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Abstract
Background—Allopregnanolone (ALLO) is a progesterone derivative that rapidly potentiates γ-
aminobutyric acidA (GABAA) receptor mediated inhibition and modulates symptoms of ethanol
withdrawal. Since clinical and preclinical data indicate that ALLO levels are inversely related to
symptoms of withdrawal, the present studies determined whether ethanol dependence and
withdrawal differentially altered plasma and cortical ALLO levels in mice selectively bred for
differences in ethanol withdrawal severity and determined whether the alterations in ALLO levels
corresponded to a concomitant change in activity and expression of the biosynthetic enzyme 5α-
reductase.

Methods—Male Withdrawal Seizure—Prone (WSP) and —Resistant (WSR) mice were exposed
to 72 hr ethanol vapor or air and euthanized at select times following removal from the inhalation
chambers. Blood was collected for analysis of ALLO and corticosterone levels by
radioimmunoassay. Dissected amygdala, hippocampus, midbrain and cortex as well as adrenals
were examined for 5α-reductase enzyme activity and expression levels.

Results—Plasma ALLO was decreased significantly only in WSP mice, and this corresponded to
a decrease in adrenal 5α-reductase expression. Cortical ALLO was decreased up to 54% in WSP
mice and up to 46% in WSR mice, with a similar decrease in cortical 5α-reductase activity during
withdrawal in the lines. While cortical gene expression was significantly decreased during
withdrawal in WSP mice, there was a 4-fold increase in expression in the WSR line during
withdrawal. Hippocampal 5α-reductase activity and gene expression was decreased only in
dependent WSP mice.

Conclusions—These results suggest that there are line and brain regional differences in the
regulation of the neurosteroid biosynthetic enzyme 5α-reductase during ethanol dependence and
withdrawal. In conjunction with the finding that WSP mice exhibit reduced sensitivity to ALLO
during withdrawal, the present results are consistent with the hypothesis that genetic differences in
ethanol withdrawal severity are due, in part, to modulatory effects of GABAergic neurosteroids
such as ALLO.
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Introduction
Allopregnanolone (ALLO; 3α-hydroxy-5α-pregnan-20-one) is a derivative of progesterone
that is the most potent positive endogenous modulator of γ-aminobutyric acidA (GABAA)
receptor mediated inhibition identified (Belelli et al., 1990; Purdy et al., 1990b; Rupprecht
and Holsboer, 1999; Veleiro and Burton, 2009). Endogenous levels of ALLO are detectable
in the brain independent of peripheral sources and they fluctuate in vivo within a range of
concentrations that potentiate GABAergic inhibition in vitro (Barbaccia et al., 2001; Belelli
and Lambert, 2005; Finn et al., 2004; Paul and Purdy, 1992). These findings suggest that
endogenous ALLO levels may be important in retaining normal GABAergic brain function,
and that alterations in endogenous levels could modify the functioning of central GABAA
receptors in vivo. Support for this idea is provided by earlier findings that increased
endogenous ALLO levels in the dentate gyrus in vitro revealed an endogenous neurosteroid
tone that was sufficient to modulate GABAA receptors (Belelli and Herd, 2003) and that
manipulation of hippocampal ALLO levels in vivo produced bi-directional effects on seizure
susceptibility (Gililland-Kaufman et al., 2008).

It is well documented that ALLO shares a similar pharmacological profile to ethanol, with
both exhibiting anxiolytic, anticonvulsant, locomotor stimulant and sedative/hypnotic
properties (Gasior et al, 1999; Hirani et al., 2002, 2005; Van Doren et al., 2000 — also see
reviews by Criswell and Breese, 2005; Finn et al., 2004; Grobin et al., 1998; Morrow et al.,
1999, 2001). Additionally, ethanol and ALLO similarly influence hippocampal function
(Murayama et al., 2006; Sanna et al., 2004; Silvers et al., 2003; Tokunaga et al., 2003), with
evidence suggesting that an ethanol-induced steroidogenic effect to increase ALLO levels
following acute administration contributes to ethanol’s effects on hippocampal neural
activity (Sanna et al., 2004; Tokunaga et al., 2003).

Chronic ethanol withdrawal is known to alter ALLO concentrations in rodents and humans
(Cagetti et al., 2004; Hill et al., 2005; Janis et al., 1998; Romeo et al., 1996). Additionally,
an inverse relationship between plasma ALLO and tetrahydrodeoxycorticosterone (THDOC,
3α,21-dihydroxy-5α-pregnan-20-one; another GABAergic neurosteroid) levels and
symptoms of alcohol withdrawal was demonstrated in small cohorts of alcoholic patients
(Hill et al., 2005; Romeo et al., 1996, 2000). Specifically, a decrease in GABAergic
neurosteroid levels corresponded to an increase in subjective ratings of anxiety and
depression during the early withdrawal phase (i.e., days 4-5), when compared with control
subjects. In mice selectively bred for differences in chronic ethanol withdrawal severity [i.e.,
Withdrawal Seizure-Prone (WSP) versus Withdrawal-Seizure Resistant (WSR)],
preliminary data indicated that plasma ALLO levels were decreased during ethanol
withdrawal only in WSP mice without producing a concomitant change in progesterone
levels (Finn et al., 2004). Thus, the results in WSP mice and in humans are suggestive of a
relationship between endogenous GABAergic neurosteroid levels and behavioral changes in
excitability during ethanol withdrawal.

The WSP and WSR lines were selectively bred to have severe (WSP) or mild (WSR)
handling-induced convulsions (HICs) after withdrawal from chronic ethanol exposure. This
bi-directional selection was conducted in duplicate, resulting in two genetically independent
lines of WSP (WSP-1, WSP-2) and WSR (WSR-1, WSR-2) mice (Crabbe et al., 1985).
Withdrawal from exposure to 72 hr of ethanol vapor, measured by the increase in HICs
following removal from the inhalation chambers was more than 10-fold greater in both WSP
versus WSR replicate lines (Crabbe et al., 1985), even though both lines received equivalent
ethanol exposure (see Finn and Crabbe, 1999). One advantage to testing selected lines is that
they can be used to determine whether there is a genetic correlation between the selection
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phenotype and other traits of interest (discussed in Crabbe et al., 1990). When a pair of
selected lines is found to differ significantly on a trait other than the one for which they were
selected, this significant genetic correlation between two traits implies the action of a
common set of genes on the two phenotypes. The strongest evidence for genetic
codetermination of ethanol withdrawal severity and another trait is when both pairs of
reciprocally selected lines differ in the correlated response (e.g., WSP-1 > WSR-1 and
WSP-2 > WSR-2). In other words, if both replicate WSP lines differ from both replicate
WSR lines on another trait, it is much more likely that there is a true genetic correlation
between the two responses (i.e., withdrawal severity and the second trait). Given that
selective breeding tends to fix alleles of trait-relevant genes in a homozygous manner
without altering the frequencies of alleles at non-relevant genes, the use of replicate selected
lines would avoid the potential interpretational confound of having the same trait-irrelevant
alleles being fixed by chance in both replicate lines of WSP and WSR mice (discussed in
Crabbe et al., 1990).

Chronic ethanol administration leads to the development of tolerance, or reduced sensitivity,
to most of ethanol’s pharmacological effects (Kalant et al., 1971). The efficacy of GABA,
benzodiazepines, and barbiturates also is reduced in animals following exposure to chronic
ethanol (Buck and Harris, 1990; Morrow, 1995). However, the specific genes responsible
for these adaptive changes have yet to be elucidated. Initial gene mapping studies found a
significant genetic correlation between ethanol withdrawal severity and a region of
chromosome 13 in which the murine gene for the enzyme 5α-reductase-1 is located (Srd5a1,
Jenkins et al., 1991; Crabbe, 1998). A subsequent mapping study revealed an epistatic
interaction between the chromosome 13 region and a region on chromosome 11 that
contained several genes encoding proteins for GABAA receptor subunits α1, α6, and γ2,
suggesting that an interaction between Srd5a1 and GABAA receptor subunit genes may
occur (Bergeson et al., 2003). This epistatic interaction may be highly relevant to
GABAergic neurosteroid synthesis, as the major route of progesterone metabolism in the
rodent brain is via 5α-reduction, which is an irreversible reaction in mammalian cells.
Consistent with the idea that ethanol withdrawal altered ALLO biosynthesis at a point
downstream from progesterone, withdrawal from chronic intermittent ethanol exposure
produced a significant decrease in hippocampal ALLO levels in genetically heterogeneous
rats that was accompanied by a significant decrease in the expression of hippocampal 5α-
reductase-1 (Cagetti et al., 2004).

Based on the above, the purpose of the present studies was to examine the genetic
relationship between effects of chronic ethanol exposure and withdrawal on brain ALLO
levels and 5α-reductase-1 activity and expression in WSP and WSR mice. Specific goals
were to determine whether changes in ALLO levels corresponded to a concomitant
alteration in 5α-reductase-1 enzyme activity and gene expression, and to determine whether
there were line differences in the relationship between ALLO levels and 5α-reductase
activity and expression during withdrawal. We hypothesized that brain ALLO levels and 5α-
reductase-1 would be differentially altered in WSP and WSR mice during ethanol
withdrawal, and that these line differences would represent correlated responses to selection.
Additionally, the examination of enzyme activity and expression would allow us to draw
conclusions about the regulation of 5α-reductase-1 in ethanol naïve, ethanol dependent, and
ethanol-withdrawing WSP and WSR mice.

Methods
Animals

Two independent replicate lines of drug-naive male WSP (i.e.WSP-1 and-2) and WSR
(i.e.WSR-1and -2) mice were used in all experiments. These lines were bred from a
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genetically heterogeneous stock of known composition (i.e., HS/Ibg) and proceeded by
within-family, bi-directional selection with replicate and control lines. The genetic selection
pressure used in developing these lines has been described (Crabbe et al., 1985). The
animals were bred in the Veterinary Medical Unit at the Veterans Affairs Medical Center
(Portland, Oregon) and were housed four per cage with ad libitum access to food and water.
Subjects were acclimated to a 12:12 h light and dark cycle (lights on at 6:00 am). At the time
of testing, the mice were from selected generation 26 [filial generations 79-81] and were
60-98 days old, consistent with other studies conducted with these mouse lines. Age ranges
did not differ in the WSP and WSR mice. All procedures complied with the United States
Public Health Service Institutes of Health guidelines in accordance with the Guide for the
Care and Use of Laboratory Animals and were approved by the local Institutional Animal
Care and Use Committee.

Chronic Ethanol Administration
Separate groups of animals were exposed to ethanol vapor or air for 72 hr using a
standardized method for inducing ethanol dependence (Finn and Crabbe, 1999; Terdal and
Crabbe, 1994). The objective was to expose WSP and WSR mice to an ethanol vapor
concentration that would produce an equivalent chronic blood ethanol concentration (BEC)
of 1.0 – 1.5 mg/ml in the lines. During the experiment, the animals were housed in a
stainless steel ¼ inch hardware cloth cage inside a large Plexiglas chamber, with food and
water freely available. Chamber temperature ranged from 28 – 30°C and airflow rate within
the large Plexiglas chamber was 55 liter/min. The volume of each of the three large
Plexiglas chamber was 538 liters; therefore, air or ethanol vapor was replaced every 10 min.
Three separate chambers were available, which allowed for simultaneous treatment of the
ethanol- and air-exposed mice.

The present studies used the alcohol dehydrogenate inhibitor pyrazole hydrochloride
(pyrazole; Sigma Chemical Co., St. Louis, MO) to stabilize BEC. On day one, mice in the
ethanol groups were weighed and injected intraperitoneally (i.p.) with a priming dose of
ethanol (20% v/v, 1.5 g/kg for WSR-1, WSR-2 and WSP-1; and 1.75 g/kg for WSP-2) and
pyrazole (68.1 mg/kg for WSR-1, WSR-2 and WSP-1 and 77.5 mg/kg for WSP-2) prior to
placement into the vapor chambers. Vapor concentrations inside the inhalation chambers
were 7.0 mg ethanol/liter air for WSPs and 9.0 mg ethanol/liter air for WSRs. Different
vapor concentrations were used to achieve equivalent BECs for the two genotypes so that
any genetic differences could not be ascribed to differences in ethanol pharmacokinetics. At
24 and 48 hr, the animals were briefly removed from the chamber, weighed, injected i.p.
with pyrazole, and placed back into the inhalation chamber. Tail blood samples were taken
from a subset of the ethanol-exposed animals each day to monitor BEC. Air-exposed
animals also received daily pyrazole injections, but were injected with saline, instead of
ethanol on day one, and were exposed to air inside the inhalation chamber.

Upon removal from the inhalation chamber at 72 hr, a tail blood sample was taken from all
the ethanol-exposed mice to assess BEC. Tails were nicked in the air-exposed mice, but no
blood samples were taken. Depending on the study, separate groups of air- and ethanol-
exposed mice were euthanized at selected time points (i.e., t = 0, 4, and 8 hr post removal
from the inhalation chamber). Trunk blood and dissected brain samples (details below) and
adrenals were collected on ice. Due to limitations in sensitivity of the ALLO assay, only
cortical ALLO levels were determined. Activity of the 5α-reductase-1 enzyme was
examined in amygdala, hippocampus, midbrain, and cortex, based on the following pattern
of 5α-reductase activity reported in mouse brain: midbrain tegmentum > hypothalamus >
hippocampus > cerebral cortex (Roselli and Snipes, 1984) and was measured by the
conversion of progesterone to 5α-dihydroprogesterone (5α-DHP; 5α-pregnane-3,20-dione).
Expression of the 5α-reductase-1 transcript was measured by Real-time quantitative reverse
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transcriptase polymerase chain reaction (qRT-PCR) in the same tissues as for enzyme
activity. We chose to examine the 5α-reductase type-1 isoform of the enzyme based on the
data presented in the Introduction and because it is constitutively expressed in the rodent
central nervous system and highly expressed in brain (Melcangi et al., 1998).

BEC Determination
Blood samples were analyzed for ethanol content by gas chromatography, utilizing a
modification of the method described by Roach and Creaven (1968). Briefly, a 20 μl sample
of blood was taken from the tip of the tail, added to 50 μl of chilled 5% ZnSO4, and stored
on ice. Next, 50 μl of 0.3N Ba(OH)2 and 300 μl of distilled water were added to each
sample. The samples were vortexed for 5 sec and centrifuged for 5 min at 12,000 rpm. The
supernatant was transferred to a crimp-top glass vial and analyzed for ethanol concentration
using an Agilent 6890N gas chromatograph with an Agilent 7683 autosampler and injector,
injecting a 1 μl sample onto a capillary column (DB-ALC2, J & W Scientific, Folsom, CA).
Sample peak area was interpolated from a standard curve that was derived from seven pairs
of external standards of known concentration (0.5-4.0 mg/ml). A standard curve was defined
as usable when the correlation between ethanol concentration and peak area was r2 = 0.9995
or greater.

Brain Dissections
Brain dissections were performed as described previously (Roselli and Snipes, 1984; Resko
et al., 1986). Briefly, the whole brain was removed and placed ventral-side up on a cold
platform. Sagittal cuts were made just rostral to the optic chiasm and on the rostral edge of
the mamillary bodies. The amygdala was obtained from this section of tissue by removing a
bilateral triangle of tissue just lateral to the hypothalamic sulci, which contained all the
major amygdaloid nuclei as well as the overlying entorhineal cortex. The cortex was
removed from the dorsolateral borders of the tissue section. Removing the cortex exposed
the hippocampus, which was peeled away from the top of the thalamus and midbrain. The
dissected tissues were frozen on dry ice (RIA and progesterone 5α-reductase assays) or in
liquid nitrogen (qRT-PCR).

RIA
For plasma assays, trunk bloods were collected into heparinized tubes (BD Vacutainer,
Franklin Lakes, NJ) and centrifuged at 2000 rpm for 20 minutes. Plasma was separated and
stored at −12°C until the assays to measure ALLO and corticosterone (CORT) were
performed. For brain assays, dissected cortical tissues were collected and stored in
microcentrifuge tubes at −12°C until assays were conducted.

Brain Extraction of ALLO
ALLO was extracted from the cortical brain samples according to the method of Janis et al.
(1998). Briefly, samples were digested with 385 μl of 0.3N NaOH, followed by the addition
of 100 μl [3H] ALLO (2000 counts per min (cpm)/100 μl in ethanol) to monitor extraction
efficiency (65 Ci/mmol; New England Nuclear, Boston, MA). Samples were extracted three
times with 10% (v/v) ethyl acetate in heptane, sonicated for approximately 1 min, and
centrifuged at 1,000 × g for 2 min. The supernatants from the three extractions were
combined and then applied to solid phase silica columns (Honeywell, Burdick and Jackson,
Muskegon, MI). The columns were then washed with heptane, and elution of ALLO
occurred with 25% (v/v) acetone in pentane under gravity. The eluate was dried under
nitrogen. To conduct the RIA, the steroid was reconstituted using 30 μl isopropanol + 170 μl
RIA buffer (sodium phosphate/ bovine serum albumin (BSA) assay buffer). Extraction
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efficiency was determined using 50 μl of re-dissolved extract by liquid scintillation
spectroscopy, while 100 μl was used in the RIA.

Plasma Extraction of ALLO
ALLO was extracted from plasma according to an adaptation of the method of Purdy et al.
(1990a) and is described in detail elsewhere (Finn and Gee, 1994). The plasma sample (200
μl) was digested with 50 μl of 0.3N NaOH, and 100 μl [3H] ALLO (1500 cpm/100 μl in
ethanol) was added to determine extraction efficiency. The steroid was extracted three times
using anhydrous ethyl ether, and the combined supernatants from the three extractions were
dried under nitrogen. To measure ALLO levels, the samples were re-dissolved in 2 μl of
dimethyl sulfoxide and 198 μl of RIA buffer. Extraction efficiency was determined using 50
μl of re-dissolved extract by liquid scintillation spectroscopy, while 100 μl was used in the
RIA.

ALLO RIA
The RIA was conducted according to the methods described in detail by Finn and Gee
(1994). It utilized [3H]ALLO (10,000 cpm in 100 μl in RIA buffer) and a polyclonal
antiserum that was a generous gift from Dr. Kelvin Gee (University of California, Irvine,
CA) and that had minimal cross-reactivity (Finn and Gee, 1994). Results (cpm) were
normalized and fit to a least-square regression equation produced by log-logit transformation
of the standards (0.0195-20 ng). Mass of the samples was calculated by interpolation of the
standards and correction for extraction efficiency. The minimum detectable limit in the
present assay was 25 pg. The intra-assay coefficient of variation averaged 14%, and the
inter-assay coefficient of variation in 7 assays averaged 15%.

CORT RIA
Plasma in 5 μl quantities was diluted with 100 μl of sterile water and stored at 4°C until
assayed. Samples were immersed in boiling water for 5 min to denature CORT-binding
globulin. The RIA was adapted from a previously reported procedure (Keith et al., 1978)
and used [125I]CORT from ICN Pharmaceuticals (Cost Mesa, CA) and antiserum from
Ventrex (Portland, MA). Results (cpm) were normalized and fit to a least-square regression
equation produced by log-logit transformation of the standards. Mass of the samples was
calculated by interpolation of the standards. The detectable range of the assay was from 0.1
to 400 μg CORT per 100 ml plasma. Intra- and inter-assay coefficients of variation were less
than 10%. The specificity of the assay is very high, with only 4% cross-reactivity to
deoxycorticosterone, 1% cross-reactivity to 5β-pregnanedione, and less than 0.6% cross-
reactivity to other endogenous steroids.

Progesterone 5α-reductase Enzyme Activity
Progesterone 5α-reductase-1 enzyme activity was determined by measuring the amount of
[3H]5α-DHP produced after incubating microsomal preparations of tissue samples with a
saturating concentration (i.e., 33μM) of [3H]progesterone, supplemented with an NADPH-
generating system (details below), according to previously published methods (Resko et al.,
1988; Resko and Roselli, 1992; Roselli and Snipes, 1984; Roselli et al., 1987). Progesterone
5α-reductase activity is expressed as fmol 5α-DHP produced/mg protein/hr. Since this assay
can be conducted on as little as 20 mg of tissue, dissected brain regions were not pooled.

Tissue Incubation and Extraction
Dissected brain samples were diluted 1:10 (w/v) in TEMGD buffer (10 mM Tris, 1.5 mM
EDTA, 25 mM molybdate, 10% (v/v) glycerol, 1 mM DDT; pH = 7.4) and homogenized in
ice-cold Dounce tissue grinders. The homogenates were centrifuged at 1000 × g for 10 min
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in a Beckman J-6B centrifuge. A microsomal fraction was prepared from the resultant
supernatant by re-centrifugation at 106,800 × g for 10 min in a Beckman T100
ultracentrifuge. This fraction was used because progesterone 5α-reductase was shown to be
concentrated in microsomes, whereas the NADPH-linked 3α-hydroxysteroid
oxidoreductases (dehydrogenases) are found in the soluble fraction (Krause and Karavolas,
1980; Krieger et al., 1983).

Microsomal pellets were suspended in 10 volumes of phosphate buffer (100 mM KCl, 1 mM
EDTA, and 0.01 M KH2PO4) using a tissue sonicator. Incubation tubes containing a
saturating concentration of [3H]progesterone (i.e., 33 μM; New England Nuclear, specific
activity adjusted to 534 Ci/mol) were dissolved in a phosphate buffer supplemented with an
NADPH-generating system (1 mM NADP, 5 mM glucose-6-phosphate, and 2 units
glucose-6-phosphate dehydrogenase Type XV). After a 30 min pre-incubation period, 25 μl
of the suspended microsomal pellet was added to the tubes and shaken gently at 37°C for 1
hr in a Dubnoff incubator. A separate aliquot of microsomes was reserved for protein
determination. Appropriate buffer and tissue blanks were run in each assay to correct for
non-specific conversion. An additional set of tubes containing [3H]5αDHP (approximately
10,000 cpm) were carried through the procedure to monitor losses due to extraction and
chromatography. The reactions were stopped by the addition of 500 μl ice-cold distilled
water and extracted with 7 ml diethyl ether. The ether extracts were dried under nitrogen and
concentrated in ethanol.

Chromatography
The ether extracts were fractionated on Eastman Kodak thin layer sheets (no. 13181; 100 μm
silica gel with fluorescent indicator) in a 6:4 (v/v) benzene-ethyl acetate solvent system
(Roselli et al., 1987). Authentic reference steroids were run in parallel lanes. The area with
the mobility of 5αDHP was eluted with 5 ml of ethanol. The eluates were dried under a
stream of air, dissolved in 50 μl of hexane:benzene:methanol (85:15:5, by vol), and applied
in this solvent system to a column containing 2.6 g of Sephadex LH-20 (Resko and Roselli,
1992). In this chromatography system, 5αDHP eluates in the 10-17 ml fraction of solvent
run through the system. Fractions with the mobility of authentic 5αDHP were then collected
into scintillation vials, dried, and dissolved in 10 ml of scintillation fluid. The samples were
counted by liquid scintillation spectrometry for a time sufficient to give < 2% counting error.
The counts in the buffer blanks were subtracted from sample counts and then divided by the
percent recovery to correct for procedural losses. To assure the identity of the radioactivity
measured as 5αDHP, pools from several samples (5,000-10,000 dpm 3H) migrating with the
chromatographic mobility of authentic 5αDHP were acetylated and re-crystallized to a
constant specific activity after the addition of 20 mg radioinert 5αDHP-acetate.

Progesterone 5α-reductase Gene Expression
Total RNA was isolated from individual dissected brain samples, and analysis of 5α-
reductase-1 transcript expression was performed using qRT-PCR with the iCycler IQ Real
Time PCR detection system (Bio-Rad Laboratories, Inc.), as previously described
(Hashimoto et al., 2004; Hashimoto and Wiren, 2008). PCR primers were designed based on
the mRNA sequence by using OLIGO Software (v6.67; Oligo, Cascade, CO) and were
synthesized by Fisher Scientific (Pittsburg, PA). Primers were chosen to generate an
amplicon between 100 and 300 bp and to minimize dimerization. Normalization of real-time
RT-PCR data was conducted for each transcript using the RNA-specific fluorescent dye
RiboGreen® (Hashimoto et al., 2004).

RNA was isolated using the RNA Stat-60 kit (Tel-Test, Inc., Friendswood, TX).
Contaminating DNA was removed by Zymo-spin column purification following
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manufacturer’s recommendations (Zymo Research, Orange, CA). RNA was quantified by
spectrophotometric methods; lack of degradation was confirmed by agarose gel
electrophoresis followed by staining with SYBR Gold. Twenty ng RNA was reverse
transcribed and amplified in a 25 μl reaction mix using a one-step QuantiTect SYBR Green
RT-PCR Master Mix (Qiagen, Valencia, CA) and 0.5 μM of primer. Relative expression of
the RT-PCR product was determined using the comparative ΔΔCt method (Winer et al.,
1999), after normalizing expression with fluorescence to RiboGreen®. Fold regulation then
was determined by normalizing all values to the mean of the relative expression for the
control group.

Real-time qRT-PCR efficiency was determined for each primer set using a five-fold dilution
series of total RNA. Individual reaction kinetics also were analyzed to ensure that each real-
time RT-PCR did not differ significantly from 100%. Following PCR, specificity of the PCR
reaction was confirmed with melt curve analysis to ensure that only the expected PCR
product was amplified per reaction. Reaction products were melted over the temperature
range of 55°C to 95°C in 0.5°C increments, 10 seconds per increment. The optical data were
collected over the duration of the temperature melt and evaluated with the negative first
derivative of the change in fluorescence over time to ensure that only the expected PCR
product was amplified in the reaction. Additionally, amplicons were sequenced for
confirmation.

Statistical Analysis
Analysis of variance (ANOVA) was used to assess line (i.e., WSP vs. WSR), replicate (i.e.,
WSP-1 and WSR-1 vs. WSP-2 and WSR-2) and treatment/time (Air, ethanol 0 hr, ethanol 4
hr, ethanol 8 hr) effects on the dependent measures BEC, ALLO levels, CORT levels, 5α-
reductase activity and 5α-reductase expression. For all experiments, there were no
meaningful interactions involving genetic replicate; hence, data from the two replicates of
each selected line were combined. When interactions were obtained, the data for each
selected line were analyzed separately. Based on our a priori hypothesis that ALLO, CORT,
and 5α-reductase activity and expression would be differentially altered in the WSP and
WSR mice following chronic ethanol exposure and withdrawal, Simple Main Effects
analysis were conducted to examine significant treatment/time effects within each selected
line. Significance was set at P ≤ 0.05.

Results
Male WSP and WSR mice from both genetic replicates were exposed to 72 hr ethanol vapor
or air, and separate groups of mice were euthanized at 0, 4, or 8 hrs following removal from
the inhalation chambers. Chronic ethanol vapor exposure produced equivalent BEC upon
removal from the inhalation chamber. Mean ± SEM BEC was 1.10 ± 0.05 mg/ml for WSP
and 1.14 ± 0.02 mg/ml for WSR mice. While there was no significant line or replicate
difference in BEC, the interaction was significant [F(1,104) = 11.68, P = 0.001]. This was
due to the fact that BECs were slightly higher in WSP-1 vs. WSP-2 mice and slightly lower
in WSR-1 vs. WSR-2 mice (not shown).

The initial analysis of plasma ALLO levels revealed that there were no main effects of
genetic replicate, nor were there interactions with genetic replicate. When the analysis was
conducted, collapsed across genetic replicate, plasma ALLO levels were lower in WSP vs.
WSR mice and were significantly influenced by treatment/time [F(3,145) = 3.24, P < 0.05].
The significant interaction between line and treatment/time [F(3,145) = 4.21, P < 0.01] was
due to the chronic ethanol-induced decrease in plasma ALLO levels that occurred only in
WSP mice (Figure 1A). Post-hoc tests confirmed this conclusion. Plasma ALLO levels in
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WSP mice were decreased by 71% in dependent animals and by 34% during peak
withdrawal, whereas values were unchanged in WSR mice.

In contrast, cortical ALLO levels (Figure 1B) were decreased significantly in both WSP (by
50-54%) and WSR (by 37-46%) mice during ethanol withdrawal. As with plasma ALLO
levels, there was no significant main effect of, or interaction with, genetic replicate.
Subsequent analyses indicated that cortical ALLO levels were significantly altered by
treatment/time [F(3,143) = 9.15, P < 0.001], with a significant interaction between line and
treatment/time [F(3,143) = 2.78, P < 0.05]. The significant interaction appeared to be due to
the fact that cortical ALLO levels were decreased significantly (by 40%) only in dependent
WSR mice (i.e., 0 hr), whereas values were unchanged in WSP mice.

Plasma CORT levels (Figure 1C) were significantly increased in dependent mice and during
withdrawal, with the WSP mice exhibiting a slightly higher elevation during withdrawal
when compared to the WSR mice. ANOVA confirmed that plasma CORT levels were
significantly higher in WSP vs. WSR mice [F(1,152) = 4.19, P < 0.05] and were
significantly increased by chronic ethanol exposure and withdrawal [F(3,152) = 22.23, P <
0.001]. Although the interaction between line and treatment/time was not significant, post-
hoc tests were conducted based on our a priori hypothesis that plasma CORT levels would
be increased to a greater extent in the WSP vs. WSR mice. Although absolute plasma CORT
levels were higher during peak withdrawal in the WSP vs. WSR mice, the fold increase was
similar in the lines (~ 6-fold), due to the slightly lower basal CORT levels in the air-exposed
WSR mice.

The effect of chronic ethanol exposure and withdrawal on 5α-reductase-1 activity is depicted
in Figure 2. In general, there were some line differences in basal 5α-reductase activity, but
the overall effects of treatment and time appeared to be similar in the lines. Hippocampal
5α-reductase activity (Figure 2A) was higher in WSP vs. WSR mice [F(1,24) = 36.53, P <
0.001] and was decreased significantly by chronic ethanol exposure [F(2,24) = 6.58, P <
0.01]. The lack of significant interaction between line and treatment/time was due to the fact
that hippocampal enzyme activity was decreased similarly in dependent WSP (↓ 34%) and
WSR (↓ 40%) mice, and only slightly decreased in both lines during ethanol withdrawal (↓
13% in WSP, ↓ 15% in WSR). Cortical 5α-reductase activity (Figure 2B) also was higher in
WSP vs. WSR mice [F(1,25) = 23.61, P < 0.001] and was decreased significantly during
chronic ethanol withdrawal [F(2,25) = 11.30, P < 0.001]. The decrease in cortical enzyme
activity during ethanol withdrawal was similar (↓ 50%) in both lines. Amygdala 5α-
reductase activity (Figure 2C) only was significantly influenced by line [F(1,25) = 21.22, P
< 0.001] (WSP > WSR), whereas midbrain 5α-reductase activity (Figure 2D) was slightly
decreased by chronic ethanol exposure (↓ 20% in dependent WSP, ↓ 13% in dependent
WSR), and adrenal 5α-reductase activity (Figure 2E) was a bit more variable.

The effect of chronic ethanol exposure and withdrawal on expression of the 5α-reductase-1
transcript is depicted in Figure 3. Since transcript expression was normalized to the
respective air control values, we only were able to analyze for treatment/time effects and for
interaction with selected line. The overall pattern of the results suggests that there were
some line differences in the effects of ethanol exposure and withdrawal on 5α-reductase
expression. Hippocampal 5α-reductase mRNA levels (Figure 3A) appeared to be lower in
WSP than in WSR mice and to be decreased by ethanol exposure and withdrawal. . In
dependent mice, 5α-reductase expression was reduced only in WSP mice (↓76%). During
withdrawal, mRNA levels remained decreased in WSP mice (↓55%) versus the change in
WSR mice (↓31%). However, there was a much more profound line difference in the
regulation of the cortical 5α-reductase transcript by chronic ethanol exposure and
withdrawal (Figure 3B). Cortical mRNA expression was significantly lower in WSP versus
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WSR mice [F(1,13) = 75.12, P < 0.001] and was significantly altered by treatment/time
[F(2,13) = 9.18, P < 0.01]. The significant interaction between line and treatment/time
[F(2,13) = 23.03, P < 0.001] confirmed the differential regulation of the 5α-reductase
transcript in WSP and WSR mice. In WSP mice, cortical expression was significantly
decreased (by 75%) in dependent animals and during ethanol withdrawal. In contrast, 5α-
reductase mRNA levels were increased 2.76-fold in dependent WSR mice, with a further
significant increase (↑4.3-fold) during ethanol withdrawal. Treatment did not significantly
alter mRNA levels in the amygdala (not shown), midbrain (not shown), or adrenal (Figure
3C). Planned comparisons of mRNA levels in adrenal tissue indicated that 5α-reductase
expression was decreased to a greater extent in the WSP line (↓55% in dependent mice,
↓67% during withdrawal), when compared to the WSR line (↓47% during withdrawal).

Discussion
The purpose of the present studies was to examine the time course for the differential change
in brain and plasma ALLO and plasma CORT levels following exposure to chronic ethanol
as well as to determine whether a chronic ethanol-induced decrease in endogenous ALLO
levels was due to a concomitant decrease in activity or expression of the rate-limiting
neurosteroid biosynthetic enzyme 5α-reductase in WSP and WSR mice. We chose to
examine regulation of the 5α-reductase-1 enzyme in both brain and peripheral tissues, due to
the fact that the enzymes identified in classic steroidogenic tissues have been found in the
nervous system, and it has been suggested that brain neurosteroid levels reflect a
combination of neuroactive compounds produced de novo as well as peripherally derived
steroids that are metabolized to neuroactive compounds in the brain (Mellon, 1994). In
general, the results provide strong evidence that the 5α-reductase-1 enzyme was
differentially regulated during chronic ethanol exposure and withdrawal in both peripheral
tissues and select brain regions, and that the lines differed in these effects.

Basal levels of ALLO in the plasma and cortex did not differ between the lines, despite line
differences in basal 5α-reductase activity in the cortex, hippocampus and amygdala. These
brain regional differences in 5α-reductase-1 activity are intriguing and would predict line
differences in local ALLO concentrations. Unfortunately, our RIA was sensitive enough to
measure only cortical ALLO levels. The fact that cortical ALLO levels were slightly higher
than those measured in plasma might suggest a minor contribution of brain 5α-reductase
activity to brain ALLO concentrations. However, there were no line differences in enzyme
activity in the adrenal, suggesting that peripheral steroidogenic tissues provide the major
contribution to basal neurosteroid levels in the brain as well as in the plasma.

Chronic ethanol exposure and withdrawal produced a selective and persistent decrease in
plasma ALLO levels only in WSP mice, which corresponded to a persistent decrease in
adrenal 5α-reductase expression in this selected line. The fact that the change in plasma
ALLO levels was consistent with the down regulation of the adrenal 5α-reductase transcript
in dependent and withdrawing WSP mice provides support for the idea that the adrenal is a
major source of plasma ALLO levels.

Cortical ALLO levels were significantly decreased during ethanol withdrawal in both WSP
and WSR mice, and this reduction corresponded to a significant decrease in cortical 5α-
reductase activity during withdrawal in both lines. Notably, the suppression of enzyme
activity during ethanol withdrawal was consistent with the down regulation of the enzyme
during withdrawal in WSP mice, but was completely opposite to the up regulation of the
enzyme during withdrawal in WSR mice. These results imply an important discordance
between mRNA and protein expression during ethanol withdrawal in the cortex, consistent
with post-translational or allosteric regulation of 5α-reductase-1, in addition to
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transcriptional regulation. Future studies will examine more closely the brain regional
differences in the effect of ethanol withdrawal on 5α-reductase-1 mRNA (in situ) and
protein (immunohistochemistry) levels in order to better understand the regulation of this
neurosteroid biosynthetic enzyme by chronic ethanol exposure and withdrawal in WSP and
WSR mice.

Although we were unable to measure hippocampal ALLO levels, previous work has
documented that withdrawal from chronic intermittent alcohol exposure significantly
decreased hippocampal ALLO levels in rats (Cagetti et al., 2004). In this study by Cagetti et
al. (2004), the decrease in hippocampal ALLO levels corresponded to a significant reduction
in the expression of 5α-reductase in the hippocampus during withdrawal. Our results
indicate that 5α-reductase activity and expression was decreased in dependent WSP mice,
but that only enzyme activity was decreased in dependent WSR mice. Taken in conjunction
with the down regulation of adrenal 5α-reductase mRNA following chronic ethanol
exposure and withdrawal only in WSP mice, it is likely that hippocampal ALLO levels
would be decreased during withdrawal in the WSP line.

A surprising finding was that the pattern of changes in cortical ALLO and plasma CORT
levels during ethanol withdrawal was similar in WSP and WSR mice, with the proviso that
the changes were slightly greater in the WSP line. However, with regard to the potential
physiological relevance of these changes in steroid concentrations, it is important to consider
that line differences in steroid sensitivity could impact the behavioral outcome of a change
in steroid levels during ethanol withdrawal. For example, WSP mice are sensitive to the
proconvulsant effect of CORT during acute ethanol withdrawal (Roberts et al., 1994) and
exhibit tolerance to the anticonvulsant effect of ALLO or to the ability of ALLO to
potentiate GABA-stimulated chloride flux during chronic ethanol withdrawal (Finn et al.,
2006b). The DBA/2J inbred strain, which exhibits severe withdrawal comparable to the
WSP line, also is sensitive to the proconvulsant effect of CORT (Roberts et al., 1992) and
exhibits tolerance to the anticonvulsant effect of ALLO during chronic ethanol withdrawal
(Finn et al., 2000). In animals that exhibit mild withdrawal, sensitivity to the anticonvulsant
effect of alphaxalone, pregnanolone or ALLO was enhanced in rats (Alele and Devaud,
2007; Cagetti et al., 2004; Devaud et al., 1996) or C57BL/6J mice (Finn et al., 2000). Either
enhancement or no change in sensitivity to the anticonvulsant effect of ALLO was observed
in female and male WSR mice, respectively (Beckley et al., 2008; Finn et al., 2006b). Thus,
it is likely that in seizure-prone versus -resistant genotypes, there is a balance between the
alterations of concentrations of ALLO at GABAA receptors and the concomitant change in
GABAA receptor sensitivity to ALLO during the ethanol withdrawal phase (as discussed in
Finn et al., 2004), with a similar relationship for CORT at glucocorticoid and/or
mineralocorticoid receptors.

Consistent with the notion regarding the physiological relevance of changes in endogenous
steroid levels, evidence suggests that fluctuations in endogenous ALLO levels could modify
the functioning of central GABAA receptors in vivo. The initial support for this idea was
provided by the report that increasing endogenous ALLO levels in the dentate gyrus
revealed a physiologically relevant neurosteroid tone that was sufficient to modulate
GABAA receptors (Belelli and Herd, 2003). An additional consideration is that acute
administration of either ethanol or ALLO exert similar effects on hippocampal function
(Murayama et al., 2006; Sanna et al., 2004; Silvers et al., 2003; Tokunaga et al., 2003). For
instance, acute ethanol administration induces a steroidogenic effect that includes increased
ALLO levels. It is believed that ALLO contributes to ethanol’s effects on hippocampal
neural activity (Sanna et al., 2004; Tokunaga et al., 2003) because the influence of ethanol
was blocked by pretreatment with finasteride, a 5α-reductase inhibitor that reduces
endogenous ALLO levels (discussed in Finn et al., 2006a). Thus, data to date suggest that
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acute and chronic ethanol administration can have marked effects on hippocampal neural
function by altering endogenous neurosteroid tone.

With regard to WSP mice, we found that intra-hippocampal ALLO exhibited a potent
anticonvulsant effect in ethanol naive WSP mice, but that mice were tolerant to the
anticonvulsant effect of intra-hippocampal ALLO during ethanol withdrawal (Gililland-
Kaufman et al., 2008), consistent with results seen following systemic administration (Finn
et al., 2006b). Additionally, intra-hippocampal infusions of finasteride were proconvulsant
in ethanol naive WSP mice, and significantly increased the magnitude and duration of
ethanol withdrawal (Gililland-Kaufman et al., 2008). Our recent preliminary findings
indicate that intra-hippocampal finasteride did not significantly increase ethanol withdrawal
severity in WSR mice (Tanchuck and Finn, unpublished). Thus, manipulation of
endogenous ALLO levels produces bidirectional changes in seizure susceptibility in ethanol
naive WSP mice (↑ ALLO is anticonvulsant; ↓ ALLO with finasteride is proconvulsant),
with a shift in sensitivity toward enhanced proconvulsant effects during ethanol withdrawal
(↓ anticonvulsant effect of ALLO; ↑ proconvulsant effect of finasteride).

In conclusion, the present findings indicate that the correspondence between the ethanol-
induced changes in ALLO levels and 5α-reductase enzyme activity and expression in
dependent animals and during ethanol withdrawal is complex. Importantly, the results
suggest that there are line differences in the regulation of the 5α-reductase enzyme by
chronic ethanol exposure and withdrawal. Overall, WSP mice were more responsive to the
chronic ethanol withdrawal-induced decreases in endogenous ALLO levels, and in 5α-
reductase-1 enzyme activity and expression. Taken in conjunction with the reduced
sensitivity to ALLO’s anticonvulsant effect, the reduced ability of ALLO to potentiate
GABA-stimulated chloride uptake, as well as the enhanced proconvulsant effect of
finasteride during ethanol withdrawal (Finn et al., 2006b; Gililland-Kaufman et al., 2008),
the altered sensitivity of GABAA receptors to ALLO in the WSP line may render them more
sensitive to fluctuations in endogenous ALLO levels during ethanol withdrawal. These
results are consistent with the hypothesis that genetic differences in chronic ethanol
withdrawal severity are due, in part, to modulatory effects of GABAergic steroids such as
ALLO in the WSP and WSR selected lines. It may be that the genotypic differences in the
modulatory effects of ALLO on ethanol withdrawal severity reflect a balance between the
changes in local concentration of ALLO at GABAA receptors and the change in sensitivity
of the GABAA receptors to ALLO that are occurring concomitantly during ethanol
withdrawal. Increasing our understanding of this relationship may aid in the identification of
new neurosteroid analogs or in targeting aspects of neurosteroid biosynthesis for the
treatment of ethanol dependence and withdrawal.
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Figure 1. The effect of exposure to 72 hr ethanol vapor and withdrawal on (A) plasma ALLO,
(B) cortical ALLO, and (C) plasma CORT levels in WSP and WSR male mice
Mice were exposed to ethanol vapor or air for 72 hrs and then euthanized at 0, 4, or 8 hrs
following removal from the inhalation chambers. Steroid levels were measured by RIA.
Values represent the mean ± SEM for the numbers of animals in parentheses, collapsed
across genetic replicate. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 vs. respective air control,
Tukey’s post-hoc test
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Figure 2. The effect of chronic ethanol exposure and withdrawal on 5α-reductase-1 activity in
(A) hippocampus, (B) cortex, (C) amygdala, (D) midbrain, and (E) adrenals from WSP and
WSR mice
Microsomal fractions from dissected tissues were incubated with a saturating concentration
of [3H]progesterone. The amount of [3H]DHP formed was the index of 5α-reductase
activity. Values represent the mean ± SEM for the number of animals in parentheses. Data
were combined for the two replicates per line at each time point. +P ≤ 0.10, *P ≤ 0.05, **P
≤ 0.01 vs. respective air control, Tukey’s post-hoc test &P < 0.05, &&&P = 0.001 vs.
respective WSP, t-test

Tanchuck et al. Page 17

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Chronic ethanol exposure and withdrawal differentially altered expression of the 5α-
reductase-1 transcript in (A) hippocampus, (B) cortex, and (C) adrenals from WSP and WSR
mice
Real-time qRT-PCR was conducted in dissected tissues. The fold-change in expression vs.
respective air control mice is depicted. The y-axis for panel B differs from that shown in the
other 2 panels. Values represent the mean ± SEM for the number of animals in parentheses.
Assays were conducted in duplicate with similar values to those in the figure. +P ≤ 0.10, *P
< 0.05, **P < 0.01 vs. respective air control, Tukey’s post-hoc test
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