype ID 

17458) across the entire genome show suggestive QTLs on chromosomes 3 and X (LRS of 

14 for both). (B) LRS scores for pregnenolone levels in all CIE cases (GeneNetwork BXD 

phenotype ID 17461) across the entire genome show suggestive QTLs on chromosomes 5 

(LRS of 15), 6 (LRS of 13), and X (LRS of 13). The y-axis and the thick blue lines provide 

the LRS of the association between the trait and the genotypes of markers. The two 

horizontal lines are the suggestive (gray) and significance (red) thresholds computed using 

5000 permutations. A positive additive coefficient (green line) indicates that D alleles 

increase trait values. A negative additive coefficient (red line) indicates that B alleles 

increase trait values.
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Fig. 3. Correlations between average pregnenolone levels and ethanol intake across CIE-exposed 
female BXD strains
Mice from each genotype received four cycles of chronic intermittent ethanol (CIE) vapor 

exposure (CIE group) or air exposure (CTL group) (16 h/day × 4days, followed by 72-h 

withdrawal), alternated with 5-day drinking test cycles using a two-bottle (15% v/v ethanol 

vs. water) limited access (2 h/day) drinking model. Blood samples for pregnenolone assay 

were collected 72 h after a fifth CIE or air exposure cycle. Pregnenolone levels (x-axis; 

GeneNetwork BXD phenotype ID 17463) are expressed as pg/mL and are the average for 

each strain. Only data from CIE females are included in the analysis. (A) Average ethanol 

intake (milliliters) during Test 4 of the two-bottle choice test, Spearman r = 0.48, p = 0.045, 

n = 18. (B) Average ethanol intake (g/kg) during Test 4 of the two-bottle choice test, 

Spearman r = 0.53, p = 0.02, n = 18. (C) Absolute change in ethanol intake from baseline to 

Test 4, Spearman r = 0.48, p = 0.04, n = 18. (D) Percent change in ethanol intake from 

baseline to Test 4, Spearman r = 0.52, p = 0.03, n = 18. No significant correlations were 

observed between average pregnenolone levels and parameters of ethanol consumption in 

the other CTL or CIE cases examined.
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Fig. 4. Correlations between 3α,5α-THP levels and ethanol intake in individual BXD strains
Mice from each genotype received four cycles of chronic intermittent ethanol (CIE) vapor 

exposure (CIE group) or air exposure (CTL group) (16 h/day × 4 days, followed by 72-h 

withdrawal), alternated with 5-day drinking test cycles using a two-bottle (15% v/v ethanol 

vs. water) limited access (2 h/day) drinking model. Blood samples for 3α,5α-THP assay 

were collected 72 h after a fifth CIE or air exposure cycle. 3α,5α-THP levels are expressed 

as pg/mL and are reported for each individual mouse. Average ethanol intake (g/kg) refers to 

ethanol intake during Test 4 of the two-bottle choice test and is reported for each mouse. (A) 
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Spearman r = –0.26, p = 0.001, n = 152. (B) Spearman r = –0.32, p < 0.0001, n = 167. (C) 
Spearman r = – 0.51, p < 0.0001, n = 85. (D) Spearman r = –0.38, p = 0.0001, n = 93. (E) 
Spearman r = –0.06, p = 0.61, n = 67. (F) Spearman r = –0.15, p = 0.19, n = 74.
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