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Abstract
In this study, 48 h administration of 3α-OH-5β-pregnan-20-one (3α,5β-THP) or 17β-estradiol
(E2)+progesterone (P) to female rats increased expression of the δ subunit of the GABAA receptor
(GABAR) in CA1 hippocampus. Coexpression of α4 and δ subunits was suggested by an
increased response of isolated pyramidal cells to the GABA agonist 4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP), following 48 h steroid treatment, and nearly
complete blockade by 300 μM lanthanum (La3+). Because α4βδ GABAR are extrasynaptic, we
also recorded pharmacologically isolated GABAergic holding current from CA1 hippocampal
pyramidal cells in the slice. The La3+-sensitive THIP current, representative of current gated by
α4βδ GABAR, was measurable only following 48 h steroid treatment. In contrast, the bicuculline-
sensitive current was not altered by steroid treatment, assessed with or without 200 nM gabazine
to block synaptic current. However, 48 h steroid treatment resulted in a tonic current insensitive to
the benzodiazepine agonists lorazepam (10 μM) and zolpidem (100 nM). These results suggest
that 48 h steroid treatment increases expression of α4βδ GABAR which replace the ambient
receptor population. Increased anxiolytic effects of THIP were also observed following 48 h
steroid treatment. The findings from the present study may be relevant for alterations in mood and
benzodiazepine sensitivity reported across the menstrual cycle.
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1. Introduction
The GABA-modulatory steroid 3α-OH-5α-pregnan-20-one (3α,5α-THP) or
allopregnanolone and its active isomer, pregnanolone (3α,5β-THP), are metabolites of the
steroid progesterone (P). Unlike most steroids, the THP isomers are potent positive
modulators of the GABAA receptor (GABAR) when acutely applied (Belelli et al., 2002;
Brown et al., 2002; Majewska et al., 1986; Wohlfarth et al., 2002), an effect which enhances
tonic GABAergic current in areas such as dentate gyrus (Stell et al., 2003). As expected for
GABA-modulatory compounds, such as benzodiazepines (BDZ) and barbiturates, these
steroids possess dose-dependent anxiolytic and anticonvulsant properties (Bitran et al.,
1999; Frye, 1995). However, prolonged exposure to these steroids across a period of 48–72
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h, to mimic physiological fluctuations, produces alterations in GABAR subunit composition
as well as reduced levels of inhibition. Increases in hippocampal expression of the GABAR
α4 subunit are observed following 48 h 3α,5β-THP administration to female rats in
association with increases in anxiety, assessed using two animal measures: the elevated plus
maze (Gulinello et al., 2001) and the acoustic startle paradigm (Gulinello and Smith, 2003).
As expected for an increase in α4-containing GABAR (Wafford et al., 1996; Wisden et al.,
1991), hippocampal pyramidal cells are insensitive to BDZ modulation of GABA-gated
current following 48 h steroid exposure, assessed using whole cell patch clamp techniques
(Gulinello et al., 2001). A similar insensitivity to the anxiolytic effects of the BDZ
lorazepam (LZM) is also observed at this time (Gulinello et al., 2001).

The α4 subunit can coexpress with either γ2 or δ subunits (Sur et al., 1999), which both
produce receptors insensitive to BDZ-modulation (Brown et al., 2002; Wisden et al., 1991).
However, the other pharmacological characteristics, biophysical properties, and sub-cellular
localization of α4βγ2 and α4βδ GABAR are distinct (Bianchi et al., 2002; Brown et al.,
2002; Peng et al., 2002). For instance, the GABA partial agonist 4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP) or gaboxadol generates a current greater than
maximum concentrations of GABA only at α4[6]βδ GABAR (Brown et al., 2002) but not at
other αβγ2 subtypes (Ebert et al., 1997). In addition, the trivalent cation lanthanum (La3+) is
a potent inhibitor of current gated by α4[α6]βδ GABAR (Brown et al., 2002; Saxena et al.,
1997; Zhu et al., 1998), while it produces minimal inhibition of α4[6]βγ2 GABAR, and
potentiates α1βγ2 and α1βδ GABAR (Saxena et al., 1997; Zhu et al., 1998).

In contrast to γ2-containing GABAR, δ-containing GABAR are localized exclusively to
extrasynaptic sites (Nusser et al., 1998; Wei et al., 2003), where they produce a tonic current
(Rossi and Hamann, 1998; Wei et al., 2003). In cerebellar and dentate gyrus granule cells
this tonic current is believed to act as a resistive shunt to limit excitability of the neuron
(Brickley et al., 2001). Recent studies have reported that for neurosteroids and sedative
drugs such as anesthetics, BDZs and ethanol, effects on tonic current are greater in
magnitude than observed at the synapse (Bai et al., 2000; Belelli and Herd, 2003; Stell et al.,
2003; Wei et al., 2004; Yeung et al., 2003). Therefore, the tonic current may have important
implications for the behavioral effects of these GABA-modulatory compounds, as well as
for establishing cellular mechanisms.

Although our previous work suggests that α4βγ2 GABAR expression increases following 48
h steroid administration (Hsu et al., 2003), levels of δ subunit expression have yet to be
tested. This is especially warranted because we have recently reported that a steroid
withdrawal paradigm which increases hippocampal expression of the α4 GABAR subunit
results in α4βδ coexpression (Sundstrom-Poromaa et al., 2002). Therefore, in the present
study, both molecular and pharmacological techniques were employed to determine both δ
subunit expression and α4βδ GABAR coexpression following 48 h treatment of female rats
with 3α,5β-THP. In addition, because the steroid 17β-estradiol (E2) can act in a permissive
fashion to produce the in vitro BDZ insensitivity associated with steroid withdrawal (Costa
et al., 1995), similar studies were carried out to quantify α4 and δ subunit expression
following combined administration of E2+P for 48 h. Finally, in order to demonstrate a
physiologically relevant outcome for these pharmacological changes related to α4βδ
GABAR expression, the anxiolytic effects of THIP were tested using the elevated plus maze
following 48 h steroid exposure. The results of the present study may be important in
furthering our understanding of the homeostatic mechanisms resulting from sustained
exposure to endogenous GABA modulators such as 3α,5α[β]-THP.
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2. Materials and methods
2.1. Experimental animals

Adult, female Long Evans rats (Charles River, 140–200 g), housed in groups of three, were
used for all protocols. Animals were maintained under controlled conditions of light (14 h
light:10 h dark) and temperature (21 °C) with free access to food and water. Animals were
used during the light phase of the circadian cycle, 1 h following steroid or vehicle injection.
Control rats were tested on the day of diestrus–1, a low hormone stage of the cycle, verified
by microscopic examination of the vaginal lavage, a routine procedure. All protocols were
conducted under guidelines established by the Institutional Animal Care and Use
Committee.

2.2. Steroid administration paradigm
Animals were injected intraperitoneally with either (i) 3α,5β-THP (3α-OH-5β-pregnan-20-
one, 10 mg/kg), (ii) P (progesterone, 25 mg/kg), (iii) E2 (17β-estradiol, 8 μg/kg)+P
(progesterone, 25 mg/kg) or (iv) oil vehicle. Injections were administered daily for 3 days
beginning on diestrus–1, and the animals sacrificed 1 h following the final injection. These
steroid administration paradigms have been shown to result in physiological levels of
circulating steroids (Moran and Smith, 1998). Intact, non-ovariectomized rats were used for
the study because ovariectomy has been shown to alter CNS neurosteroid metabolism
following injection of exogenous P (Corpechot et al., 1993).

2.3. Western blot procedures
Crude membranes from microdissected CA1 hippocampus were first normalized according
to protein content using standard techniques; then, proteins were separated using SDS gel
electrophoresis, transferred to nitrocellulose membranes and probed with selective
antibodies for the rat α4 (67 kDa) (Smith et al., 1998), δ (54 kDa), α1 (51 kDa) or γ2 (44–46
kDa) subunits. Because of the low expression of α4 and δ subunits in CA1 hippocampus,
these bands were detected with a highly sensitive chemiluminescence substrate (Pierce
Supersignal West Femto substrate) for visualization and quantified using a Umax scanner
and One-Dscan software. Probing with the α4 antibody yielded a double band, as has been
reported (Kern and Sieghart, 1994). Because both bands were proportionately darker with
steroid treatment, the optical density of the lower, darker band was quantified for each
sample. The results were standardized to a glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 36 kDa) control protein. (The γ2 and α1 antibodies were obtained from Abcam,
Inc., Cambridge, MA and Upstate Pharmaceuticals, Waltham, MA, respectively).

2.4. In vitro slice preparation
Animals were rapidly decapitated, and the brains removed and cooled using an ice cold
solution of artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl 124, KCl 5, CaCl2
2, KH2PO4 1.25, MgSO4 2, NaHCO3 26, and glucose 10, saturated with 95% O2, 5% CO2
and buffered to a pH of 7.4. The hippocampi were then rapidly removed and cut into 400 μm
coronal slices with a Leica oscillating microtome. Hippocampal slices were initially
incubated at physiological temperature (37 °C) in aCSF with 95% O2, 5% CO2 for 1–2 h.
The slices were then transferred to the electrophysiology rig, where they were held between
two nylon nets in a tissue chamber on the stage of the microscope and perfused with aCSF
(2 ml/min).

2.5. Electrophysiological recording and analysis
Current was recorded from visually identified pyramidal cells in CA1 hippocampus using
whole cell patch clamp procedures (Hsu et al., 2003) and low-pass filtering (2 kHz 4-pole
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Bessel filter) at a holding potential of −60 mV with an Axopatch 200B amplifier (Axon
Instruments). Patch pipets were fabricated from borosilicate glass using a Flaming-Brown
puller to yield open tip resistances of 2–4 MΩ (internal solution (in mM): CsCl 130, MgCl2,
2, HEPES 10, BAPTA 0.2, QX-314 5, Mg-ATP 2, pH 7.2, 290 mOsm). The bath solution
contained aCSF with 2–5 mM kynurenic acid added to block currents gated by excitatory
amino acid transmitters. The GABAergic nature of the recorded current was verified by
blockade with bicuculline methiodide (20 μM) and reversal at ECl−. Data were recorded at
room temperature (20–25 °C) at a 10 kHz sampling frequency using pClamp 8.2. Post-hoc
analysis of synaptic current, shifts in the holding current and alterations in background noise
during pharmacological tests was accomplished with pClamp 9.0. Recordings were made at
room temperature to increase receptor sensitivity to agonists as has been shown (Perrais and
Ropert, 1999), as well as to compare with results from recombinant receptors (Brown et al.,
2002) and our work with acutely isolated neurons. Previous work in the field has established
tonic recordings can be made effectively at room temperature (Brickley et al., 2001).

2.6. Pharmacological tests
In some cases, current was evoked using 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
(THIP) or gaboxadol, 5 and 30 μM), a GABA partial agonist. In order to minimize
endogenous GABA release, recordings were carried out in the presence of 0.5–1.0 μM TTX.
In these recordings, lanthanum (La3+, 30 or 300 μM) was also used to selectively block
THIP-evoked current gated by α4βδ GABAR. In separate studies, recordings were carried
out without TTX to permit action potential-generated spillover in order to quantify the level
of tonic current present across experimental groups as the bicuculline-sensitive change in the
holding current, in the presence or absence of 200 nM gabazine to block synaptic current
(Stell and Mody, 2002). Responses of the holding current to the BDZ agonists lorazepam
(LZM, 10 μM) or zolpidem (100 nM), as well as to the BDZ partial inverse agonist
RO15-4513 (0.3 and 10 μM), were also determined to verify the presence of α4 and α1-
containing GABAR, and the relative expression of α4βγ2 GABAR. All drugs were obtained
from Sigma Chemical Co., except Cs-BAPTA and Qx-314 (from Calbiochem) and 3α,5β-
THP, E2 and P (from Steraloids).

2.7. Acute isolation of hippocampal neurons and recording procedures
Pyramidal neurons were acutely dissociated from CA1 hippocampus and THIP-gated Cl−
currents analyzed using whole cell patch clamp procedures as previously described (Smith et
al., 1998). Briefly, tissue was digested at 32 °C for 50–60 min under 100% O2 in PIPES-
buffered saline containing (in mM): NaCl 120, KCl 5, CaCl2 1, MgCl2 1, D-glucose 25,
PIPES 20 and trypsin (type XI, Sigma) or pronase 0.8 mg/ml, pH 7.0. Following a 1 h
enzyme-free incubation at room temperature, tissue was dissociated by trituration in 1 ml of
20 mM HEPES-buffered DMEM which was replaced by recording medium following
transfer to the recording chamber. GABA-gated currents were recorded at room temperature
(20–25 °C) at a holding potential of −50 mV in a bath containing (in mM): NaCl 120, CsCl
5, CaCl2 2, MgCl2 1, HEPES 10 and glucose 25, pH 7.4, 320 mOsm/kg H2O. The pipet
solution contained (in mM): N-methyl-D-glucamine chloride 120, Cs4BAPTA 5 and Mg-
ATP 5. The ATP regeneration system containing Tris phosphocreatine (20 mM) and creatine
kinase was added to minimize GABA rundown.

Agonist application was achieved with a rapid concentration jump method. To this end, a
piezo-controlled double-barreled theta tube (Sutter Instruments, 80–100 μm diameter tip)
containing agonist and bath solution was positioned within 50–100 μm of the cell/patch to
achieve brief (<100–300 μs) transitions to the agonist stream for 400 ms (Burleigh
Instruments, LSS-3100). Exposure times were verified at the conclusion of the experiment
by measurements of the tip potential. Multiple concentrations of THIP (1–105 μM) or
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GABA (5 mM) were sequentially applied, and current was recorded using an Axopatch 1D
amplifier (Axon Instruments) filtered at 2 kHz (four-pole Bessel filter) and detected at an 8–
10 kHz sampling frequency (pClamp 5.1). Peak currents were calculated for all THIP
concentrations as % of the maximum GABA-gated current. Concentration–response curves
were generated using non-linear curve fitting routines with a logistic equation (Origin,
Microcal), and the maximum current, EC50 and Hill slope determined.

2.8. Elevated plus maze
The elevated plus maze is a device consisting of four 10×50 cm arms at 90° angles, elevated
50 cm above the floor. Two arms are enclosed by 40 cm walls, and two arms have no walls
(“open arms”). The open arms are also partially bordered by small rails extending to the
proximal half of the arm, and the floor of the maze is marked with grid lines every 25 cm.
Initially, animals were acclimated to the maze for 30–45 min. Then, each animal was placed
in the center of the maze 30 min after THIP administration, and exploratory activity
recorded for 10 min. The time spent in the open and closed arms was tabulated, as were the
number of grid crossings, a measure of general activity level. To be considered an open arm
entry, the animal had to cross the line of the open platform with all four paws. An increase
in time spent in the open arm is considered to be a measure of decreased anxiety, as we have
described (Gulinello et al., 2001).

2.9. Statistical analysis
Average values for changes in current were evaluated across steroid-treatment groups by
one way analysis of variance (ANOVA) with a post-hoc Tukey’s test. In addition, the
statistical significance of EC50 values from the concentration–response curves were assessed
using the log of the arithmetic means by ANOVA with a post-hoc Tukey’s test. Data were
then converted to the geometric means. Data from the plus maze were analyzed in an
ANOVA followed by post hoc t-tests (Fisher’s PLSD). A P value <0.05 was used as an
indication of statistical significance.

3. Results
3.1. Forty-eight h steroid administration and δ GABAR subunit expression

Forty-eight h administration of either 3α,5β-THP or E2+P produced significant four- to five-
fold increases in expression of the GABAR δ subunit in CA1 hippocampus as evidenced by
an increase in band density compared to control (Fig. 1). The increases in δ expression were
accompanied by corresponding increases in expression of the α4 subunit following 48 h
E2+P administration (Fig. 1), as well as following 48 h 3α,5β-THP exposure, as we have
demonstrated previously (Gulinello et al., 2001). In addition, combined administration of
E2+P for 48 h produced significantly (P<0.05) higher levels of both α4 and δ subunit
expression than administration of P alone (Fig. 1). In all cases, subunit expression levels
were normalized to levels of the GAPDH control protein.

3.2. THIP and La3+ effects on acutely isolated neurons
THIP is a GABA partial agonist which generates a maximum current greater than the
maximum current gated by GABA only at δ-containing GABAR (Brown et al., 2002; Ebert
et al., 1997). Therefore, in order to pharmacologically characterize GABAR current
following steroid treatment, responses to THIP were recorded from pyramidal neurons
acutely isolated from CA1 hippocampus and compared to the maximum GABA-gated
current. The results indicate that the EC50 for THIP-gated current is lower (P<0.05)
following 48 h treatment with E2+P or 3α,5β-THP compared to control. Because EC50
values do not display a normal distribution, the geometric means (mean−SEM, mean+ SEM)
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were calculated for each group: 48 h E2+P, 30.4 μM (29.2, 31.7); 48 h THP, 36.4 μM (34,
39); Con, 55 μM (49.6, 60.9). Additionally, THIP was more efficacious than GABA,
resulting in ~50% greater current (P<0.05) in patches from steroid treated animals, where
maximal THIP-gated current exceeded (P<0.001) control values (48 h E2+P, 147.3±5.14
μM; 48 h THP, 161.1±4.21 μM; Con, 85.4±1.17 μM). In contrast, under control conditions,
THIP yielded a maximum current equivalent to only 80% of the maximum GABA-gated
current. Thus, the pharmacological findings are consistent with upregulation of α4βδ
GABAR in the hippocampus following both steroid protocols.

La3+ effects were also altered by steroid administration. Bath application of 30 μM La3+

decreased by 20–30% the amplitude of THIP-gated current recorded from pyramidal
neurons acutely isolated following 48 h E2+P treatment (Fig. 2B), while a higher
concentration of La3+ (300 μM) produced a nearly complete (85–90%) reduction in peak
GABA-gated current. Similar results were observed after 48 h 3α,5β-THP exposure (Fig.
2B). In contrast, under control conditions, 30 μM La3+ had no effect, while application of
300 μM La3+ increased the amplitude of GABA-gated current by 30%, an effect consistent
with a lack of α4 and δ subunits under control conditions in this region of hippocampus.
Thus, these results are consistent with increased expression of hippocampal α4βδ GABAR
following 48 h exposure to E2+P or 3α,5β-THP.

3.3. THIP and La3+ effects on hippocampal current in the slice
Because α4βδ GABAR are localized exclusively to the extrasynaptic GABAR population
(Wei et al., 2003), changes in the holding current of CA1 hippocampal pyramidal cells were
evaluated following bath application of THIP using the slice preparation. This current would
necessarily be generated via both synaptic and extrasynaptic GABAR, which would include
putative α4βδ GABAR increased by 48 h exposure to 3α,5β-THP or E2+P. An EC50
concentration of THIP under steroid treatment conditions (30 μM) produced a 170–200 pA
shift in the holding current (400 pS/100 s) and a 30 pA increase in the background noise (a
six-fold increase, Fig. 3A,B). These are values approximately two-fold greater than observed
under control conditions (P<0.001), similar to previous reports (Liang et al., 2004). A lower
concentration of THIP (5 μM) produced a 70–80 pA current following steroid treatment,
while the THIP-generated current recorded under control conditions was barely detectable.

La3+blocks current gated by α4[6]βδ GABAR (Brown et al., 2002; Saxena et al., 1997; Zhu
et al., 1998). Therefore, the level of La3+-sensitive THIP-evoked current would be an
estimate of current generated by α4βδ GABAR in the slice preparation. Although La3+ is
also a potent calcium channel blocker, where it would be expected to alter transmitter
release, for this study recordings were carried out in the presence of TTX to minimize
GABA release. La3+ (300 μM) produced an 80–90% blockade of THIP-generated current
following treatment with either 3α,5β-THP or E2+P, with minimal (<5%) effects on THIP-
generated current recorded under control conditions (Fig. 3C).

3.4. Bicuculline-sensitive tonic current
In order to quantify the level of tonic GABAergic current present under conditions of
spontaneous transmitter release, the holding current of CA1 hippocampal pyramidal neurons
was recorded from the slice under conditions where action potentials could be generated
(i.e., without TTX). Under these conditions, spillover of transmitter from neighboring
synapses would gain access to the extrasynaptic receptor pool or be taken up by transporters
for later release. Under these conditions, the spontaneously generated tonic current was not
different between steroid-treated groups versus control (Fig. 4A–C). This bicuculline-
sensitive tonic current, tested as the change in the holding current (24.8±4 pA, con; 20.8±3
pA, 3α,5β-THP; 22±3.5 pA, E2+P) and the background noise (25±2 pA; 20.3±2.2 pA 3α,5β-
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THP; 18.7±2.7 pA, E2+P), was similar for all groups tested. Bicuculline-sensitive changes
were also observed under conditions where the synaptic current was selectively blocked
(Fig. 4D–F) using a 200 nM concentration of the competitive antagonist gabazine (Stell and
Mody, 2002; Yeung et al., 2003). Thus, these results suggest that the level of spontaneously
generated GABAergic tonic current is not altered by steroid exposure.

3.5. LZM potentiation of GABAergic tonic current
Because α4 and δ-containing GABAR are insensitive to modulation by BDZs, we tested the
response of tonic current to the BDZ LZM at a concentration (10 μM) we have previously
shown to produce maximal effects in isolated pyramidal neurons under control conditions
(Smith et al., 1998). Bath application of LZM produced a 15–20 pA change in the holding
current under control conditions and a 30 pA change in background noise (Fig. 5A–C). In
contrast, current recorded following either of the two steroid treatments was relatively
insensitive to modulation by this compound which yielded only a 3–4 pA change in the
holding current, significantly less than under control conditions (P<0.01). LZM also
produced a greater effect on the background noise level in the control recordings compared
to the steroid-treated groups. These data are consistent with increased expression of GABAR
which are less sensitive to LZM modulation, such as α4βδ GABAR, following steroid
exposure.

When the integrated current (total charge transfer) was evaluated across a 100 s time period,
the magnitude of the tonic current was found to be about eight- to ten-fold greater than the
synaptic current recorded concomitantly for both steroid treatment and control groups (Fig.
6), as has been reported by other investigators (Bai et al., 2000). In addition, tonic current
recorded following steroid treatment was nearly insensitive to modulation by the BDZ LZM.
In contrast, a significant LZM modulation of synaptic current was observed following
steroid treatment, although of lower magnitude than control (P<0.05). These results suggest
that alterations in GABAR produced by 48 h exposure to 3α,5β-THP may be localized more
to the extrasynaptic than to the synaptic population of receptors.

3.6. Effects of RO15-4513 on GABAergic tonic current
In order to determine whether the pharmacological responses of the tonic current were
consistent with upregulation of α4βγ2 GABAR following steroid treatment, we tested the
effects of the GABAR partial inverse agonist RO15-4513. In contrast to lorazepam,
RO15-4513 slightly decreased tonic current recorded from pyramidal cells in control CA1
hippocampus, at doses of 10 μM (Fig. 7A,B) and 300 nM (data not shown). In contrast,
RO15-4513 produced no effect on the tonic current following steroid treatment (Fig. 7A,B).
These data suggest that α4βγ2 GABAR are not increased in the extrasynaptic domain of
CA1 hippocampus. In order to directly test effects of the steroid paradigms, γ2 levels were
also assessed in CA1 hippocampus using Western blot procedures. Both 48 h THP and 48 h
E2+P decreased γ2 expression by 40–50% (P<0.05) compared to the diestrous control. Thus,
both pharmacological and biochemical tests suggest that α4βγ2 GABAR are not increased
by steroid treatment, and that in fact γ2 levels decrease in association with increases in δ
expression in CA1 hippocampus.

3.7. Zolpidem responsiveness of GABAergic tonic current
In order to further examine the steroid-induced change in BDZ pharmacology, we examined
responsiveness of pharmacologically isolated GABAergic tonic current to bath application
of 100 nM zolpidem, a concentration selective for α1-containing GABAR (Vicini et al.,
2001). Under control conditions, this BDZ agonist produced a 15 pA shift in the holding
current (Fig. 8A,B). However, following treatment with either 3α,5β-THP or E2+P, this α1-
selective compound produced only a ~3 pA shift in the holding current, suggesting that α1-
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containing GABAR are decreased in the extrasynaptic domain. Therefore, we also directly
tested whether steroid treatment altered α1 expression in hippocampal membranes using
Western blot techniques. In fact, 48 h in vivo treatment with either 3α,5β-THP or E2+P
produced a 60–70% decrease in α1 expression compared to the diestrous–1 control (P<0.05,
Fig. 8C,D).

3.8. Anxiolytic effects of THIP in the elevated plus maze
Because the THIP-generated current was increased following steroid treatment, most likely
as a result of increased expression of α4βδ GABAR, we tested the effects of THIP on
anxiety measures using the elevated plus maze. For this test, exploration of the open arm is
evaluated in animals 30 min after i.p. injection of vehicle (saline) or THIP at a dose sub-
threshold (Gulinello et al., 2003) for its sedative effect (1.25 g/kg). THIP increased the time
spent in the open arm more than 20-fold after 48 h E2+P treatment (Fig. 9). Increases in
anxiety in steroid-treated animals receiving only vehicle were evidenced by minimal (5 s)
time in the open arm of the maze. Thus, the anxiolytic effect of THIP is highly significant
(P<0.001). In comparison, this dose of THIP had no effect on open arm time in control
animals nor did it produce any significant effect on locomotor activity, assessed as the
number of grid crosses in the maze. Thus, these results suggest that a low dose of THIP is
anxiolytic following 48 h steroid exposure where it has no effect under control conditions.

4. Discussion
In the present study, 48 h exposure of female rats to the steroids 3α,5β-THP or E2+P
increased expression of the GABAR δ subunit in CA1 hippocampus, which resulted in
pharmacological changes characteristic of α4βδ GABAR expression in pyramidal cells of
this region. Because these changes were observed in the absence of changes in the total
bicuculline-sensitive tonic current, they suggest that α4βδ GABAR may substitute for, rather
than add to, the existing extra-synaptic pool of GABAR. These results may have
implications for naturally occurring fluctuations in steroids across the menstrual cycle when
alterations in GABAR pharmacology have been reported (Sundstrom et al., 1997).

One pharmacological consequence of α4βδ GABAR expression is an increased response to
the GABA partial agonist THIP. This compound has a greater potency and efficacy at δ-
containing GABAR (Brown et al., 2002) than other subtypes (Ebert et al., 1997), and
consistent with this, following 48 h steroid treatment, the EC50 for THIP was lower, and the
maximal current generated by THIP was greater than recorded from control neurons. In
addition, the maximal THIP-gated current was greater than the maximal GABA-gated
current following 48 h steroid treatment, another unique pharmacological characteristic of
α4[6]βδ GABAR (Brown et al., 2002) but not other GABAR subunit combinations, where
THIP is a partial GABA agonist. In addition, La3+ produced a nearly complete inhibition of
THIP-generated current following steroid treatment, which is also characteristic of α4[6]βδ
GABAR (Brown et al., 2002; Saxena et al., 1997; Zhu et al., 1998). Although La3+ effects
are not known at all GABAR subtypes, potent inhibition by La3+ is not observed at α1βδ,
α1βγ2 or α4βγ2 subtypes (Brown et al., 2002; Saxena et al., 1997; Zhu et al., 1998), and thus
allows us to partially distinguish between these receptor subtypes. We have reported
(Sundstrom-Poromaa et al., 2002) similar pharmacological characteristics of CA1
hippocampal pyramidal cells after withdrawal from P, when α4βδ GABAR expression is
increased in hippocampus.

Both 3α,5β-THP and combined administration of E2 + P produced similar changes in THIP/
La3+ pharmacology, in association with increased expression of the δ subunit. Our findings
also suggest that co-administration of E2+P results in maximal increases in α4 and δ
GABAR subunit expression in CA1 hippocampus compared to administration of P alone.
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Although the mechanism for this permissive effect of E2 is not clear, it may be mediated
through increased production of 3α,5α-THP, via enhanced activity of 3α-hydroxysteroid-
oxidoreductase (Compagnone and Mellon, 2000), or through post-translational
modifications, via receptor phosphorylation (Qiu et al., 2003) which can alter GABAR
levels (Kittler and Moss, 2003). Our previous findings demonstrate that increases in α4
expression produced by 48 h P exposure were due to its 3α,5α-THP metabolite, suggesting
that the effect of E2+P in the present study are likely not due to classic hormone effects.

α4βδ GABARs are localized extrasynaptically (Wei et al., 2003) where they generate a tonic
current. Therefore, traditional analyses of synaptic current cannot be used to
pharmacologically characterize current generated by this receptor subtype in situ. Instead,
the increase in La3+-sensitive THIP current, recorded from the hippocampal slice, reflected
the increase in α4βδ GABAR expression following 48 h steroid current. This increase in
THIP sensitivity electrophyisologically was associated with an increase in the anxiolytic
effect of THIP following 48 h steroid treatment, thus suggesting that the steroid-mediated
increase in α4βδ GABAR generates a tonic current which is behaviorally relevant. Several
recent reports (Crestani et al., 2002; Mihalek et al., 1999) have described behavioral
outcomes resulting from alterations in extrasynaptic GABAR populations underlying tonic
current, further confirming their role in regulating behavioral excitability.

The receptors which have been shown to be extra-synaptic include α5-containing GABAR
in CA1 hippocampus (Crestani et al., 2002) and δ-containing GABAR in granule cells in
cerebellum (Nusser et al., 1998) and dentate gyrus (Wei et al., 2003), as well as in CA1
hippocampus following steroid treatment, as demonstrated here. These receptors generate a
tonic current in CA1 hippocampus (Caraiscos et al., 2004), dentate gyrus (Stell and Mody,
2002) and the cerebellar granule cell (Brickley et al., 2001) by accessing GABA via
spillover from adjacent synapses (Mitchell and Silver, 2000; Rossi and Hamann, 1998; Wei
et al., 2003) or via reversal of the GABA transporters (Caraiscos et al., 2004; Wu et al.,
2003). Additional factors such as anatomical barriers to diffusion as seen in the cerebellar
glomerulus can influence levels of ambient GABA (Rossi and Hamann, 1998) as can
alterations in the metabolic clearance rate via GABA transaminase (Overstreet and
Westbrook, 2001). In fact, ambient levels of GABA appear to be closely controlled by these
mechanisms to achieve mean levels close to 0.8–3 μM in the extracellular space (Lerma et
al., 1986; Wu et al., 2003).

Both α4βδ and α5β3γ2 GABAR possess a high sensitivity to GABA, with EC50 s an order of
magnitude lower than synaptically expressed α1β2γ2 GABAR (Brown et al., 2002;
Caraiscos et al., 2004). They also exhibit lower rates and extent of desensitization (Bianchi
et al., 2002; Brown et al., 2002; Caraiscos et al., 2004) than receptor combinations expressed
subsynaptically, which together with their increased GABA sensitivity render them ideally
suited for an extrasynaptic location. Because the GABA reversal potential is close to the
membrane resting potential in many CNS areas, current generated by extrasynaptic receptors
is believed to act as a shunting inhibition (Brickley et al., 2001). The importance of this
inhibition to neuronal function is illustrated by the compensatory increase in expression of a
novel non-inactivating K+ channel in cerebellar granule cells in mice lacking expression of
the α6-containing GABAR which normally comprise the extrasynaptic population here
(Brickley et al., 2001).

Several recent studies have demonstrated that the tonic current (Bai et al., 2000; Nusser and
Mody, 2002; Stell et al., 2003) represents a greater fraction of the inhibitory component in
dentate gyrus and hippocampus than the phasic component. This tonic current is also a
major target of GABA-modulatory drugs such as BDZs, anesthetics, barbiturates, steroids
and ethanol (Bai et al., 2000; Belelli and Herd, 2003; Liang et al., 2004; Stell et al., 2003;
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Wei et al., 2004). Our data as well suggest that the tonic component produces a greater
response to BDZs recorded under control conditions. In contrast, 48 h steroid treatment
resulted in a near complete BDZ insensitivity assessed by the change in the holding
potential. By comparison, sIPSCs recorded at the same time exhibited only reduced BDZ
sensitivity suggesting that increases in α4-containing GABAR expression in the
extrasynaptic milieu may represent the primary outcome of this chronic steroid protocol.
The decrease in BDZ responsiveness of synaptic current necessarily reflects increased
expression of α4βγ2 GABAR by steroid treatment, as the γ2 subunit is required for tethering
at synaptic sites. Indeed, our previous findings demonstrate that synaptic current is
prolonged by RO15-4513 following 48 h steroid exposure (Hsu et al., 2003).

However, α4βγ2 GABAR were not increased in the extrasynaptic domain following steroid
treatment, because the tonic current did not respond to application of RO15-4513, a BDZ
partial agonist which acts as a typical BDZ agonist at α4βγ2 GABAR (Brown et al., 2002;
Wafford et al., 1996). As we have shown for the synaptic current in an earlier study (Hsu et
al., 2003), the tonic current recorded from control CA1 hippocampal neurons was slightly
decreased by RO15-4513, consistent with its role as a partial inverse agonist at most
GABAR subtypes (Wafford et al., 2004). However, our findings contrast with those of
Liang et al. (2004) who report potent effects of RO15-4513 on tonic current recorded from
CA1 hippocampal neurons. This apparent discrepancy is likely due to gender differences in
GABAR subunit composition of this region, as the Liang study used adult male rats, while
this study employed female rats in the diestrous–1 stage of the estrous cycle. Our
pharmacological findings are supported by the Western blot data demonstrating almost
undetectable levels of α4 expression in the CA1 hippocampus of diestrous female rats.
Gender differences in both subunit composition and GABA pharmacology have been widely
reported (Gulinello and Smith, 2003; Stock et al., 2000; Yee et al., 2004), so this
pharmacological difference is not surprising.

The results from the present study suggest that the increase in α4βδ GABAR produced by 48
h steroid treatment represents a subunit switch rather than an increase in GABAR density in
CA1 hippocampal pyramidal cells. First, the total bicuculline-sensitive tonic current was
unchanged across steroid treatment groups, assessed under conditions when synaptic current
was selectively blocked with a low concentration of gabazine (Stell and Mody, 2002).
Secondly, 48 h steroid administration produced significant decreases in α1 and γ2 subunit
expression in association with the increase in α4 and δ subunit expression in CA1
hippocampus. In the rat, unlike the mouse, a considerable percentage of the extrasynaptic
GABAR population in the CA1 hippocampus is composed of α1-containing GABAR (Liang
et al., 2004). In the present study, the steroid-induced decrease in α1 expression was
reflected pharmacologically by a markedly reduced responsiveness of the GABAergic tonic
current to zolpidem at a concentration selective for α1-containing GABAR (Horne et al.,
1992; Vicini et al., 2001). Similar α4/α1 subunit substitutions have been reported following
withdrawal from other GABA-modulatory compounds, such as ethanol (Kumar et al., 2003;
Montpied et al., 1991; Liang et al., 2004) and BDZs (Chen et al., 2004), suggesting that this
may represent a homeostatic mechanism common to GABA modulators. In fact, reduced
responsiveness of the tonic current to these modulators has also been reported in the chronic
intermittent model of ethanol intoxication (Liang et al., 2004).

The consequences of increased expression of α4βδ GABAR expression produced by 48 h
steroid exposure would be determined both by their biophysical properties as well as their
pharmacological properties. δ-containing GABAR, and α4β2δ GABAR in particular, have
faster macroscopic current deactivation rates (Smith and Gong, 2005; Bianchi et al., 2002),
with shorter single channel mean open times and lower open probability than other subtypes,
such as α1βγ2 (Akk et al., 2004; Fisher and MacDonald, 1997). Thus, they would generate
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less inhibitory current than the α1βγ2 GABAR they are replacing. This conclusion is
strengthened by our behavioral findings demonstrating increased anxiety in rats following
48 h steroid exposure.

Expression of α4βδ GABAR exhibits a bimodal distribution, increasing both after short-term
exposure to E2+P or 3α,5α[β]-THP, as well as during withdrawal from these steroids
(Sundstrom-Poromaa et al., 2002). This bimodal pattern is well-correlated with increases in
anxiety states (Gulinello et al., 2001). As such, these findings suggest that our rodent model
of steroid exposure/withdrawal may be effective as a model of premenstrual dysphoria
(PMDD) (Endicott et al., 1999), which often exhibits bimodal patterns of symptom
exacerbation, early in the luteal phase after short-term steroid exposure (Schmidt et al.,
1998) and during the decline in steroids during the late luteal phase, a time of steroid
“withdrawal”. Interestingly, women with PMDD have a relative insensitivity to BDZs
(Sundstrom et al., 1997), assessed both using anxiety measures, as well as modulation of eye
saccade velocity, a sensitive measure of GABAergic tone.

In conclusion, the results from the present study suggest that short-term exposure of female
rats to an endogenous GABA-modulatory steroid alters in the expression of α4βδ GABAR.
These changes altered the pharmacology of tonic current recorded from hippocampus, which
were also reflected behaviorally. These results may be relevant for naturally occurring
fluctuations in steroids, when altered GABA pharmacology has been reported.
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Fig. 1.
Forty-eight hour steroid exposure increases expression of the GABAR δ subunit in CA1
hippocampus. (A) Representative Western blots with α4 or δ subunit levels detected in
membranes from CA1 hippocampus following 48 h i.p. treatment of female rats with 3α,5β-
THP (THP, 10 mg/kg), P (25 mg/kg) or E2 (8 μg/kg)+P (25 mg/kg) (E+P). All steroid
treatment protocols increased expression of both α4 and δ subunits compared to control
(Con). (B) Averaged data. Increases in δ subunit levels produced by steroid treatment were
paralleled by increases in α4 levels of similar magnitude (n=6 rats/each, performed in
triplicate). *P<0.05 versus the control for each group.
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Fig. 2.
Steroid treatment alters the pharmacology of THIP and lanthanum. (A) Forty-eight hour
treatment of female rats with E2+P (E+P) or 3α,5β-THP (THP) increased both the efficacy
and potency of THIP, a GABA partial agonist with greatest effects at δ-containing GABAR.
THIP-evoked current was recorded with whole cell patch clamp techniques using pyramidal
cells acutely isolated from CA1 hippocampus. In all cases, peak responses to THIP were
expressed as a percent of the maximum GABA-gated current (GABAmax), tested for each
patch. Dashed line indicates maximum GABA-gated current. The EC50 for THIP was
significantly lower following 48 h steroid treatment compared to control (n=6–8 points/
group, the geometric means for the EC50 values are plotted). (B) The trivalent cation
lanthanum (La3+) decreased THIP-gated current recorded from acutely isolated pyramidal
neurons following 48 h in vivo administration of THP or E+P in a concentration-dependent
manner. This inhibitory effect of La3+ is consistent with increased expression of α4βδ
GABAR (n=11–14 cells/group; *P<0.05, **P<0.001 vs. the pre-La3+ control for each
group).
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Fig. 3.
Steroid treatment increases the lanthanum-sensitive THIP-evoked current recorded from the
hippocampal slice. In order to assess effects of THIP on both synaptic and extrasynaptic
GABAR populations, changes in the holding current were recorded from CA1 hippocampal
pyramidal cells in the presence of 1 μM TTX using whole cell patch clamp procedures in the
slice following bath application of 30 μM THIP. This concentration of THIP produced a
greater effect on both the holding current and level of background noise following 48 h
treatment with E2+P compared to control. In addition, La3+ produced a near complete block
of this effect following steroid treatment but was ineffective in control slices. (A)
Representative traces. (B) Averaged data, THIP application. (C) Averaged data, La3+

inhibition (n=15–20 cells/group). *P<0.05 versus the corresponding control value.
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Fig. 4.
GABAergic tonic current is unchanged following steroid exposure. Pharmacologically
isolated GABAergic current was recorded from CA1 hippocampal pyramidal cells with
whole cell patch clamp techniques in the presence of excitatory amino acid and GABAB
receptor blockers. (A) Representative traces reveal a 20–25 pA change in the holding current
in response to bath application of 20 μM bicuculline (Bic) for both groups. Averaged data
reveal no significant difference in holding current (B) or background noise (C) produced by
bicuculline in steroid-treated versus control groups. (D) Representative currents reveal that
the bicuculline-sensitive current was of similar magnitude for both groups under conditions
where synaptic current was blocked with 200 nM gabazine. Averaged changes in holding
current (E) and background noise (F) (20.5±3.2, Con; 15.6±3.5, THP; 17.8±2.6, E+P; 4–8
cells/group).
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Fig. 5.
GABAergic tonic current is benzodiazepine-insensitive following steroid exposure. The
benzodiazepine lorazepam (LZM, 10 μM) produced a significant change in the holding
potential and increase in background noise under control conditions. However, GABAergic
tonic current recorded in slices from animals following 48 h treatment with either THP or E
+P was minimally altered by LZM. (A) Representative traces. Averaged data for the LZM-
induced change in the holding current (B) and background noise (C). These results are
consistent with increased expression of α4-containing GABAR (n=6–8 cells/
group). *P<0.05 vs. control.
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Fig. 6.
Benzodiazepine-induced changes in total charge transfer produced by GABA: synaptic
versus extrasynaptic current. The total charge transfer for GABA-gated current per 100 s
was calculated for synaptic current (A), sIPSCs recorded concomitantly with tonic current
(B) in the present study. Tonic current produced a significantly greater charge transfer than
synaptic current (P<0.05). Following 48 h THP treatment, tonic current was less sensitive to
LZM modulation than was synaptic current, consistent with increases in α4 expression in the
extrasynaptic population of GABAR (n=15–20 cells/group). *P<0.05 vs. the pre-drug
condition, **P<0.05 vs. the control LZM, #P<0.05 vs. control pre-drug.
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Fig. 7.
Steroid treatment decreases γ2 expression and reduces responses of tonic current to
RO15-4513. (A) Representative traces reveal no effect of bath applied RO15-4513 (10 μM)
on pharmacologically isolated GABAergic tonic current recorded from steroid treatment
groups. (B) Averaged data (n=5–6 cells/group). (C,D) Steroid treatment also reduced γ2
expression in CA1 hippocampus compared to control (n=4/group, performed in triplicate).
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Fig. 8.
Zolpidem sensitivity is decreased following steroid exposure. 100 nM zolpidem produced a
significantly greater shift in the holding current under control conditions than after treatment
with THP or E+P. (A) Representative traces of pharmacologically isolated GABAergic tonic
current. (B) Averaged population data (n=5 cells/group, P<0.05). (C) Western blot results
and (D) averaged data demonstrating significant decreases in hippocampal α1 expression
following 48 h in vivo treatment with THP or E+P compared to the diestrous control.
Results are normalized to the GAPDH control and expressed relative to the control (n=6
rats/group, performed in duplicate, *P<0.05).
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Fig. 9.
THIP is anxiolytic following 48 h E+P treatment. A dose of THIP sub-threshold for its
sedative effect (1.25 g/kg) produced a significant increase in the time in the open arm (A)
assessed using the elevated plus maze following 48 h steroid treatment. In contrast, this dose
of THIP was ineffective in altering open arm time in vehicle-treated controls. In neither case
did THIP alter locomotor activity, assessed as the number of grid crosses (B) (n=6–8
animals/group). *P<0.05 vs. vehicle or control/THIP.
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