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Ethanol (EtOH) induced impairment of long-term potentiation (LTP) in the rat hippocampus
is prevented by the 5α-reductase inhibitor finasteride, suggesting that this effect of EtOH
is dependent on the increased local release of neurosteroids such as 3α,5α-THP that pro-
mote GABA-mediated transmission. Given that social isolation (SI) in rodents is associated
with altered plasma and brain levels of such neurosteroids as well as with an enhanced
neurosteroidogenic action of EtOH, we examined whether the inhibitory effect of EtOH on
LTP at CA3–CA1 hippocampal excitatory synapses is altered in C57BL/6J mice subjected
to SI for 6 weeks in comparison with group-housed (GH) animals. Extracellular recording
of field excitatory postsynaptic potentials (fEPSPs) as well as patch-clamp analysis were
performed in hippocampal slices prepared from both SI and GH mice. Consistent with
previous observations, recording of fEPSPs revealed that the extent of LTP induced in the
CA1 region of SI mice was significantly reduced compared with that in GH animals. EtOH
(40 mM) inhibited LTP in slices from SI mice but not in those from GH mice, and this effect
of EtOH was abolished by co-application of 1 μM finasteride. Current-clamp analysis of CA1
pyramidal neurons revealed a decrease in action potential (AP) frequency and an increase
in the intensity of injected current required to evoke the first AP in SI mice compared with
GH mice, indicative of a decrease in neuronal excitability associated with SI. Together, our
data suggest that SI results in reduced levels of neuronal excitability and synaptic plastic-
ity in the hippocampus. Furthermore, the increased sensitivity to the neurosteroidogenic
effect of EtOH associated with SI likely accounts for the greater inhibitory effect of EtOH
on LTP in SI mice.The increase in EtOH sensitivity induced by SI may be important for the
changes in the effects of EtOH on anxiety and on learning and memory associated with
the prolonged stress attributable to SI.
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INTRODUCTION
Ethanol (EtOH) influences the function of inhibitory γ-
aminobutyric acid (GABA) type A receptors (GABAARs) by var-
ious direct and indirect mechanisms (Criswell and Breese, 2005;
Breese et al., 2006; Weiner and Valenzuela, 2006; Kumar et al.,
2009; Kelm et al., 2011). EtOH thus selectively enhances the
function of recombinant GABAARs containing α4 or α6 as well
as δ subunits expressed in Xenopus laevis oocytes (Sundstrom-
Poromaa et al., 2002; Wallner et al., 2003) as well as tonic currents
mediated by GABAARs containing α4 and δ subunits in hip-
pocampal and thalamic slices in vitro (Hanchar et al., 2004; Wei
et al., 2004; Glykys et al., 2007; Jia et al., 2007, 2008; Santhaku-
mar et al., 2007). Indirect modulation of GABAARs by EtOH
has been shown to be mediated both presynaptically, through
an increase in the probability of GABA release (Roberto et al.,
2003; Carta et al., 2004; Sanna et al., 2004; Zhu and Lovinger,
2006), and postsynaptically, through stimulation of the biosynthe-
sis of neuroactive steroids (Barbaccia et al., 1999; Morrow et al.,

1999, 2001; VanDoren et al., 2000; Sanna et al., 2004; Kumar et al.,
2009).

Neuroactive steroids such as 3α,5α-tetrahydroprogesterone
(3α,5α-THP, also known as allopregnanolone) and 3α,5α-
tetrahydrodeoxycorticosterone (3α,5α-THDOC) are reduced
metabolites of progesterone that rapidly alter neuronal excitability
both by acting as potent positive modulators of GABAARs, espe-
cially those that contain the α4 and δ subunits and are located
at extrasynaptic sites, as well as by influencing other neurotrans-
mission systems (Rupprecht and Holsboer, 1999; Lambert et al.,
2009). These steroids are produced by peripheral organs including
the adrenal glands and gonads (Paul and Purdy, 1992), but they are
also synthesized de novo in brain cells from cholesterol, in which
case they are also referred to as neurosteroids (Hu et al., 1987;
Mathur et al., 1993). 3α,5α-THP potentiates GABAAR-mediated
responses in vitro at nanomolar concentrations, a potency greater
than that of benzodiazepines or barbiturates (Majewska et al.,
1986; Morrow et al., 1987, 1990; Reddy et al., 2004), and it exerts
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anxiolytic and sedative effects in vivo (Bitran et al., 1993, 1995;
Freeman et al., 1993; Picazo and Fernandez-Guasti, 1995; Kokate
et al., 1999; Reddy et al., 2004). Plasma and brain levels of GABAer-
gic neuroactive steroids are affected by acute or chronic stress as
well as by the acute administration of EtOH in rodents (Purdy
et al., 1991; Concas et al., 1996; Barbaccia et al., 1999; Morrow
et al., 1999; Serra et al., 2006).

The steroidogenic action of EtOH is thought to be mediated
by stimulation of the hypothalamic–pituitary–adrenal (HPA) axis
and results in an increase in the circulating and brain levels of
neuroactive steroids. However, EtOH directly stimulates neuros-
teroidogenesis in rat brain slices and thus independently of periph-
eral organs (Sanna et al., 2004; Criswell and Breese, 2005; Izumi
et al., 2007). EtOH induces the local release of neurosteroids at the
synaptic level as well as positive modulation of GABAARs in CA1
pyramidal neurons, with both effects being prevented by the 5α-
reductase inhibitor finasteride, suggesting that local production of
neurosteroids such as 3α,5α-THP is necessary for modulation of
GABAAR function by EtOH. In addition, this neurosteroidogenic
effect of EtOH was shown to result in inhibition of long-term
potentiation (LTP) in the CA1 hippocampal region (Izumi et al.,
2007). LTP in the hippocampus is a form of synaptic plasticity
that provides a consolidated cellular mechanism of memory for-
mation (Mayford, 2007). Membrane excitability in CA1 pyramidal
neurons has been found to be related both to the performance of
learning tasks (Moyer et al., 2000; Tombaugh et al., 2005) as well
as to successful learning (Moyer et al., 1996; Thompson et al.,
1996).

Postweaning social isolation (SI) is a well-characterized par-
adigm of mild prolonged stress that is associated with marked
behavioral, neuroendocrine, and neurochemical changes (Hall
et al., 1998; Serra et al., 2000, 2005, 2006; Ferdman et al., 2007) and
that is dependent on gender (Pietropaolo et al., 2008). A decrease
in the brain concentrations of GABAergic neuroactive steroids
such as 3α,5α-THP in animals subjected to SI is accompanied by
an increased efficacy of EtOH in the stimulation of steroidogen-
esis and GABAAR function (Serra et al., 2003, 2006). Moreover,
SI induces increased voluntary consumption of EtOH in adult
C57BL/6J mice (Sanna et al., 2011).

We have now evaluated the effects of SI on neuronal excitability
and on the inhibition by EtOH of LTP induction in the CA1 region
of the mouse hippocampus as well as the role of neurosteroids in
such effects. The decrease in neurosteroid levels associated with
SI was found to result in a reduced level of neuronal excitability
and an enhanced inhibitory effect of EtOH on LTP in the CA1
hippocampal region.

MATERIALS AND METHODS
ANIMALS
C57BL/6J mice (Charles River, Como, Italy) were bred in our
animal facility and maintained under an artificial 12-h-light, 12-
h-dark cycle (lights on from 08:00 to 20:00 h), a constant tem-
perature of 22 ± 2˚C, and a relative humidity of 65%. They had
free access to water and standard laboratory food at all time. Ani-
mal care and handling throughout the experimental procedures
were in accordance with the European Communities Council
Directive of November 24, 1986 (86/609/EEC). The experimental

protocols were also approved by the Animal Ethics Committee of
the University of Cagliari.

SI STRESS PARADIGM
Newborn mouse pups were left undisturbed with their mothers
until weaning (21 days). After weaning, male mice were randomly
assigned to be housed six per cage (group-housed, GH) or one
per cage (SI) for 6 weeks. In a separate set of experiments, 12
SI mice were injected once a day subcutaneously with proges-
terone (5 mg/kg, dissolved in 20% β-cyclodextrin), and six of
which were co-treated with finasteride (25 mg/kg, dissolved in 20%
β-cyclodextrin, s.c.) throughout the entire 6-week period of isola-
tion; control SI mice received an equivalent injection of the vehicle
solution according to the same schedule.

PREPARATION OF MOUSE HIPPOCAMPAL SLICES
Hippocampal slices were prepared from GH and SI mice as pre-
viously described (Sanna et al., 2011). In brief, the animals were
subjected to deep anesthesia with chloroform and decapitated,
and the brain was rapidly removed from the skull. For extracel-
lular recordings, the brain was transferred to a standard artificial
cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 3 KCl,
2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 10 d-glucose
(pH 7.4, set by aeration with 95% O2 and 5% CO2). Alternatively,
for patch-clamp experiments, the brain was transferred to a mod-
ified ACSF containing (in mM): 220 sucrose, 2 KCl, 0.2 CaCl2, 6
MgSO4, 26 NaHCO3, 1.3 NaH2PO4, and 10 d-glucose (pH 7.4,
set by aeration with 95% O2 and 5% CO2). Coronal brain slices
(thickness of 300 or 400 μm) containing the hippocampus were
cut in ice-cold standard or modified ACSF with the use of a Leica
VT1200S vibratome (Leica, Heidelberg, Germany). The slices were
then transferred immediately to a nylon net submerged in stan-
dard ACSF for at least 40 min at a controlled temperature of 35˚C
(for patch-clamp experiments) or at room temperature (for extra-
cellular recordings). After subsequent incubation for at least 1 h at
room temperature, hemi-slices were transferred to the recording
chamber, which was perfused with standard ACSF at a constant
flow rate of ∼2 ml/min. For all recordings, the temperature of the
bath was maintained at 33˚C.

EXTRACELLULAR RECORDING OF fEPSPs
Recordings of field excitatory postsynaptic potentials (fEPSPs)
were obtained from the stratum radiatum of the CA1 region of the
hippocampus after stimulation of the Schaffer collateral afferents.
Extracellular recording electrodes were prepared from borosili-
cate capillaries with an internal filament and an outer diameter
of 1.5 μm (Sutter Instruments, Novato, CA, USA) and were filled
with 4 M NaCl (resistance, 1–2 MΩ). For stimulation of afferents, a
concentric bipolar electrode (FHC, Bowdoin, ME, USA) was posi-
tioned ∼300 μm from the recording site. Responses were triggered
digitally every 20 s with the use of an interval generator (Master
8, FHC) and a stimulus isolator by application of a constant cur-
rent pulse of 0.2–0.4 mA with a duration of 60 μs, which yielded
a half-maximal response. For determination of the input–output
(I–O) relation, the stimulation current was adjusted from 0 to
1 mA in steps of 0.1 mA. The fEPSPs were amplified with the use
of an Axoclamp 2B amplifier (Axon Instruments, Union City, CA,
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USA), digitized, and then analyzed with Clampfit 9.02 software
(Axon Instruments). Several kinetic parameters of fEPSPs were
analyzed, but the slope values were considered for quantitation of
the responses. For elicitation of LTP, after 10 min of stable baseline
recording of fEPSPs evoked every 20 s at the current intensity that
triggered 50% of the maximal fEPSP response, high-frequency
stimulation (HFS) consisting of a single train of 100 stimuli at
250 Hz was delivered and recording was then continued for 60 min
with stimulation of fEPSPs every 20 s.

WHOLE-CELL PATCH-CLAMP RECORDINGS
Whole-cell recordings from hippocampal CA1 pyramidal neu-
rons were performed as previously described (Sanna et al., 2011).
Recording pipettes were prepared from borosilicate glass with
the use of a Flaming Brown micropipette puller (Molecular
Devices, Novato, CA, USA). Resistance of the pipettes ranged
from 2.5 to 4.5 MΩ when they were filled with an internal solu-
tion containing 135 mM potassium gluconate, 10 mM MgCl2,
0.1 mM CaCl2, 1 mM EGTA, 10 mM Hepes–KOH (pH 7.3), and
2 mM ATP (disodium salt). We analyzed only recordings with
access resistance of <25 MΩ (values usually ranged from 9 to
20 MΩ). Series resistance was not compensated, and cells were
excluded from further analysis if access resistance changed by
>20% during the course of the recording. Membrane poten-
tials were recorded with the use of an Axopatch 200-B amplifier
(Axon Instruments), filtered at 2 kHz, and digitized at 5 kHz. For
patch-clamp experiments, we used pClamp 9.2 software (Molec-
ular Devices, Union City, CA, USA), which allowed us to measure
various characteristics of the neuronal membrane and action
potentials (APs). For current-clamp experiments, we applied a
protocol with injected current steps of 400-ms duration and rang-
ing in intensity from −80 to 200 pA in intervals of 20 pA in
order to hyperpolarize or depolarize the membrane potential. The
parameters analyzed included resting membrane potential, input
resistance, AP threshold, minimum injected current capable of
evoking the first AP, spike latency (time required for the first AP to
occur in response to depolarization), and spike frequency. Input
resistance was calculated from only the hyperpolarizing current
steps.

RECORDING OF SPONTANEOUS LOCOMOTOR ACTIVITY
Group-housed and SI mice were tested at the end of the 6-week
housing period. To determine general locomotor activity levels
and exploration habits, we used a motility meter (Omnitech Elec-
tronics Inc.). Animals were left in the same room in which the
apparatus was placed for at least 2 h before the beginning of exper-
iments in order to allow their habituation to the environment.
Individual mice were placed in the center of a square arena (20.3
by 20.3 cm) and allowed to move freely for 60 min while being
tracked by the automated tracking system. Parameters were mon-
itored every 5 min (total of 12 acquisitions). Data obtained during
the first 10 min were used for comparison among groups. The
arena was assembled with specially designed sound-attenuating
shells made of polypropylene and an expanded PVC sheet. The
animals were isolated from noise of the recorder and printer used
to acquire the data by placing these devices in a different room.
The parameters measured included horizontal activity (number of

photobeam interruptions), total distance traveled (centimeters),
locomotion time (seconds), and rest time (seconds).

STATISTICAL ANALYSIS
Data are presented as means ± SEM and were compared by one-
way analysis of variance (ANOVA) or Student’s t -test with the use
of Prism software (version 5, GraphPad). A p value of <0.05 was
considered statistically significant.

RESULTS
EFFECTS OF SI ON NEURONAL EXCITABILITY AND LTP INDUCTION IN
THE HIPPOCAMPAL CA1 REGION OF C57BL/6J MICE
To examine the effect of SI on neuronal excitability in the CA1
region of the mouse hippocampus, we generated I–O curves by
stimulating the Schaffer collateral glutamatergic afferents with
increasing (0–1.0 mA) current intensity and recorded fEPSPs
from the dendritic region within the CA1 stratum radiatum.
Consistent with previous observations (Bartesaghi, 2004; Sanna
et al., 2011), the intensity of the stimulatory current that evoked
a half-maximal response (quantified by analysis of the fEPSP
slope) was significantly (p < 0.05) increased in hippocampal slices
from SI mice (0.45 ± 0.02 mA) compared with that for GH mice
(0.37 ± 0.01 mA; Figure 1A).

We then examined the effect of SI on LTP induction in the
CA1 region. After a 10-min baseline recording was obtained by
stimulation at the current intensity that elicited a half-maximal
response and at a frequency of 0.05 Hz, LTP was induced by HFS
of the Schaffer collateral afferents with a single train of 100 stim-
uli of the same intensity and at 250 Hz. Separate experiments
in hippocampal slices obtained from GH mice revealed that the
LTP induced with such stimulus frequency was dependent on N -
methyl-d-aspartate (NMDA) receptors, as bath perfusion of AP5
(50 μM) completely prevented its induction, and it was not influ-
enced by the L-type voltage-dependent Ca2+ channel antagonist
nifedipine (10 μM; Figure 1B). As expected (Sanna et al., 2011),
the extent of LTP, calculated by averaging the slope values of fEP-
SPs recorded between 50 and 60 min after HFS, was significantly
(p < 0.05) lower in slices from SI mice than in those from GH
animals (Figures 1C,D). The effect of HFS on the I–O curves also
differed between the two groups of animals. Indeed, at 60 min
after HFS, the maximal response was enhanced to a greater extent
in GH mice (+167%) than in SI animals (+60%; Figures 1E,F).
The current intensity that evoked a half-maximal response after
HFS did not differ significantly between GH and SI animals (data
not shown).

ENHANCED SENSITIVITY OF SI ANIMALS TO THE INHIBITORY EFFECT
OF EtOH ON LTP IN THE CA1 REGION
Given that SI was previously shown to increase the sensitivity of
rats to the steroidogenic effect of acute systemic administration
of EtOH (Serra et al., 2006), we examined the effect of EtOH on
LTP in hippocampal slices from both GH and SI mice. The con-
centration of EtOH studied (40 mM) was selected as the highest
level that had no effect on LTP in GH mice. EtOH (40 mM) was
applied to hippocampal slices of both GH and SI mice 30 min
before HFS and was found to significantly (p < 0.05) reduce
(by 67%) the extent of LTP in SI mice but not in GH animals
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FIGURE 1 | Effects of social isolation on neuronal excitability and LTP

induction in the hippocampus of C57BL/6J mice. Field excitatory
postsynaptic potentials (fEPSPs) were recorded in the dendritic CA1 region of
hippocampal slices obtained from group-housed (GH) or socially isolated (SI)
animals. (A) Input–output (I–O) relations determined by measurement of
fEPSP slope in response to stimulation of Schaffer collaterals with current of
increasing intensity (from 0 to 1.0 mA). Data are expressed as a percentage of
the corresponding maximal response and are means ± SEM (n = 12–20). (B)

LTP induction calculated between 50 and 60 min after HFS stimulation is not
affected by the voltage-dependent calcium channel antagonist nifedipine
(10 μM), but it is completely prevented by the perfusion (before and after

HFS) of the NMDA receptor antagonist AP5 (50 μM). (C) LTP was induced in
the CA1 region by HFS (arrow) of the Schaffer collateral–CA1 pathway. Data
represent fEPSP slope at the indicated times expressed as a percentage of
that at baseline and are means ± SEM (n = 8–12 slices). Above the bar graph,
representative traces of fEPSPs obtained from GH and SI mice before (black
trace) and 50 min after (red trace) high-frequency stimulation (HFS). (D) The
extent of LTP was calculated by averaging the change in fEPSP slope
apparent between 50 and 60 min after HFS. Data are means ± SEM (n = 8–12
slices). *p < 0.05 vs. GH mice. (E,F) I–O relations before and 60 min after HFS
in GH (E) and SI (F) mice. Data are expressed as a percentage of the maximal
response measured before HFS and are means ± SEM (n = 8–12 slices).

(Figures 2A–C,E–G). The ability of EtOH to inhibit LTP in the
hippocampal CA1 region was previously shown to be dependent
on stimulation of the local biosynthesis and release of 5α-reduced
pregnane neurosteroids such as 3α,5α-THP (Izumi et al., 2007).
To test whether such a mechanism was also operative under our
experimental conditions, we examined the effect of finasteride, an
inhibitor of 5α-reductase (Finn et al., 2006) that prevents the for-
mation of GABAergic neurosteroids (Sanna et al., 2004). The co-
application of EtOH (40 mM) and finasteride (1 μM) prevented

the inhibitory effect of EtOH on LTP in hippocampal slices from
SI mice, but it had no effect on LTP in those from GH animals
(Figures 2A–C,E–G). In addition, finasteride application did not
alter basal LTP when measured in slices from either GH or SI mice
(results not shown).

Evaluation of the I–O relations before and after HFS, either in
the absence or presence of EtOH or finasteride, revealed that the
maximal post-HFS response was markedly reduced by EtOH in
SI mice, but not in GH mice, and that finasteride abolished this
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FIGURE 2 | Differential effects of EtOH and finasteride on LTP

induction in the CA1 region of SI and GH mice. (A,E)

Representative traces of fEPSPs obtained from hippocampal slices of
GH (A) and SI (E) mice before (black trace) and 60 min after (red trace)
HFS in the absence or presence of EtOH or finasteride (Fin). EtOH (40 mM)
was applied to hippocampal slices 30 min before HFS, whereas finasteride
(1 μM) was applied 10 min before EtOH. (B,F) LTP was induced in the CA1
region of hippocampal slices from GH (B) and SI (F) mice by HFS (arrow) of
the Schaffer collateral–CA1 pathway in the absence or presence of EtOH or

finasteride, as indicated. Data represent fEPSP slope at the indicated times
expressed as a percentage of that at baseline and are means ± SEM (n = 5 or
6 slices). (C,G) The extent of LTP was calculated by averaging the change in
fEPSP slope apparent between 50 and 60 min after HFS in hippocampal slices
from GH (C) and SI (G) mice. Data are means ± SEM (n = 5 or 6 slices).
*p < 0.05 vs. control. (D,H) I–O relations determined before and 60 min after
HFS in GH (D) and SI (H) mice. Data are expressed as a percentage of the
maximal response measured before HFS and are means ± SEM
(n = 8–12 slices).

inhibitory effect of EtOH in slices from SI mice without having an
effect in slices from GH animals (Figures 2D,H).

EFFECTS OF SI ON MEMBRANE EXCITABILITY OF CA1 PYRAMIDAL
NEURONS
To evaluate further the effects of SI on CA1 neuronal excitabil-
ity, we performed patch-clamp experiments in the current-clamp
mode with single pyramidal neurons present in hippocam-
pal slices of both GH and SI animals. The resting membrane

potential was similar in SI (−65.7 ± 1.2 mV, n = 25 cells) and
GH (−69.6 ± 1.3 mV, n = 37) mice (Figure 3A). We measured
the input resistance by injecting hyperpolarizing current pulses
at various intensities and recording the relative negative deflec-
tions in membrane potential. Analysis of the voltage–current
curves indicated that input resistance did not differ significantly
between GH and SI mice (GH, 0.221 ± 0.01 GΩ, n = 37; SI,
0.199 ± 0.02 GΩ, n = 25; Figures 3B,C). Firing of APs was also
analyzed by injection of depolarizing current pulses (Figure 3D).
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FIGURE 3 | Effects of SI on hippocampal CA1 pyramidal

neuron excitability and their reversal by progesterone treatment.

(A–C) Lack of effect of SI or progesterone (Prog) treatment on
membrane resting potential (A) the membrane potential–current
relation (B) or membrane input resistance (C) determined by whole-cell
patch-clamp analysis in the current-clamp mode. SI mice were treated daily
with progesterone or vehicle before analysis. Data are for 37, 25, and 9
neurons in (A) and for 37, 25, and 9 neurons in (B,C) for GH, SI, and
progesterone-treated SI mice, respectively; those in (B,C) are means ± SEM.

(D) Representative membrane voltage responses to negative (−20 pA) and
positive (+60 pA) current pulses applied to CA1 pyramidal neurons in
hippocampal slices from GH or SI (with or without progesterone treatment)
mice. (E–H) Effects of SI and progesterone treatment on the mean action
potential (AP) threshold (E), minimum current intensity required for induction
of the first AP (F), AP frequency at each depolarizing current step (G), and AP
latency (H). Data are means ± SEM for 37 neurons of GH mice, 25 neurons of
SI mice, and 9 neurons of SI mice treated with progesterone. *p < 0.01
vs. GH.

The threshold membrane potential for AP firing did not differ
between the two groups of mice (Figure 3E). However, the min-
imum current intensity required for generation of an AP was
significantly greater for CA1 pyramidal neurons of SI mice than
for those of GH mice (Figure 3F). In addition, pyramidal neu-
rons from SI mice were characterized by a reduced AP frequency
(Figure 3G) and an increased AP latency (Figure 3H) compared
with GH animals.

EFFECTS OF PROGESTERONE TREATMENT ON SI-INDUCED CHANGES
IN NEURONAL EXCITABILITY AND LTP
Social isolation in rodents is associated with reduced plasma and
brain levels of neuroactive steroids (Serra et al., 2000). We tested
whether such an SI-induced decrease in neuroactive steroid levels

might affect hippocampal neuronal excitability and synaptic plas-
ticity. We thus treated a separate group of mice with progesterone
(5 mg/kg, subcutaneous, once a day) during the entire 6-week
period of SI (Figure 3). Progesterone treatment resulted in a par-
tial reversal of the decrease in CA1 pyramidal neuron excitability
apparent in SI mice, as reflected by the change in spike frequency
(Figure 3G, n = 9), spike latency (Figure 3H, n = 9), and the min-
imum current required to evoke the first AP (Figure 3F, n = 9).
Progesterone treatment also partially reversed the reduction in the
extent of LTP induced by SI (Figure 4); this effect is particularly
evident for the late phase of LTP, while the early phase appears
to be less influenced by such treatment. Furthermore, given that
we recently showed that SI results in a decrease in spontaneous
locomotor activity in mice subjected to the open field test (Sanna
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et al., 2011), we also evaluated the effect of progesterone treatment
in this behavioral paradigm. Progesterone treatment reversed the
SI-induced decreases in both horizontal activity and total distance
traveled (Table 1). However, the changes in locomotion time and
rest time induced by SI were not significantly affected by proges-
terone treatment. Finally, the effects of progesterone treatment in
SI mice on LTP and spontaneous locomotor activity were abol-
ished when measured in SI animals that were co-administered
with progesterone and finasteride (25 mg/kg, s.c.; Figure 4 and
Table 1).

DISCUSSION
We have found that rearing of mice in isolation for 6 weeks after
weaning resulted in a decrease in the excitability of CA1 pyrami-
dal neurons that was accompanied by a reduction in the extent of
LTP induction as well as an enhanced inhibitory effect of EtOH
on LTP as compared with control mice housed in groups. These

FIGURE 4 | Reversal of the effect of SI on LTP in the CA1 region by

progesterone treatment: effect of the co-treatment with progesterone

and finasteride. (A) LTP was induced in the CA1 region by HFS (arrow) of
the Schaffer collateral–CA1 pathway in hippocampal slices obtained from
GH mice as well as from SI mice that had been treated or not with
progesterone. Data represent fEPSP slope at the indicated times
expressed as a percentage of that at baseline and are means ± SEM
(n = 6–10 slices). (B) The extent of LTP was calculated by averaging the
change in fEPSP slope apparent between 50 and 60 min after HFS. Data are
means ± SEM (n = 6–10 slices). *p < 0.05 vs. GH mice.

effects of SI on neuronal excitability and LTP appear to be related
to the decrease in neuroactive steroid levels induced by this con-
dition, given that they were reversed by treatment of mice with
progesterone during the SI period.

Postweaning SI in C57BL/6J mice is studied as an animal model
of prolonged mild stress and has been shown to be associated
with marked changes in the activity of the HPA axis, increased
sensitivity to the steroidogenic effect of EtOH, and increased vol-
untary consumption of EtOH (Matsumoto et al., 1999; Serra
et al., 2000, 2006; Sanna et al., 2011). We have now shown that
SI-induced a marked decrease in neuronal excitability in CA1
pyramidal neurons of C57BL/6J mice. Current-clamp record-
ings thus revealed different responses of neurons from GH or
SI mice to depolarizing current pulses injected to trigger the
firing of APs. CA1 neurons of SI mice needed higher current
pulses to evoke the first AP, and they showed a lower AP fre-
quency and increased spike latency. Neither resting membrane
potential nor input resistance differed significantly between CA1
neurons from the two types of mice. These data are consis-
tent with those of previous studies showing that SI is associ-
ated with pronounced changes in neuronal membrane excitability
(Moyer et al., 1996, 2000; Thompson et al., 1996; Tombaugh
et al., 2005). Extracellular recordings of fEPSPs in the hippocam-
pal CA1 region of SI mice also revealed a reduced excitability at
the Schaffer collateral–CA1 glutamatergic synapses, as revealed
by a rightward shift in the I–O curve compared with that of
GH mice. These results are also in agreement with those of
a previous study of the guinea pig hippocampus (Bartesaghi,
2004).

As we suggested previously (Sanna et al., 2011), the reduced
excitability of CA1 pyramidal neurons of SI mice might be respon-
sible for the reduced level of LTP induced at Schaffer collateral–
CA1 synapses in these animals. Our present data are thus con-
sistent with previous studies suggesting that long-term synaptic
plasticity in several brain areas is markedly modified by the stress
associated with SI (Roberts and Greene, 2003; Bianchi et al., 2006;
Conrad et al., 2011).

We found that EtOH at 40 mM inhibited the induction of
LTP in the CA1 region of SI mice but not in that of GH mice,
consistent with the enhanced sensitivity to this drug previously
shown to be induced by SI. The inhibitory effect of EtOH on
LTP was previously shown to be dependent on its stimulation of
neurosteroidogenesis (Izumi et al., 2007). Co-application of the
5α-reductase inhibitor finasteride was also previously shown to
abolish the inhibitory effect of EtOH on GABAAR function as
well as neurosteroid synthesis in the brain (Sanna et al., 2004).
Ethanol impairs LTP or other forms of synaptic plasticity in sev-
eral brain regions including the hippocampus (Morrisett and
Swartzwelder, 1993; Izumi et al., 2005), striatum (Yin et al., 2007),
and cerebellum (Belmeguenai et al., 2008), but a role for neu-
rosteroids in the EtOH induced impairment of LTP in the rat
hippocampus was only recently proposed (Izumi et al., 2007).
The reduced levels of hippocampal excitability and LTP observed
in SI mice might explain the deficits in learning and memory
induced by isolation in C57BL/6J mice (Voikar et al., 2005) as
well as in rats (Lu et al., 2003; Bianchi et al., 2006; Quan et al.,
2010).
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Table 1 | Changes in spontaneous locomotor activity in SI mice: effect of treatment with progesterone and co-treatment with progesterone and

finasteride.

Parameter Group-housed Isolated Isolated + progesterone Isolated + progesterone + finasteride

Horizontal activity 1607 ± 88.9 1266 ± 83.5* 1479 ± 89.7 1190 ± 45.3*

Total distance (cm) 399.1 ± 38.76 256.9 ± 27.2* 332.1 ± 24.4 231 ± 20.5*

Locomotion time (s) 53.7 ± 7.52 34.3 ± 4.6* 37.8 ± 2.7* 35 ± 5.9*

Rest time (s) 242.2 ± 7.7 265.5 ± 7.3* 260.8 ± 2.8* 261 ± 6.0*

A group of SI mice were treated with progesterone (5 mg/kg, s.c.) or progesterone together with finasteride (25 mg/kg, s.c.) once a day for the 6-week isolation

period. Data are means ± SEM for six mice and were obtained during the first 10 min (of a total of 60 min) of the experiment. *p < 0.05 vs. GH mice.

To examine whether the reduced brain levels of neurosteroids
such as 3α,5α-THP and 3α,5α-THDOC associated with SI might
be important for the changes in hippocampal excitability and in
sensitivity to the steroidogenic effect of EtOH induced by isolation
in mice, we administered progesterone daily during the 6-week
period of isolation in an attempt to restore the normal levels
of neuroactive steroids in the hippocampus (Costa et al., 1995;
Moran et al., 1998). We found that such progesterone treatment
during SI partially reversed the decreases in the levels of neuronal
membrane excitability and LTP induced by SI. It should be noted
that the protective effect of progesterone treatment on SI-induced
decreased in LTP appears to be mostly involving the late phase
of this phenomenon, whereas the early phase was less influenced
(Figure 4); however, the reason for such differential action is at
present unknown.

Progesterone treatment also attenuated the decrease in sponta-
neous locomotor activity shown to be induced by SI in previous
studies (Valzelli et al., 1974; Voikar et al., 2005; Fone and Porkess,
2008; Pietropaolo et al., 2008; Arndt et al., 2009; Sanna et al.,
2011). Furthermore, the effects of progesterone on LTP and spon-
taneous locomotor activity induced by SI were prevented by the
concomitant administration of finasteride.

Social isolation is associated with increased expression of sev-
eral subunits of GABAARs, in particular δ and α4 subunits, in both
rats (Serra et al., 2006) and mice (Sanna et al., 2011). Tonic inhi-
bition is thought to play a key role in regulation of membrane
excitability under both physiological and pathological conditions
that have been shown to be associated with marked modula-
tion of extrasynaptic GABAAR function and subunit expression
(Maguire et al., 2005; Serra et al., 2006; Maguire and Mody, 2008;

Sanna et al., 2009, 2011). We propose that the effects of SI on
CA1 excitability and LTP are mediated in part by a decrease in
excitability of granule cells in the dentate gyrus that results from
an increase in GABAergic tonic current (Sanna et al., 2011) and
which may lead to suppression of the activity of the entire den-
tate gyrus–CA3–CA1 circuitry. In line with this idea, Bartesaghi
(2004) demonstrated that early isolation in guinea pigs results
in a reduction in the synaptic function of the DG–CA3–CA1
neuronal circuitry. However, the impact of prolonged stress on
hippocampal function may be more complex. In fact, Airan et al.
(2007) working in the ventral hippocampal found that follow-
ing chronic mild stress exposure in adult female rats there was
diminished inflow through dentate, consistent with our results,
but output from area CA1 was actually increased, resulting in an
I–O mismatch.

Our present results provide new insight into changes in hip-
pocampal function induced by SI in mice, including impairment
of neuronal excitability and LTP associated with an increased sen-
sitivity to the steroidogenic effect of moderate doses of EtOH.
Furthermore, the increased sensitivity to the neurosteroidogenic
effect of EtOH associated with SI likely accounts for the greater
inhibitory effect of EtOH on LTP in SI mice. These effects of SI may
be related to the deficits in learning and memory and changes in
responses to EtOH that are associated with isolation, and they war-
rant further investigation with regard to the control of GABAergic
transmission by neurosteroids at the level of the dentate gyrus.
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