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Abstract
Methamphetamine (METH) is an addictive stimulant drug. In addition to drug craving and
lethargy, METH withdrawal is associated with stress-triggered anxiety. However, the cellular
basis for this stress-triggered anxiety is not understood. The present results suggest that during
METH withdrawal (24 h) following chronic exposure (3 mg/kg, i.p. for 3-5 weeks) of adult, male
mice, the effect of one neurosteroid released by stress, 3α,5α-THP (3α-OH-5α-pregnan-20-one),
and its 3α,5β isomer reverse to trigger anxiety assessed by the acoustic startle response (ASR), in
contrast to their usual anti-anxiety effects. This novel effect of 3α,5β-THP was due to increased
(3-fold) hippocampal expression of α4βδ GABAA receptors (GABARs) during METH withdrawal
(24 h – 4 wk) because anxiogenic effects of 3α,5β-THP were not seen in α4−/− mice. 3α,5β-THP
reduces current at these receptors when it is hyperpolarizing, as observed during METH
withdrawal. As a result, 3α,5β-THP (30 nM) increased neuronal excitability, assessed with current
clamp and cell-attached recordings in CA1 hippocampus, one CNS site which regulates anxiety.
α4βδ GABARs were first increased 1 h after METH exposure and recovered 6 wk after METH
withdrawal. Similar increases in α4βδ GABARs and anxiogenic effects of 3α,5β-THP were noted
in rats during METH withdrawal (24 h). In contrast, the ASR was increased by chronic METH
treatment in the absence of 3α,5β-THP administration due to its stimulant effect. Although α4βδ
GABARs were increased by chronic METH treatment, the GABAergic current recorded from
hippocampal neurons at this time was a depolarizing, shunting inhibition, which was potentiated
by 3α,5β-THP. This steroid reduced neuronal excitability and anxiety during chronic METH
treatment, consistent with its typical effect. Flumazenil (10 mg/kg, i.p., 3x) reduced α4βδ
expression and prevented the anxiogenic effect of 3α,5β-THP after METH withdrawal. Our
findings suggest a novel mechanism underlying stress-triggered anxiety after METH withdrawal
mediated by α4βδ GABARs.
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1. Introduction
Methamphetamine (METH) is an addictive, stimulant drug. Dependence on this drug is
difficult to treat (Cretzmeyer et al., 2003; Shoptaw et al., 2009) because of the severity of
the symptoms of METH withdrawal. In contrast to chronic METH exposure which is well-
correlated with increased anxiety and hyperactivity (Barr, 2009) due to the stimulant actions
of the drug, METH withdrawal is characterized by sedation and depression. However, stress
can trigger paradoxical anxiety during METH withdrawal even though the stimulant effect
of the drug is no longer present (London et al., 2004; Mancino et al., 2011). A variety of
systems associated with the stress response, including norepinephrine, corticosterone and
corticotropin releasing factor (CRF), have been implicated in cocaine and ethanol
withdrawal (Basso et al., 1999; Koob, 2009; Roberto et al., 2010; Sarnyai et al., 1995; Smith
and Aston-Jones, 2008; Zorrilla et al., 2001). However, these systems have not been
correlated with anxiety associated with withdrawal from amphetamines (Barr et al., 2010),
suggesting alternative mechanisms. Although both METH and cocaine are stimulants,
METH effects are distinct from cocaine due to its unique pharmacokinetics (Fowler et al.,
2008). One CNS system not yet considered as a mediator of stress-triggered anxiety in
METH withdrawal is the GABAA receptor (GABAR). This receptor is a likely candidate
because it plays a pivotal role in generating anxiety and has a high degree of plasticity.
Therefore the present study assessed the role of this system in METH dependence.

METH exerts stimulant actions in multiple brain regions, including the CA1 hippocampus
(Hori et al., 2010), one CNS site which regulates anxiety (Bannerman et al., 2004; Bitran et
al., 1999). METH increases glutamate release and depolarizes CA1 pyramidal cells when
first administered (Yamamoto et al., 1999). These stimulant actions of the drug diminish
during prolonged drug exposure (Yamamoto et al., 1999), suggesting that compensatory
mechanisms occur to prevent neurotoxicity. Although compensatory mechanisms involving
the glutamate and monoaminergic systems have been investigated after METH exposure
(Yamamoto et al., 1999), compensatory regulation of the inhibitory GABAergic system in
the CA1 hippocampus has not yet been studied in response to chronic METH exposure.

The GABAR is a pentameric membrane protein which gates a Cl− current and is the primary
source of inhibition in the brain (Olsen and Sieghart, 2009). These receptors can either
localize subsynaptically, where they generate a phasic current, or extrasynaptically (Wei et
al., 2003), where they generate a tonic current (Bai et al., 2000; Stell and Mody, 2002) in
response to ambient GABA. Of the many diverse subtypes, the extrasynaptic α4βδ GABAR
normally has low expression in areas such as CA1 hippocampus (Pirker et al., 2000; Wei et
al., 2003), an area in the limbic CNS important for generating mood (Bannerman et al.,
2004). However, this receptor is highly regulatable, providing compensatory tonic inhibition
across fluctuations in ovarian steroids as well as in response to increased neuronal
excitability (Maguire et al., 2005; Mtchedlishvili et al., 2010; Shen et al., 2007), such as
would occur with METH exposure. The α4βδ GABAR is also a sensitive target for 3α,5β-
THP (3αOH-5β-pregnan-20-one or pregnanolone) and related neurosteroids, including 3α,
5α-THP (3αOH-5α-pregnan-20-one or allopregnanolone) (Belelli et al., 2002; Bianchi and
Macdonald, 2003; Brown et al., 2002). These THP isomers have nearly identical effects to
increase GABA-gated current (Weir et al., 2004), and to reduce anxiety in adult rodents
(Bitran et al., 1999; Rhodes and Frye, 2001; Toufexis et al., 2004).

3α,5α-THP is released during certain types of moderate stress in both rodents (Mukai et al.,
2008; Purdy et al., 1991) and humans (Droogleever Fortuyn et al., 2004; Girdler et al.,
2001). Studies conducted in humans have shown increases in circulating levels of this
steroid during mental and/or social stress associated with performance (Droogleever Fortuyn
et al., 2004; Girdler et al., 2001), which reflect stress states relevant for daily life. In
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contrast, stimulants such as cocaine do not have consistent effects in releasing 3α,5α-THP
into the circulation (Grobin et al., 2005; Quinones-Jenab et al., 2008). There are also site-
specific effects: recent studies show increased levels of 3α,5α-THP in striatum (Quinones-
Jenab et al., 2008) but not in cortex (Grobin et al., 2005) or hippocampus (Quinones-Jenab
et al., 2008) after cocaine administration to male rats at doses 5 to 10-fold greater than used
in the present study. The source of stress-induced release of 3α,5α-THP includes the adrenal
gland. However, the cellular machinery for 3α,5α-THP synthesis is also found in neurons
such as CA1 pyramidal cells (Agis-Balboa et al., 2006), suggesting that this steroid (and its
isomer, 3α,5β-THP) may be synthesized directly in the brain. This possibility is also
suggested by studies showing stress-triggered 3α,5α-THP release in adrenalectomized
animals (Purdy et al., 1991). Both THP isomers are metabolites of progesterone
(Compagnone and Mellon, 2000), an ovarian hormone, and 3α,5α-THP is also increased on
the proestrous stage of the estrous cycle in rodents (Palumbo et al., 1995) as well as before
the onset of puberty (Fadalti M et al., 1999; Shen et al., 2010b) and during pregnancy
(Concas et al., 1998; Luisi et al., 2000) in both rodents and humans. Circulating levels of 3α,
5α-THP and 3α,5β-THP are similar in men and (Porcu et al., 2010) and women (Havlikova
et al., 2006; Porcu et al., 2009), and they are also altered in parallel in response to anti-
depressant treatment (Girdler et al., 2012) suggesting that both isomers likely play a role in
the stress response. In addition, neurosteroids have been shown to be neuroprotective
(Rhodes et al., 2004) and anti-nociceptive (Charlet et al., 2008), suggesting they may have
diverse functions in the CNS in addition to stress and reproductive function.

3α,5α-THP, 3α,5β-THP and related neurosteroids such as THDOC (3α,21-dihydroxy-5 α -
pregnan-20-one) are well known as potent positive modulators of the GABAR, where most
definitive pharmacological studies have typically employed standard whole cell recording
techniques to measure the effects on depolarizing, inward current (i.e., outward Cl- flux).
However, recent evidence suggests that neurosteroids have unique effects at α4βδ GABARs
which are dependent upon the direction of Cl− flux, such that they increase depolarizing
current but decrease hyperpolarizing Cl− current (Shen et al., 2007), an effect initially
demonstrated in recombinant receptors. In dentate gyrus granule cells, which normally have
a high level of α4βδ expression (Wei et al., 2003), the neurosteroid THDOC increases the
tonic inhibitory current produced by α4βδ GABARs and reduces neuronal excitability (Stell
et al., 2003; Chiang et al., 2012). While GABAergic current recorded from these cells has
been shown to be depolarizing, it results in a shunting inhibition (Staley and Mody, 1992).
Thus, the net effect of neurosteroids here would be to enhance this inhibition and decrease
excitability, as has been demonstrated (Stell et al., 2003). However, in mature CA1
hippocampal pyramidal cells, GABAergic inhibition is hyperpolarizing (Shen et al., 2007;
(Lambert et al., 1991). Although, expression of α4βδ GABARs here is normally very low
(Shen et al., 2010), under conditions where expression of these receptors increases
significantly, such as puberty, 3α,5β-THP produces a paradoxical excitatory effect (Shen et
al., 2007). At the onset of puberty, 3α,5β-THP reduces the tonic inhibitory (hyperpolarizing)
current, thereby increasing neuronal excitability in vitro and increasing anxiety (Shen et al.,
2007). These effects are not observed in the δ −/− mouse, consistent with the polarity-
dependent effect of the steroid observed in recombinant receptors (Shen et al., 2007).
Anxiogenic effects mediated by α4βδ GABARs at puberty are also seen after stress-related
increases in endogenous 3α,5α-THP (Shen et al., 2007).

We tested the possibility that α4βδ GABARs would be increased compensatorily in CA1
hippocampus by the stimulant actions of METH (Yamamoto et al., 1999). The unique
characteristics of this receptor may explain the seemingly paradoxical outcomes of METH
withdrawal, which include lethargy and depression combined with stress-induced anxiety
(London et al., 2004) because α4βδ receptors generate a shunting inhibition which can be
reduced by both 3α,5α-THP and 3α,5β-THP leading to increased anxiety. In addition,
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increased expression of α4βδ GABARs is reported to be one compensatory mechanism for
increased neuronal excitability which may serve a neuroprotective role (Santhakumar et al.,
2010). Our findings in this study indeed suggest that α4βδ GABARs are increased by
chronic METH treatment and withdrawal, and both 3α,5α-THP and 3α,5β-THP exert
anxiety-producing effects during METH withdrawal.

2. Experimental Procedure
2.1. Subjects

Adult, male Long Evans rats (350-400 grams, Charles River) and adult, male C57/BL6 mice
(10-12 weeks old) were used. Mice were initially bred from heterozygous GABAR α4 +/−
pairs (supplied from G. Homanics, U. Pittsburgh), and genotyped from tail clips. Both +/+
and α4 −/− mice were used. (α4 −/− mice were used rather than δ−/− in order to maintain
α1βδ on the interneurons (Glykys et al. 2007).) Animals were housed two to a cage in an
animal facility controlled for light (12:12) and temperature (20-22°C), and tested in the
light. Procedures were in accordance with the SUNY Downstate Institutional Animal Care
and Use Committee and with the National Institute of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978). All efforts were made to
minimize animal suffering, to reduce the number of animals used, and to utilize alternatives
to in vivo techniques, if available.

2.2. Drug treatment
Rats were injected with 3 mg/kg methamphetamine (METH, i.p., in sterile saline) 2x/d, 4d/
week for 3-5 weeks to establish dependence (Kamei and Ohsawa, 1996; Kitanaka et al.,
2010). Mice were administered the drug with a similar protocol, except that they were
injected once a day (Kitanaka et al., 2010; Kamei and Ohsawa, 1996). (Because results
(GABAR assessment in Western blots, gaboxadol responses) were similar for animals
injected 3 weeks vs. 5 weeks, the results were pooled.) Animals were injected for 4
consecutive days with the drug and then allowed a 3 day break to simulate a modified binge
schedule. Both the doses and frequency of METH administration we have used are below
those shown to produce neurodegeneration (>10 mg/kg or multiple doses of lower
concentrations within an 8-10 h period) (Cadet and Krasnova, 2009; Ladenheim et al., 2000;
Zhu et al., 2006).

Animals were tested either 1 h after the last injection of the chronic injection protocol
(chronic METH) or after a 1d or 2, 3, 4, 5 or 6 weeks following withdrawal from METH.
The withdrawal time in all cases is measured after the final injection of the METH. In some
cases, animals received flumazenil (Flu, 10 mg/kg, i.p., in oil) or vehicle injections 1, 8 and
24 h after the final METH injection following the chronic administration paradigm. In other
cases, mice were tested 1 h after a single METH injection (acute METH). Animals received
either 3α,5β-THP (pregnanolone or 3αOH-5β-pregnan-20-one, 10 mg/kg, i.p., in oil), 3α,
5α-THP (allopregnanolone or 3αOH-5α-pregnan-20-one, 10 mg/kg, i.p., in oil) or vehicle
20 min before behavioral testing.

2.3. Western blot
Standard procedures were used to detect α1 (51 kDa, EMD Millipore), α2 (51 kDa, Novus),
α4 (67 kDa, Santa Cruz), α5 (52 kDa, Aviva Systems Biology), and δ (54 kDa, Novus)
immunoreactivity in crude membrane preparations from hippocampus using protein
concentrations in the linear range (Shen et al., 2007). Following electrophoresis on a 10%
NuPage Bis-Tris gel, proteins were transferred to nitrocellulose membranes and probed for
immunoreactivity. Band density was visualized by enhanced chemiluminescence, and
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optical density determined using Adobe Photoshop software. Results were normalized to the
GAPDH optical density from the same samples (36 kDa).

2.4. Electrophysiology
2.4.1. Whole cell patch clamp recording—Following standard preparation (Shen et
al., 2007), hippocampal slices were used for recording CA1 pyramidal cells, visualized with
a Leica infrared-differential interference contrast (IR-DIC) upright microscope. Current was
recorded at –60 mV with whole cell patch clamp procedures (22-24° C), using an Axopatch
200B amplifier, at a 10 kHz sampling frequency (2 kHz 4-pole Bessel filter) and pClamp 9.2
software. Patch pipets were fabricated from borosilicate glass using a Flaming-Brown puller
(Sutter Instruments) to yield open tip resistances of 2–4 MΩ. For whole cell recordings of
pharmacologically isolated (2 mM kynurenic acid) inhibitory current, the pipet solution
contained in mM: CsCl 140, HEPES 5, EGTA 5, CaCl2-H2O 0.5, QX-314 5, Mg-ATP 2,
Li-GTP 0.5, pH 7.2, 290 mOsm. When investigating effects of the polarity of the
GABAergic current, the pipet solution either contained 45 mM CsCl + 95 mM K-gluconate
(depolarizing, ECl = −30 mV) or 140 mM K-gluconate (hyperpolarizing, ECL = −70 mV)
instead of 140 mM CsCl, and currents were recorded at a −50 mV holding potential.
Electrode capacitance and series resistance were monitored and compensated. Recordings
were discarded if the series resistance changed more than 20% during the experiment. The
bath contained (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 tonic
GABAergic current was recorded as the difference current produced by the selective
GABAA receptor antagonist SR95531 (120 μM, Stell and Mody, 2003), and the current
generated by 100 nM gaboxadol (THIP or 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol),
which at this concentration is selective for δ-containing GABARs (Brown et al., 2002;
Meera et al., 2011), reflected the tonic current produced by α4βδ GABARs. In addition, the
peak-to-peak noise produced by gaboxadol is an additional measure of α4βδ current,
referred to herein as δ-noise.

Frequency, amplitude and half-width were determined for averaged sIPSCs or mIPSCs (1
μM TTX) using a threshold delimited event detection program in pClamp 10.1 (Hsu et al.,
2003). Probability plots of sIPSC amplitude were constructed using Origin (Microcal).
mIPSCs were recorded before and after bath application of 10 μM lorazepam to test for the
presence of α4-containing GABARs because these receptors lack a benzodiazepine binding
site (Weiland et al., 1992) and are thus benzodiazepine-insensitive (Wafford et al., 1996).
Therefore, determining the effect of lorazepam on the half-width of mIPSCs can be used as
an estimate of the relative presence of α4-containing GABARs subsynaptically, as we have
reported before (Hsu et al., 2003).

2.4.2. Cell-attached recording—We used tight-seal cell-attached recording techniques
in current clamp mode to assess whether GABA agonists yielded a hyperpolarizing or
depolarizing potentials in hippocampal slices from different treatment groups (Mason et al.,
2005; Perkins, 2006). With a >1 gigohm seal and passing 0 current, Rseal>>Rpatch+cell
allows determination of the direction of potential change in response to a GABA agonist
because a high resistance seal produces a detectable voltage change in response to the
ligand-gated current as we have previously described (Shen et al., 2007). Therefore, for this
study, tight-seal (>1 gigohm) cell-attached recording of membrane potentials were made
from the soma of CA1 hippocampal pyramidal cells in the slice in current clamp mode. The
pipet solution contained 150 mM NaCl. The response of the membrane potential to bath
application of the GABA agonist gaboxadol (5 μM, THIP) was recorded (with no additional
current injected). For this study and perforated patch recordings, bath-applied CGP 55845A
(1 μM) was used to block GABAB receptors (Davies et al., 1993). TTX (0.5 μM) and
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GABA (1 μM) were added to isolate the post-synaptic component, TEA (5 mM) was used to
block K+ channels and 200 nM SR95531 added to block synaptic GABAergic current (Stell
and Mody, 2003).

2.4.3. Perforated patch recording—Because the effect of 3α,5β-THP is dependent
upon the direction of Cl− flux through α4βδ GABAR, we recorded current using gramicidin
perforated patch techniques to maintain the internal Cl− milieu, as we have previously
described (Shen et al., 2007). Following standard slice preparation (see above), CA1
hippocampal pyramidal cells were patched with pipets containing 140 mM KCl, 25 μg ml–1

gramicidin (mixed by sonication), 0.1 mM MgCl2, .07 mM CaCl2, 10 mM HEPES and 0.1
mM EGTA, pH 7.3, 300 mOsm. The pipet was front-filled with gramicidin-free solution to
permit successful tight-seal formation. After >1 gigohm seals were formed, access resistance
was periodically checked as the steady-state response to a 10 mV hyperpolarizing step.
Recording commenced after a stable access resistance <60 megohm had been achieved,
indicating a stable level of perforation. The holding current was recorded before and after
bath application of 30 nM 3α,5β-THP.

2.4.4. Paired pulse ratio—IPSCs were recorded from pyramidal cells in response to
paired stimuli (0.05 Hz, 50 ms interpulse interval; 500 μs duration, 100-200 μA) delivered to
the stratum radiatum with a bipolar tungsten electrode ~500 μm from the recording electrode
in order to test potential presynaptic effects (Galante and Marty, 2003) of 3α,5β-THP. The
paired pulse ratio was defined as IPSC2/iPSC1, and adjusted to ~2 before bath application of
30 nM 3α,5β-THP.

2.4.5. Current clamp recording—Whole cell current clamp recordings were used to
assess effects of 3α,5β-THP on neuronal excitability (Shen et al., 2007) (–58 mV holding
potential); (The pipet solution contained 140 mM K-gluconate, but without QX-314.)
Current was injected in 20 pA-1 s steps, and the current necessary for triggering a spike
determined before and after bath application of 30 nM 3α,5β-THP. The voltage threshold for
spike generation, spike amplitude and half-width were also determined. Input resistance
(Rm) was calculated using Ohm's Law. Only cells with a resting membrane potential < –58
mV, access resistance < 20 megohm, input resistance > 30 megohm, action potential
amplitude > 70 mV and regularly timed spiking, as well as a stable baseline, were used for
the current clamp recordings.

2.4.6. Cell-attached recordings of pyramidal cell spiking—In some cases, cell-
attached recordings were made in voltage clamp mode to assess cell spiking before and after
bath application of 30 nM 3α,5β-THP (150 mM NaCl pipet solution). Spiking (action
potential currents) was assessed after achieving a >1 gigohm seal in cells where spontaneous
activity was observed. The command potential was set to the potential at which the holding
current was 0 pA to avoid direct cell stimulation by the electrode. This technique is
advantageous in permitting evaluation of neuronal excitability without disturbing the
internal Cl− milieu (Shen et al., 2007).

2.5. Animal model of anxiety
2.5.1. Acoustic startle response (ASR) paradigm—Rats were placed in an 8.8 cm
diameter Plexiglas cylinder attached to a piezoelectric transducer platform to detect the
motion of the rat (S-R Laboratory device, San Diego Instruments, San Diego, CA). Mice
were tested with a 5.1 cm diameter cylinder in the same manner. Movement of the platform
results in a voltage change in the transducer, which was digitized and analyzed by the S-R
Laboratory program on an attached computer. After a 5 min. acclimatization period in the
startle apparatus, animals were presented with a 120 dB sound pulse of 40 ms duration.
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Startle magnitude was defined as the integrated total body movement in response to the
sound pulse (Curzon et al., 2009; Gulinello et al., 2003).

Because some studies have suggested that adult mice have hearing loss in the high
frequencies (Willott et al., 2000), we verified that the volume of the white noise tone and
signal duration were optimal for the acoustic startle response (ASR). To this end, mice were
tested for their response to a range of decibels (dB): 85-120 and signal duration (10-90 ms),
presented in random order to 10 untreated adult, male mice. Studies confirmed that a 40 ms,
120 dB tone was optimal (Fig 11A).

2.5.2. Analysis of the effect of 3α,5α-THP and 3α,5β-THP on anxiety behavior
—Both 3α,5α-THP and 3α,5β-THP were tested for their effect on the acoustic startle
response (ASR) compared to the effects of oil vehicle, where these neurosteroids could
either increase or decrease the peak startle amplitude. Therefore, the data for ASR is
presented both as the raw startle response as well as the 3α,5α-THP or 3α,5β-THP-induced
change (as a percentage change from the response obtained from vehicle-injected animals
for each METH or saline treatment group).

2.6. Drugs and chemicals
All Western blot supplies were from Invitrogen (Carlsbad, CA). All other chemicals used for
solutions were from Sigma Chemical Co. (St. Louis, MO) except for QX-314 (Calbiochem,
San Diego, CA). Drugs used for injection, methamphetamine and flumazenil, were also
from Sigma Chemical Co. 3α,5α-THP and 3α,5β-THP were from Steraloids, Inc. (Newport,
RI). The vehicle used for METH was sterile saline, while the vehicle used for flumazenil
and THP was 100% sesame oil.

2.7. Statistics
All data are presented as the mean ± standard error of the mean (SEM). For most
experiments with more than two groups, comparisons were made using a one-factor analysis
of variance (indicated as ANOVA). For the raw behavioral data, a two-factor ANOVA was
used, with METH/saline treatment and THP/oil injection used as the two factors,
respectively. Analysis of the effects of 3α,5α-THP and 3α,5β-THP on the ASR was
accomplished with a one-factor ANOVA. In all cases, a Tukey's post-hoc test was used to
identify significant differences between individual groups. For experiments where two
groups were compared, the student's t-test was used (unpaired). A paired t-test was used for
experiments where effects of 3α,5β-THP were determined in the same cell. All data fit a
normal distribution, and significance was determined with a P<0.05 (Origin, Statistica).

3. Results
3.1. METH and α4βδ GABAR expression in rat hippocampus

We initially used adult, male rats, in order to compare with the body of published work on
stimulant drugs using this species (Kitanaka et al., 2008), to assess the effect of chronic
METH exposure on expression of hippocampal α4βδ GABAR. Following the chronic
METH administration protocol, hippocampal expression of both α4 and δ subunits was
increased 2-3-fold compared to sham-injected controls, assessed by Western blot techniques
(Fig. 1A,B). Increased levels of expression were maintained during the 24 h period of
withdrawal (METH Withdrawal). We also tested the effect of flumazenil, a drug classically
known as a benzodiazepine antagonist (Olsen and Sieghart, 2009), which can also bind to
α4βδ receptors (Wallner et al., 2006) and regulate α4 expression (Biggio et al., 2007). When
administered 3 times across the 24 h withdrawal period, flumazenil (10 mg/kg, i.p.)
effectively reduced hippocampal expression of α4 and δ subunits to levels not significantly
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different from control (Fig. 1A,B). Expression of the α1 subunit was decreased ~50% by
chronic METH treatment as well as after a 24 h METH withdrawal, an effect also reversed
by flumazenil treatment (Fig. 1A,B) (n=5 rats/group, performed in duplicate).

3.2. METH and the inhibitory tonic current in rat hippocampus
α4βδ GABARs underlie a tonic current (Stell and Mody, 2002) which can be assessed by the
shift in the holding current in response to the GABA antagonist SR95531 (120 μM, Fig.
1C,D) using whole cell patch clamp recordings from CA1 hippocampal pyramidal cells in
the slice preparation. This parameter was significantly increased by chronic exposure to
METH (by 30-fold) as well as by 24 h METH withdrawal (by 10-fold). Chronic METH
treatment also reduced Rm by 40 ± 6% (t(8)=2.89; P=0.02). Flumazenil treatment during 24
h METH withdrawal reduced both measures of tonic current to control levels (n=7 rats/
group).

In order to determine the functional expression of α4βδ receptors, we assessed the response
of the current to the GABA agonist gaboxadol (100 nM, THIP), which at this concentration
is selective for δ-containing GABAR (Brown et al., 2002; Meera et al., 2011). Responses to
this drug were increased from negligible levels in control recordings to 26-30 pA (30 nM
gaboxadol) and 65-108 pA (100 nM gaboxadol), and 100 nM gaboxadol also increased the
peak-to-peak noise generated by α4βδ GABARs by 3-fold after METH exposure and
withdrawal conditions, suggesting functional expression of α4βδ (Fig. 1E-G). Flumazenil
treatment reduced the response to gaboxadol to control levels during METH withdrawal, as
predicted by its effect to reduce α4 and δ expression (n=7 rats/group).

3.3. METH and the inhibitory synaptic current in rat hippocampus
sIPSC frequency was increased by ~16-fold (P<0.001) and sIPSC amplitude was increased
by about 80% (P<0.05) by chronic METH treatment (Fig. 2A-C). Increases in both
parameters were maintained following cessation of drug treatment in the METH withdrawal
state (n=4-5 rats/group).

We explored the possibility that α4-containing GABARs were synaptically localized
following METH exposure. This was tested by examining the sensitivity of mIPSCs to the
benzodiazepine lorazepam (Hsu et al., 2003). Lorazepam is a benzodiazepine agonist which
potentiates GABA-gated current at γ2-containing GABARs that do not contain the α4 or α6
subunit (Wafford et al., 1996). Inclusion of the α4/6 subunit renders the receptor
benzodiazepine-insensitive because the presence of an arginine at residue 99, instead of a
histidine at homologous residues of benzodiazepine-sensitive receptors, such as α1, prevents
binding of the benzodiazepine agonist (Wieland et al., 1992). Thus, lorazepam sensitivity
can be a useful predictor of α4 expression sub-synaptically. (Hsu et al., 2003; Knoflach et
al., 1996; Wafford et al., 1996). In fact, 10 μM lorazepam produced similar increases in the
mIPSC half-width in pyramidal cell recordings from control and chronic METH rats
suggesting that α4 is not expressed subsynaptically following METH exposure (Fig. 2D,E)
(n=5-6 rats/group).

3.4. Polarity of GABAergic current in rat hippocampus
Because the effect of 3α,5β-THP at α4βδ GABAR is dependent upon the direction of Cl−

flux (Shen et al., 2007), we assessed this parameter using tight seal (>1 gigohm), cell-
attached recording techniques (Mason et al., 2005; Perkins, 2006) in current clamp mode in
the presence of TTX (tetrodotoxin). Under these conditions, because the resistance of the
pipet seal is much greater than that of the patch, changes in cell membrane potential can be
recorded by the electrode. Thus, the polarity of the membrane potential change caused by a
GABA agonist can be measured without disturbing the intracellular milieu, where a
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hyperpolarizing (downward) response to agonist indicates an outward current (inward Cl−

flux).

As expected, the GABA agonist gaboxadol was hyperpolarizing in control neurons (Fig.
3A). In contrast, this agonist was depolarizing during chronic METH treatment, as indicated
by the upward shift in the membrane potential (Fig. 3A, ANOVA, F(2,9)=20.5, P<0.0001,
n=3 rats/group). However, 24 h after METH withdrawal, the direction of GABAergic
current reverted back to outward.

3.5. Effects of 3α,5β-THP in rat hippocampus
We predicted that the effect of 3α,5β-THP on tonic inhibition during chronic METH
treatment and 24 h METH withdrawal would depend upon the direction of GABAergic
current, because depolarizing current mediated by α4βδ GABARs is enhanced by 3α,5β-
THP while hyperpolarizing current is reduced (Shen et al., 2007) (Summary Fig. 4). In this
case, we recorded the GABAergic tonic current from CA1 hippocampal pyramidal cells
using gramicidin perforated patch voltage clamp techniques to maintain the physiological
Cl− gradient in the presence of TTX. Because the direction of GABAergic current varies
across groups, the effect of 3α,5β-THP can best be determined by comparing its effect with
that of a GABA antagonist, SR95531. This antagonist produced shifts in the holding current
of opposite direction in recordings from pyramidal cells of chronic METH versus 24 h
METH withdrawal (Fig. 3C,D), consistent with the cell-attached and perforated patch
recordings in Fig. 3A,B showing that chronic METH produces depolarizing GABAergic
current, while 24 h METH withdrawal leads to hyperpolarizing GABAergic current. As
predicted by studies in recombinant receptors (Shen et al., 2007), the depolarizing
GABAergic current recorded from the chronic METH group was enhanced by 3α,5β-THP
(Fig. 3C), because it shifted the holding current downward, in a direction opposite to the
GABA antagonist. In contrast, the hyperpolarizing GABAergic current recorded from the 24
h METH withdrawal group was attenuated by 3α,5β-THP, which also produced a downward
shift in the holding current, but in this case, in the same direction as the GABA antagonist.
Thus, 3α,5β-THP decreased tonic inhibition following a 24 h METH withdrawal (Table 1,
summary; n=7 rats/group). This effect of the steroid was prevented by flumazenil such that
3α,5β-THP had minimal effects on the tonic current.

3.6. Paired pulse ratio of IPSC responses in rat hippocampus
In order to rule out the possibility that 3α,5β-THP was acting presynaptically to reduce
GABA release during METH withdrawal, we assessed the ratio of IPSC responses to paired
stimuli. Alterations in this parameter are routinely considered a measure of altered
transmitter release (Dobrunz and Stevens, 1997; Galante and Marty, 2003). In fact, 3α,5β-
THP had no effect on the paired pulse ratio recorded from CA1 pyramidal cells following
METH withdrawal (2.2 ± 0.14, pre- 3α,5β-THP; 2.34 ± 0.28, 3α,5β-THP, n=4 rats/group;
Fig. 5), suggesting that it was not acting presynaptically.

3.7. Current clamp recordings in rat hippocampus
By reducing tonic inhibition, 3α,5β-THP should thereby increase neuronal excitability 24 h
after withdrawal from METH (Summary Fig. 4). This was tested directly using whole cell
patch clamp recording of pyramidal cells in current clamp mode. Under these conditions,
3α,5β-THP reduced the current necessary for triggering a spike by 71 ± 18 pA (P<0.05) and
increased Rm by 29.6 ± 2% (P<0.05) in slices from rats undergoing a 24 h METH
withdrawal (Fig. 6), compared to pre-3α,5β-THP levels. Both effects were opposite to the
effect of 3α,5β-THP under control conditions, when the steroid increased the current
necessary for triggering a spike by 51 ± 11 pA (P<0.05) and reduced Rm by 9.4 ± 3%
(P<0.05), suggesting that its normal function is to increase inhibition, as has been widely
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reported (Stell et al., 2003). However, 24 h METH withdrawal did not significantly alter
spike characteristics, suggesting a selective effect on GABARs. Administration of
flumazenil 24 h after METH withdrawal or to control animals resulted in outcomes similar
to control for all parameters assessed (n=4-5 rats/group).

3.8. Effect of METH in the mouse
3.8.1 Hippocampal α4 and δ expression in the mouse—We tested effects of acute
and chronic METH administered to mice on expression of α4 and δ GABAR subunits
during short-term and longer withdrawal periods (24 h or 2-6 week) in order to compare +/+
with α4 −/− mice, which do not express δ (Sabaliauskas et al., 2012). Similar to the rat, both
chronic METH and METH withdrawal (24 h) increased expression of α4 and δ GABAR
subunits by 2-3-fold (P<0.05 vs. control, n=7 mice/group; Fig. 7A). This increase in α4 and
δ expression was first seen 1h after a single METH injection (P<0.05, n=6 mice/group; Fig.
7B) suggesting that it was a rapid response to METH exposure. Smaller (~20%) increases in
α5 expression were also seen after chronic METH and 24 h METH withdrawal, in
association with a ~30% decrease in α1 expression (P<0.05 vs. control, Fig. 7C, n=4 mice/
group), similar to results from rat hippocampus. In contrast, α2 expression was not altered
by METH exposure. The increase in α4 and δ expression was persistent during the METH
withdrawal period up to 4 weeks (Fig. 6D, P<0.05, n=4/group), but recovered to control
levels by 6 weeks of METH withdrawal.

3.8.2 Functional expression of α4βδ GABARs in the mouse—As seen in the rat,
functional expression of α4βδ GABARs was confirmed by the robust responses of
hippocampal pyramidal cells to 100 nM gaboxadol after METH withdrawal for up to 4
weeks, which was 8 to 9-fold greater than in control recordings (Fig. 8A,B). This response
to gaboxadol was not seen in α4−/− hippocampus after 24 h METH withdrawal, confirming
the selectivity of 100 nM gaboxadol for α4βδ GABARs, and recovered to control levels by 6
weeks after METH exposure. In addition, the noise generated in response to gaboxadol,
reflecting α4βδ expression (δ-noise) was 50-100% greater after METH withdrawal (24 h – 4
weeks), an effect not seen in α4 −/− hippocampus, suggesting that the increase in tonic
current produced by METH exposure is mediated by α4βδ GABARs (n=5 mice/group).
These results also suggest that longer periods of METH withdrawal maintain high levels of
α4βδ receptor expression.

3.8.3. The inhibitory synaptic current in mouse hippocampus—As seen in the rat,
sIPSC amplitude was increased by about 200% (P<0.05) and sIPSC frequency was increased
by 150% (P<0.001) by chronic METH treatment (Fig. 9A-C). Increases in both parameters
were maintained following cessation of drug treatment in the METH withdrawal state for 5
weeks (sIPSC amplitude) and 4 weeks (sIPSC frequency; n=4-5 rats/group), with full
recovery after 6 weeks of METH withdrawal for both parameters (n=5 mice/group).

3.8.4. Polarity of GABAergic current after METH withdrawal in the mouse—In
order to compare results in mouse hippocampus with those from the rat, the polarity of
GABAergic current was first determined using gramicidin perforated patch recording in
voltage clamp mode. As seen in rat hippocampus, bath application of 5 μM gaboxadol
produced a downward deflection after chronic METH treatment, reflecting a depolarizing
response, and an upward deflection 24 h after METH withdrawal, reflecting a
hyperpolarizing response (Fig. 10A).

3.8.5. Effect of 3α,5β-THP on the tonic GABAergic current after METH
withdrawal: Effect of varying the polarity of GABAergic current and α4 knock-
out in the mouse—Our previous findings (Shen et al., 2007) suggest that 3α,5β-THP
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reduces current gated by α4βδ when it is hyperpolarizing, but potentiates this current when it
is in the depolarizing direction. In order to determine the effect of the polarity of the
GABAergic current on 3α,5β-THP's effect on this parameter after METH withdrawal, the
Cl− gradient was altered by varying the pipet solution to yield depolarizing or
hyperpolarizing GABA responses during recordings at a −50 mV holding potential. Under
depolarizing conditions, 3α,5β-THP increased the tonic current, consistent with many
reports. In contrast, 3α,5β-THP decreased the tonic hyperpolarizing current, an effect seen in
CA1 hippocampus from +/+, but not from α4−/− mice (Fig. 10B,C; P<0.01, n=3/group).
Thus, both a hyperpolarizing GABAergic current and the presence of α4βδ GABARs after
METH withdrawal (1d-2 weeks) are required for 3α,5β-THP to reduce the tonic GABAergic
current.

3.8.6. Current clamp recordings in mouse hippocampus—3α,5β-THP effects on
neuronal excitability were assessed in mouse hippocampus using similar experiments as
used for the rat hippocampus. As seen in the rat, 3α,5β-THP increased Rm by 40 ± 9% and
reduced the current threshold for generating a spike after a 24 h METH withdrawal, an
effect not seen in the α4 −/− mouse, implicating α4βδ GABARs (Fig. 10D,E). In contrast,
3α,5β-THP reduced Rm and increased the current threshold for generating a spike under
control conditions. In the absence of 3α,5β-THP, as in the rat, METH withdrawal (24 h)
reduced Rm by 28 ± 5% compared to control, an effect not observed in α4 −/−
hippocampus, suggesting that increased expression of α4βδ receptors underlies this change
in input resistance in response to chronic METH exposure. In contrast, spike amplitude was
not altered across groups, suggesting no change in glutamate receptor density (n=5 mice/
group).

3.8.7. Cell attached recordings in mouse hippocampus—In order to compare the
effect of 3α,5β-THP on spontaneous neuronal activity during chronic METH treatment
versus a 24 h METH withdrawal, when its effects on the tonic current are in opposite
directions (Fig. 3), we employed cell attached recordings to assess spiking in voltage clamp
mode. This technique allows the determination of 3α,5β-THP effects on neuronal
excitability under physiological conditions where the intracellular milieu is undisturbed.
Under these conditions, 3α,5β-THP reduced spiking by ~70 % during chronic METH
treatment (Fig 10F,G), but increased spiking by ~120 % after METH withdrawal for either
24 h or 2 weeks , an effect seen only in the +/+ but not the α4 −/− hippocampus, implicating
α4βδ GABARs. This suggests that 3α,5β-THP has opposite effects on neuronal excitability
during chronic treatment with METH vs. METH withdrawal (1d – 2 weeks), and that this
effect is dependent upon α4βδ GABARs (Summary Fig. 4, Table 1; n=3 mice/group).

3.9. Behavioral effects of 3α,5β-THP after a 24 h METH withdrawal
3.9.1. 3α,5β-THP increases anxiety after a 24 h METH withdrawal in rats—
Because 3α,5β-THP increased neuronal excitability in the hippocampus during a 24 h
METH withdrawal via its inhibition of the GABAergic tonic current, we tested the
hypothesis that increasing activity of this limbic structure would increase anxiety at this
time, in contrast to its typical anti-anxiety effect (Bitran et al., 1999). To this end, we
assessed the effect of 3α,5β-THP, administered systemically (10 mg/kg, i.p.), on the acoustic
startle response (ASR), an animal model of anxiety, which is regulated, in part, by the CA1
hippocampus (Caine et al., 1992). This protocol assesses the whole body movement in
response to a 120 decibel acoustic stimulus.

Chronic METH treatment increased the ASR by more than 2-fold (Fig. 11A; P<0.0001, n=9
rats/group), suggesting that METH increases anxiety, consistent with its stimulant and
anxiogenic effect in humans. The ASR recovered to control values after a 24 h withdrawal
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from METH, when the stimulant was no longer present. However, 3α,5β-THP increased the
ASR in this group (Fig. 11A,B; P<0.0001), suggesting that this steroid increases anxiety 24
h after METH withdrawal. In contrast, 3α,5β-THP decreased the ASR after chronic METH
exposure, but had no effect under control conditions or 24 h after METH withdrawal when
flumazenil was administered. The lack of effect of this steroid in control rats is consistent
with previous reports showing no effect of this class of neurosteroids on the ASR in
untreated male rats (Reilly et al., 1999).

3.9.2. 3α,5α-THP and 3α,5β-THP increase anxiety after a 24 h METH withdrawal
in +/+ mice—The ASR model of anxiety was also implemented in mice after chronic
METH exposure and its withdrawal. In order to validate this test for adult, male mice, the
parameters for the test were first verified because some studies have suggested that mice
have a higher threshold for the auditory response to high frequency tones compared to rats
(Ison et al., 2007). To this end, the ASR was compared in mice across a range of tone
volumes (85 – 120 dB, tested at a 40 ms duration) and tone durations (10 – 90 ms, tested at a
120 dB intensity) varied in a random order. The ASR was maximal with a 120 dB, 40 ms
tone (Fig. 12A, *P<0.05 vs. all other groups, n=10 mice/group), consistent with a number of
other studies in adult mice (Robertson et al., 2005) and similar to findings in rats (Curzon et
al., 2009).

Thus, we used the same ASR test for the mice as used for the rats. As seen with the rats,
chronic METH treatment significantly increased the average startle response by ~60%
(P<0.05, n=10-12 mice/group; Fig. 12B), suggesting that it increased anxiety compared to
the saline injected controls and 24 h METH withdrawal groups. 3α,5β-THPreduced the ASR
by ~30% in the chronic METH treatment group, consistent with its typical anxiolytic effect
(Bitran et al., 1999). However, 3α,5β-THP increased the ASR by ~70% 24 h after METH
withdrawal (P<0.05, Fig. 12B,C), similar to findings in the rat, confirming that this steroid
exerts anxiogenic effects after a 24 h METH withdrawal. This paradoxical anxiogenic effect
of 3α,5β-THP was not seen when flumazenil was administered during the 24 h METH
withdrawal or following a prolonged 6 week METH withdrawal. Both flumazenil treatment
and long-term (6 week) METH withdrawal reduce α4βδ GABAR expression, thus
implicating α4βδ GABARs.

Similar to its 3α,5β isomer, the stress steroid 3α,5α-THP (10 mg/kg, i.p.) increased the ASR
by ~92% compared to vehicle-injected control mice following a 24 h METH withdrawal
(Fig. 12D). This is in contrast to reports demonstrating either no effect or anxiolytic effects
of this steroid in the ASR in rodents not exposed to stimulant drugs (Reilly et al., 2009;
Toufexis et al., 2004). These results suggest that the two neurosteroid isomers have similar
effects in producing anxiety during this 24 h METH withdrawal period when α4βδ GABAR
expression is increased.

3.9.3. 3α,5β-THP does not alter anxiety after a 24 h METH withdrawal in α4 −/−
mice—In order to determine the role of α4βδ GABARs in mediating the paradoxical
anxiogenic effect of 3α,5β-THP after METH withdrawal, we implemented the ASR task in
α4−/− mice following chronic treatment with METH or 24 h withdrawal. As seen in +/+
mice, chronic METH treatment increased the ASR compared to values obtained after a 24 h
METH withdrawal, suggesting that anxiety levels are higher during chronic METH
treatment (P<0.05, Fig. 13A, n=8-10 mice).

However, unlike the results in +/+ mice, 3α,5β-THP had no significant effects on the ASR in
either chronic METH or 24 h METH withdrawal groups of α4−/− mice (Fig. 13A,B),
suggesting that the anxiogenic effect of this steroid observed in +/+ mice after METH
withdrawal is dependent upon α4βδ GABAR expression.
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4. Discussion
4.1. Summary and implications

The results from the present study suggest that following withdrawal from chronic METH
administration, the effect of the stress steroid 3α,5α-THP and its 3α,5β-THP isomer reverse
to trigger anxiety, in contrast to their usual effect to either decrease (Bitran et al., 1999) or
produce no effect on anxiety responses (Reilly et al., 2009) in male rodents. This surprising
outcome was produced via a novel GABAR target, α4βδ, because 3α,5β-THP effects were
not observed in α4 −/− mice. This receptor is unique in providing compensatory inhibitory
tone under conditions of increased CNS excitability (Mtchedlishvili et al., 2010), as would
be produced by stimulant action, but is inhibited by 3α,5β-THP when Cl− current is
hyperpolarizing (Shen et al., 2007), as seen 24 h after METH withdrawal. Thus, its increased
expression explains the seemingly incongruent symptoms of METH withdrawal, which
include lethargy and sedation, punctuated by anxiety and irritability as a response to stress
(London et al., 2004) when neurosteroid release is increased (Droogleever Fortuyn et al.,
2004). Increased expression of α4βδ GABARs is also associated with mood changes at
puberty (Shen et al., 2007) and a model of premenstrual dysphoric disorder (Smith et al.,
2006), which suggest that its expression may play a role in general states of stress-triggered
anxiety. Previous animal models of METH dependence have demonstrated conflicting
reports of anxiety-like behavior during METH withdrawal (Kitanaka et al., 2010), but this is
the first demonstration of an anxiety response triggered by a neurosteroid following
withdrawal from METH.

METH and anxiety behavior—METH increased anxiety due to its stimulant effects, as
verified in the present study, consistent with results from human and rodent studies
(Pometlova et al., 2012; Salo et al., 2011). During the chronic METH protocol, anxiety was
assessed within one hour after administration of the drug, when circulating levels of METH
would still be significantly elevated (Riviere et al., 1999). Although α4βδ GABARs were
increased by chronic METH treatment, the inhibition they provide was not sufficient to
overcome the stimulant effects of METH on anxiety behavior (Summary diagram, Fig. 4).

After a 24 h METH withdrawal, the stimulant effects of the drug dissipate because METH
has a half-life of ~98 min (Riviere et al., 1999). At this time anxiety was reduced to control
levels (Summary diagram, Fig. 4), consistent with results from other studies (Grace et al.,
2010) which also report no increase in the ASR after a 24 h METH withdrawal. However,
3α,5β-THP exerted excitatory effects at this time because it reduced the hyperpolarizing
GABAergic current generated by α4βδ GABARs during the 24 h METH withdrawal as we
have shown also occurs at puberty (Shen et al., 2007). Thus, 3α,5β-THP increased anxiety
after a 24 h METH withdrawal, as did 3α,5α-THP. 3α,5α-THP belongs to a class of drugs,
including THDOC (3α,21-dihydroxy-5α-pregnan-20-one) which are released by stress
(Purdy et al., 1991; Mukai et al., 2008; Girdler et al., 2001; Drooglever-Fortuyn et al.,
2004). 3α,5α-THP, like its 5β isomer, also increases anxiety at puberty when α4βδ
GABARs are increased (Shen et al., 2007) and GABAergic current is hyperpolarizing. Thus,
these findings suggest a potential mechanism for stress-triggered anxiety during METH
withdrawal. In contrast to its effect during chronic METH and 24 h METH withdrawal, 3α,
5β-THP had no effect on the ASR in control rats, consistent with studies which suggest that
this class of neurosteroids does not alter the peak ASR in male rodents, despite its anxiolytic
effect in females (Reilly et al., 2009; Toufexis et al., 2004)

4.2. METH withdrawal and α4βδ GABAR expression
Chronic METH exposure of both rats and mice produced marked increases in α4βδ GABAR
expression, suggesting that this is a robust effect. This increase in α4βδ expression was first
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seen 1 h after METH administration in mice suggesting that this is a rapid response to
METH exposure and not simply a result of chronic exposure to the drug. These α4βδ
GABARs were verified to be functional receptors based on the responses of pyramidal cells
to a low concentration of the GABA agonist gaboxadol, which is selective for δ-containing
GABAR (Brown et al., 2003; Meera et al., 2010). (Although the magnitude of the change in
receptor expression and tonic current are not identical, this may be due to a ceiling effect on
the ability to detect a α4βδ expression with a Western blot.) This increased level of α4βδ
GABAR expression was maintained during both acute and up to 4 weeks after METH
withdrawal, suggesting that the compensatory increase in these receptors is long-lasting and
may be relevant for METH abstinence. However, 6 weeks after METH withdrawal, α4βδ
expression was reduced and 3α,5β-THP no longer generated an anxiety response.

4.3. 3α,5β-THP effects at α4βδ GABARs
One novel characteristic of α4βδ, but not other GABARs, is that their response to the 3α,5α
and 3α,5β isomers of THP is dependent upon the polarity of GABAergic current: 3α,5α -
THP, 3α,5β-THP and related steroids enhance depolarizing, shunting inhibition (Belelli D et
al., 2002; Bianchi and Macdonald, 2003; Brown et al., 2002; Stell et al., 2003; Weir et al.,
2004), such as found in dentate gyrus granule cells which normally have high expression of
α4βδ (Staley and Mody, 1992). In contrast, 3α,5β-THP reduces hyperpolarizing current
(Shen et al., 2007), such as found in mature CA1 hippocampus, where α4βδ are normally
only expressed under special conditions, such as the onset of puberty (Shen et al., 2007) or
METH withdrawal, as reported here (Summary figure 4). This surprising effect of the
steroid was initially established in recombinant receptors where 3α,5β-THP reduced
hyperpolarizing current but enhanced depolarizing current mediated by α4βδ GABARs
(Shen et al., 2007) and did not alter the reversal potential, suggesting that conductances
other than Cl− were not involved. This effect was dependent upon arginine 353 in the TM3-
TM4 intracellular loop, a putative modulatory site for Cl−, and was due to acceleration of
desensitization by 3α,5β-THP (Shen et al., 2007), consistent with reports of polarity-
dependent desensitization of homologous δ-containing GABARs (Bianchi et al., 2002). Cl−

has been shown to function in a modulatory capacity in GABARs and other membrane
receptors in addition to role in ion conductance (Chen et al., 2000; Houston et al., 2009;
Olsen and Snowman, 1982); our findings suggest that it may play a role in mediating steroid
effects at α4βδ GABARs.

4.4. Polarity of hippocampal GABAergic current: Chronic METH versus METH withdrawal
During chronic METH treatment, α4βδ GABAR expression was increased, but 3α,5β-THP
enhanced inhibition at this time, as predicted, due to the fact that the GABAergic current
was depolarizing, but was still a shunting inhibition, during chronic stimulant exposure. In
the CA1 hippocampus, where the GABAergic current is hyperpolarizing, the Cl− reversal
potential lies close to the resting membrane potential (Staley and Proctor, 1999). Thus, small
changes in Cl− equilibrium can shift the direction of the current, which is actively
maintained by a selective K+- Cl− co-transporter, KCC2 (Payne, 1997). Other studies have
shown that increased GABAR activation produced by tetanizing stimulation or
depolarization can lead to accumulation of Cl− intracellularly and depolarizing GABA
currents (Isomura et al., 2003), as has been seen in models of epilepsy (Fujiwara-Tsukamoto
et al., 2007). In the Isomura study and ours, this reversal of GABAergic current may be due
to increases in extracellular K+ levels produced by glutamate release, which are reported
after METH exposure (Yamamoto et al., 1999). Increased extracellular K+ has effects on the
K+-Cl− co-transporters to favor accumulation of intracellular Cl−, and may even reverse the
transporter flux (Jarolimek et al., 1999). In addition, it could also be due to collapse of the
Cl− gradient by sustained GABAR activity (Isomura et al., 2003), which would allow other
anions, such as HCO3

−, to generate an inward current in response to GABA agonists.
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Alternatively, alterations in expression of KCC2 could also explain this finding (Kahle et al.,
2008).

4.5. METH effects in the CA1 hippocampus
METH is reported to have actions in the hippocampus, where it increases release of
glutamate, depolarizes CA1 pyramidal neurons (Yamamoto et al., 1999) and enhances
synaptic transmission (Hori et al., 2010). However, with chronic exposure, effects of the
drug on glutamate release are reduced (Yamamoto et al., 1999) and long-term potentiation is
impaired (Hori et al., 2010), suggesting that compensatory mechanisms develop.
Interestingly, it has been shown that chronic exposure to METH reduces the input resistance
of CA1 pyramidal cells (Hori et al., 2010). Our findings suggest one potential mechanism
for this outcome is via increased expression of α4βδ GABAR. Because these extrasynaptic
receptors localize along the dendritic shaft (Peng et al., 2002; Shen et al., 2007) where they
generate a shunting, tonic inhibition in response to ambient levels of GABA, their primary
effect is to reduce neuronal input resistance (Shen et al., 2010a) and increase spiking
threshold. Indeed, withdrawal from chronic METH administration in the present study
resulted in a significant decrease in neuronal input resistance compared to control, which
increased the current necessary for triggering a spike, an effect which was prevented by
down-regulation of α4 expression with flumazenil as well as by α4 knock-down. In contrast,
flumazenil alone had no effect on input resistance or threshold for spiking.

4.6. Synaptic current
METH withdrawal also increased the phasic current, most likely as part of the compensatory
response to the stimulant actions of METH. However, these IPSCs do not reflect increased
expression of α4βγ2 GABAR sub-synaptically. This conclusion is suggested by the robust
response of the synaptic current to benzodiazepine modulation, which would not be
expected if α4βγ2 receptors were increased sub-synaptically (Hsu et al., 2003) because they
are benzodiazepine-insensitive (Knoflach et al., 1996; Wafford et al., 1996), unlike the other
sub-types of GABARs which express sub-synaptically in CA1 hippocampus. This increase
in sIPSC frequency and amplitude may have served to mitigate the increase in anxiety when
METH was present. However, increases in sIPSC frequency were maintained across a 4
week period of METH withdrawal, which may partially explain the reduced anxiety
response during this withdrawal period compared to the anxiety associated with chronic
METH treatment.

4.7. Plasticity of α4βδ GABARs
GABARs containing the δ subunit have a high degree of plasticity and are increased
compensatorily, as is the tonic inhibitory current, in response to increased neuronal
excitability produced by neuronal depolarization, NMDA receptor activation, traumatic
brain injury and stroke (Mtchedlishvili et al., 2010; Payne et al., 2008; Santhakumar et al.,
2010). It is likely that δ-containing GABARs play a neuroprotective role in this regard
because excitotoxicity levels are increased in brain tissue from δ −/− animals (Santhakumar
et al., 2010). Fluctuations in 3α,5α-THP levels, such as seen at puberty or across the ovarian
cycle, also increase α4βδ GABAR expression (Brack and Lovick, 2007; Maguire et al.,
2005; Shen et al., 2007), which may also be due, in some cases, to subtle changes in
neuronal activity. The results from the present study provide an additional condition, chronic
METH exposure, which triggers α4βδ GABAR expression. In contrast to its upregulation of
α4, chronic METH and METH withdrawal decrease α1 expression, which suggests that
expression of these two subunits has an inverse relationship, consistent with other reports
(Kumar et al., 2002; Zhou et al., 2009). The mechanism for METH-induced increases in
α4βδ expression is not known, but may be due to either heat shock protein chaperones or to
brain-derived neurotrophic factor, both of which can be increased by METH exposure
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(Braun et al., 2011; Kiyatkin and Sharma , 2011; Numachi et al., 2000) and have been
shown to regulate α4βδ expression (Joshi and Kapur, 2009; Pignataro et al., 2007).

4.8. Flumazenil effects at α4βδ GABARs
Flumazenil is a GABAR ligand, best known for its acute effect as a competitive
benzodiazepine antagonist at GABARs containing either α1-3 or α5 and a γ2 subunit. In this
regard, it binds to the benzodiazepine site where it prevents the potentiating effect of
benzodiazepine agonists on GABA-gated current and the resultant sedation, but has no
effect on its own (Olsen and Sieghart, 2009).

However, flumazenil can also produce longer term effects by altering expression of α4-
containing GABARs that are separate and distinct from its acute effects and do not require
the presence of a benzodiazepine. In fact, flumazenil (48 h) reduces α4 expression following
its upregulation by ethanol withdrawal (Biggio et al., 2007) an effect which may be
mediated via direct effects of the drug on the receptor. Unlike classic benzodiazepine
agonists which do not bind to receptors containing α4 (Knoflach et al., 1996; Wafford et al.,
1996) or δ subunits (Brown et al., 2002), flumazenil has been shown to bind to α4βδ
GABARs (Wallner et al., 2006) where it likely produces allosteric effects. In the present
study, flumazenil significantly reduced expression of the α4 subunit during 24 h METH
withdrawal, suggesting that it may represent a pharmacological approach to the regulation of
these receptors. Under control conditions, flumazenil had no effect on measures of neuronal
function, consistent with its role as a benzodiazepine antagonist at GABAR which do not
contain α4 or δ subunits. Flumazenil also increased expression of α1 after 24 h METH
withdrawal, which may be simply be due to indirect effects due to decreases in α4
expression or to the presence of endogenous benzodiazepine-like compounds which have
been reported (Costa and Guidotti, 1991). Flumazenil has been shown to produce a similar
effect (increasing α1, while decreasing α6, which is homologous to α4) in cerebellum
(Zheng et al., 1996), suggesting that this is a robust effect.

Early studies foreshadowed this regulatory role for flumazenil, where a single administration
of the drug was able to reverse the effects of chronic benzodiazepine exposure which
prevented GABA-induced enhancement of benzodiazepine binding (“uncoupling”) (Roca et
al., 1990) and tolerance to benzodiazepines (Gonsalves and Gallager, 1988). Although the
mechanism is not clear, these flumazenil-induced increases in benzodiazepine response are
consistent with downregulation of GABAR containing the benzodiazepine-insensitive α4
subunit.

4.9. Other GABAR subtypes
Our findings suggest that α5 GABAR subunit expression is also increased by chronic
METH exposure. This receptor is localized extrasynaptically and mediates a tonic inhibition
in CA1 hippocampus (Bai et al., 2000). However, the observed METH-induced increase was
modest (~20%), although it probably represents an additional compensatory response to the
stimulant actions of METH. In addition, α5-GABARs likely do not mediate the anxiogenic
effect of 3α,5β-THP during METH withdrawal because these receptors are relatively
insensitive to 3α,5β-THP (Shen et al., 2007), and ablation of α4βδ GABARs was sufficient
to prevent this paradoxical effect of both isomers of THP.

4.10. GABARs and addictive drugs
Recent studies have demonstrated the presence of α4 and δ-containing GABARs in the
nucleus accumbens where their knock-down reduces the reinforcing effects of alcohol (Nie
et al., 2011; Rewal et al., 2012). In addition, both the α1 and α2 GABARs play a role in the
reward and stimulant aspects of addictive drugs. Benzodiazepines increase dopamine levels
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in the ventral tegmental area by potentiating α1-containing GABARs on interneurons which
typically inhibit dopamine output in this region (Tan et al., 2010). α2-containing GABARs
localize in the nucleus accumbens (Pirker et al., 2000), which plays a pivotal role in these
effects of cocaine (Carelli, 2002), where they contribute to GABAergic synapses (Dixon et
al., 2010). Studies with both knock-out and transgenic (α2(H101R)) mice have shown that
α2 GABARs mediate cocaine-induced hyperactivity produced by benzodiazepine agonists
(Morris et al., 2008) and are both necessary and sufficient for behavioral sensitivity to
cocaine (Dixon et al., 2010). Additionally, α2 deletion prevents conditioned reinforcement
to cocaine (Dixon et al., 2010), suggesting that GABARs provide an essential role in the
behavioral effects of stimulant drugs.

4.11. Stress and drug relapse
Stress and anxiety are compelling states that can drive drug-seeking (Koob, 2009) and
relapse (Back et al., 2010), which may represent an effort to lessen aversive withdrawal
effects of the drug. In animal studies, stress increases the response rate for self-
administration of METH (Shepard et al., 2004) and cocaine (Covington and Miczek, 2005),
independently of corticosterone levels (Covington and Miczek, 2005), suggesting that an
alternative stress-related mechanism exists, which may be explained by our findings.
Triggering stress with the α2 adrenoreceptor blocker yohimbine can also induce
reinstatement of cocaine seeking after extinction (Anker and Carroll, 2010) in rats of both
sexes. Interestingly, 3α,5α-THP prevents this effect in female but not male rats, suggesting
that our findings, showing that 3α,5α-THP triggers anxiety after METH withdrawal, may be
an outcome relevant only for the male. Sex differences in 3α,5α-THP's effects on cocaine
seeking have also been reported in the absence of a stressful stimuli (Anker et al., 2009),
where it reduces this parameter only in females. Interestingly, cocaine increases
hippocampal levels of 3α,5α-THP levels only in females (Quinones-Jenab et al., 2008),
which may explain the sex difference in response to administration of exogenous steroid.
Although the anxiogenic peptide CRF has been implicated in some withdrawal states (Koob,
2009), there is evidence that some of the effects of CRF are mediated via GABA (Waselus
et al., 2005).

4.12. Conclusions
Although dopamine (Fleckenstein et al., 2007) and dopamine-GABA interactions (Janssen
et al., 2009) have a role in striatal function and reward mechanisms, the GABAR is the
major determinant of anxiety state (Rudolph et al., 1999). This study demonstrates a novel
mechanism for stress-induced anxiety after METH withdrawal via increases in hippocampal
α4βδ GABAR, which likely represent a homeostatic response to the stimulant action of the
drug.
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GABAR GABAA receptor

GBX gaboxadol or THIP (a GABA agonist)

I-threshold The current threshold for triggering a spike

METH methamphetamine

mIPSC miniature inhibitory post-synaptic current

Rm input resistance

sIPSC spontaneous inhibitory post-synaptic current

3α,5α-THP 3α-OH-5α-pregnan-20-one or allopregnanolone

3α,5β-THP 3α-OH-5β-pregnan-20-one or pregnanolone

TTX tetrodotoxin
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Highlights

• Methamphetamine increases hippocampal expression of α4βδ GABAA receptors

• The stress steroid THP reduces GABAergic current during methamphetamine
withdrawal

• THP's effect was mediated by polarity-dependent effects at α4βδ GABAA
receptors

• THP paradoxically increases anxiety during methamphetamine withdrawal

• This effect was prevented by flumazenil and α4 knock-out
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Fig. 1. Chronic methamphetamine increases expression of α4 and δ GABAA receptor subunits in
rat hippocampus: Western blot and pharmacological analysis
A, Western blot analysis of GABAA receptor (GABAR) α4 (67 kDa), δ (54 kDa) and α1 (51
kDa) subunit expression in hippocampus following chronic methamphetamine (METH) or a
24 h METH Wd, with or without Flu (flumazenil). B, Averaged optical densities (OD),
mean ± SEM. Results are normalized to the housekeeping protein GAPDH and are
expressed as a ratio relative to the vehicle-treated control (OD drug treatment/OD Con).
ANOVA, α4, F(3,16)=12.6, P=0.0002; δ, F(3,16)=20.1, P<0.0001; α1, F(3,16)=14.05,
P<0.0001; *P<0.01 vs. Con, 24 h METH Wd + Flu; n=5 rats/group, performed in duplicate.
C,D, Tonic current. C, Representative traces. Dashed lines indicate holding current before
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and after GABAR blockade. The difference current (pA) indicated for each trace. D, Mean ±
SEM, the current shift in response to the GABA antagonist SR95531 (arrow, 120 μM)
(ANOVA, F(3,24)=72.5, P<0.0001). *P<0.01 vs. Con, 24 h METH Wd + Flu; †P<0.05
METH Wd vs. Chronic METH; n=7 rats/group. In this and the following figures, arrows
indicate continuous bath application of the indicated drug. E-G, Response of CA1 pyramidal
cells to low concentrations of the GABA agonist gaboxadol (100 nM GBX, arrow) followed
by SR95531 (120 μM, arrow). Chronic METH and 24 h METH Wd groups showed greater
responsiveness to GBX, consistent with increased expression of α4βδ GABARs. E,
Representative traces. Dashed lines indicate holding current before and after GBX. F, mean
± SEM, peak-to-peak noise generated by α4βδ (δ-noise, ANOVA, F(3,24)=6.0, P=0.0032).
G, mean ± SEM, GBX-gated current: ANOVA, 30 nM, F(3,24)=26.37, P<0.0001; 100 nM,
F(3,24)=22.6, P<0.0001; *P<0.0001 vs. Con, 24 h METH Wd + Flu, †P<0.05 vs. Chronic
METH, n=7 rats/group.
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Fig. 2. Chronic METH increases the inhibitory synaptic current in rat CA1 hippocampal
pyramidal cells
A, Whole cell voltage clamp recordings from CA1 hippocampal pyramidal cells in the slice.
Representative traces illustrating the increase in sIPSC amplitude and frequency following
chronic treatment of rats with METH or after a 24 h withdrawal (24 h METH Wd). B,
Probability plots demonstrating the range of amplitudes for sIPSCs. C, Mean ± SEM, sIPSC
amplitudes (means ± SEM). ANOVA, F(2,391)=31.2, P<0.0001; *P<0.05 vs. Con. D, Mean
± SEM, sIPSC frequencies. ANOVA, F(2,11)=8.3, P=0.0063; *P<0.001 vs. Con; †P<0.05
vs. Chronic METH; n=4-5 rats/group. D, Mean ± SEM, mIPSC half-width before and after
10 μM lorazepam (LZM). E, Representative traces. LZM produced significant increases in
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mIPSC half-width of similar magnitude in recordings from Con and Chronic METH groups.
(LZM effect, *Con, t(10)=4.47, P=0.0012; *Chronic METH, t(10)=3.0, P=0.0133; Con vs.
Chronic METH, t(10)=1.32, P=0.22); n=5-6 rats/group.
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Fig. 3. 3α,5β-THP reduces outward GABAergic tonic current after a 24 h METH withdrawal in
rat hippocampus
A, Representative traces of tight seal cell-attached recordings in current clamp mode (with
no current injection) from CA1 hippocampal pyramidal cells testing polarity of GABAergic
current by the direction of response to bath applied GBX (arrow): Con, hyperpolarization
(downward deflection); chronic METH, depolarization; 24 h METH Wd, hyperpolarization.
Rep. of results from 3 cells, each. B, Gramicidin perforated patch recordings of the holding
current in voltage clamp mode (−65 mV holding potential) in response to 30 nM 3α,5β-THP
(left, arrow) and 120 μM SR95531 (right, arrow). 3α,5β-THP decreased the tonic current
after a 24 h METH Wd (produced a shift in the same direction as SR95531), but not in the
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other groups. C, Mean ± SEM, ANOVA, F(3,24)=62.6, P<0.0001; *P<0.05 vs. all other
groups n=7 rats/group.
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Fig. 4. Summary diagram of GABAA receptor changes and functional outcome due to METH
exposure and withdrawal
A, In the absence of METH treatment (control conditions), the predominant GABAA
receptors (GABARs) on CA1 pyramidal cells are α1β2γ2 and α5β3γ2. B, During chronic
METH treatment, glutamate (GLU) release increases significantly, which increases neuronal
excitability despite compensatory increases in expression of α4βδ GABARs. This is because
the excitatory input >> inhibitory compensation (α4βδ GABARs). Excitatory events
indicated by +, inhibitory events indicated by -. Thus, during chronic METH, BASELINE
ANXIETY is increased. C, Cl- flux through these GABARs is depolarizing (outward flux)
probably as a result of the increase in neuronal activity, producing a shunting inhibition. (A
shunting inhibition is produced (rather than excitation) when the Cl- reversal potential is
close to the membrane potential, and the driving force for Cl- flux is small. Thus, the
primary effect of GABAR activation is to reduce the membrane resistance which reduces the
voltage produced by depolarizing current.) Now the neurosteroid 3α,5β-THP (“THP”)
increases the GABA-gated current at these receptors, which increases the shunting
inhibition, thereby decreasing neuronal excitability. As would be predicted, 3α,5β-THP
decreases anxiety (“THP-TRIGGERED ANXIETY”). (Although not tested in this study, it
is predicted that 3α,5α-THP would have a similar effect based on our findings after METH
withdrawal.) D, After METH withdrawal (1d – 4 wk), the increase in α4βδ GABAR
expression is maintained, but the stimulatory effects of METH are now gone, thus GLU
release is no longer increased. As a result, neuronal excitability is decreased. BASELINE
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ANXIETY is also reduced compared to the chronic METH condition. E, However, after a
24 h METH withdrawal, the GABAergic Cl- current reverts to hyperpolarizing (inward Cl-
flux) probably because neuronal excitability is decreased. Under these conditions, 3α,5β-
THP (“THP”) decreases hyperpolarizing current at α4βδ GABARs, increasing neuronal
excitability. Both 3α,5α-THP and 3α,5β-THP increase anxiety after METH withdrawal.
Because 3α,5α-THP is released by stress, this suggests that one outcome of the stress
response during METH withdrawal is to reduce GABAergic inhibition and increase anxiety
(“THP-TRIGGERED ANXIETY”). This may represent a mechanism for stress-triggered
anxiety, which is exacerbated after METH withdrawal (24 h – 4 weeks).
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Fig. 5. 3α,5β-THP does not alter the paired pulse ratio of evoked IPSCs in rat hippocampus after
a 24 h METH withdrawal
IPSC responses to paired stimuli assessed before and after bath application of 30 nM 3α,5β-
THP. The ratio of IPSC response was not altered by 3α,5β-THP, suggesting that the steroid
does not act presynaptically 24 h after METH withdrawal. A, Mean ± SEM. B,
Representative traces. P=0.11; n=4 rats/group.
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Fig. 6. 3α,5β-THP increases excitability of rat CA1 hippocampal pyramidal cells after a 24 h
METH withdrawal
A, Representative traces and B, Mean ± SEM, 3α,5β-THP effects on neuronal excitability
recorded from CA1 pyramidal cells (rat) in the hippocampal slice using whole cell
recordings in current clamp mode. Membrane voltage was assessed in response to 20 pA
increases in current injection. A, Red, current threshold (I-threshold) for action potential
(AP) generation for the less excitable group (the recording with the higher current threshold:
pre-3α,5β-THP or post-3α,5β-THP). Blue, I-threshold for AP generation for the more
excitable group (i.e., the recording with the lower current threshold) before or after bath
application of 30 nM 3α,5β-THP. Black, trace(s) in-between the two threshold currents. B,
3α,5β-THP increased Rm (ANOVA, F(3,14)=73, P<0.0001) and lowered I-threshold
(ANOVA, F(3,14)=22, P<0.0001) only after 24 h METH Wd, an effect reversed by FLU;
n=4-5 rats/group. *P<0.0001 vs. all other groups; n=4-5 rats/group.

Shen et al. Page 35

Neuroscience. Author manuscript; available in PMC 2014 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. METH increases α4, δ and α5 GABAR and expression in mouse CA1 hippocampus
Western blots, mouse hippocampus, Left, Representative blots, Right, Mean ± SEM. A, α4,
δ, Chronic METH and 24 h METH Wd: α4 (ANOVA, F(2,18)=53.1, P<0.0001) and δ
(ANOVA, F(2,18)=100.3, P<0.0001); *P<0.05 vs. Con; n=7/group. B, α4, δ, 1h METH: α4
(student's t-test, t(10)=2.3, *P=0.044 vs. Con) and δ (student's t-test, t(10)=3.18, *P=0.01 vs.
Con); n=6/group. C, α1, α2, α5, Chronic METH and 24 h METH Wd: α1 (ANOVA,
F(2,9)=17.5, P=0.0008), α2 (ANOVA, F(2,9)=0.43, P=0.666), α5 (ANOVA, F(2,12)=6.03,
P=0.037); *P<0.05 vs. Con; n=4/group. D, α4, δ, METH Wd – 2 – 6 wk: α4 (ANOVA,
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F(3,16)=88.2, P<0.0001) and δ (ANOVA, F(3,16)=77.7, P<0.0001); *P<0.05 vs. Con,
METH Wd-6 wk; n=4/group.
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Fig. 8. METH increases gaboxadol responsiveness of the tonic current in mouse CA1
hippocampus
Whole cell voltage clamp recordings from CA1 pyramidal cells in the hippocampal slice
after administration of METH or vehicle to +/+ or α4−/− mice. Robust responses to 100 nM
GBX (left, arrow) were noted from 1d to 4 wk after METH Wd in +/+, but not α4−/−, mice,
reflecting functional expression of α4βδ receptors. Right, arrow, 120 μM SR95531. A,
Representative traces; B, Mean ± SEM, ANOVA, GBX-induced change in holding current,
F(5,24)=27, P < 0.0001; δ-noise, F(5,24)=7.9, P=0.0002; *P<0.05 vs. Con, METH Wd-24 h
α4−/−, METH Wd-6 wk; n=5 mice/group.
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Fig. 9. Chronic METH increases the inhibitory synaptic current in mouse CA1 hippocampal
pyramidal cells
A, Whole cell voltage clamp recordings from CA1 hippocampal pyramidal cells.
Representative traces illustrating the increase in sIPSC amplitude and frequency following
chronic treatment of mice with METH or its withdrawal (METH Wd) from 24 h to 6 weeks
(6 wk). B, Mean ± SEM, sIPSC amplitudes (ANOVA, F(7,58)=71.7, P<0.0001; *P<0.05 vs.
Con, METH WD-6 wk; †P<0.05 vs. all other groups.) and averaged sIPSC frequencies
(ANOVA, F(7,58)=20.25, P<0.0001; *P<0.001 vs. Con, METH WD-6 wk; †P<0.05 vs. all
other groups); n=5/group. C, Probability plot for the distribution of sIPSC amplitudes; left,
Con, chronic METH and 24 h METH withdrawal; right, METH withdrawal, 2 – 6 wk.
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Fig. 10. 3α,5β-THP reduces tonic GABAergic current and increases excitability of mouse CA1
hippocampal pyramidal cells after METH withdrawal
A, Gramicidin perforated patch recordings of the holding current in voltage clamp mode
(−65 mV holding potential) in response to 100 nM GBX (arrow) after chronic METH (top)
or a 24 h METH withdrawal (24 h METH Wd, bottom). GBX produced a depolarizing effect
during chronic METH treatment, but a hyperpolarizing effect after 24 h METH Wd. Rep. of
results from 3 cells, each. B, Whole cell voltage clamp recordings varying the Cl− gradient
to produce depolarizing GABA currents (inward, upper trace) or hyperpolarizing GABA
currents (lower 2 traces) from +/+ (upper 2 traces) or α4−/− (lower trace) hippocampus after
METH Wd. 3α,5β-THP (30 nM, first arrow) increased depolarizing GABA current, but
reduced hyperpolarizing GABA current in +/+ but not α4−/− hippocampus. (Second arrow,
120 μM SR95531 added to verify the direction of GABAergic current.) C, Mean ± SEM,
ANOVA F(2,6) = 61.3, P=0.0001; *P<0.01 vs. all other groups; n=3 mice/group. D,
Representative traces and E, Mean ± SEM, 3α,5β-THP effects on neuronal excitability
recorded from CA1 pyramidal cells in the hippocampal slice using current clamp mode.
Membrane voltage was assessed in response to 20 pA increases in current injection. D, Red,
current threshold (I-threshold) for action potential (AP) generation for the less excitable
group (i.e., higher current threshold). Blue, I-threshold for AP generation for the more
excitable group (i.e., lower current threshold) before or after bath application of 30 nM 3α,
5β-THP. Black, trace(s) in-between the two threshold currents. E, 3α,5β-THP effects on Rm
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(ANOVA, F(2,12)=40.91, P<0.0001) and I-threshold (ANOVA, F(2,12)=63, P<0.0001)
were not seen in α4 −/− mice after 24 h METH Wd. *P<0.05 vs. Con, METH Wd-24 h α4−/
− ; n=5 mice/group. F, G, Cell-attached recordings of spiking in voltage clamp mode before
and after 30 nM 3α,5β-THP. 3α,5β-THP is excitatory after both 24 h and 12 d after METH
Wd in +/+ but not α4 −/− mice. F, Representative traces, G, Mean ± SEM, ANOVA, F(3,8)
= 64, P< 0.0001; *P<0.005 vs. Con, METH Wd-24 h α4−/− ; n=3 mice/group.
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Fig. 11. 3α,5β-THP increases anxiety after METH withdrawal in rats: reversal by flumazenil
Anxiety-like behavior was tested using the acoustic startle response (ASR) across METH
treatments. All animals were injected with 3α,5β-THP (10 mg/kg, i.p.) or oil vehicle 20 min.
before testing. A, ASR in vehicle or 3α,5β-THP-injected rats. Mean ± SEM, 2-factor
ANOVA, F(7,61)=19.51, P<0.0001; *P<0.05 vs. all other vehicle-treatment groups;
†P<0.05 vs. all other 3α,5β-THP -treatment groups; n=9 rats/group. B, 3α,5β-THP effects on
the ASR across METH treatment groups. Mean ± SEM, 1-factor ANOVA, F(3,31)=47.7,
P<0.0001; *P<0.05 vs. all other groups, n=9 rats/group. 3α,5β-THP increased the startle
response only after a 24 h METH Wd (90% of animals), while Flu prevented this effect.
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Fig. 12. Both 3α,5α-THP and 3α,5β-THP increase anxiety after a 24 h METH withdrawal in
mice
A, ASR in untreated male mice across a range of tone volumes (85-120 decibels, db), left,
and durations (10-90 ms), right. These data suggest that a 40 ms, 120 db signal is optimal for
adult mice. Mean ± SEM, ANOVA, acoustic volume, F(7,72)=65.2, P<0.0001; acoustic
signal duration, F(8,81)=4.20, P=0.0003; *P<0.05 vs. all other groups, n=10 mice/group. B,
ASR in vehicle or 3α,5β-THP-injected mice. All animals were injected with 3α,5β-THP (10
mg/kg, i.p.) or oil vehicle 20 min. before testing using the ASR test of anxiety. Mean ±
SEM, 2-factor ANOVA, F(4,98)=10.13, P<0.0001; *P<0.05 vs. all other vehicle-treatment
groups; †P<0.05 vs. all other 3α,5β-THP -treatment groups; n=10-12 mice/group. C, 3α,5β-
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THP effects on the ASR after a 24 h METH withdrawal. Mean ± SEM, 1-factor ANOVA,
F(4,51)=7.9, P<0.0001; *P<0.05 vs. Chronic METH, METH Wd-24 h, METH Wd-6 wk,
†P<0.05 vs. all other groups; n=10-12 mice/group. 3α,5β-THP increased the startle response
after a 24 h METH Wd (90% of animals). D, 3α,5α-THP effects on the ASR after a 24 h
METH withdrawal. 3α,5α-THP (10 mg/kg, i.p.) or oil vehicle was injected 20 min before
testing. Left, 3α,5α-THP produced an ASR greater than oil vehicle. (Mean ± SEM, student's
t test, t(14)=2.41, *P=0.015 vs. vehicle-injected mice, n=8 mice/group). Right, 3α,5α-THP
produced a 92% increase in the ASR compared to oil vehicle.
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Fig. 13. 3α,5β-THP has no effect on anxiety after METH withdrawal in α4−/− mice
All animals were injected with 3α,5β-THP (10 mg/kg, i.p.) or oil vehicle 20 min. before
testing using the ASR test of anxiety. A, ASR in vehicle or 3α,5β-THP-injected mice. Mean
± SEM, 2-factor ANOVA, F(3,30)=3.74, P=0.02; METH, F(1,30)=8.3, P=0.007, *P<0.05
vs. all other groups; n=8-10 mice/group. B, 3α,5β-THP effects on the ASR across METH
treatment groups. Mean ± SEM, t(13)=0.80, P=0.44; n=8-10 mice/group. 3α,5β-THP had no
effect on the startle response after METH Wd in α4 −/− mice.
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Table 1

Summary of the effects of in vivo METH treatments resulting from experiments performed in mice1, rats2 or

both
*
 on CA1 hippocampal pyramidal cells. Both α4βδ GABAR expression levels and the polarity of the

GABAergic current determine the ultimate effect of 3α,5β-THP on the tonic current and neuronal excitability.

α4βδ expression in
CA1 hippocampus

GABA current Effect of GABA

current
*

Effect of 3α,5β-THP
on the tonic
GABAergic current

Effect of 3α,5β-THP
on neuronal
excitability

CON
* Low Hyperpolarizing Inhibitory Increase Decrease

CHRONIC METH
* High Depolarizing Inhibitory Increase Decrease

METH WD
* High Hyperpolarizing Inhibitory Decrease Increase

METH WD α4−/−1 None No effect

METH WD + FLU2 Low Hyperpolarizing Inhibitory Increase Decrease

*
GABA was inhibitory in all cases regardless of the polarity of the current.
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