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The neuroactive steroid (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP or allopregnanolone) is a positive modulator of GABAA

receptors synthesized in the brain, adrenal glands, and gonads. In rats, ethanol activates the hypothalamic–pituitary–adrenal axis and

elevates 3a,5a-THP in plasma, cerebral cortex, and hippocampus. In vivo, these effects are dependent on both the pituitary and adrenal

glands. In vitro, however, ethanol locally increases 3a,5a-THP in hippocampal slices, in the absence of adrenal influence. Therefore, it is not

known whether ethanol can change local brain levels of 3a,5a-THP in vivo, independent of the adrenals. To directly address this

controversy, we administered ethanol (2 g/kg) or saline to rats that underwent adrenalectomy (ADX) or received sham surgery and

performed immunohistochemistry for 3a,5a-THP. In the medial prefrontal cortex (mPFC), ethanol increased 3a,5a-THP after sham

surgery, compared with saline controls, with no ethanol-induced change in 3a,5a-THP following ADX. In subcortical regions, 3a,5a-THP
was increased independent of adrenals in the CA1 pyramidal cell layer, dentate gyrus polymorphic layer, bed nucleus of the stria

terminalis, and paraventricular nucleus of the hypothalamus. Furthermore, ethanol decreased 3a,5a-THP labeling in the nucleus

accumbens shore and central nucleus of the amygdala, independent of the adrenal glands. These data indicate that ethanol dynamically

regulates local 3a,5a-THP levels in several subcortical regions; however, the adrenal glands contribute to 3a,5a-THP elevations in the

mPFC. Using double immunofluorescent labeling we determined that adrenal dependence of 3a,5a-THP induction by ethanol is not due

to a lack of colocalization of 3a,5a-THP with the cholesterol transporters steroidogenic acute regulatory protein (StAR) or translocator

protein (TSPO).
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INTRODUCTION

Neuroactive steroids are endogenous neuromodulators,
synthesized in the brain, adrenals, and gonads that are
capable of influencing neural function and behavior. The
5a-reduced pregnane steroids (3a,5a)-3-hydroxypregnan-
20-one (3a,5a-THP or allopregnanolone) and (3a,5a)-3,21-
dihydroxypregnan-20-one (3a,5a-THDOC) positively modulate
g-aminobutyric acid type A (GABAA) receptors, which
mediate many effects of ethanol. Both 3a,5a-THP and 3a,5a-
THDOC enhance neuronal inhibition at binding sites on
GABAA receptors (Hosie et al, 2006) and produce behavior-
al effects similar to those of ethanol. These GABAergic

steroids are potent positive modulators of GABAA receptors,
producing pharmacological effects in nanomolar concen-
trations (Morrow et al, 1987), and studies suggest that
modulating GABAergic steroid levels may have therapeutic
value for treating multiple psychiatric disorders (Marx et al,
2006; Morrow, 2007; Rasmusson et al, 2006; Strohle et al,
2002; Uzunova et al, 1998).
Evidence from multiple laboratories suggests that 3a,5a-

THP and 3a,5a-THDOC contribute to ethanol’s pharmaco-
logical effects in rats (Morrow, 2007). Ethanol activates the
hypothalamic–pituitary–adrenal (HPA) axis (Rivier et al,
1984; VanDoren et al, 2000), increasing 3a,5a-THP and
3a,5a-THDOC in the blood plasma, cerebral cortex, and
hippocampus (Barbaccia et al, 1999; Porcu et al, 2009;
VanDoren et al, 2000). However, it is not known whether
this elevation of GABAergic steroids originates only from
the periphery or whether there are changes in levels of
GABAergic steroids that occur locally in the brain. The
presence of ethanol-induced local brain synthesis of 3a,5a-
THP is controversial since there are conflicting data
depending on the model system used. In vivo, studies
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suggest ethanol-induced elevations of 3a,5a-THP in the
cerebral cortex are dependent on circulating steroids
since adrenalectomy (ADX) and hypophysectomy prevent
ethanol-induced increases in cerebral cortical 3a,5a-THP
(Boyd et al, 2010; Khisti et al, 2003; O’Dell et al, 2004; Porcu
et al, 2004). In vitro studies, however, suggest that ethanol
produces local brain synthesis of 3a,5a-THP using the
hippocampal tissue from intact (Sanna et al, 2004; Tokuda
et al, 2011) and adrenalectomized/gonadectomized (Follesa
et al, 2006) rats. Therefore, an important question is
whether ethanol can alter brain synthesis of 3a,5a-THP
in vivo, independent of circulating steroids.
Several lines of evidence suggest that ethanol-induced

changes in GABAergic neuroactive steroid concentrations
contribute to ethanol’s effects. ADX or inhibition of 5a-
reduced steroid synthesis with the 5a-reductase (5a-R)
inhibitor finasteride reduces some of the behavioral effects
of ethanol, including the anticonvulsant (VanDoren et al,
2000), antidepressant-like (Hirani et al, 2002), and anxio-
lytic-like (Hirani et al, 2005) effects in rats. Finasteride also
blocks ethanol inhibition of neuron firing in the medial
septum (VanDoren et al, 2000), the hippocampus both
in vivo (Tokunaga et al, 2003) and in vitro (Sanna et al,
2004), and long-term potentiation (LTP) in hippocampal
slices (Tokuda et al, 2011). Importantly, finasteride also
reduces the subjective effects of ethanol in men (Pierucci-
Lagha et al, 2005). Taken together, these findings suggest
ethanol-induced elevations of 3a,5a-THP and 3a,5a-THDOC
contribute to the physiological, behavioral, and subjective
effects of ethanol. Therefore, it is critical to determine the
source of GABAergic steroids in the brain following ethanol
administration.
It has been difficult to reconcile the source of ethanol-

induced increases of 3a,5a-THP due to challenges in steroid
measurement. Most experiments measuring 3a,5a-THP have
used radioimmunoassay (RIA) or gas chromatography—
mass spectroscopy (GC–MS), which have limited sensitivity.
We recently demonstrated that immunohistochemical
labeling of 3a,5a-THP detects changes in discrete brain
regions thought to be important in the development and
expression of alcohol use disorders. Using this approach we
showed that ethanol produces divergent changes in cellular
3a,5a-THP that are brain region-specific (Cook et al, 2014).
For example, ethanol increased cellular 3a,5a-THP in the
medial prefrontal cortex (mPFC), bed nucleus of the stria
terminalis (BNST), paraventricular nucleus (PVN) of the
hypothalamus, and CA1 pyramidal and polymorphic cell
layers of the hippocampal formation. In contrast, ethanol
reduced cellular 3a,5a-THP in the nucleus accumbens
(NAc) shore (core-shell border) and the central nucleus of
the amygdala (CeA). These region-specific effects of ethanol
on cellular 3a,5a-THP further suggest that there may be
local brain synthesis of 3a,5a-THP independent of the
adrenal glands.
In the present study, immunohistochemistry was used to

directly test whether ethanol alters local brain levels of
3a,5a-THP in vivo, independent of the adrenal glands.
Male Wistar rats underwent ADX or sham surgery, were
administered ethanol (2 g/kg, i.p.) or saline, and cellular
3a,5a-THP levels were evaluated in brain regions/cellular
populations where we previously observed effects of ethanol.
We also examined 3a,5a-THP colocalization with the

cholesterol transporters steroidogenic acute regulatory protein
(StAR) or translocator protein (TSPO) in mPFC, hippo-
campus, and NAc.

MATERIALS AND METHODS

Subjects

Adult male Wistar rats (B275 g/n¼ 8–11 per group) that
underwent ADX or sham surgery were purchased from
Harlan Laboratories (Indianapolis, IN, USA). Animals were
single-housed in Plexiglass cages with food and water
(animals that underwent ADX received 0.9% saline instead
of water) available ad libitum. The colony room was on a
normal 12-h light–dark cycle (light onset at 0700 hours)
with a temperature of 22±2 1C and relative humidity of 65%.
Animals were killed 7 days following surgery and B24 h
after arriving in the colony room to limit the possibility of
adaptations in GABAergic transmission or steroid synthesis.
For colocalization studies, naive adult male Wistar rats
(B275 g/n¼ 3, Harlan Laboratories) were housed in Plex-
iglass cages with food and water available ad libitum under
the same colony room conditions as above. Experiments
were conducted between 0800 and 1300 hours to minimize
potential circadian fluctuation in neuroactive steroid levels.
Ethanol (2 g/kg, 20% v/v in saline) or saline were admini-

stered i.p. 60min before transcardial perfusion. The 60-min
time point was chosen because ethanol-induced increases
of 3a,5a-THP peak in the cerebral cortex at this time
(VanDoren et al, 2000). ADX was visually confirmed imme-
diately after brain extraction. Animal care and handling
procedures followed the National Institute of Health
Guidelines under the University of North Carolina at
Chapel Hill Institutional Animal Care and Use Committee
approved protocols.

Surgeries

All surgeries were performed at the Harlan Laboratories as
described on their website. Briefly, anesthesia was induced
by i.p. administration of 41.1mg/kg ketamineþ 8.3mg/kg
xylazine. Bilateral ADX was accomplished by making a
midline incision followed by bilateral muscle incisions on
either side of the spine. The adrenal gland was then located,
and blood vessels and connective tissue were severed to
allow removal of the adrenal. Sham surgery consisted of the
same anesthetic and incision procedure but the adrenals
were left intact. Ketoprofen (3.0 g/kg, subcutaneous) was
given as an analgesic following surgery.

Tissue Preparation

For ADX studies, 1 h following ethanol (2 g/kg) or saline
injection, animals were anesthetized with pentobarbital
(150mg/kg, i.p.; PCCA, Houston, TX, USA) and transcardially
perfused with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde. For colocalization studies, naive animals
were anesthetized and perfused as described above. Tissue
was post-fixed in 4% paraformaldehyde for 24 h at 4 1C,
sectioned coronally at 40 mm on a vibrating microtome, and
stored at � 30 1C. Pentobarbital does not alter 3a,5a-THP
levels using this procedure, and blood perfusion does not
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alter brain levels of 3a,5a-THP in intact animals using RIA
(unpublished data).

Immunohistochemistry

3a,5a-THP IHC was performed as previously described in
detail (Cook et al, 2014). Briefly, no detergents or organic
solvents were used to prevent steroid leeching. Free floating
sections (3–4 sections/animal/brain region) were rinsed,
blocked, and incubated (48 h at 4 1C) in sheep affinity
purified 3a,5a-THP antiserum (purchased from Dr R.H.
Purdy) at a dilution of 1 : 2500 for 3,30-diaminobenzidine
(DAB) or 1 : 500 for fluorescent detection. A biotinylated
secondary antibody (1 : 200; Vector Laboratories, Burlin-
game, CA, USA) was used with the Vectastain Elite ABC kit
(Vector Laboratories) for DAB detection. An Alexa Fluor
488 secondary antibody was used for fluorescent detection
(Life Technologies, Durham, NC, USA).
Double immunofluorescent labeling was performed on

free floating sections that were rinsed, blocked, and incubated
in primary antibody for StAR ((1 : 100), Bioss, Woburn, MA,
USA) or TSPO ((1 : 500), Millipore, Billerica, MA, USA) for
24 h at 4 1C. Next, sections were rinsed, blocked, and
incubated with 3a,5a-THP primary antibody for 48 h at 4 1C.
Then, sections were rinsed and incubated with secondary
antibody (Alexa Fluor 594 was used for StAR and TSPO, Life
Technologies). Immunofluorescence was visualized using a
Leica SP2 laser scanning confocal microscope and computer
software (Buffalo Grove, IL, USA). Cholesterol transporter
markers and 3a,5a-THP immunofluorescence were imaged
sequentially to prevent fluorophore bleed-through.

Immunohistochemical Analysis (DAB)

Immunoreactivity was visualized using an Olympus CX41
light microscope (Olympus America, Center Valley, PA,
USA) and images were captured with a digital camera
(Regita model, QImaging, Burnaby, BC). Image analysis
software (Bioquant Life Sciences, version 8.00.20, Nashville,
TN, USA) that utilizes linear integrated optical density was
used for comparing relative changes in immunoreactivity
between groups. The microscope, camera, and software
were background-corrected and normalized to preset light
levels to ensure fidelity of data acquisition. Immunoreactive
positive pixel count measurements were calculated from a
defined region (for example, brain region), divided by the
area of the region in square millimeters, and expressed as
positive pixels/mm2. Data were acquired from three to four
sections/animal/brain region, and averaged within a brain
region for an individual animal to obtain one value per
subject. Inter-rater reliability was determined by calculating
the intraclass-correlation coefficient for two raters blind to
the experimental conditions. Data from the NAc and mPFC
were chosen for intraclass-correlation analysis and values of
r¼ 0.93 (Po0.001) and r¼ 0.88 (Po0.05) were obtained,
respectively. Intraclass-correlation coefficient was calcu-
lated using MATLAB (MathWorks, Natick, MA, USA).
Immunoreactivity was statistically analyzed for each brain
region using two-way between subjects design ANOVA
(Prism, GraphPad Software, La Jolla, CA, USA). A priori
planned comparisons were performed using Student’s t-test
(Prism, GraphPad Software).

Brain region analyses were performed using histological
coordinates as follows: mPFC (þ 3.00 to þ 2.20 AP), CA1
pyramidal cell layer (� 2.56 to � 3.30 AP), the dentate
gyrus (DG) polymorphic cell layer (� 2.56 to � 3.30 AP),
BNST (� 0.26 to � 0.40 AP), PVN (� 1.30 to � 2.12 AP),
NAc (þ 1.70 to þ 1.00 AP), and CeA (� 2.12 to � 2.80 AP).
Analyses were based on coordinates relative to bregma in
the Rat Brain Atlas (Paxinos and Watson, 1998).

RESULTS

Ethanol-Induced Increases of Cellular 3a,5a-THP

Recent work in our laboratory has shown that ethanol
increases 3a,5a-THP immunoreactivity in the mPFC, CA1
pyramidal cell layer of the hippocampus, polymorphic cell
layer of the DG, BNST, and PVN of the hypothalamus (Cook
et al, 2014). Therefore, we tested whether ethanol-induced
elevations of 3a,5a-THP in these regions are dependent
upon the adrenals. Ethanol administration increased 3a,5a-
THP immunoreactivity in the mPFC; however, this effect
was moderated by ADX (Figure 1a). Two-way ANOVA
indicated a main effect of ethanol treatment (F (1,34)¼ 8.18,
Po0.01) and surgery condition (F (1,34)¼ 9.41, Po0.005)
but no significant interaction. Therefore, we performed
a priori planned comparisons between groups. mPFC 3a,5a-
THP immunoreactivity was significantly increased in the
sham ethanol compared with the sham saline group (25±
11%; t(15)¼ 3.583, Po0.01), similar to previous immuno-
histochemical results (Cook et al, 2014). However, ethanol
did not increase 3a,5a-THP in animals that received ADX
(2±7%; t(19)¼ 0.937, P40.05), suggesting that the adre-
nals contribute to the effects of ethanol in mPFC. The effects
of ethanol appear uniform across the cortical cell layers
(Figure 1c). Further comparisons showed that 3a,5a-THP
immunoreactivity differed in the Sham ethanol and ADX
ethanol groups (t(18)¼ 3.230, Po0.005). ADX did not alter
basal 3a,5a-THP immunoreactivity in the mPFC, as there
was no difference between the Sham saline and ADX saline
groups (t(16)¼ 1.139, P¼ 0.2716).
In the hippocampus, ethanol increased 3a,5a-THP

immunoreactivity in the CA1 pyramidal cell layer and the
polymorphic cell layer of the DG, independent of the
adrenals. In the pyramidal cell layer, 3a,5a-THP immuno-
reactivity was increased by 49±7% in the sham ethanol vs
sham saline group and by 48±11% in the ADX ethanol vs
ADX saline group (main effect of ethanol treatment
(F (1,34)¼ 23.15, Po0.0001); Figure 2a). In the polymorphic
cell layer, 3a,5a-THP immunoreactivity was increased by
63±10% in the sham ethanol vs sham saline group and by
74±11% in the ADX ethanol vs ADX saline group (main
effect of ethanol treatment (F (1,34)¼ 61.16, Po0.0001);
Figure 2d).
In the BNST and PVN, ethanol increased 3a,5a-THP

immunoreactivity independent of the adrenals. In the
BNST, 3a,5a-THP immunoreactivity was increased by
43±5% in the sham ethanol vs sham saline group and by
40±8% in the ADX ethanol vs ADX saline group (main
effect of ethanol treatment (F (1,34)¼ 35.68, Po0.0001);
Figure 3a). In the PVN, 3a,5a-THP immunoreactivity was
increased by 38±10% in the sham ethanol vs sham saline
group and by 39±7% in the ADX ethanol vs ADX saline
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group (main effect of ethanol treatment (F (1,34)¼ 27.70,
Po0.0001); Figure 3d).

Ethanol-Induced Decreases of Cellular 3a,5a-THP

Recently, we have shown that ethanol administration
decreases 3a,5a-THP immunoreactivity in the NAc shore
and CeA. Therefore, we tested whether ethanol-induced
reductions of 3a,5a-THP in these regions are dependent on
the adrenals. In both the NAc shore and CeA, ethanol
reduced cellular 3a,5a-THP independent of the adrenals. In
the NAc shore, 3a,5a-THP immunoreactivity was decreased
by 27±5% in the sham ethanol vs sham saline group and by
26±5% in the ADX ethanol vs ADX saline group (main
effect of ethanol treatment (F (1,34)¼ 17.58, Po0.001);
Figure 4a). In the CeA, 3a,5a-THP immunoreactivity was
decreased by 39±2% in the sham ethanol vs sham saline
group and by 29±7% in the ADX ethanol vs ADX saline
group (main effect of ethanol treatment (F (1,34)¼ 28.74,
Po0.0001); Figure 4d).

3a,5a-THP Colocalization with StAR and TSPO

As the adrenal dependence of ethanol induction of 3a,5a-
THP in mPFC could be due to a lack of local cholesterol
transporter, we used scanning laser confocal microscopy to
co-label 3a,5a-THP with StAR or TSPO in the mPFC. We
also examined 3a,5a-THP colocalization with StAR and
TSPO in the CA1 pyramidal cell layer of the hippocampus
and the NAc, where we observed an ethanol-induced local
increase or decrease in 3a,5a-THP, respectively. In the
mPFC (Figure 5a) and CA1 hippocampus (Figure 5b), 3a,5a-
THP colocalizes with both StAR and TSPO. In the NAc
(Figure 5c), 3a,5a-THP colocalizes with StAR; however,
there is minimal colocalization with TSPO. Interestingly, in
both the CA1 hippocampus and the NAc, TSPO was also

located in cells that do not contain 3a,5a-THP labeling
(Figure 5b and c, yellow arrows).

DISCUSSION

The goal of the present study was to determine whether
ethanol-induced changes in cellular 3a,5a-THP levels in the
rat brain are dependent upon the adrenal glands. Ethanol-
induced elevations of 3a,5a-THP in the mPFC appear to be
dependent on the adrenals. This finding is consistent with
studies using RIA to measure 3a,5a-THP in whole cerebral
cortex (Khisti et al, 2003; Porcu et al, 2004) or GC–MS
measuring 3a,5a-THP in the frontal cortex (O’Dell et al,
2004). Interestingly, ethanol-induced elevations of 3a,5a-
THP in the pyramidal cell layer of the hippocampus, and
polymorphic cell layer of the DG, BNST, and PVN were
observed following ADX. Therefore, ethanol produces local
brain synthesis of 3a,5a-THP in these regions. Furthermore,
ethanol-induced reductions of cellular 3a,5a-THP in the
NAc shore and CeA were also observed following ADX.
Thus, ethanol reduces local cellular levels of 3a,5a-THP in
these regions independent of the adrenals. To limit potential
physiological adaptations following ADX, animals were not
habituated to handling and i.p. injections. However, it does
not appear that stress interacted with ethanol, as the results
from the sham saline and sham ethanol groups replicate
previous immunohistochemical findings in rats that had
been habituated to handling and injections (Cook et al,
2014). It is important to note that this previous study found
no change in cellular levels of 3a,5a-THP in the dorsomedial
striatum, granule cell layer of the DG, ventral tegmental
area, or the lateral or basolateral amygdala. Therefore,
ethanol-induced changes in cellular 3a,5a-THP are bidirec-
tional, brain region/cell population-specific, and occur
locally in the rat brain.

Figure 1 Ethanol (2 g/kg, i.p.) effects on (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP) immunoreactivity in the mPFC of rats are dependent on the
adrenal glands. (a) Ethanol increases 3a,5a-THP immunoreactivity in the mPFC following sham surgery, but not ADX, compared with the respective saline
controls. (b) The red box indicates the location (3.20mm relative to bregma) of representative photomicrographs. (c) Representative photomicrographs
(� 10) of 3a,5a-THP immunoreactivity in the mPFC of sham saline (n¼ 8), sham ethanol (n¼ 9), ADX saline (n¼ 10), and ADX ethanol (n¼ 11) animals.
Ethanol or saline was administered 60min before tissue fixation and collection. Data are expressed as the mean positive pixels/mm2±SEM. *Po0.01
compared with respective saline administration. ADX, adrenalectomy; mPFC, medial prefrontal cortex; Sham, sham adrenalectomy surgery.
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The current IHC results and previous reports using RIA
or GC–MS suggest ethanol-induced elevations of 3a,5a-THP
in the cerebral cortex are dependent on the adrenal or
pituitary glands (Boyd et al, 2010). It is not clear why there
is a dependence on the HPA axis to observe cerebral cortical
elevations of 3a,5a-THP; however, one possibility is a lack
of precursor in the cortex. Indeed, it has been shown that
administration of 5a-dihydroprogesterone (5a-DHP), the
immediate precursor of 3a,5a-THP, restores ethanol-in-
duced increases of 3a,5a-THP in the cerebral cortex (Khisti
et al, 2003). It has also been shown that de novo adrenal
synthesis of the cholesterol transporter StAR is necessary
for ethanol-induced increases of 3a,5a-THP in the cerebral
cortex (Boyd et al, 2010). StAR transports cholesterol to
the inner mitochondrial membrane where it is converted
to pregnenolone by cytochrome P450 side chain cleavage
(P450scc). Therefore, de novo StAR synthesis in the
adrenals may be necessary to provide precursor and/or

3a,5a-THP to the cerebral cortex following ethanol admin-
istration. Previous work has shown that acute ethanol
increases StAR and P450scc mRNA in the rat frontal cortex
(Kim et al, 2003); however, no increase in the StAR protein
was found in whole cortex and TSPO protein levels were
reduced (Boyd et al, 2010). The synthesis of 3a,5a-THP is
accomplished by 5a-R converting progesterone to 5a-DHP,
which 3a-hydroxysteroid dehydrogenase (3a-HSD) then
converts to 3a,5a-THP. Acute ethanol increases 5a-R type
1 (5a-RI) and 3a-HSD mRNA in the frontal cortex of rats
(Kim et al, 2003). Taken together, it appears that ethanol-
induced increases of 3a,5a-THP in the cerebral cortex are
dependent on adrenal-derived precursor, which is con-
verted to 3a,5a-THP by locally synthesized steroidogenic
enzymes.
The current results in the hippocampal formation agree

with previous in vitro studies showing ethanol-induced
local brain synthesis of 3a,5a-THP. For example, it was first

Figure 2 ADX does not alter the effect of ethanol (2 g/kg, i.p.) on (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP) immunoreactivity in the CA1
hippocampus and polymorphic cell layer of the DG. (a) Ethanol increases 3a,5a-THP immunoreactivity in the CA1 pyramidal cell layer after sham surgery
and ADX, compared with respective saline controls. (b) The red box indicates the location (� 3.14mm relative to bregma) of representative
photomicrographs within the hippocampus. (c) Representative photomicrographs (� 10) of 3a,5a-THP immunoreactivity in the CA1 pyramidal cell layer of
sham saline (n¼ 8), sham ethanol (n¼ 9), ADX saline (n¼ 10), and ADX ethanol (n¼ 11) animals. (d) Ethanol increases 3a,5a-THP immunoreactivity in the
polymorphic cell layer of the DG following sham surgery or ADX, when compared with respective saline controls. (e) The red box indicates the location
(� 3.60mm relative to bregma) of representative photomicrographs within the DG. (f) Representative photomicrographs (� 10) of 3a,5a-THP
immunoreactivity in the polymorphic cell layer of the DG (oval). Ethanol or saline were administered 60min before tissue fixation and collection. Data are
expressed as the mean positive pixels/mm2±SEM. * indicates the main effect of ethanol treatment, Po0.0001. ADX, adrenalectomy; CA1, Cornu Ammonis
area 1; DG, dentate gyrus; Sham, sham adrenalectomy surgery.
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shown using RIA that ethanol (50 or 100mM) can increase
3a,5a-THP in hippocampal minces from intact rats (Sanna
et al, 2004) and rats that had undergone ADX/gonadectomy
(Follesa et al, 2006). It is important to note, the latter study
found that ADX/gonadectomy significantly reduced basal
levels of 3a,5a-THP in hippocampal slices by B30% using
RIA (Follesa et al, 2006), which we did not observe in the
present study. This discrepancy could be due to differences
between cellular IHC vs RIA measurement, which includes
total 3a,5a-THP concentrations. More recently, it was
shown that ethanol increases cellular 3a,5a-THP in CA1
pyramidal cells using IHC with fluorescent detection of
3a,5a-THP (Tokuda et al, 2011). In each of these in vitro
studies, ethanol induction of 3a,5a-THP was shown to alter
neuronal function using electrophysiological measures. In
the current study, we show that ethanol increases 3a,5a-
THP immunoreactivity in the CA1 pyramidal cell layer as
well as the polymorphic cell layer of the DG, independent of
the adrenal glands. Furthermore, ethanol’s ability to

stimulate brain synthesis of 3a,5a-THP in the hippocampal
formation is isolated to specific cellular populations, as
previously we did not observe ethanol-induced changes of
3a,5a-THP in the granule cell layer of the DG (Cook et al,
2014). Therefore, the presence of this very specific effect of
ethanol on cellular 3a,5a-THP in the hippocampus is
intriguing and may indicate cell-type-specific responses to
ethanol.
Ethanol also increased 3a,5a-THP immunoreactivity in

the PVN of the hypothalamus and the BNST, independent of
the adrenals. The PVN and the BNST are involved in stress,
emotion, and ethanol responses (Armario, 2010; Cui et al,
2012; Koob, 2013), and we have previously shown that
ethanol increases cellular 3a,5a-THP in these regions (Cook
et al, 2014). Previous studies have shown that GABAergic
neuroactive steroids contribute to negative feedback on the
HPA axis at the level of the hypothalamus in rats (Owens
et al, 1992; Patchev et al, 1996; Patchev et al, 1994), and
activate the stress response in the hypothalamus of

Figure 3 ADX does not alter the effect of ethanol (2 g/kg, i.p.) on (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP) immunoreactivity in the BNST and
PVN of the hypothalamus. (a) Ethanol increases 3a,5a-THP immunoreactivity in the BNST after sham surgery and ADX, when compared with respective
saline controls. (b) The red box indicates the location (� 0.26mm relative to bregma) of representative photomicrographs within the BNST. (c)
Representative photomicrographs (� 10) of 3a,5a-THP immunoreactivity in the BNST of sham saline (n¼ 8), sham ethanol (n¼ 9), ADX saline (n¼ 10),
and ADX ethanol (n¼ 11) animals. (d) Ethanol increases 3a,5a-THP immunoreactivity in the PVN of the hypothalamus after sham surgery and ADX, when
compared with respective saline controls. (e) The red box indicates the location (� 1.80mm relative to bregma) of representative photomicrographs within
the PVN. (f) Representative photomicrographs (� 10) of 3a,5a-THP immunoreactivity in the PVN. Ethanol or saline were administered 60min before tissue
fixation and collection. Data are expressed as the mean positive pixels/mm2±SEM. * indicates the main effect of ethanol treatment, Po0.0001. ADX,
adrenalectomy; BNST, bed nucleus of the stria terminalis; PVN, paraventricular nucleus; Sham, sham adrenalectomy surgery.
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C57BL/6J mice (Sarkar et al, 2011). The present data suggest
that ethanol-induced increases of cellular 3a,5a-THP occur
locally in the PVN and BNST, independent of the adrenals.
Other studies are clearly needed to understand the
physiological and behavioral impact these local elevations
of 3a,5a-THP produce in the PVN and BNST.
Ethanol-induced reductions of cellular 3a,5a-THP in the

NAc and CeA also occur independent of the adrenals.
Ethanol’s ability to change local cellular levels of 3a,5a-THP
in the NAc and CeA is particularly interesting, as these
regions are strongly associated with ethanol reinforcement
and consumption (Gonzales et al, 2004; McBride, 2002), and
exogenous 3a,5a-THP has been shown to modulate ethanol
self-administration. For example, several studies have
shown that 3a,5a-THP alters ethanol consumption (Ford
et al, 2007; Ford et al, 2005; Morrow et al, 2001) and
reinforcement (Janak and Michael Gill, 2003; Janak et al,
1998). Ethanol-induced reductions of cellular 3a,5a-THP
would most likely decrease GABAA receptor-mediated

inhibition, which may alter activity of mesolimbic neurons
and CeA circuitry involved in ethanol reinforcement. We
have previously shown that the reduction of 3a,5a-THP in
the NAc is isolated to the NAc shore (core-shell border), as
no change in cellular 3a,5a-THP is observed in the core or
shell alone (Cook et al, 2014). Previous studies have shown
that 3a,5a-THP administration produces biphasic effects
on dopamine release in the NAc (Motzo et al, 1996;
Rouge-Pont et al, 2002) and modulates ethanol’s effects on
dopamine content in the mPFC (Dazzi et al, 2002).
Therefore, investigating interactions between 3a,5a-THP
levels and dopaminergic activity in the mesocorticolimbic
system may aid in the effort to reduce ethanol consumption
via neuroactive steroid modulation.
The adrenal dependence of ethanol-induced 3a,5a-THP

increases in the mPFC could be due to an inability to
initiate steroidogenesis. Therefore, we examined 3a,5a-THP
colocalization with the cholesterol transporters StAR and
TSPO in the mPFC of naive male Wistar rats. We also

Figure 4 ADX does not alter the effect of ethanol (2 g/kg, i.p.) on (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP) immunoreactivity in the NAc shore
(core/shell border) or CeA. (a) Ethanol decreases 3a,5a-THP immunoreactivity in the NAc shore after sham surgery and ADX, when compared with
respective saline controls. (b) The red box indicates the location (1.60mm relative to bregma) of representative photomicrographs. (c) Representative
photomicrographs (� 10) of 3a,5a-THP immunoreactivity in the NAc shore of sham saline (n¼ 8), sham ethanol (n¼ 9), ADX saline (n¼ 10), and ADX
ethanol (n¼ 11) animals. (d) Ethanol decreases 3a,5a-THP immunoreactivity in the CeA after sham surgery and ADX, when compared with respective
saline controls. (e) The red box indicates the location (� 2.56mm relative to bregma) of representative photomicrographs. (f) Representative
photomicrographs (� 10) of 3a,5a-THP immunoreactivity in the CeA of sham saline (n¼ 8), sham ethanol (n¼ 9), ADX saline (n¼ 10), and ADX ethanol
(n¼ 11) animals. Ethanol or saline were administered 60min before tissue fixation and collection. Data are expressed as the mean positive pixels/
mm2±SEM. * indicates the main effect of ethanol treatment Po0.001, and ** indicates the main effect of ethanol treatment, Po0.0001 compared with
respective saline administration. ADX, adrenalectomy; CeA, central nucleus of the amygdala; NAc, nucleus accumbens; Sham, sham adrenalectomy surgery.
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examined 3a,5a-THP colocalization with StAR and TSPO in
the CA1 pyramidal cell layer and the NAc, where we
observed local increases or decreases of 3a,5a-THP,
respectively. In the mPFC and CA1 pyramidal cell layers,
both StAR and TSPO colocalize with 3a,5a-THP. In the NAc,
3a,5a-THP colocalizes with StAR; however, there is little to
no visual evidence for colocalization of 3a,5a-THP with
TSPO. Furthermore, in the CA1 and NAc, TSPO is also
located in cells that are not labeled with 3a,5a-THP. These
cells may be astrocytes, as TSPO is expressed in astrocytes
(for review see, Rupprecht et al, 2010). Taken together, the
adrenal-dependent effects of ethanol on 3a,5a-THP levels in
the mPFC cannot be explained by a lack of local cholesterol
transporter.

Significance on Neuronal Activity and Potential
Mechanisms of Ethanol-induced Changes in Local
3a,5a-THP Levels

A previous study using IHC determined that 3a,5a-THP is
located in principle projecting GABAergic and glutamater-
gic neurons, but not in interneurons or glial cells (Saalmann
et al, 2007). This pattern of 3a,5a-THP expression
corresponds with expression of the biosynthetic enzymes
5a-R and 3a-HSD needed for 3a,5a-THP synthesis and
metabolism (Agis-Balboa et al, 2006). Therefore, it has been
suggested that a major role of 3a,5a-THP may be to
modulate neurocircuitry. The contribution of 3a,5a-THP
to the pharmacological effects of ethanol is likely due
to potentiation of GABAA receptors, or reduced GABAA

potentiation where 3a,5a-THP is reduced, across many
brain regions. Ethanol-induced changes in 3a,5a-THP have
been shown to alter neurophysiology in the hippocampus.
Elegant studies in vivo (Tokunaga et al, 2003) and in vitro
(Sanna et al, 2004) suggest that 3a,5a-THP contributes to
ethanol’s effects on hippocampal CA1 pyramidal cell
physiology, including ethanol depression of LTP (Tokuda
et al, 2011). In the present study, ethanol increased
3a,5a-THP in the CA1 pyramidal cell layer as well as the
polymorphic cell layer of the DG. The most abundant cells
in the polymorphic DG are mossy cells, which project to the
molecular and granule cell layers of the DG (Amaral et al,
2007), with the granule cells being the only projection from
the DG to the hippocampus. Ethanol-induced increases in
3a,5a-THP within hippocampal pyramidal cells and the
polymorphic DG may contribute to ethanol’s effects on
memory and cognition by altering neuronal activity and
synaptic plasticity.
Ethanol-induced changes in 3a,5a-THP levels in other

brain regions examined in the present study likely modulate
neuronal activity as well. The ability of ethanol-induced
elevations of 3a,5a-THP to modulate neuronal activity is not
isolated to the hippocampus. Outside the hippocampus,
ethanol-induced elevations of GABAergic neuroactive ster-
oids inhibit spontaneous firing of medial septum/diagonal
band of Broca neurons (VanDoren et al, 2000). In the
present study we observed increases of 3a,5a-THP in the
mPFC, BNST, and PVN. It is not clear how elevations of
3a,5a-THP may alter neuronal activity in these regions;
however, we would expect increased inhibitory tone.
We also observed ethanol-induced reductions in local cellular
levels of 3a,5a-THP in the NAc shore and the CeA. Ethanol-

Figure 5 (3a,5a)-3-hydroxypregnan-20-one (3a,5a-THP) colocalizes
with StAR in the mPFC, CA1 pyramidal cells of the hippocampus, and
NAc, whereas 3a,5a-THP colocalization with TSPO is observed in mPFC
and CA1 hippocampus, but is minimal in NAc. In the CA1 hippocampus
and NAc, TSPO is also located in cells that are not 3a,5a-THP-labeled. (a)
In the mPFC, 3a,5a-THP (green) colocalizes with StAR (red, top panel) and
TSPO (red, bottom panel). (b) In the CA1 hippocampus, 3a,5a-THP
(green) colocalizes with StAR (red, top panel) and TSPO (red, bottom
panel). Note the presence of TSPO labeling in a cell that is not labeled for
3a,5a-THP (yellow arrow). (c) In the NAc, 3a,5a-THP (green) colocalizes
with StAR (red, top panel), but colocalization with TSPO is rarely observed
(red, bottom panel). Note the presence of TSPO labeling in cells that are
not labeled for 3a,5a-THP (yellow arrows). CA1, Cornu Ammonis area 1;
mPFC, medial prefrontal cortex; NAc, nucleus accumbens; StAR,
steroidogenic acute regulator protein; TSPO translocator protein.
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induced reductions of cellular 3a,5a-THP would most
likely decrease GABAA receptor-mediated inhibition. More
studies are clearly needed to determine the extent to which
these ethanol-induced changes of 3a,5a-THP contribute to
the neurophysiological and behavioral effects of ethanol.
The presence of divergent local changes in cellular 3a,5a-
THP suggests that ethanol may alter local synthesis and/or
metabolism of 3a,5a-THP. One possibility is that ethanol
alters the expression and/or activity of cholesterol trans-
porters and/or steroidogenic enzymes. Acute ethanol
administration increases StAR mRNA in the hippocampus
(Kim et al, 2003). In the hypothalamus, acute ethanol
increases mRNA levels of StAR, P450scc, and 3a-HSD (Kim
et al, 2003). Currently, there are no data examining ethanol’s
effects on steroidogenic enzymes in the BNST. Similarly,
there are no data examining ethanol’s effects on steroido-
genic enzymes in the NAc or CeA where we observed
ethanol-induced reductions in 3a,5a-THP. Chronic inter-
mittent ethanol, however, reduces 3a,5a-THP in the hippo-
campus with concomitant decreases in 5a-R type I and
3a-HSD mRNA (Cagetti et al, 2004). Therefore, ethanol may
alter expression or activity of steroid biosynthetic enzymes
and/or cholesterol transporters to produce divergent brain
region-specific changes in 3a,5a-THP.
An alternative explanation for ethanol-induced reduc-

tions of cellular 3a,5a-THP in the NAc shore and the CeA is
extra-neuronal redistribution of 3a,5a-THP. GABAergic neuro-
active steroids have been proposed to act on GABAA receptors
via lateral diffusion through the cell membrane to access
the transmembrane-binding sites (Akk et al, 2007), or by a
paracrine or autocrine mechanism (Herd et al, 2007). Although
there is no direct evidence for active release of 3a,5a-THP,
we cannot rule out the possibility that ethanol causes a
redistribution of 3a,5a-THP into the extracellular space.
In the present study, we show for the first time in vivo

that ethanol can change local brain levels of 3a,5a-THP
independent of circulating steroids. Local changes in
cellular 3a,5a-THP levels are divergent, brain region/cellular
population-specific, and were only observed in subcortical
regions. In the mPFC, ethanol’s ability to increase 3a,5a-
THP is dependent on the adrenals, perhaps due to a lack of
local precursor availability. These findings illustrate the fact
that ethanol dynamically regulates 3a,5a-THP concentra-
tions with a high degree of anatomical specificity. Further-
more, the changes observed in 3a,5a-THP levels likely
contribute to the neurophysiological and behavioral effects
of ethanol in rats. Understanding the mechanisms by which
ethanol alters local brain levels of 3a,5a-THP may lead to
new therapeutic strategies for treating alcohol use disorders.
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