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Medium spiny neurons (MSNs) provide the principal output for the dorsal striatum. Those that express dopamine D2 receptors (D2
�)

project to the globus pallidus external and are thought to inhibit movement, whereas those that express dopamine D1 receptors (D1
�)

project to the substantia nigra pars reticulata and are thought to facilitate movement. Whole-cell and outside-out patch recordings in
slices from bacterial artificial chromosome transgenic mice examined the role of GABAA receptor-mediated currents in dopamine
receptor D1

� striatonigral and D2
� striatopallidal MSNs. Although inhibitory synaptic currents were similar between the two neuronal

populations, D2
� MSNs showed greater GABAA receptor-mediated tonic currents. TTX application abolished the tonic current to a

similar extent as GABAA antagonists, suggesting a synaptic origin of the ambient GABA. Low GABA concentrations produced larger
whole-cell responses and longer GABA channel openings in D2

� than in D1
� MSNs. Recordings from MSNs in �1 �/� mice and phar-

macological analysis of tonic currents suggested greater expression of �5-containing GABAA receptors in D2
� than in D1

� MSNs. As a
number of disorders such as Parkinson’s disease, Huntington’s chorea, and tardive dyskinesia arise from an imbalance between these two
pathways, the GABAA receptors responsible for tonic currents in D2

� MSNs may be a potential target for therapeutic intervention.
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Introduction
The dorsal striatum (caudate/putamen in primates) is a major
nucleus of the basal ganglia and plays a role in motor behavior
and habit learning (Graybiel, 2005). Striatal cells receive conver-
gent glutamatergic afferents from the cortex and thalamus, do-
paminergic afferents from the substantia nigra pars compacta
(SNpc) (Graybiel, 2005), and are intrinsically innervated by stri-
atal GABAergic and cholinergic interneurons (Tepper et al.,
2004). Ninety-five percent of striatal cells are GABAergic projec-
tions called medium spiny neurons. They are indistinguishable in
somatic size and basic physiological properties (Venance and
Glowinski, 2003) and belong to one of two pathways. Striatopal-
lidal medium spiny neurons (MSNs) of the “indirect pathway”
expresses dopamine D2 receptors (D2

�) and inhibit movement,
whereas striatonigral MSNs of the “direct pathway” express do-
pamine D1 receptors (D1

�), and facilitate movement (Gerfen et
al., 1990). Parkinson’s disease, a debilitating neurodegenerative
disorder characterized by impaired initiation of movement, is
caused by a loss of dopaminergic cells in the SNpc (Alexi et al.,

2000), leading to increased cell excitability and inhibitory output
of the striatopallidal MSNs (Filion and Tremblay, 1991; Raz et al.,
2000). This effect has been linked to changes in GABAergic con-
trol of MSN action potential firing (Mallet et al., 2006).

GABA is the main inhibitory neurotransmitter in the CNS.
GABAA receptors are pentamers comprising distinct subunits
(�1–�6, �1–�3, �1–�3, �, �, �1–�3, �, and �1–�3) and form a
ligand-gated ion pore that is permeable to Cl� and HCO3

� (Mac-
Donald and Olsen, 1994). The specific subunit composition of
the receptors determines the channel kinetics, pharmacological
sensitivity (MacDonald and Olsen, 1994; Vicini and Ortinski,
2004), and subcellular localization (Fritschy and Brunig, 2004;
Lüscher and Keller, 2004). Synaptic GABAA receptors have a rel-
atively low affinity for GABA (Macdonald and Olsen, 1994; Stell
and Mody, 2002). They mediate phasic inhibition in which quan-
tal release of GABA from a presynaptic neuron induces a distinct
high-amplitude, rapidly decaying, generally hyperpolarizing
event in the postsynaptic neuron (Koos et al., 2004) and play an
important role in temporally regulating spike timing (Pouille and
Scanziani, 2001; Tepper et al., 2004).

However, low concentrations of GABA can also generate tonic
inhibitory currents at high-affinity extrasynaptic GABAA recep-
tors. These currents usually have lower amplitudes and longer
decay times than synaptic receptors and show little or no desen-
sitization (Farrant and Nusser, 2005). The biophysical properties
of tonic receptors provide a cell with a powerful persistent inhi-
bition that allows for regulation of network excitability and in-
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formation processing (Semyanov et al., 2003; Scimemi et al.,
2005).

In this study, we provide evidence that MSNs contain GABAA

receptors that can mediate inhibitory tonic currents. We demon-
strate that the D2

� MSNs show larger tonic inhibitory currents
and a higher sensitivity to low concentrations of GABA than the
D1

� MSNs, which is likely attributable to greater expression of
�5-subunit-containing GABAA receptors in D2

� MSNs. Fur-
thermore, we show that these tonic currents play an important
role in regulating MSN excitability and thus may be a potential
target to pharmacologically regulate the imbalance in striatal out-
put underlying the symptoms of Parkinson’s disease.

Materials and Methods
Animals. Bacterial artificial chromosome (BAC) D2 enhanced green flu-
orescent protein (EGFP) and BAC D1 EGFP mice (Gong et al., 2003)
(provided by David Lovinger National Institute on Alcoholism and Al-
cohol Abuse, Bethesda, MD) were crossed with C57BL/6 mice. �1-
subunit-deficient mice were described by Vicini et al. (2001) and geno-
typed with PCR as described by Ortinski et al. (2004). Slices were
prepared from postnatal day 16 –25 male and female mice.

When BAC D2 EGFP mice were used, MSNs were classified as being
either dopamine D2 receptor positive or negative by their expression of
EGFP. Because previous studies have demonstrated that MSNs express
either dopamine D1 or D2 receptors (Gerfen et al., 1990; Day et al., 2006),
all MSNs negative for EGFP in the BAC D2 EGFP mice were presumed to
be D1

� and will hereafter be referred to as such. To verify that the results
obtained were not attributable to EGFP expression or the specific mouse
model, some experiments were repeated in the BAC D1 EGFP mice. In
these experiments, D1

� MSNs were identified by EGFP expression, and
those that were negative for EGFP were presumed to be D2

�. Because
there were no differences observed between the two strains of mice, data
were pooled and all MSNs are defined as either D1

� or D2
�.

Slice preparation. Mice were killed by decapitation in agreement with
the guidelines of the American Veterinary Medical Association Panel on
Euthanasia and the Georgetown University Animal Care and Use Com-
mittee. The whole brain was removed and placed in an ice-cold slicing
solution containing the following (in mM): 85.0 NaCl, 2.5 KCl, 1.0 CaCl2,
4.0 MgCl2, 1.0 NaH2PO4, 25.0 NaHCO3, 25.0 glucose, and 75.0 sucrose.
Corticostriatal coronal slices, 250 	m, were prepared using a Vibratome
3000 Plus Sectioning System (Vibratome, St. Louis, MO) and were incu-
bated in the slicing solution at 32°C for 30 min. Slices then recovered for
30 min at 32°C in artificial CSF (aCSF) containing the following (in mM):
124.0 NaCl, 4.5 KCl, 1.2 NaH2PO4, 26.0 NaHCO3, 2.0 CaCl2, 1.0 MgCl2,
and 10.0 D-glucose (all from Sigma, St. Louis, MO). During experiments,
slices were submerged and continuously perfused (2–3 ml/min) with
aCSF at room temperature 22–24°C or 31°C when indicated. Slice tem-
perature was maintained with an inline heater (TC-324B; Warner Instru-
ments, Hamden, CT) and continuously monitored with a submerged
miniature thermistor probe situated within the recording chamber adja-
cent to the slice. All solutions were maintained at pH 7.4 by continuous
bubbling with 95% O2/5% CO2.

Slices were visualized under an upright microscope (E600FN; Nikon,
Tokyo, Japan) equipped with Nomarski optics and an electrically insu-
lated 60� water immersion objective with a long working distance (2
mm) and high numerical aperture (1.0). Recording electrodes were
pulled on a vertical pipette puller from borosilicate glass capillaries
(Wiretrol II; Drummond, Broomall, PA) and filled with KCl-based in-
ternal recording solution (KCl internal) containing the following (in
mM): 145 KCl, 10 HEPES, 5 ATP.Mg, 0.2 GTP-Na, and 10 EGTA, ad-
justed to pH 7.2 with KOH. Alternatively, for K-gluconate-based internal
solutions (K-gluconate internal), KCl was replaced with equimolar
K-gluconate. In CsCl-based internal solutions (CsCl internal), KCl was
replaced with equimolar CsCl, and, in this case, pH was adjusted with
CsOH.

Whole-cell recordings. Voltage-clamp recordings were performed us-
ing whole-cell configuration of the patch-clamp technique at a pipette
voltage of �60 mV using the Axopatch 200B amplifier (Molecular De-

vice, Sunnyvale, CA). Access resistance was monitored throughout the
recordings, and experiments with �20% change were discarded. When
potassium-based internal solutions were used, depolarizing current in-
jections were given in current-clamp configuration, and only cells that
showed the typical response for MSNs (see Results) were used in the
analysis. Before each series of current step injection protocols, cells were
brought back to �65 mV when K-gluconate internal was used and �70
mV when KCl internal was used. Responses to two repeated series of
current injections were averaged for all firing frequency and input resis-
tance data.

Stock solutions of bicuculline methobromide (BIC), 1-[2-
([(diphenylmethylene) imino]oxy)ethyl]-1,2,5,6-tetrahydro-3-pyridine-
carboxylic acid hydrochloride (NO711), SR95531 [gabazine (GBZ)], strych-
nine, tetrodotoxin (TTX), 4,5,6,7-tetrahydroisoxazolo{5,4-c}pyridine-3-ol
(THIP), and GABA (all from Sigma) and sodium-2,3-dihydro-6-nitro-7-
sulfamoyl-benzo[f]quinoxaline (NBQX) (Tocris Bioscience, Ellisville, MO),
were prepared in water. Zolpidem and L655,708 (Tocris Bioscience) were
dissolved in dimethylsulfoxide (�0.0001% final concentration). All stock
solutions were then diluted to the desired concentration in the aCSF and
were applied locally through a Y tube (Murase et al., 1989) modified for
optimal solution exchange in brain slices (Hevers and Luddens, 2002) except
when noted.

Currents were filtered at 2 kHz with a low-pass Bessel filter and digi-
tized at 5–10 kHz (for whole cells) and 20 kHz (for single channels) using
a personal computer equipped with Digidata 1322A data acquisition
board and pClamp9 software (both from Molecular Devices). Off-line
data analysis, curve fitting, and figure preparation were performed with
Clampfit 9 software (Molecular Devices). Spontaneous and miniature
IPSCs (sIPSCs and mIPSCs) were identified using a semiautomated
threshold based mini detection software [Mini Analysis; Synaptosoft,
Fort Lee, NJ (www.synaptosoft.com)] and were visually confirmed.
Event detection threshold was set at five times the root mean square level
of baseline noise. IPSC averages were based on �60 events in each cell
studied, and the decay kinetics were determined using single-exponential
curve fitting and reported as weighted time constants (tau) as in the study
by Vicini et al. (2001). NBQX was not included in sIPSC measurements
so as not to perturb the network activity. However, AMPA-mediated
mEPSCs, although infrequent, could easily be identified by the rapid
decay kinetics (�2 ms) as in the study by Ortinski et al. (2004) and were
excluded from the analysis. mIPSCs were isolated by application of TTX
(0.5 	M), NBQX (5 	M), and strychnine (0.5 	M). All detected events
were used for event frequency analysis, but superimposing events were
eliminated for the amplitude, rise time, and decay kinetic analysis. For
tonic current measurements, an all-points histogram was plotted for a
10 s period immediately preceding drug application. A Gaussian was
fitted to the side of the distribution not skewed by synaptic events, and
the peak was used to determine the mean baseline holding current re-
quired to maintain the voltage of the cell at �60 mV. Tonic currents
blocked or induced by various pharmacological agents are represented as
absolute magnitude and were determined by repeating the fitting proce-
dure for the 10 s immediately after drug application and calculating the �
for the peak of the Gaussians.

Dose–response curves were fitted using Origin (Microcal, Northamp-
ton, MA) with the logistic function Ipeak � Imin � (Imax � Imin/1 �
([Drug] slope/EC50)), where Imin and Imax are minimal and maximal
evoked currents, [Drug] is GABA or THIP concentration, and slope is
slope of the curve. Capacitance of MSNs in slice cannot be accurately
measured as a result of their extensive dendritic arborization. Therefore,
whole-cell currents induced by application of THIP are normalized to
the whole-cell current evoked by a saturating dose of GABA in the
same cell.

Excised patch recordings. Recordings of single-channel activity were
performed in excised outside-out patches held at �60, �80, or �100
mV. Because it was rare to find patches with single channels, kinetic
analyses were performed on stretches with few superimposed channel
openings as in the study by Barberis et al. (2007). Events for single-
channel dwell time analyses were collected using half-amplitude thresh-
old detection method built into Clampfit 9 software (Molecular De-
vices), and �1000 events were collected for all conditions. Superimposed
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openings were excluded. Logarithmic open interval distributions were
binned and fitted with a sum of three logarithmic exponential probability
density functions using the maximum likelihood method after taking the
square root of the bin counts to improve statistical scatter of the data
(Sigworth and Sine, 1987). Mean unitary current was determined from
the fits of amplitude distributions of openings lasting �0.5 ms with
Gaussian components. Single-channel slope conductance was estimated
from the linear fit of the I–V relationship at three distinct holding poten-
tials. Only the openings to the main conductance level were considered
for the I–V fit. Statistical comparisons were done using a two-tailed Stu-
dent’s t test assuming homogeneity of variances of the samples as verified
by an F test.

Resting membrane potential (RMP) was determined from an estimate
of the reversal potential for K � (EK) with a series of command voltage
ramps given in cell-attached configuration as in the study of Verheugen
et al. (1999). Briefly, cell-attached gigaohm seals were made with pipettes
that contained 145 mM K �. The cell was then subjected to a series of five
repeated ramps from �100 to �200 mV. Because the intracellular solu-
tion contained an isotonic concentration of K �, the equilibrium poten-
tial for K � was �0 mV. K � currents were measured, and the holding
potential at which the K � currents reversed gave a direct measurement of
the resting membrane potential of the cell.

In some experiments, the glutamatergic afferents were stimulated by
square-wave 50 	s electric pulses delivered by a bipolar stimulating elec-
trode placed within the white matter at the corticostriatal border as in the
study by Ade and Lovinger (2007) at a frequency of 0.2 Hz. Action po-
tential firing was recorded from single cells in loose cell-attached config-
uration. The stimulus intensity (100 –300 	A) was set to evoke action
potentials in the recorded cell approximated 50% of the time during
baseline conditions. Firing frequency for each condition was based on
�50 stimuli.

Statistical significance for all analyses was determined using a two-
tailed Student’s t test (unpaired when comparing two populations of cells
and paired when comparing conditions in the same cell population). All
data values in the text and in the figures are expressed as mean 	 SEM
unless otherwise indicated. For all figures, *p � 0.05, **p � 0.005, and
***p � 0.0005.

Immunofluorescence. Animals were anesthetized with isofluorane and
perfused transcardially with 1� PBS followed by 4% paraformaldehyde
in 1� PBS (100 ml). The whole brains were then immersed in the same
fixative solution at 4°C for 1–3 h and then transferred to 30% sucrose in
PBS and left at 4°C until the slicing procedure. Fifty-micrometer-thick
coronal and longitudinal slices were cut in PBS using a Lancer Vibratome
Series 1000 Sectioning System, and subsequent immunofluorescent pro-
cessing was performed on the free-floating sections. Briefly, slices were
incubated in primary antibody overnight in blocking solution (5% bo-
vine serum albumin in 1� TBS with 0.05% Triton X-100) at 4°C. Slices
were subsequently rinsed three times for 20 min in 1� TBS at room
temperature and were then incubated in fluorescent secondary antibody
probes in the same blocking solution at 4°C for 2 h. Slices were then
subjected to the same rinsing procedure and were mounted in Vectash-
ield Mounting Medium (Vector Laboratories, Burlingame, CA). All in-
cubation and rinsing steps were performed with gentle agitation.

Antibodies raised in guinea pig against the �5 subunit (1:3000 final
concentration) and the �2 subunit (1:5000 final concentration), kind
gifts from Dr. Jean Marc Fritschy (University of Zurich, Zurich, Switzer-
land), were used as primary antibodies. Indocarbocyanine-conjugated
secondary antibodies were from Jackson ImmunoResearch (West Grove,
PA) and were used at 1:1000 final concentration.

Images were captured with confocal laser scanning microscopy
(Fluoview-FV300 Laser Scanning Confocal System; Olympus Optical,
Tokyo, Japan) with a 100� Plan-Acromat objective (numerical aperture
1.4) and sequential acquisition of separate color channels. Stacks of eight
consecutive sections (512 � 512) spaced by 0.3 	m were analyzed with
MetaMorph (Universal Imaging, Downingtown, PA) and pseudocolored
for presentation with Adobe Photoshop CS2 (Adobe Systems, San Jose,
CA). To quantify changes in fluorescence intensity, we measured the
number of clusters and their average pixel intensity of several region of
interest defined from the location of MSNs as seen in matching Nomarski

images (supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). Individual clusters were identified by threshold seg-
mentation. No staining was observed in areas in which including the
white matter or in control sections in which the primary antibody was
omitted. Quantification analysis was performed in at least 30 cells per
group from three separate sections in two mice, and data are expressed as
mean 	 SEM. p values represent the results of two-tailed unpaired Stu-
dent’s t tests.

Results
To compare inhibitory currents in striatopallidal and striatoni-
gral MSNs, recordings were routinely performed in acute corti-
costriatal slices prepared from BAC transgenic mice in which
EGFP expression is driven by the promoter for the dopamine D2

receptor (Fig. 1A,B). Striatal cells were identified as being either
dopamine D2 receptor positive (D2

�) or negative (presumed
D1

�; see Materials and Methods) by the expression of EGFP.
During whole-cell recordings, striatal cells were subjected to a

series of hyperpolarizing and depolarizing current injections
(Fig. 1B), and MSNs were identified by their characteristic repet-
itive and non-adapting firing pattern, which lacks an afterhyper-
polarization (Kita et al., 1984; Kawaguchi et al., 1989). We found
that all EGFP-positive striatal cells recorded from in slices from
BAC D2 EGFP mice demonstrated characteristics typical of
MSNs (n � 100). On the surface, these results would appear to

A

200 ms

B D1+ D2+

Figure 1. Characteristics of D1
� and D2

� medium spiny neurons. A, Examples of differen-
tial interference contrast (left) and fluorescence (right) confocal micrographs of a corticostriatal
slice prepared from a BAC D2 EGFP mouse. EGFP expression was used to classify MSNs as D1

� or
D2

�. Scale bar, 20 	m. B, Examples of current-clamp recordings with K-gluconate internal,
demonstrating responses to a series of hyperpolarizing and depolarizing current injections (20
pA steps) from RMPs of �65 mV in a D1

� and D2
� MSN. Calibration: 20 mV, 100 pA.
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contradict a recent report that the cholinergic interneurons in the
striatum express dopamine D2 receptors and thus should be
EGFP positive in this strain of mice (Wang et al., 2006). However,
the somatic size of these interneurons is approximately two to
three times larger than the typical MSN (Kawaguchi et al., 1995)
and thus could easily be avoided for the purpose of this study.

In contrast, �3–5% of striatal cells negative for EGFP demon-
strated firing patterns suggestive of an interneuron phenotype
and were thus excluded from the analysis. These findings agree
with both a previous report (Le Moine et al., 1991) and with
unpublished data from our laboratory in which immunolabeling
for striatal GABAergic interneuron markers did not overlap with
EGFP expression in slices from these mice. Because action poten-
tial firing patterns could not be studied when CsCl internal was
used, a small amount of data analysis on inhibitory currents in
D1

� MSNs may have been derived from GABAergic interneu-
rons when using this internal solution.

Tonic GABAA receptor-mediated currents
When potassium-based isotonic chloride internal solution (KCl
internal) was used for voltage-clamp recordings, application of
the GABAA receptor antagonist BIC, in addition to blocking sIP-
SCs, consistently induced an outward current in D2

� MSNs
(18.9 	 0.3 pA, n � 40) (Fig. 2), revealing an endogenous GABAA

receptor-mediated tonic current. This effect could also be ob-
served in D1

� MSNs, although the magnitude was significantly
smaller (1.7 	 0.8 pA, n � 23), and often it was completely absent
(Fig. 2A–C). The remaining sEPSCs could be blocked by the
subsequent application of the AMPA/kainate receptor antagonist
NBQX (Fig. 2A,B). Because BIC has also been shown to block
nicotinic acetylcholine receptors (Rossi et al., 2003) and Ca 2�-
gated K� channels (Johnson and Seutin, 1997), we confirmed
that the tonic current was indeed mediated by GABAA receptors
by repeating these experiments with a more specific GABAA re-
ceptor antagonist, gabazine (10 	M, KCl internal), which blocked
significantly more tonic current in D2

� MSNs (16.0 	 1.2 pA,
n � 8) than in D1

� MSNs (3.0 	 1.7 pA, n � 5) ( p � 0.01).
Subsequent BIC application caused no additional effects (data
not shown), nor did the values obtained with GBZ significantly
differ from those previous experiments performed with BIC, sug-
gesting that the blockade of tonic current by BIC was a result of
antagonizing the GABAA receptor rather than modulation of
non-GABAA receptor-mediated conductances. The difference in
GABA tonic currents (determined by application of either BIC or
GBZ with KCl internal solution) was seen at higher temperatures
(31°C) as well (D1

� MSNs, 1.6 	 1.3 pA, n � 5; D2
� MSNs,

30.4 	 5.5 pA, n � 5; p � 0.0005).
Although these initial experiments suggested that D2

� MSNs
exhibit more GABAA receptor-mediated tonic current, interpre-
tations were limited to those currents that could be detected by
the somatically located recording electrode. It has been suggested
that dendritic excitatory synaptic currents in MSNs likely go un-
detected in whole-cell recordings when potassium-based internal
solutions are used because of leak K� currents between the syn-
apse and the soma (Day et al., 2006). Although low input resis-
tance of the membrane distorts fast synaptic events more than
steady- state currents, the magnitude of constant currents at
more distal dendritic regions may be attenuated by low input
resistance of the dendritic plasma membrane (Spruston et al.,
1993). Because the input resistance of the MSN dendritic ar-
borization is unknown and cannot be measured in the slice prep-
aration, we could not rule out the possibility that D1

� MSNs are
influenced by GABA tonic currents at more distal regions of the

dendritic arborization. To address this issue, we used a cesium-
based internal solution (CsCl internal) to block K� channels.
Under these recording conditions, we detected only a weak BIC-
sensitive tonic current in D1

� MSNs (1.6 	 0.3 pA, n � 7),
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Figure 2. D2
� MSNs demonstrate larger GABAA receptor-mediated tonic currents than

D1
� MSNs. A, Representative traces from a D1

� MSN (left) and a D2
� MSN (right) demon-

strate that BIC (25 	M) blocked sIPSCs in both cell types but only revealed an endogenous
GABA-mediated tonic current in the D2

� MSN. The remaining sEPSCs in both cell types were
blocked by NBQX (5 	M) with no effects on the tonic current. B, The mean of the baseline current
during BIC application from the representative traces in A were adjusted to 0, and the amplitude
distributions were drawn from segments immediately preceding BIC application. The non-
skewed sides of the amplitude histograms were fit with a Gaussian, the peak of which was used
to determine the absolute magnitude of tonic current blocked by BIC. C, Summary of tonic
currents blocked by BIC (25 	M) with KCl internal (black bars; n � 23 and 44) and with CsCl
internal (white bars; n �7 and 9) in D1

� and D2
� MSNs, respectively. D, Representative traces

from a D1
� MSN (left) and a D2

� MSN (right) demonstrate that blockade of voltage-gated
Na � channels with TTX (0.5 	M) reduces the frequency and amplitude of postsynaptic events
in both cell types but only alters the amount of holding current required to maintain the holding
voltage at �60 mV in the D2

� MSN. E, Amplitude distributions representing the tonic current
abolished by TTX, drawn from segments in D as described above for BIC (B). F, Summary of tonic
current blocked by TTX (0.5 	M) from recordings with KCl internal (black bars; n � 11 and 32)
and with CsCl internal (white bars; n � 6 and 7) in D1

� and D2
� MSNs, respectively.
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whereas the tonic current detected in D2
� MSNs with CsCl in-

ternal was significantly greater than the tonic current detected
with KCl internal (32.6 	 1.6 pA, n � 9) (Fig. 2C), suggesting
that,in D2

� MSNs, GABA onic currents are found in both the
soma/perisomatic region as well as the dendrites.

Synaptic spillover from action potential-dependent vesicular
release of neurotransmitter is thought to be a primary source for
the ambient GABA responsible for activating extrasynaptic tonic
GABAA receptors (Brickley et al., 1996; Wall and Usowicz, 1997;
Bright et al., 2007). In agreement with these findings, application
of a sodium channel blocker mimicked the results obtained by
BIC application (Fig. 2D–F). TTX (0.5 	M) blocked 16.4 	 2.8
pA (n � 32) in D2

� MSNs and 2.9 	 0.9 pA (n � 11) of tonic
current in D1

� MSNs with KCl internal and 22.4 	 1.9 pA (n �
6) in D2

� MSNs and 1.0 	 3.1 pA (n � 7) in D1
� MSNs with

CsCl internal (Fig. 2E–H). Overall, TTX blocked 91 	 6% (n �
7) of the BIC-sensitive tonic current in the D2

� MSNs as assessed
by subsequent application of BIC. Interestingly, perfusion of
NBQX (5 	M) before BIC also decreased BIC-sensitive tonic cur-
rent in D2

� MSNs by 42 	 8%, (n � 4), but there were no effects
on the tonic current when NBQX was applied after BIC (Fig. 2A).
These results suggest that NBQX decreases GABA tonic currents
by affecting striatal circuitry, consistent with the previously de-
scribed role for glutamatergic synaptic input in driving the activ-
ity of striatal interneurons (Mallet et al., 2005).

Our data suggest that synaptic spillover is the primary source
for the ambient GABA responsible for inducing tonic currents in
MSNs. However, the activity of the GABA transporters strongly
regulates the amount of neurotransmitter that is allowed to spill
out of the synaptic cleft and activate extrasynaptic receptors
(Mody and Pearce, 2004; Farrant and Nusser, 2005). Indeed,
studies on tonic inhibition in other brain regions have demon-
strated that the ambient GABA levels are highly regulated by the
activity of the GABA transporter GAT-1 (Mody and Pearce, 2004;
Richerson, 2004; Ortinski et al., 2006; Park et al., 2006). Further-
more, it has been demonstrated that activity of GAT-1 is regu-
lated by cytosolic Na� gradients (Richerson 2004; Wu et al.,
2006). Thus, the effects of TTX could partially be mediated by
disruption of GAT-1 activity. Although GAT-1 expression is
mostly limited to GABAergic interneurons in the striatum
(Augood et al., 1995), the smaller tonic currents seen in the D1

�

MSNs could potentially be explained by a more efficacious GABA
transport system on the synaptic inputs to D1

� MSNs leading to
lower local ambient GABA concentrations. If this was indeed the
case, inhibiting GAT-1 should induce significantly larger GABA
tonic currents in the D1

� MSNs. However, application of the
GAT-1 inhibitor NO711 (5 	M) increased the BIC-sensitive tonic
current in both types of MSNs (supplemental Fig. S1A,B, avail-
able at www.jneurosci.org as supplemental material). Further-
more, D2

� MSNs still showed significantly more GABA tonic
current after NO711 application (24.8 	 4.1 pA, n � 4) than the
D1

� MSNs (8.8 	 4.3 pA, n � 4) (supplemental Fig. S1C, avail-
able at www.jneurosci.org as supplemental material). In four
D2

� MSNs recorded with CsCl internal solution, GABA tonic
current after NO711 application was 27.8 	 3.6 pA.

In agreement with recent findings in the hippocampus
(Glykys and Mody, 2007), our results suggest that synaptic activ-
ity in the striatum plays a crucial role in setting the tonic currents
in D2

� MSNs. Thus, it was possible that the D2
� MSNs received

more synaptic innervation than the D1
� MSNs or that the prob-

ability of release or quantal content from the inhibitory synaptic
inputs to the two cell types differed. Therefore, we compared the
amplitude, frequency, rise time, and tau of the synaptic currents

in the D2
� and D1

� MSNs (Fig. 3) using both KCl and CsCl
internal solutions. Indeed, CsCl internal significantly enhanced
our detection of mIPSCs in both cell types (Fig. 3I) and sIPSCs in
the D2

� MSNs (Fig. 3C) and demonstrated significantly larger
mIPSC amplitude in the D1

� MSNs (Fig. 3H) when compared
with those results obtained with KCl internal. Yet importantly,
D1

� and D2
� MSNs did not significantly differ from each other

in any of the IPSC parameters measured.

D2
� MSNs are more sensitive to GABA than D1

� MSNs
Altogether, the two MSN subtypes appeared to have similar in-
hibitory synaptic input and local ambient GABA concentrations.
Therefore, we investigated whether the larger tonic current in the
D2

� MSNs resulted from greater surface expression of GABAA

receptors or a difference in the properties of these receptors, ei-
ther of which could render them more sensitive to low concen-
trations of GABA. For this purpose, we compared whole-cell cur-
rents in the two cell types induced by increasing concentrations of
GABA (Fig. 4) in the presence of NBQX (5 	M) and strychnine
(0.5 	M) to block AMPA and glycine receptor currents (Jonas et
al., 1998), respectively, and TTX (0.5 	M) to reduce endogenous
levels of ambient GABA from synaptic release (Fig. 2D–F) and
found that they exhibited similar maximal currents in response to
saturating doses of GABA (Fig. 4B). Although anatomical con-
straints slow down agonist application and limit interpretations
of agonist dose–response curves in brain slices, these results sug-
gest that the two MSNs subtypes are similar in the total surface
expression of GABAA receptors. However, D2

� MSNs demon-
strated a remarkably greater sensitivity to low doses of GABA
than the D1

� MSNs (Fig. 4B,C), which further supports the
hypothesis that differences in functional properties of the GABAA

receptors underlies the differences in GABA tonic current mag-
nitude in MSNs.

Extrasynaptic GABAA receptors in MSNs
Subunit composition of the GABAA receptor has been shown to
significantly affect channel conductance, open probability, and
ligand affinity (Macdonald and Olsen, 1994). It also determines
subcellular localization-based subunit-specific interaction with
scaffolding proteins and whether the receptor can be affected by
posttranslational modifications such as phosphorylation
(Fritschy and Brunig, 2004; Lüscher and Keller, 2004). Subunit
composition also appears to be specific to both the brain subre-
gion and cellular subtype of the neurons on which they are lo-
cated. For example, extrasynaptic GABAA receptors containing
the � subunit have been shown to mediate tonic inhibition in
cerebellar granule cells (for review, see Farrant and Nusser, 2005),
dentate gyrus granule cells (Wei et al., 2003), hippocampal inter-
neurons (Semyanov et al., 2003; Glykys et al., 2007), and
thalamocortical projection neurons (Belelli et al., 2005; Cope et
al., 2005; Jia et al., 2005; Bright et al., 2007). Although immuno-
histochemical studies of GABAA receptor subunit expression
have been limited to the rat, these studies have demonstrated
diffuse expression patterns of the � subunit in the striatum
(Pirker et al., 2000; Schwarzer et al., 2001). Therefore, greater
tonic current in the D2

� MSNs could potentially result from
greater expression of �-subunit-containing GABAA receptors, in
which case, they should show a higher sensitivity to the GABAA

receptor agonist THIP (Brown et al., 2002) than the D1
� MSNs.

THIP is a nonspecific partial agonist at most GABAA receptors at
high concentrations, but at low concentrations, it is somewhat
selective and possesses super-agonist properties at GABAA recep-
tors lacking the �2 subunit (Storustovu and Ebert, 2006), a large
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portion of which are thought to contain the � subunit. As illus-
trated in Figure 4E, the responses to high THIP concentrations
normalized to the response to a saturating dose of GABA (2 mM)
were larger in D2

� than in D1
� MSNs. These results mimic those

seen with intermediate doses of GABA and were expected because
of the loss of receptor selectivity at high concentrations. How-
ever, the two MSN subtypes were similar in their sensitivity to low
doses of THIP (Fig. 4D,E), suggesting that D1

� and D2
� MSNs

express a similar portion of �-subunit-containing GABAA recep-
tors. However, interpretations from these experiments are lim-
ited because it has been shown that the functional selectivity of
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THIP depends on the absence of the �2
subunit (Storustovu and Ebert, 2006).
Therefore, responsiveness to low doses of
THIP could not discriminate between
���- and ��-containing GABAA receptors
(Ebert et al., 1997). Because �� receptors
have been identified recently in vivo in rat
hippocampal pyramidal neurons
(Mortensen and Smart, 2006), we investi-
gated the possibility that �� receptors me-
diate the tonic current in D2

� MSNs by
recording single channel currents in ex-
cised patches, because GABAA receptors,
which solely comprise � and � subunits,
have been shown to have lower conduc-
tance levels than those receptors that con-
tain a � or � subunit (Verdoorn et al., 1990;
Fisher and Macdonald, 1997).

Single GABA channel currents in MSNs
GABA was applied at increasing concentra-
tions, and activated channel currents in
patches were excised from both types of
MSNs (Fig. 5). Because the patches usually
contained multiple channels, we restricted
our analysis to recording segments that
demonstrated a unitary conductance and
skipped segments with multiple openings.
The presence of multiple channels pre-
vented us from assessing the closed inter-
vals and burst durations, but we could
measure both the current amplitude and
open time for those channels present in the
patch. In both types of MSNs, channel cur-
rent amplitudes with low main conduc-
tance states (�20 pS) made up �10% of
the total channel openings, suggesting that,
if �� channels are present, they make up
only a small portion of the total GABAA

receptors. As seen in Figure 5B, amplitude
histograms of openings at the main con-
ductance state elicited by 500 nM GABA in
patches from a D1

� and D2
� MSN held at

�80 mV were fitted by single Gaussians
with similar peak amplitudes. The sum-
mary values for the slope conductance of
the main state determined from three sep-
arate holding voltages in each patch from
nine D1

� and eight D2
� MSNs are re-

ported in Figure 5D, showing that this
channel property did not differ between
the two MSN subtypes. As shown in Figure
5C, the open time of channel currents elic-
ited by 500 nM GABA in patches from the
D2

� and D1
� MSN revealed two kinetic

components. The fast open time constant
and slow open time constant derived from
the fitting of the open time distributions
did not differ between MSNs (Fig. 5F).
However, at low concentrations of GABA
(100 and 500 nM), the percentage contribu-
tion of the longer component to the mean
open time was remarkably larger in patches
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from D2
� than D1

� MSNs. Although the percentage contribu-
tion of the fast component remained stable across all concentra-
tions of GABA in the D2

� MSNs, the percentage contribution of
the fast component to the fit was reduced at higher GABA con-
centrations in the D1

� MSNs (Fig. 5G), indicating that there is a
concentration dependence for the mean channel open time in
patches from D1

� but not D2
� MSNs. Similar to the responses

seen in the whole-cell currents (Fig. 4B), mean channel open
times did not significantly differ between the two cell types in
response to saturating doses of GABA (2 mM) but were signifi-
cantly different at lower GABA concentrations (Fig. 5E).

Contribution of the �1 subunit in tonic and phasic inhibition
in MSNs
A novel GABAA receptor containing �1 and � subunits has been
discovered recently in hippocampal interneurons (Glykys et al.,
2007). Because THIP sensitivity of �1�� receptors has yet to be
reported, we could not rely on the data from the THIP dose–
response curves to assess the presence of such a receptor. There-
fore, we investigated the role of the �1 subunit in tonic and phasic
GABA currents in MSNs by recording from slices prepared from
�1�/� mice. Although we were unable to determine whether the
MSNs were D1

� or D2
�, there was a large variability in the mag-

nitude of tonic currents seen within MSNs with this genotype
(Fig. 6A,C), as would be expected because data were likely de-
rived from both MSN subtypes. For comparison, Figure 6C also
reports tonic current in an equally proportioned sample of D1

�

and D2
� MSNs recorded from the BAC EGFP mice. These data

suggest that the deletion of �1 subunit fails to affect tonic GABA
currents in striatal MSNs, a notion that was further supported by
our finding that 100 nM zolpidem (a benzodiazepine agonist se-
lective for �1 subunit at low doses) failed to show consistent
effects on tonic currents in either cell type. Conversely, as has
been shown in hippocampal neurons (Goldstein et al., 2002), the
tau values for the synaptic events in MSNs from �1 �/� mice were
significantly longer than that seen in age-matched BAC EGFP
mice (Fig. 6B,D). Furthermore, 100 nM zolpidem prolonged sIP-
SCs in both D1

� (119 	 8% of control, n � 5, p � 0.05) and D2
�

MSNs (126 	 8% of control, n � 5, p � 0.05), demonstrating that
�1-subunit-containing GABAA receptors do contribute to
GABA-mediated postsynaptic currents in striatal MSNs.

Tonic GABA conductances in MSNs are mediated by
receptors containing the �5 subunit
Although our data support previously reported findings that
MSNs express the � subunit (Pirker et al., 2000; Schwarzer et al.,
2001), it argues against the hypothesis that differential � subunit
expression between the two MSN subtypes underlies the differ-
ence seen in tonic inhibition. Therefore, we sought to investigate
whether tonic GABA currents in MSNs is mediated by �5-
subunit-containing GABAA receptors as has been shown in hip-
pocampal pyramidal neurons (Caraiscos et al., 2004; Scimemi et
al., 2005) and somatosensory cortex layer V pyramidal cells
(Yamada et al., 2007). Indeed, L655,708, an inverse agonist with
high selectivity for GABAA receptors containing the �5 subunit
(Quirk et al., 1996) at concentrations ranging from 50 nM to 10
	M, reduced tonic GABA currents in the D2

� MSNs (Fig. 7).
Because D1

� MSNs show little tonic GABA currents under nor-
mal recording conditions, we bath applied 1 	M GABA, which
enhanced both tonic and phasic charge transfer, and measured
the effects of subsequent application of L655,708 in both MSN
populations (Fig. 7C). Under these conditions, the inverse ago-
nist still blocked a significantly larger percentage of the GABA

tonic current in D2
� than in D1

� MSNs (Fig. 7D). Additionally,
we measured the effects of L655,708 on IPSC amplitude and de-
cay time in MSNs because it has been shown to reduce both of
these measures of phasic inhibition in cortical pyramidal cells
(Ing and Poulter, 2007). Although low concentrations of
L655,708 (50 nM) did not significantly affect sIPSC charge in
either cell type, a higher concentration of the inverse agonist (10
	M) significantly decreased both the sIPSC amplitude and decay
time in D2

� but not D1
� MSNs.

To complement the electrophysiological results, expression of
�5 was determined with immunofluorescent labeling using anti-
bodies against the �5 subunit as described by Fritschy and
Mohler (1995). The results revealed that both D1

� and D2
�

MSNs were immunopositive for the �5 subunit (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). However, quantification of the relative cluster distribution
and fluorescence intensity showed that D2

� MSNs have signifi-
cantly greater level of immunofluorescence than D1

� MSNs. The
number of clusters normalized to the cell area was 17.8 	 2.3 for
42 D1

� MSNs and 25.4 	 1.8 for 50 D2
� MSNs, ( p � 0.01).

However, no difference was seen in average fluorescence inten-
sity. Because we saw no difference in synaptic inhibitory currents
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and the �2 subunits are the predominate subunit expressed on
both D1

� and D2
� MSNs in the striatum (Pirker et al., 2000), we

repeated the immunostaining procedure with an antibody
against the �2 subunit. As expected, results showed no difference
in �2 clusters normalized to cell area between D1

� and D2
�

MSNs (28.6 	 4.7 for 30 D1
� MSNs and 24.3 	 2.6 for 32 D2

�

MSNs). Together, the data from the pharmacological and immu-
nofluorescence studies suggest that the two populations differ in
�5-subunit- but not �2-subunit-containing GABAA receptor
expression.

Physiological role of tonic current in MSNs
The observation of a GABA tonic current in striatopallidal but
not the striatonigral MSNs raises important questions as to the
physiological role for this tonic current, especially given the re-
cent findings that striatopallidal MSNs fire at higher frequency
both in vivo (Mallet et al., 2006) and in response to a depolarizing
current injection in whole-cell recordings in slice (Kreitzer and
Malenka, 2007). The reversal potential for Cl� (ECl) in MSNs has
been shown to be approximately �76 mV (Koos et al., 2004),
which is more depolarized than the average RMP reported in the
slice (Shen et al., 2005; Kreitzer and Malenka, 2007), suggesting
that GABA may have a depolarizing effect in the MSNs. Thus, one
could expect D1

� and D2
� MSNs to differ in both input resis-

tance and RMP as a result of the tonic GABA channel conduc-
tance in D2

� cells. However, in agreement with the study of
Kreitzer and Malenka (2007), we did not see differences in either
of these parameters. In a subset of seven D1

� and eight D2
�

MSNs, current-clamp recordings at room temperature with
K-gluconate internal showed that the input resistance was 224 	
19 and 198 	 21 M
, respectively. Furthermore, we assessed the
RMP in our preparation by estimating the EK with a series of
command voltage ramps given in cell-attached configuration
with isotonic potassium in the pipette, a condition that leaves
intracellular Cl� levels unperturbed as in the study by Verheugen
et al. (1999) (see Materials and Methods) (supplemental Fig. S3A,
available at www.jneurosci.org as supplemental material). Al-
though no significant differences in RMP were found between the
D1

� (�80.9 	 1.9 mV, n � 22) and D2
� (�80.0 	 1.9 mV, n �

15) MSNs, application of 5 	M GABA induced greater depolar-
ization of D2

� than D1
� MSNs (supplemental Fig. S3, available

at www.jneurosci.org as supplemental material). Furthermore, in
D2

� MSNs, but not in D1
� MSNs, application of both L655,708

(50 nM) and GBZ (10 	M) significantly hyperpolarized the RMP
(supplemental Fig. S3B, available at www.jneurosci.org as sup-
plemental material).

To further assess the effects of endogenous GABA tonic cur-
rents on MSN excitability, we investigated the action of gabazine
(10 	M) on action potential firing patterns by performing
current-clamp recordings in six D1

� and six D2
� MSNs with

K-gluconate internal. In agreement with a recent report (Kreitzer
and Malenka, 2007), D2

� MSNs demonstrated a higher firing
frequency than D1

� MSNs in response to depolarizing current
injections (Fig. 8B) despite a similar input resistance (see above)
and same starting membrane potential (�65 mV; see Materials
and Methods). In this experimental conditions, the GABAA re-
ceptor antagonist slightly hyperpolarized both D1

� (0.16 	 0.09
mV) and D2

� (0.48 	 0.16 mV) MSNs, and, interestingly, it
decreased the firing rate in D2

� but not D1
� MSNs (Fig. 8A,B).

This decrease in firing rate is the converse of effects seen in the
cerebellum and thalamus in which blockade of tonic GABA cur-
rents increases action potential firing rate in response to depolar-
izing current injections (Brickley et al., 1996; Cope et al., 2005).

Although we found these results to be intriguing, we reasoned
that depolarizing current injections at the soma in whole-cell
configuration are unlikely to mimic the conditions that generate
action potentials under normal physiological conditions. There-
fore, we sought to verify whether tonic GABA currents would also
reduce the efficacy of excitatory afferents in generating action
potentials in MSNs in conditions in which internal Cl� concen-
trations were not disrupted. To address this issue, a bipolar stim-
ulating electrode was placed within the white matter at the corti-
costriatal border and was delivered square-wave electric pulses to
the glutamatergic striatal afferents as in the study by Ade and
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� MSNs (50 nM, n � 2; 10

	M, n � 4). E, Representative traces showing overlapping sIPSCs recorded in a D1
� MSN (top)
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Lovinger (2007). These stimuli-evoked action potentials were re-
corded in loose cell-attached configuration using aCSF-filled pi-
pettes. As seen in Figure 8C, the success rate for evoked spike
generation derived from stimulating glutamatergic afferent fibers
was significantly decreased by perfusion of 50 nM L655,708 in five
D2

� MSNs (60 	 20%) but not three D1
� MSNs (117 	 4%).

Discussion
In this study, we demonstrate that D2

� MSNs display larger
GABAA receptor-mediated tonic currents than the D1

� MSNs.
Whole-cell and single-channel current recordings suggest that
D2

� MSNs are more sensitive to low doses of GABA than D1
�

MSNs. Furthermore, the findings that the two MSN populations
were similar in their synaptic input and in their response to
GAT-1 inhibition provide strong evidence that the differences in
tonic GABA currents seen in the slice preparation are likely me-
diated by a difference in receptor expression or function, and the
strong TTX sensitivity of MSN tonic GABA currents suggests that
action potential-mediated synaptic release is the major source for
ambient GABA in the striatum and that tonic GABA conduc-
tances in the MSNs are very sensitive to local changes in ambient
GABA concentration in the striatum.

The higher detection rate of sIPSCs and mIPSCs in both cell
types and the larger tonic currents detected in D2

� MSNs using
CsCl internal rather than KCl internal is reflective of previous
findings that cesium-based internal solutions showed enhanced
mEPSC detection over potassium-based internal solutions (Day
et al., 2006) and lends additional credence to the proposition that
cesium-based internal solutions allow for current detection over
larger expanses of the plasma membrane.

Interestingly, mIPSC amplitude in D1
� but not in D2

� MSNs
was significantly larger with CsCl internal, suggesting that quan-
tal size is potentially larger at distally located inhibitory synapses
in D1

� MSNs. However, it may also simply indicate that D1
�

MSNs have more K� channel-mediated leak conductance, in
agreement with previous reports that D1 receptor but not D2

receptor stimulation enhances subthreshold K� channel con-
ductances (Pacheco-Cano et al., 1996) and may explain why in-
put resistance does not significantly differ between the two cell
types despite the rather selective occurrence of tonic GABA cur-
rents in D2

� MSNs.
In this study, we used a combination of approaches in an

attempt to define the GABAA receptor subtype responsible for
MSN tonic GABA currents. The single-channel recordings sug-
gest that main conductance levels for GABA channels in D1

� and
D2

� MSNs are similar and that most channels contained either �
or � subunits. Indeed, the sensitivity of MSNs to the �-subunit-
preferring agonist THIP agrees with previous reports of striatal �
subunit expression (Pirker et al., 2000). Thus, the combined sen-
sitivity to THIP and single-channel data suggest that MSNs ex-
press �-subunit-containing GABAA receptors. However, the two
subtypes did not differ in THIP sensitivity; therefore, it is unlikely
that differential expression of �-subunit-containing receptors
mediates the larger tonic currents and higher sensitivity to GABA
in the D2

� cells. Although high THIP sensitivity could be also be
explained by the presence of �� receptors (Storustovu and Ebert,
2006), the rather limited occurrence of lower conductance chan-
nel openings in the single-channel recordings argue against this
possibility.

Although we were unable to identify whether the MSNs in the
�1�/� were striatopallidal or striatonigral, the distribution of
tonic currents was similar to that seen in pooled MSNs of both
subtypes from BAC D2 EGFP mice. Although it is important to
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note that deletion of certain � subunits may be compensated for
by an upregulation of other � subunits (for review, see Vicini and
Ortinski, 2004), changes in K� conductances (Brickley et al.,
2001), or reduced GABA uptake (Ortinski et al., 2006), our data
from the �1�/� in conjunction with the lack of potentiation of
tonic current by zolpidem in the D2

� MSNs (in the BAC D2

EGFP mice) suggests that the �1-subunit-containing GABAA re-
ceptors do not mediate tonic GABA currents in MSNs. However,
the findings of the longer IPSC tau in the �1�/� and the prolon-
gation of the sIPSC tau by zolpidem in BAC D2 EGFP mice sug-
gest that some synaptic currents in MSNs are mediated by �1-
subunit-containing GABAA receptors.

Because �5-subunit-containing GABAA receptors mediate
tonic inhibition in other brain regions (Caraiscos et al., 2004;
Scimemi et al., 2005; Yamada et al., 2007) and this subunit is
expressed in the striatum (Pirker et al., 2000; Schwarzer et al.,
2001), we studied the action of a selective inverse agonist of these
receptors. Although micromolar concentrations of L655,708
have been used in the majority of brain slice physiology studies
(Caraiscos et al., 2004; Scimemi et al., 2005; Yamada et al., 2007),
pharmacological analysis of recombinant GABAA receptors
(Quirk et al., 1996) would suggest that nanomolar concentrations
should be as efficacious. Indeed, we found that 50 nM L655,708
was as efficacious in antagonizing tonic currents in D2

� MSNs as
the higher concentrations (10 	M). However, tonic currents in
D1

� MSNs induced by adding exogenous GABA as in the study
by Scimemi et al. (2005) were not significantly reduced by either
50 nM or 10 	M L655,708, suggesting that D1

� MSNs only have a
small or negligible expression of �5-subunit-containing recep-
tors. However, our immunofluorescence results argue that �5-
subunit-containing receptors are found in both MSN subtypes,
although slightly more abundant in D2

� ones. Clearly, additional
studies are necessary to determine whether differential surface
expression or posttranslational regulation underlies the
discrepancy.

L655,708 reduced sIPSC charge in the D2
� but not the D1

�

MSNs, although the effect was limited to the higher concentra-
tions of the drug (10 	M). If this is indeed a specific effect of
blocking �5-subunit-containing receptors, it may relate to phar-
macological differences in efficacy when GABA is released at high
concentrations as it is at the synapse compared with the low
ambient concentrations that activate tonic receptors. Alterna-
tively, the effects at 10 	M L655,708 may be mediated by receptors
that do not contain the �5 subunit. If synaptic receptors are
indeed different between D1

� and D2
� MSN, why did we not

observe differences in properties of sIPSCs? It is possible that a
compensatory expression of other subunit isoforms in the D1

�

MSNs may allow for similar synaptic decay kinetics.
Among the GABAA receptor subunits found in striatal MSNs,

of particular interest are �1 and �3 subunits (Flores-Hernandez
et al., 2000; Pirker et al., 2000; Schwarzer et al., 2001) because they
are potential targets for protein kinase A (PKA) phosphorylation.
PKA is differentially regulated by the dopamine D1 and dopa-
mine D2 receptor classes, and the effects of the phosphorylation
are dependent on the � subunit involved. Therefore, it will be
interesting to determine how � subunits regulate GABA sensitiv-
ity in MSNs in future studies once selective blockers of the �
subunits become available. In parallel, it will be essential to de-
termine the effects of dopamine depletion on expression and
function of striatal GABAA receptors because previous reports
have suggested that dopamine depletion induces postsynaptic
changes in GABA sensitivity that exacerbate the imbalance of
striatal output (Mallet et al., 2006).

Our study confirmed previous findings (Kreitzer and
Malenka, 2007) that, in the slice, D2

� MSNs fire action potentials
in response to depolarizing current injection at higher frequency
than D1

� MSNs. However, in contrast to what is seen in the
cerebellum and thalamus (Brickley et al., 1996; Cope et al., 2005),
gabazine application actually shifted the spike rate versus injected
current relationship for D2

� MSNs to the right to values seen in
D1

� MSNs (Fig. 8B), a finding that also seems to contradict the
findings of similar RMP and input resistance for the two MSN
subtypes (our data and Kreitzer and Malenka, 2007). RMP as-
sessed by measuring EK in a cell- attached patch showed values
more negative than the IPSC reversal potential reported by others
(Koos et al., 2004). Indeed, our recordings verified that GABA
mildly depolarizes MSNs in slice, as has been shown both in vivo
(Mercuri et al., 1991) and in organotypic corticostriatal culture
preparations (Blackwell et al., 2003). Thus, the gabazine-induced
reduction in excitability may be explained by the relative gap
between MSN RMP and the GABA current reversal potential or
potentially by the associated changes in K� channel conduc-
tances and calls for further modeling of the complex interactions
of GABA tonic conductances with the other ionic currents found
in MSNs (Wolf et al., 2005). However, the possibility exists that
gabazine may affect MSN excitability indirectly by modulating
the activity of neighboring cholinergic or GABAergic interneu-
rons or by nonspecific actions at receptors in the MSNs.

The presence of tonic GABA currents has important conse-
quences for synaptic excitation of MSNs. Synaptically evoked
MSN firing was significantly reduced in D2

� MSNs when tonic
conductance was blocked by L655,708 (Fig. 8C,D). Future studies
will have to verify that this effect is mediated by reduction of tonic
GABAergic conductances in MSNs. It remains to be assessed how
this regulation of synaptic efficacy by tonic GABA currents in
striatopallidal MSNs will affect motor behavior and whether the
increased spontaneous locomotor activity in a strain of �5 sub-
unit mutant mice (Hauser et al., 2005) is mediated by a reduction
in striatopallidal activity.

Together, our results suggest that D2
� MSNs have higher ex-

pression of tonic GABAA receptors containing the �5 subunit
than D1

� MSNs. Because tonic inhibitory currents provide a
powerful mechanism to regulate cell excitability, the �5 subunit
may serve as a novel therapeutic target for the ameliorating motor
disturbances associated with Parkinson’s disease.
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