
C
R
P
I

K

D
M
M
1

A
r
t
z
g
t
V
C
a
2
2
o
T
a
a
n
t
p
m
r
F
r
c
g
a
u
A
[
G
i
G
r
C
G
z
t
G
L

*
E
A
p
N
D
e
fl
V

Neuroscience 157 (2008) 153–163

0
d

HRONIC BENZODIAZEPINE-INDUCED REDUCTION IN GABAA
ECEPTOR-MEDIATED SYNAPTIC CURRENTS IN HIPPOCAMPAL CA1
YRAMIDAL NEURONS PREVENTED BY PRIOR NIMODIPINE
NJECTION
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bstract—One week oral flurazepam (FZP) administration in
ats results in reduced GABAA receptor-mediated synaptic
ransmission in CA1 pyramidal neurons associated with ben-
odiazepine tolerance in vivo and in vitro. Since voltage-
ated calcium channel (VGCC) current density is enhanced
wofold during chronic FZP treatment, the role of L-type
GCCs in regulating benzodiazepine-induced changes in
A1 neuron GABAA receptor-mediated function was evalu-
ted. Nimodipine (10 mg/kg, i.p.) or vehicle (0.5% Tween 80,
 ml/kg) was injected 1 day after ending FZP treatment and
4 h prior to hippocampal slice preparation for measurement
f mIPSC characteristics and in vitro tolerance to zolpidem.
he reduction in GABAA receptor-mediated mIPSC amplitude
nd estimated unitary channel conductance measured 2 days
fter drug removal was no longer observed following prior
imodipine injection. However, the single nimodipine injec-
ion failed to prevent in vitro tolerance to zolpidem’s ability to
rolong mIPSC decay in FZP-treated neurons, suggesting
ultiple mechanisms may be involved in regulating GABAA

eceptor-mediated synaptic transmission following chronic
ZP administration. As reported previously in recombinant
eceptors, nimodipine inhibited synaptic GABAA receptor
urrents only at high concentrations (>30 �M), significantly
reater than attained in vivo (1 � M) 45 min after a single
ntagonist injection. Thus, the effects of nimodipine were
nlikely to be related to direct effects on GABAA receptors.
s with nimodipine injection, buffering intracellular free

Ca2 � ] with BAPTA similarly prevented the effects on
ABAA receptor-mediated synaptic transmission, suggest-

ng intracellular Ca2 � homeostasis is important to maintain
ABAA receptor function. The findings further support a

ole for activation of L-type VGCCs, and perhaps other
a2 � -mediated signaling pathways, in the modulation of
ABAA receptor synaptic function following chronic ben-

odiazepine administration, independent of modulation of
he allosteric interactions between benzodiazepine and
ABA binding sites. © 2008 IBRO. Published by Elsevier
td. All rights reserved.

Corresponding author. Tel: �1-419-383-4170; fax: �1-419-383-2871.
-mail address: liz.tietz@utoledo.edu (E. I. Tietz).
bbreviations: ACSF, artificial cerebrospinal fluid; APV, DL-2-amino-5
hosphonovaleric acid; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
,N,N-tetraacetic acid; CaMKII, Ca2�/calmodulin-dependent kinase;
HP, dihydropyridine; DNQX, 6,7-dinitroquinoxaline-2,3-done; EGTA,
thylene glycol-bis(�-aminoethylether) N,N,N=,N=-tetraacetic acid; FZP,
c
urazepam; NSFA, non-stationary fluctuation analysis; TTX, tetrodotoxin;
GCC, voltage-gated calcium channel.

306-4522/08 © 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuroscience.2008.08.049
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ey words: L-type voltage-gated calcium channels, fluraz-
pam, tolerance, zolpidem, unitary channel conductance,
APTA.

enzodiazepines, widely prescribed for their potent hyp-
otic, anxiolytic and anticonvulsant actions, exert their
herapeutic effects by potentiating fast, GABA type A re-
eptor-mediated inhibitory neurotransmission (Wafford,
005). Nevertheless, prolonged benzodiazepine adminis-
ration results in functional tolerance, primarily to their
edative and anticonvulsant actions (for reviews; Bateson,
002; Wafford, 2005).

GABAA receptors, the main locus of benzodiazepine
ctions, have been extensively studied to elucidate the
euroadaptive process underlying benzodiazepine toler-
nce. Native GABAA receptors are pentameric assemblies
f subunit proteins (�1-6, �1-4, �1-3, �1-3, �, �, � and �) with
n integral Cl� channel (Wafford, 2005). BZ tolerance
ppears to be mediated by at least two temporally sepa-
able GABAergic mechanisms. First, there is general
greement that consistent reductions in allosteric coupling,

.e. the functional linkage between GABA and benzodiaz-
pine binding sites, mediates an initial decrease in BZ and
ABA affinity associated with BZ tolerance both in vivo
nd in vitro. Dependent on the drug administration model
mployed, additional changes in GABA receptor structure,
unction, and pharmacology include region-specific de-
reases in the number of benzodiazepine binding sites,
educed GABA agonist potency, modulation of GABAA

eceptor subunit mRNA and protein expression, on the
hole reflected in a reduction in GABAergic synaptic inhi-
ition (Bateson, 2002; Wafford, 2005; Gravielle et al.,
005). In hippocampus, ‘uncoupling’ induced by chronic
enzodiazepine treatment is manifest by the reduced ability
f the GABAA receptor �1 subunit-preferring compound, zol-
idem to prolong CA1 neuron miniature postsynaptic current
mIPSC) decay ( Itier et al., 1996; Zeng and Tietz, 1999;
ietz et al., 1999). Second, a delayed, but marked reduc-

ion in GABAAR function is reflected in a �50% reduction
n mIPSC amplitude, a progressive decrease in channel
onductance and an absence of mIPSCs in 30%–80% of
ecorded neurons (Poisbeau et al., 1997; Zeng and Tietz,
999; Tietz et al., 1999).

Although the neural mechanisms underlying the devel-
pment of benzodiazepine tolerance remain incomplete,
ew evidence indicates a role for L-type voltage-gated

alcium channels (VGCCs) in mediating benzodiazepine-

mailto:liz.tietz@utoledo.edu
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nduced modulation of GABAA receptor function. Benzodi-
zepines can directly modulate VGCC-mediated Ca2� flux
Taft and DeLorenzo, 1984; Reuveny et al., 1993; Ishizawa
t al., 1997). In addition, chronic benzodiazepine adminis-
ration in vivo enhances high-voltage activated Ca2� cur-
ents in dissociated hippocampal CA1 neurons (Xiang et
l., 2008) and increases L-type VGCC subunit expression

n vitro (Katsura et al., 2007). Moreover, raising intracellu-
ar Ca2� or activating Ca2�/calmodulin-dependent protein
inase or phosphatases has been shown to regulate
ABAA receptor-mediated Cl� currents (De Koninck and
ody, 1996; Smart, 1997; Aguayo et al., 1998; Churn and
eLorenzo, 1998; Poisbeau et al., 1999; Stelzer et al.,
998; Sanchez et al., 2005). GABA-induced GABAA re-
eptor downregulation was suggested to be the product of
ranscriptional repression of GABAA receptor subunit
enes dependent on activation of L-type VGCCs (Lyons et
l., 2001; Gravielle et al., 2005) since nifedipine inhibited
oth GABA-induced increases in [Ca2�]i and GABAA re-
eptor down-regulation without effects on the allosteric
oupling between benzodiazepine and GABA binding sites
Lyons et al., 2001). Regulation of L-VGCCS was also
mplicated in the reduction in GABA function associated
ith hypoxia in cortical cultures (Wang and Greenfield, in
ress). It is unknown whether Ca2� signaling mechanisms
ownstream of L-VGCC activation underlie GABAergic
ystem dysfunction associated with chronic benzodiaz-
pine administration.

The role of L-type VGCCs in mediating GABAA recep-
or functional plasticity was explored via pharmacological
ntagonism of L-VGCC activity. Whole-cell hippocampal
lice-patch studies were carried out to evaluate the effect
f prior systemic nimodipine administration on mIPSC am-
litude, conductance and kinetics and on zolpidem tolerance

n vitro. To rule out direct effects of systemic nimodipine on
ABAA receptor function (Das et al., 2004), nimodipine’s
oncentration-dependent effect on GABAA receptor-medi-
ted mIPSCs was also investigated in vitro. In some experi-
ents, the high affinity Ca2� chelator BAPTA was used to
valuate the effects of lowering intracellular free Ca2� on
IPSC characteristics. The effects of an L-type VGCC an-

agonist on multiple measures of GABA dysfunction provide
dditional insights into the role of Ca2� influx in mediating
ifferential aspects of benzodiazepine tolerance.

EXPERIMENTAL PROCEDURES

xperimental protocols involving the use of vertebrate animals
esigned to minimize the use of the numbers of animals and their
uffering were approved by the University of Toledo College of
edicine (formerly the Medical University of Ohio), Institutional
nimal Care and Use Committee (IACUC) and conformed to
ational Institutes of Health ethical guidelines.

rug treatments

Chronic flurazepam (FZP) administration. FZP treatment in
ats was as previously described (Zeng and Tietz, 1999). In short,
ollowing a 2-day adaptation period when rats were offered only a
.02% saccharin vehicle, male Sprague–Dawley rats (initial age
N22-25, Harlan, Indianapolis, IN, USA) were offered FZP (FZP

ihydrochloride, pH 5.8) for 1 week in saccharin solution as their o
nly source of drinking water. The concentration of FZP was
djusted daily according to each rat’s body weight and fluid con-
umption (100 mg/kg�3 days and 150 mg/kg�4 days) appropri-
te to FZP’s relative potency, oral bioavailability and biotransfor-
ation resulting in brain concentrations of FZP and its active
etabolites of 1.2 	M, equivalent to 0.6 	M diazepam (Xie and
ietz, 1992), a range similar to other chronic benzodiazepine

reatment regimens (Rosenberg et al., 1985; Gallager et al.,
985). Only rats that consumed a criterion dose of an average
120 mg/kg/day were accepted for study. Saccharin water was
gain provided during the 2-day withdrawal period. Unlike in hu-
ans, residual FZP and metabolites rapidly decline over the first
4 h after drug removal and are no longer detectable in hippocam-
us 2 days after 1-week FZP administration (Xie and Tietz, 1992).
air-handled control rats receive saccharin water for the same

ength of time. Rats were killed for hippocampal slice preparation
n PN35-40. The experimenter was not informed the rats’ treat-
ent histories until after the data analysis were completed.

Systemic antagonist injection. Two groups of control and
ZP-treated rats were given a single i.p. injection of L-type VGCC
ntagonist, nimodipine (10 mg/kg, i.p.) or the vehicle 0.5% Tween
0 (2 ml/kg) 1 day after ending 1-week FZP treatment and 24 h
rior to hippocampal slice preparation. The dose of nimodipine
10 mg/kg, i.p.) was chosen based on dose-response studies of a
ariety of dihydropyridine (DHP) calcium channel antagonists to
rotect against ethanol withdrawal hyperexcitability. Nimodipine
10 mg/kg, i.p.) had minimal effect on locomotion, did not produce
taxia and had no effect on seizure threshold, yet reversed be-
avioral signs of ethanol dependence (Watson and Little, 2002).
oreover, this dose also had a similar effect to reverse the en-
anced CA1 neuron glutamatergic synaptic strength (Song et al.,
007; Das et al., 2008b) and withdrawal-anxiety (Xiang and Tietz,
007) during FZP withdrawal. This dose of nimodipine has mini-
al effect on locomotion, does not produce ataxia and has no
ffect on seizure threshold, yet reverses behavioral signs of eth-
nol dependence (Watson and Little, 2002).

easurement of peak nimodipine brain level in vivo

n order to assess the nimodipine concentration in the rat brain as
function of time after in vivo injection, a radioreceptor assay was

arried out as previously described (Xie and Tietz, 1992) to eval-
ate the effect of brain extracts to displace high affinity DHP
inding to whole rat brain membranes. Briefly, brain extracts were
ade from rats injected with nimodipine (10 mg/kg, i.p.) and killed
5, 30, 45, 60 120 min or 24 h later (n�2–3 rats per time point)
nd compared with extracts from a vehicle-injected and non-

njected saccharin-treated control rats, as well as non-injected rats
illed immediately after 1-week FPZ treatment (n�4). Whole
rains (minus brain stem) were dissected, homogenized in four
olumes of ethanol and centrifuged at 10,000�g for 20 min.
thanol extracts (40 	l) were used to displace 2 nM specific

3H]PN200-110 high-affinity (PerkinElmer, Boston, MA, USA)
inding to triple-washed crude synaptosomal (P2) membranes
repared from whole rat brain minus cerebellum (�1 mg/protein/
l, using standard techniques (Xie and Tietz, 1992) except that
uring the first resuspension in 50 mM Tris buffer (pH 7.7) mem-
ranes were brought to 37 °C for 30 min to remove ascorbic acid
Weiland and Oswald, 1985). Tubes (0.4 ml) were incubated for
0 min at room temperature in the dark and the reaction termi-
ated by vacuum filtration followed by 3�0.5 ml buffer washes on
32 glass fiber filters (Schleicher and Schuell, Keene, NH). Non-
pecific binding was determined in the presence of 10 	M nitren-
ipine. Radioactivity on filters was counted 5 min in ScintiSafe
0% (Fisher Scientific, Pittsburgh, PA, USA). Brain extracts were
ompared with a standard curve generated with 14 concentrations

f nimodipine ranging from 0.01 nM to 10 mM nimodipine.
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lectrophysiology

Hippocampal slice preparation. Hippocampal slices (400 	m)
ere prepared from rats as previously described (Van Sickle et al.,
004). Briefly, transverse dorsal hippocampal slices were cut on a
ibratome (Ted Pella, Inc., Redding, CA, USA) in ice-cold, pre-
assed (95% O2/5% CO2) artificial cerebrospinal fluid (ACSF)
ontaining (in mM): NaCl, 120; KCl, 2.5; CaCl2, 0.5; MgSO4 7.0;
aH2PO4 1.2; NaHCO3, 2; D-glucose, 20; ascorbate, 1.3, pH 7.4.
lices were maintained at room temperature (RT) for 15 min in
assed, low-calcium, high-magnesium ACSF, then transferred to
ormal ACSF containing (in mM): NaCl, 119; KCl, 2.5; CaCl2, 1.8;
gSO4 1.3; NaH2PO4 1.25; NaHCO3, 26; D-glucose, 10; pH 7.4.
lices were maintained at room temperature for 
1 h in ACSF.
uring recording, slices were superfused at a rate of 2.5 ml/min
ith gassed ACSF at room temperature.

GABAA receptor-mediated mIPSC recording. GABAA recep-
or-mediated mIPSCs were isolated from CA1 pyramidal neurons
n the presence of 1 	M tetrodotoxin (TTX), 10 	M DNQX (6,7-
initroquinoxaline-2,3-done) and 50 	M APV (DL-2-amino-5 phos-
honovaleric acid) with or without 1 	M zolpidem. Patch pipettes
or mIPSC recording were filled with (in mM): CsCl, 130; Hepes,
0; EGTA, 1; CaCl2, 0.5; MgCl2, 1; Mg-ATP, 2; QX-314, 2; pH 7.2
djusted with CsOH. Cells were Cl�-loaded to minimize the pos-
ible contribution of intracellular Cl� accumulation to the reduction
f GABA-mediated inhibition suggest by a shift in the EIPSC in
revious experiments in FZP-treated neurons. Chloride-loading
as demonstrated to reverse the use-dependent shift in ECl

� due
o prolonged GABA activation (Zeng and Tietz, 1999). QX-314
2 mM), an intracellular sodium channel blocker, was also in-
luded to block the spontaneous firing of CA1 pyramidal neurons.
esting membrane potential (RMP) was measured immediately
pon cell break-in. Neurons were voltage-clamped (VH��70 mV)

n continuous mode (cSEVC) using an Axoclamp 2A amplifier
Axon Instr., Union City, CA, USA). Current output was low-pass
ltered (10 kHz), DC-offset, amplified 10,000-fold and continu-
usly monitored on-line (pCLAMP 8.0, Axon). The digitized signal
Digidata 1200A, Axon) was stored on disk for later off-line anal-
sis. Cells in which the holding current changed by more than 20%
r the seal degraded, were abandoned. mIPSC activity was re-
orded 5 min and analyzed with MiniAnalysis software (Synap-
osoft Inc., Leonia, NJ, USA). Peak mIPSC amplitude was mea-
ured from baseline. Decay kinetics and mIPSC amplitude were
stimated using a single exponential function: [y(t)�a�exp(�t/�)].
hole-cell data were compared by repeated measures ANOVA
ith post hoc analysis by the method of Scheffé.

Non-stationary fluctuation analysis (NSFA). NSFA was
sed to extract single channel current information from macro-
copic current decay. NSFA can be affected by passive electro-
hysiological parameters such as membrane capacitance, mem-
rane resistance and access resistance, which in turn can be
ffected by electrode current compensation circuits. In addition
stimates of unitary conductance can be affected by circuit noise
nd analysis parameters such as event selection bias, bin width,
nd quality of fit, yet NSFA can still provide an accurate estimate
f changes in single-channel conductance at intact synapses
Ghavanini et al., 2006; Benke et al., 2001). mIPSC events from
ZP-treated and control cells following vehicle or nimodipine in-

ection were also analyzed using peak-scaled NSFA using Mini-
nalysis software. The average of 100–150 mIPSCs was scaled

o each individual event before computing the variance. Data were
tted with the equation �2�iI�I2/N, where �2 was the variance, I
as the mean current, N was the number of channels activated at

he peak of the mean current and, i was the single-channel current
Zeng and Tietz, 1999). Unitary channel conductance (�) was
erived from ��i/V, where V was the driving force (V ��70 mV,
H

REV�0 mV). g
Zolpidem effects on mIPSC amplitude and decay. In a sub-
et of FZP-treated and control cells, mIPSC activity was recorded
or 8 min in the presence of 1 	M zolpidem after the 5 min baseline
ecording. The final 3 min segment in the presence of zolpidem
as used for off-line analysis of mIPSC amplitude and decay
inetics. mIPSC decay phase was fitted with a single exponential
unction y(t)�a�exp(�t/�). It was previously shown in a larger
umber of CA1 neurons that the proportion of control (65%) and
ZP-treated (62%) neurons best fit with a mono-exponential ver-
us bi-exponential decay was similar (Zeng and Tietz, 1999). The
egree of zolpidem potentiation of mIPSC decay was expressed
s a fraction of the control response.

Nimodipine concentration-response effects on mIPSC
haracteristics. To determine whether nimodipine had direct
ffects on GABAR-mediated function, nimodipine (0.1–100 	M)
as superfused onto hippocampal slices during mIPSC recording.
fter recording baseline mIPSC activity for 5 min, nimodipine or
ehicle (0.0001% to 0.1% DMSO in water) was added to the
uperfusate in increasing concentrations for 10 min each. mIPSC
mplitude and kinetics were analyzed using the final 5 min record-

ng period at each concentration.

High-affinity calcium buffering. In some experiments the
ffect of lowering intracellular calcium concentration on GABAA

eceptor channel function was evaluated by replacing 1 mM EGTA
n the patch pipette recording solution with 10 mM 1,2-bis(2-
minophenoxy)ethane-N,N,N-tetraacetic acid (BAPTA), a calcium
helator with a high buffering capacity. Following cell dialysis, free
ntracellular [Ca2�] contributed by the EGTA pipette solution was

190 nM vs. 15 nM in BAPTA-containing pipette solution (Web-
axc Standard, http://www.stanford.edu/�cpatton/webmaxc/
ebmaxcS.html) Both BAPTA and EGTA were introduced into the
yramidal neurons by diffusion for at least 15 min before data
ollection.

rug solutions

rugs used for superfusion during whole-cell recording were dis-
olved at 100 times their final concentration and added to the
uperfusate with a syringe pump (Razel, World Precision Instru-
ents, Inc., Sarasota, FL, USA) at a rate of 25–75 	l/min to
chieve their final concentrations. For in vivo injection, nimodipine
as dissolved in 0.5% Tween-80 solution and kept in a light-tight
ial. For in vitro perfusion, nimodipine was dissolved in DMSO to
ake a 10 mM stock solution diluted to the final concentration as
eeded (from 0.1–100 	M). All other drugs were dissolved in
H2O. DNQX, QX-314 (lidocaine N-ethyl bromide quaternary
alt), APV, FZP dihydrochloride, and nimodipine are all from
igma-Aldrich Chemical Co. (St. Louis, MO, USA). TTX was
btained from Alomone Laboratories (Jerusalem, Israel). Zolpi-
em was kindly provided by Synthélabo Recherche (Bagneux,
rance).

RESULTS

rior nimodipine injection prevents the decrease in
IPSC amplitude in CA1 neurons from FZP-treated

ats

ince inhibition of L-type VGCCs can modulate GABAA

eceptor downregulation after prolonged GABA exposure
Lyons et al., 2001; Gravielle et al., 2005) and L-VGCC
urrent density is doubled after chronic FZP administration
Xiang et al., 2008), the potential role of L-type VGCC
ntagonists to modulate GABAA receptor dysfunction fol-

owing chronic benzodiazepine administration was investi-

ated. Following 1-week FZP administration, rats were

http://www.stanford.edu/cpatton/webmaxc/webmaxcS.html
http://www.stanford.edu/cpatton/webmaxc/webmaxcS.html
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njected systemically with the L-type VGCC antagonist
imodipine (10 mg/kg, i.p.) or vehicle (0.5% Tween-80,
ml/kg, i.p.) 1 day before hippocampal slice preparation.
ne day later, hippocampal slices were prepared from
-day FZP-withdrawn rats. GABAA receptor-mediated
IPSCs were recorded in CA1 neurons in the presence of
	M TTX, 10 	M DNQX and 50 	M APV at a holding

otential of �70 mV (Fig. 1A and Table 1). As previously
eported (Poisbeau et al., 1997; Zeng and Tietz, 1999),
here was a significant decrease in mIPSC amplitude
43.0%, P�0.05) in CA1 neurons from 2-day FZP-with-
rawn rats (FZP/VEH: 12.9�1.6 pA, n�8) in comparison
o those isolated from control rats (CON/VEH: 22.7�1.1
A, n�9). Prior vehicle injection had no effect on basal
ABAA receptor mIPSC amplitude in control neurons or

he decrease in mIPSC amplitude in 2-day FZP-withdrawn
ats. However, following prior nimodipine injection the
ean GABAA receptor mIPSC amplitude returned to con-

rol levels in neurons from 2-day FZP-withdrawn rats (Fig.
B and Table 1, CON/NIM: 22.8�1.2 pA, n�8; FZP/NIM:
3.5�1.1, n�9; P�0.05). Neither vehicle nor nimodipine

njection had an effect on mIPSC decay (Fig. 1C and
able 1). As reported previously (Poisbeau et al., 1997;
eng and Tietz, 1999), there were also no significant
ifferences (P�0.05) in resting membrane potential,
IPSC frequency or rise time in neurons from control vs.
ZP-treated rats.

ffects of nimodipine injection on peak-scaled
on-stationary variance analysis of mIPSCs
ecorded in CA1 neurons in hippocampal slices
rom FZP-treated rats

revious studies have demonstrated a decrease in GABAA

eceptor single-channel conductance, but not channel
umber, after chronic FZP treatment (Poisbeau et al.,
997; Zeng and Tietz, 1999). Therefore, the effect of sys-
emic vehicle or nimodipine injection on GABAA receptor
nitary channel conductance was analyzed using NSFA in
A1 neurons from control (Fig. 2A) or FZP-treated rats

Fig. 2B).
As shown in Fig. 2C, there was a significant (�38.0%)

ecrease in GABAA receptor unitary channel conductance
n CA1 neurons in hippocampal slices from 2-day FZP-
ithdrawn rats compared with control rats (CON-VEH:
5.9�1.6 pS, n�9; FZP-VEH: 17.0�1.3 pS, n�8,

A1 neurons isolated from control rats (solid bars) and FZP-treated
ats (open bars) were compared following either VEH or NIM injection.
here was a significant decrease in mIPSC amplitude (43.0%,
P�0.05) in CA1 neurons from FZP-treated rats (n�8) in comparison

o those in control neurons (n�9) without any changes in resting
embrane potential, mIPSC frequency, rise-time or decay. For com-
arisons of decay, peak-scaled mIPSCs in the absence of zolpidem
re shown in Fig. 3A. As shown in Table 1, there was no difference

n mIPSC amplitude in CA1 neurons from FZP-treated rats
P�0.05, n�7) given a systemic nimodipine injection 24 h prior to
ecording, compared with those from controls (n�8) and C) There
ere no differences in mIPSC decay in control (solid bars) or
ig. 1. Prior nimodipine injection prevents the reduction in GABAAR-
ediated mIPSCs in CA1 neurons in hippocampal slices from FZP-

reated rats. Rats were injected systemically with the L-type VGCC
ntagonist nimodipine (10 mg/kg, i.p.) or vehicle (0.5% Tween-80,
ml/kg, i.p.) 24 h before hippocampal slice preparation. One day later
ippocampal slices were prepared from 2-day FZP-withdrawn rats
ollowed by electrophysiological recording. (A) Representative mIPSC
urrent traces isolated from FZP-treated (FZP) and control neurons
ZP-treated (open bars) CA1 neurons following either VEH or NIM
njection.
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�0.05). Prior nimodipine injection returned the decrease
n GABAA receptor unitary channel conductance to basal
evels (CON-NIM: 25.4�2.7 pS, n�8; FZP-NIM: 26.3�2.6
S, n�7, P�0.05). As shown in Fig. 2D, there was no

able 1. Effects of systemic nimodipine on CA1 pyramidal neuron mI

roup RMP (mV) mIPSC characteristics

Frequency
(Hz)

Rise time
(ms)

Amplitude
(�pA)

ON-VEH
(n�9)

�62.8�1.1 0.8�0.1 2.1�0.2 22.7�1.1*
P�0.00 vs. CO

ZP-VEH
(n�8)

�62.4�0.8 0.5�0.1 2.5�0.2 12.9�1.6*
P�0.00 vs. CO
P�0.00 vs. FZ

ON-NIM
(n�8)

�62.8�1.2 0.6�0.1 2.2�0.5 22.8�1.2

ZP-NIM
(n�7)

�62.3�1.2 0.6�0.1 2.1�0.4 23.5�1.1
P�0.98 vs. CO

NOVA P�0.05 P�0.05 P�0.05 *P�0.001

Values are means�S.E.M.
P values indicated within rows represent post hoc comparisons betw
ercentage change in peak amplitude or decay in the presence vs. a
VEH, i.p. injection of vehicle; NIM, i.p. injection of nimodipine; RMP

ig. 2. Prior nimodipine injection prevents the reduction in unitary con
euron mIPSCs from FZP-treated rats. Representative amplitude-varia
A1 neurons from control or FZP-treated rats after systemic vehicle
here �2 is the variance, I is the mean current, N is the number of cha

C) Prior nimodipine injection prevents the decrease in GABAA rece
ZP-treated rats. Unitary channel conductance (�) was derived from
ignificant decrease in GABAA receptor single-channel conductance (�
o those recorded control slices (n�8). However, there was no diffe
ZP-treated rats (P�0.05, n�7) given a systemic nimodipine injection

roup (n�8). (D) There was no significant difference in the mean channel numb
ad no effect on channel number in either group (P�0.05).
ignificant difference in the mean channel number (N)
etween control (14.9�2.9, n�9) and FZP-treated neu-
ons (16.5�2.6, n�8, P�0.05). Prior nimodipine injection
ad no effect on channel number (CON-NIM: 16.2�2.1,

racteristics with and without zolpidem

Group Zolpidem potentiation

�
(ms)

Amplitude
(%pA)

�
(%ms)

29.0�1.4
P�1.00 vs. CON-NIM

CON-VEH
(n�6)

106.3�3.1
P�0.11

131.0�5.4*
P�0.01

26.2�1.4
P�0.67 vs. CON-VEH
P�0.99 vs. FZP-NIM

FZP-VEH
(n�7)

105.1�2.7
P�0.52

104.0�3.9
P�0.73

28.7�2.2 CON-NIM
(n�6)

110.4�6.4
P�0.38

130.2�3.0*
P�0.04

25.5�1.1
P�0.59 vs. CON-NIM

FZP-NIM
(n�7)

107.9�5.8
P�0.20

101.37�2.7
P�0.91

P�0.05 P�0.05 *P�0.001

tion groups by Scheffé. Zolpidem potentiation (%) is expressed as a
f zolpidem.
membrane potential.

estimated by peak-scaled non-stationary variance analysis from CA1
following peak-scaled non-stationary variance analysis of mIPSCs in
odipine (B) injection. Data were fitted with the equation �2�iI�I2/N,

ivated at the peak of the mean current, i is the single-channel current.
e channel conductance in CA1 neurons in hippocampal slices from
here V is the driving force (VH��70 mV, EREV�0 mV). There was a

P�0.05) in CA1 neurons from FZP-treated rats (n�9) in comparison
GABAA receptor single-channel conductance in CA1 neurons from

r to recording, compared with those isolated from the matched control
PSC cha

N-NIM

N-VEH
P-NIM

N-NIM

een injec
bsence o
ductance
nce plots

(A) or nim
nnels act
ptor singl
��i/V, w
38.0%, *

rence in
24 h prio
er (N) between control and FZP-treated neurons. Nimodipine injection
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�8; FZP-NIM: 16.6�1.7, n�7, P�0.05) or channel open
robability in either group.

rior nimodipine injection failed to prevent tolerance
o zolpidem’s ability to prolong decay of mIPSCs in
A1 neurons from FZP-treated rats

ne way in which BZ tolerance can be assessed in vitro is
y the shift in zolpidem’s ability to prolong the decay of
IPSCs recorded in hippocampal CA1 neurons (Perrais
nd Ropert, 1999; Zeng and Tietz, 1999; Tietz et al., 1999).
o investigate the role of L-type VGCCs in mediating BZ

olerance in vitro, the ability of 1 	M zolpidem to modify
IPSC amplitude and decay was evaluated in CA1 neu-

ons from control and FZP-treated rats injected with vehi-
le or nimodipine, 1 day before recording. Effects of zolpi-
em to prolong decay were expressed as the percentage

ncrease in decay in the presence of zolpidem vs. the
bsence of zolpidem. As seen in Fig. 3 and Table 1,
olpidem tolerance was indicated by a significant reduction
n the ability of zolpidem to enhance mIPSC decay in
ZP-VEH neurons (104.0�3.9%, P�0.05, n�7) in com-
arison to CON-VEH neurons (131.0�5.4%, P�0.05,
�6). Prior systemic nimodipine injection failed to prevent
olpidem tolerance in FZP-NIM neurons (101.4�2.7%,
�0.05, n�7) in comparison to CON-NIM neurons

130.2�3.03%, P�0.05, n�6). The absence of an effect of
imodipine on in vitro tolerance to zolpidem in contrast to

ts effects to prevent the reduction in GABA mIPSC ampli-
ude suggests that L-type VGCC-mediated Ca2� influx
ight mediate some, but not other measures of GABA
ysfunction in rats chronically administered benzodiaz-
pines. As expected from previous recordings carried out
t room temperature (Perrais and Ropert, 1999; Zeng and
ietz, 1999) 1 	M zolpidem also increased the amplitude
f mIPSCs in control and FZP-treated cells from rats in-

ected with both vehicle and nimodipine (CON-VEH:
06.3�3.1%, n�7; FZP-VEH: 105.1�2.7%, n�7; CON-
IM: 110.4�6.4%, N�6; FZP-NIM: 107.9�0.2%, N�7,
�0.05).

imodipine concentration in vivo is insufficient to
odify GABA function in vitro

HP antagonists were reported to inhibit recombinant
ABAA receptor-mediated currents in HEK293-T cells in

he micromolar range (Das et al., 2004). To exclude the
ossibility that systemic nimodipine injection would directly

nterrupt GABAA receptor function, nimodipine brain levels
n vivo were first estimated by radioreceptor assay. The
ffects of nimodipine on native GABAA receptors were

hen evaluated by its concentration-dependent profile to
nhibit mIPSCs in hippocampal slices in vitro.

Nimodipine peak concentration in brain (1.1 	M) was
chieved 45 min after a single injection (10 mg/kg, i.p.),
quivalent to 60.1% inhibition of 2 nM [3H]PN200-110
inding. Nimodipine levels were negligible (2.2% inhibition)
ithin 2 h and somewhat lower than in extracts from rats
4 h after nimodipine injection (8.6%�6.3) when rat hip-
ocampal slices were prepared for mIPSC recording. The
atter levels were not significantly different (F�0.25, df�2, s
�0.78) from vehicle or non-injected control rats (10.2�
.4%) or non-injected 0 h FZP-withdrawn rats (8.0�2.7%).
his degree of DHP-like inhibition may reflect the level of
scorbic acid in rat brain at the time of euthanasia (Wei-

and and Oswald, 1985).
To evaluate the concentration-response profile of ni-

odipine, mIPSCs were recorded for 5 min in the absence
f nimodipine during the baseline recording period, then in
he presence of increasing concentrations ranging from
0 	M to 300 	M. As shown in Fig. 4A and consistent with

ig. 3. Prior nimodipine injection failed to prevent zolpidem’s ability
o prolong mIPSC decay in CA1 neurons from FZP-treated rats.
A) Representative mIPSC traces, averaged from 130 to 170 miniature
vents, before and after superfusion of 1 	M zolpidem. CA1 neurons
ere recorded from control (CON) and FZP-treated (FZP) rats sys-

emically injected with vehicle or nimodipine 24 h before recording.
he peak amplitude of averaged mIPSCs after zolpidem superfusion
as normalized to the peak amplitude of averaged mIPSCs before
olpidem application for comparison. (B) Effects of 1 	M zolpidem to
rolong mIPSC decay in CA1 neurons was expressed as a percentage
f the baseline average mIPSC decay recorded in the absence of
olpidem. Zolpidem tolerance was measured as a significant reduction
n the ability of zolpidem to enhance mIPSC decay in FZP-VEH neu-
ons (* P�0.05, n�7) in comparison to CON-VEH neurons (n�6).
rior systemic nimodipine injection failed to prevent zolpidem toler-
nce in FZP-NIM neurons (* P�0.05, n�7) in comparison to CON-NIM
eurons (n�6), as shown in Table 1.
tudies in recombinant GABAA receptors (Das et al.,
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004), mIPSC amplitude (VH��70 mV) was decreased in
concentration-dependent manner during nimodipine su-

erfusion (n�4) at concentrations greater than 30 	M in
omparison to neurons superfused with vehicle (n�3). At
he highest nimodipine concentration tested (300 	M)
IPSC amplitude was inhibited �40% in comparison to

ehicle (VEH: 21.0�1.3 pA; NIM: 12.5�1.9 pA, P�0.05).
here were no significant changes (P�0.05) in mIPSC
esting membrane potential (VEH: �62.0�1.1 mV; NIM:
64.7�2.3 mV); rise time (VEH: 1.7�0.2 ms; NIM: 1.5�
.2 ms), or frequency (VEH: 0.7�0.1 Hz, NIM: 0.7�0.1 Hz)
uring nimodipine superfusion. Nimodipine also produced
concentration-dependent prolongation of mIPSC decay

t concentrations greater than 30 	M. At 300 	M nimodip-

ig. 4. Effects of in vitro nimodipine superfusion on GABAA receptor-
ediated mIPSCs. Mean concentration-response profile for the effect
f nimodipine on CA1 neuron GABAA receptor-mediated mIPSCs.
A) Average GABAA receptor mIPSC amplitude (VH��70 mV) during
ehicle (close circles) or nimodipine (open circles) superfusion of
ippocampal slices. Baseline mIPSC amplitude was recorded for 5
in without nimodipine. In comparison to vehicle superfusion (n�3),
imodipine decreased mIPSC amplitude in concentration- dependent
uperfusion (n�4) at concentrations ranging from 10 	M to 300 	M.
here were no changes in mIPSC frequency or rise time during
imodipine perfusion. (B) Nimodipine also produced a concentration-
ependent prolongation of mIPSC decay at concentrations higher than
0 	M.
ne, the highest concentration tested, there was a �58% 2
rolongation of mIPSC decay (VEH: 32.0�5.1 ms; 300 	M
IM: 50.8�7.6 ms, P�0.05), while vehicle had no effects
n mIPSC decay (VEH: 32.6�2.0 ms; 300 	M VEH:
0.7�1.8 ms, P�0.05). Since peak brain levels of nimo-
ipine in vivo are in the low micromolar range (1.1 	M), far

ower than the concentration that appeared to affect mIP-
Cs characteristics (�30 	M) in vitro it is highly unlikely

hat nimodipine injection directly interrupts GABAA recep-
or-mediated function in vivo.

ffect of lowering [Ca2�]i on mIPSC characteristics

he potential Ca2�-dependence of the FZP treatment-
nduced modulation of mIPSC characteristics was as-
essed by varying the intracellular Ca2� buffering condi-
ions. Lowering intracellular free Ca2� with BAPTA, had no
ignificant effect on basal GABAA receptor mIPSC ampli-
ude or decay in control neurons (Fig. 5A, CON: 19.4�3.1
A; n�5, P�0.05) compared with use of EGTA-containing
olution (Fig. 1B and Table 1). In contrast to the decreased
IPSC amplitude in CA1 neurons from 2-day FZP-with-
rawn rats recorded using EGTA (Fig. 1B and Table 1), a
eduction in mIPSC amplitude was no longer observed
sing BAPTA (Fig. 5A; FZP: 20.4�2.6 pA, n�5, P�0.05).
IPSC decay was unaffected in either experimental group
t either low (CON: 30.0�2.3 ms, n�5; FZP: 28.2�2.1 ms,
�5, P�0.05) or normal free [Ca2�]i (Fig. 1B and Table 1).
hen compared between experimental groups or to neu-

ons recorded with EGTA, increasing the Ca2� buffering
apacity also had no effect on resting membrane potential
CON: �66.4�2.7 mV, FZP: �62.2�0.8 mV; CON/NIM:
62.8�2.0 mV, P�0.05), rise time (CON: 2.2�0.3 ms;
ZP: 2.1�0.2 ms, P�0.05) or mIPSC frequency (CON:
.6�0.2 Hz; FZP: 0.8�0.2 Hz. P�0.05).

The effects of lowering [Ca2�]i with BAPTA on GABAA

eceptor unitary channel conductance in CA1 neurons
rom control and FZP-withdrawn rats were also analyzed.
se of BAPTA had no effect on estimated channel con-
uctance in control neurons (Fig. 5D, CON: 24.3�3.4 pS,
�5) compared with EGTA (Fig. 2C and Table 1). How-
ver, no reduction in channel conductance was observed

n CA1 neurons from 2-day FZP-withdrawn rats when re-
orded using BAPTA (Fig. 5D, FZP: 26.9�3.0 pS, n�5.
�0.05), in contrast to decreased conductance observed
ith EGTA solution (Fig. 1B and Table 1). As with EGTA

Fig. 3D and Table 1), there was no difference in the mean
hannel number (N) between control (13.0�2.0, n�5) and
ZP-withdrawn neurons (13.6�1.4, n�5, P�0.05) when
uffering with BAPTA.

DISCUSSION

oth acute and prolonged benzodiazepine administration
an modulate L-VGCC-mediated Ca2� influx (Taft and
eLorenzo, 1984; Reuveny et al., 1993; Ishizawa et al.,
997; Katsura et al., 2007; Xiang et al., 2008). In vitro
xposure of cortical cultures to diazepam resulted in

45Ca2�] influx through L-VGCCs accompanied by an in-
rease in L-VGCC subunit protein levels (Katsura et al.,

007). Notably, the density of high-voltage activated cal-
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ium currents more than doubled immediately and 2 days
fter ending FZP treatment in vivo (Xiang et al., 2008). The
oal of this study was to explore whether activation of
-type VGCCs may play a role in mediating the reductions

n GABAA receptor function associated with benzodiaz-
pine chronic treatment and anticonvulsant tolerance in
ivo (Poisbeau et al., 1997; Zeng and Tietz, 1999; Tietz et
l., 1999). The observation that systemic nimodipine injec-
ion prevented the reduction in hippocampal CA1 neuron
ABAA receptor-mediated synaptic current amplitude and
stimated unitary conductance (Figs. 1 and 2) suggests that
ctivation of L-type VGCCs may contribute to benzodiaz-
pine-induced regulation of GABAA receptor dysfunction.

The acute effect of benzodiazepine site ligands (Itier et
l., 1996; Zeng and Tietz, 1999; Tietz et al., 1999) to
rolong CA1 neuron mIPSC decay is attributable to an

ncrease in apparent GABA affinity related to a change in
he conformation of the GABAA receptor to prolong current
eactivation (Lavoie and Twyman, 1996; Bianchi et al.,
007). Zolpidem (30 nM–100 	M), an �1 subunit-prefer-
ing ligand, prolongs mIPSC decay in a concentration-
ependent manner, an effect significantly reduced in
-week FZP treated neurons (Zeng and Tietz, 1999). Con-
ersely, Ca2� concentrations from 200 to 400 nM prolong
IPSC decay (De Koninck and Mody, 1996) and micro-
olar concentrations of intracellular free Ca2� can en-
ance GABA affinity in a calmodulin-dependent fashion
Majewska and Chuang, 1984). The failure of nimodipine
njection to affect in vitro tolerance to zolpidem (1 	M) in
he same CA1 neurons (Fig. 3 and Table 1) suggests that
eparable mechanisms underlie the dual chronic benzodi-
zepine-induced effects on GABAA receptor function ob-
erved. A similar dissociation was shown following persis-
ent exposure of cortical neurons to GABA in vitro (Gravielle
t al., 2005), whereas both post-hypoxic downregulation of
ABA currents and the associated increase in zolpidem po-

entiation (Wang and Greenfield, in press) could be modu-
ated by nifedipine preincubation. Importantly, systemic nimo-
ipine effects were distinct from the systemic effects of the
enzodiazepine antagonist, flumazenil, which prevented
oth the reduction in CA1 neuron mIPSC amplitude and in
itro zolpidem (1 	M) tolerance (Tietz et al., 1999). This
uggests that nimodipine antagonism of GABAA receptor-
ediated function does not occur via the benzodiazepine
inding site, but more likely through interruption of L-type
GCC activation.

DHP antagonists block L-type Ca2� currents in neuro-
al membranes with low nanomolar affinity, whereas a
ariety of non-L-type calcium channels and ionotropic re-
eptors including recombinant �1�2�2 GABAA receptors,

eak-scaled non-stationary variance analysis of mIPSCs in CA1 neu-
ons from control or FZP-withdrawn rats. (C) There was no difference
n GABAA receptor unitary channel conductance in CA1 neurons from
ZP-withdrawn rats (P�0.05, n�5) when intracellular Ca2� was buff-
red with BAPTA, compared with neurons isolated from the matched
ontrol group (n�5) suggesting intracellular Ca2� homeostasis is im-
ortant to maintain GABAA receptor function. There were also no
ig. 5. Effect of BAPTA on mIPSC characteristics in CA1 neurons
rom FZP-treated rats. BAPTA (10 mM) replaced EGTA (1 mM) in the
ipette solution during mIPSC recordings to clamp free [Ca2�]ii at a
10-fold lower concentration. (A) Average amplitudes of GABAA re-

eptor-mediated mIPSCs (VH��70 mV) in CA1 neurons isolated from
ontrol rats (solid bars) and 2-day FZP-treated rats (open bars) re-
orded in the BAPTA-containing pipette solution. There was a signif-
cant decrease in mIPSC amplitude (43.0%, * P�0.05) in CA1 neurons
rom 2-day FZP-treated rats (n�8) in comparison to those isolated
rom control rats (n�9). However, there was no difference in mIPSC
mplitude in CA1 neurons from FZP-treated rats (P�0.05, n�5) in
APTA recording solution, compared with those isolated controls

n�5), as shown in Table 1. Likewise, there were no differences
n mIPSCs decay in CA1 neurons isolated from control rats (solid
ars) versus FZP-treated rats (open bars) using BAPTA-containing
 ignificant differences in the mean channel number (N) between con-

rol and FZP-treated neurons.
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he dominant hippocampal subtype, are inhibited in the
icromolar to millimolar range (Das et al., 2004). An equiv-
lent concentration of nimodipine (�30 	M, Fig. 4) was
equired to directly inhibit native hippocampal CA1 neuron
ABAA receptor synaptic currents (Fig. 4). Therefore, CA1
ABAA receptors were not likely directly affected by resid-
al nimodipine since the concentration of nimodipine and

ts metabolites reached a maximal concentration (�1 	M)
n brain 45 min after systemic injection and was not present
uring electrophysiological recordings, consistent with
harmacokinetic studies (Maruhn et al., 1985). Further-
ore, since L-type VGCC Ca2� channel density and ni-
odipine affinity are significantly higher on neurons than
n cerebral vasculature (nM vs. 	M to mM) (Hell et al.,
993; Ricci et al., 2002) interruption of a neuronal L-type
GCC mediated-signaling pathway during the benzodiaz-
pine withdrawal period is the most reasonable explana-
ion for nimodipine’s effects to avert benzodiazepine-in-
uced GABAA receptor dysfunction.

Calcium acts as a second messenger for a variety of
ellular processes regulating a range of voltage-dependent
nd -independent conductances, including the GABAA re-
eptor (Smart, 1997; Stelzer et al., 1998). Buffering [Ca2�]i
o�10�8 M is necessary to maintain GABAA receptor cur-
ents in CA1 neurons, probably related to activation of the
a2�/calmodulin-dependent phosphatase, calcineurin,
hereas activation of kinases such as protein kinase C

PKC) increased GABA currents or had no effect (Houston
nd Smart, 1996; Poisbeau et al., 1999; Sanchez et al.,
005; Smart, 1997). Conversely, Ca2�/calmodulin-depen-
ent kinase (CaMKII) potentiated GABA currents in mouse
ortical neurons and in �1�3�2 recombinant GABAA re-
eptors (Aguayo et al., 1998; Houston et al., 2006). In the
resent study lowering Ca2� levels greater than 10-fold (to
15 nM) by buffering with BAPTA had no effect on basal
IPSC characteristics (Fig. 5A and B), yet prevented the
enzodiazepine treatment-induced reduction of mIPSC
mplitude and conductance, providing additional evidence
hat some aspects of GABAA receptor channel function are
ependent on intracellular Ca2� homeostasis (Smart,
997; Stelzer et al., 1998).

While a link has not been established between the
ystemic actions of the L-VGCC antagonist, nimodipine,
nd the intracellular effects of the high affinity Ca2� che-

ator, BAPTA, the rapidity of the effects of BAPTA suggest
hat GABAergic synaptic transmission may, at least in part
e mediated by Ca2�-dependent phosphorylation/dephos-
horylation processes. This hypothesis is supported by
reliminary single-channel cell-attached patch studies ex-
loring possible phosphorylation/dephosphorylation mech-
nisms underlying GABAA receptor dysfunction in CA1
eurons after chronic FZP-treatment, which suggest that
a2�-mediated activation of CaMKII may reduce GABAA

eceptor conductance (Das et al., 2008a). These initial
ingle-channel studies also further validated the decrease
n GABAA receptor-mediated chloride conductance, esti-

ated by NSFA (Figs. 1 and 2, Zeng and Tietz, 1999).
onetheless, it is uncertain whether such a mechanism
esults in non-functional membrane bound receptors, re- C
eptor internalization or a rapid switch in subunit compo-
ition related to a change in membrane conductance (De
oninck and Mody, 1996; Smart, 1997; Churn and De-
orenzo, 1998; Stelzer et al., 1998; Poisbeau et al., 1999;
anchez et al., 2005; Houston et al., 2006).

Studies of the spatial and temporal dynamics of [Ca2�]i
n synaptically-activated CA1 neurons indicate that wide-
pread intracellular Ca2� accumulation arises from a vari-
ty of spatially-localized Ca2� channels, Ca2� conduc-

ances and uptake and extrusion mechanisms (Regehr
nd Tank, 1992). Ca2� influx through NMDA-type gluta-
ate receptors plays a significant role in basal and high

requency synaptic transmission. Large, relatively slow
a2� transients through L-VGCCs, which represent �80%
f the non-NMDA receptor component, are primarily local-

zed to proximal-apical and basal dendrites and to a lesser
xtent somata, consistent with the distribution of L-VGCCs
n pyramidal neurons (Hell et al., 1993). The amplitude of
a2� transients varies from 50 to 240 nM in CA1 neuron
omata and dendrites (Regehr and Tank, 1992; Thibault et
l., 2001) in the vicinity of a large fraction of GABAergic
ymmetric synapses (Megias et al., 2001).

Even so, both voltage-dependent and -independent
a2� channels may contribute to an influx of Ca2� follow-

ng 1-week chronic FZP treatment. Specifically, prior nimo-
ipine injection also prevented the benzodiazepine-in-
uced enhancement of inwardly rectifying AMPA receptor
urrents associated with withdrawal-anxiety (Xiang and
ietz, 2007), indicating that benzodiazepine-induced acti-
ation of L-VGCCs may also regulate synaptic membrane

ncorporation of Ca2� permeable AMPA receptors (Das et
l., 2008b). The delayed time-course of reductions in in-
ibitory synaptic currents (Poisbeau et al., 1997; Zeng and
ietz, 1999; Van Sickle et al., 2004) relative to enhancement
f excitatory currents further supports the possibility that the
rug-induced increase in Ca2� influx through GluR1-contain-

ng AMPA receptors (Song et al., 2007, Das et al., 2008b)
ight also contribute to the decrease in GABAA receptor

unction. Correspondingly, Jensen and colleagues (Sanchez
t al., 2005) proposed that hypoxia-induced seizures in neo-
atal rats induced a dephosphorylation-dependent down-
egulation of GABAergic synaptic currents induced by ac-
ivation of Ca2�-permeable AMPA receptors. The sequen-
ial regulation of voltage-dependent and -independent
a2� channels and subsequent changes in GABAergic syn-
ptic transmission suggest that Ca2� influx via L-VGCCs
Xiang et al., 2008) and AMPA receptors (Song et al., 2007,
as et al., 2008b) may be additive. Thus, it is conceivable

hat intracellular Ca2� accumulates during drug withdrawal
nd ultimately affects GABAA receptor function. Collectively,

he current and previous findings in this model suggest that
ownstream Ca2� signaling may play a prominent role in
ediating functional GABA system plasticity associated with
se-dependent activation of GABAA receptors during pro-

onged benzodiazepine administration.
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