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The regulation of intracellular chloride has important roles in neuronal function, especially by setting the magnitude and direction of the
Cl ™~ flux gated by GABA , receptors. Previous studies have shown that GABA ,-mediated inhibition is less effective in dopaminergic than
in GABAergic neurons in substantia nigra. We studied whether this phenomenon may be related to a difference in Cl-regulatory mech-
anisms. Light-microscopicimmunocytochemistry revealed that the potassium- chloride cotransporter 2 (KCC2) was localized only in the
dendrites of nondopaminergic (primarily GABAergic) neurons in the substantia nigra, whereas the voltage-sensitive chloride channel 2
(CIC-2) was observed only in the dopaminergic neurons of the pars compacta. Electron-microscopicimmunogold labeling confirmed that
KCC2 is localized in the dendritic plasma membrane of GABAergic neurons close to inhibitory synapses. Confocal microscopy showed
that CIC-2 was selectively expressed in the somatic and dendritic cell membranes of the dopaminergic neurons. Gramicidin-perforated-
patch recordings revealed that the GABA , IPSP reversal potential was significantly less negative and had a much smaller hyperpolarizing
driving force in dopaminergic than in GABAergic neurons. The GABA , reversal potential was significantly less negative in bicarbonate-
free buffer in dopaminergic but not in GABAergic neurons. The present study suggests that KCC2 is responsible for maintaining the low
intracellular C1 ~ concentration in nigral GABAergic neurons, whereas a sodium-dependent anion (Cl " -HCO; ) exchanger and CIC-2
are likely to serve this role in dopaminergic neurons. The relatively low efficacy of GABA ,-mediated inhibition in nigral dopaminergic
neurons compared with nigral GABAergic neurons may be related to their lack of KCC2.
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Bunney, 1985; Tepper et al., 1995; Paladini and Tepper, 1999;
Paladini et al., 1999). Similarly, most of the inhibitory inputs to
the GABAergic neurons of the SNr act through GABA , receptors
(Precht and Yoshida, 1971; Rick and Lacey, 1994).

Despite the ability of GABA and GABA, agonists to inhibit
both dopaminergic and GABAergic neurons of the SN, the
GABAergic neurons of the SNr have been shown to be more
sensitive to GABA, receptor-mediated inhibition than the dopa-
minergic neurons (MacNeil et al., 1978; Grace and Bunney, 1979,
1985; Waszczak et al., 1980; Celada et al., 1999).

Introduction

The majority of the inputs to the dopaminergic neurons of the
substantia nigra (SN) pars compacta (SNc) and the GABAergic
neurons of the SN pars reticulata (SNr) are GABAergic (Grofova,
1975; Ribak et al., 1976; Smith and Bolam, 1989). In vivo phar-
macological studies have shown that the tonic GABAergic synap-
tic input to which dopaminergic neurons are subject is mediated
predominantly or exclusively by GABA, receptors (Grace and
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The GABA , receptor is a ligand-gated anion channel, suggest-
ing that the difference in the efficacy of GABA, receptor-
mediated inhibition in dopaminergic and GABAergic neurons
may be attributable to a difference in their chloride-regulatory
mechanisms. Recent work has shown that the neuron-specific
K*—Cl~ cotransporter isoform, potassium—chloride cotrans-
porter 2 (KCC2), is responsible for the generation of an inwardly
directed Cl ~ electrochemical gradient in a large variety of central
neurons (Jarolimek et al., 1999; Kakazu et al., 1999; Rivera et al.,
1999; DeFazio et al., 2000; Vardi et al., 2000; Vu et al., 2000).



8238 - J. Neurosci., September 10, 2003 - 23(23):8237—- 8246

KCC2 has a high transport rate and appears to be constitutively
active, which makes it a very efficient Cl ~-extruding device (for
review, see Payne et al., 2003).

The only other transporter capable of Cl~ extrusion that is
expressed in neurons is the Na*-dependent anion (Cl -
HCO; ) exchanger (NDAE) (Romero et al., 2000; Grichtchenko
et al., 2001). Because the activity of NDAE depends on intracel-
lular pH, it is much less effective at Cl ~ extrusion than K *—CI ~
cotransport (Kaila, 1994; Schwiening and Boron, 1994).

In addition to transporters, certain Cl~ channels, for exam-
ple, the inwardly rectifying voltage-gated chloride channel 2
(CIC-2), are likely to play a significant role in the clearance of
intracellular chloride (Staley, 1994; Smith et al., 1995; Enz et al.,
1999). Unlike transporters, channels are passive devices, which
are not capable of maintaining an inwardly directed Cl ~ gradi-
ent. Expression of CIC-2 mRNA has been reported previously in
SN¢, but not in SNr (Smith et al., 1995).

Relatively little data are available regarding mechanisms of
Cl ™ regulation in dopaminergic (Ye, 2000) and nondopaminer-
gic neurons of the SN (Ebihara et al., 1995). In the present study,
immunocytochemical labeling of KCC2 and CIC-2 was used to
determine the distribution of these proteins in SN dopaminergic
and GABAergic neurons, and perforated-patch recordings from
both cell types were performed to estimate the reversal potential
of GABA ,-mediated synaptic responses. The data indicate that,
although both neuron types are capable of maintaining an in-
wardly directed Cl ~ gradient, Cl ~ extrusion is much less efficient
in the dopaminergic than in the GABAergic neurons. This differ-
ence is attributable to the absence of KCC2 in the dopaminergic
neurons, a unique feature that likely contributes to the relatively
low efficacy of GABA s-mediated inhibition in these neurons.

Materials and Methods

Tissue preparation

Fourteen male Wistar rats, weighing 250300 gm, were deeply anesthe-
tized with Equitesin and perfused through the aortic arch with 0.9%
NaCl followed by a fixative solution containing 4% paraformaldehyde
(Sigma, Deisenhofen, Germany), 0.05% glutaraldehyde (TAAB Labora-
tories, Aldermaston, Berkshire, UK), and 15% (v/v%) saturated picric
acid (Sigma) in 0.1 M phosphate buffer (PB), pH 7.4. After perfusion,
brains were removed, and coronal blocks were dissected from the mid-
brain; then, 60 um thin sections were cut from the blocks with a Vi-
bratome (Series 1000; Lancer, St. Louis, MO), washed in 0.1 m PB, and
immersed in 30% sucrose (Sigma) overnight. For electron microscopy,
sections were freeze thawed over liquid nitrogen to optimize the pene-
tration of immunoreagents. For light microscopy, 0.5% Triton X-100
(Sigma) was used in the buffers to enhance the penetration of the anti-
bodies. PB (0.1 m) and Tris-buffered saline (TBS) (0.05 m; pH 7.4; Sigma)
were used for rinsing the sections before incubation in the primary
antisera.

Immunocytochemistry

Single immunostaining. Single immunolabeling was applied to localize
tyrosine hydroxylase (TH), parvalbumin (PV), KCC2, and CIC-2 pro-
teins. After a 30 min incubation in blocking solution containing 2%
bovine serum albumin, primary antisera were used against TH (mouse
anti-TH; 1:5000; ETI, Piscataway, NJ), PV (mouse anti-PV; 1:1000; Sig-
ma), CIC-2 (rabbit anti-CIC-2; 1:1000; gift from Dr. R. Smith, University
of Colorado Health Sciences Center, Denver, CO) (for specificity, see Sik
et al., 2000), or KCC2 (rabbit anti-KCC2; 1:500; gift from Dr. J. Payne,
University of California, Davis, School of Medicine, Davis, CA) (for spec-
ificity, see Williams et al., 1999) for 48 hr at 4°C. Sections were incubated
in biotinylated anti-rabbit or anti-mouse secondary antibody (1:200;
Vector Laboratories, Burlingame, CA) for 2 hr at room temperature.
After rinses in TBS, the sections were incubated in avidin—biotinylated
horseradish peroxidase complex (ABC) (1:400; Vector Laboratories) for
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2 hr at room temperature. The immunoperoxidase reaction was per-
formed using Ni’"-intensified 3,3’-diaminobenzidine 4-HCI (DAB)
(Sigma) as a chromogen and 0.05% H,O,. For preembedding immuno-
gold staining, sections were incubated with 1 nm gold-conjugated anti-
rabbit secondary antibody (1:200; Aurion, Wageningen, The Nether-
lands) for 12 hr at 4°C followed by silver intensification (SE-EM;
Aurion). Sections were treated with 1% OsO, (40 min), dehydrated in
graded ethanol and then in propylene oxide, and embedded in Durcupan
ACM (Fluka, Neu-Ulm, Germany). Specimens were examined using
light microscopes (Axioscope; Zeiss, Oberkochen, Germany; Provis
AX70; Olympus Optical, Tokyo, Japan) and electron microscopes (7100;
Hitachi, Tokyo, Japan; Tecnai 12; Philips, Eindhoven, The Netherlands;
equipped with MegaView CCD camera).

Double immunostaining. After preembedding immunogold staining
against KCC2, sections were incubated in TBS containing the primary
antibody against the second antigen (mouse anti-TH; 1:5000; or mouse
anti-PV; 1:1000) for 24 hr at 4°C. Sections were then treated with biotin-
ylated anti-mouse secondary antiserum for 2 hr, washed, incubated with
ABC for 2 hr at room temperature, and rinsed in TBS. The immunoper-
oxidase reaction was performed using DAB as above. To differentiate the
immunogold and DAB end products, a combination of epipolarization
and transmitted light microscopy was used (Provis AX70; Olympus
Optical).

Double-immunofluorescence labeling. Sections were washed in TBS and
then treated with mixtures of two different antisera [mouse anti-TH
(1:5000) was mixed with either rabbit anti-CIC-2 (1:1000) or rabbit anti-
KCC2 (1:500)] for 24 hr at 4°C. Immunoreactivities were visualized by
processing the sections with fluorescein isothiocyanate-conjugated anti-
mouse and carbocyanine 3-conjugated anti-rabbit secondary antibodies
(1:50 and 1:500, respectively; Molecular Probes, Eugene, OR). Results of
double-fluorescence labeling were analyzed both with fluorescent
(Olympus Optical AX70 or Zeiss Axioplan 2) and confocal microscopes
(Leica, Nussloch, Germany).

Gramicidin-perforated-patch recordings
Electrophysiological experiments were performed on midbrain slices ob-
tained from young adult male Sprague Dawley rats (4—8 weeks of age;
100-200 gm). All of the procedures were performed with the approval of
the Rutgers University Institutional Animal Care and Use Committee
and in accordance with the National Institutes of Health Guide to the
Care and Use of Laboratory Animals. Animals were deeply anesthetized
with 100 mg/kg ketamine intraperitoneally and transcardially perfused
with 4-5 ml of ice-cold modified Ringer’s solution containing (in mm):
225 sucrose, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 28 NaHCO;, 1.25 NaH,PO,, 7
glucose, 1 ascorbate, and 3 pyruvate and bubbled with 95% O,—5% CO..
The brain was quickly removed and trimmed to a block containing the
midbrain. Coronal sections (350 wm) were cut in the same medium
using a Vibroslice (Campden Instruments, Loughborough, UK). Slices
were immediately transferred to normal Ringer’s solution containing (in
mu): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCO;, 1 MgCl,, 2 CaCl,,
25 glucose, 1 ascorbate, 3 pyruvate, and 0.4 myo-inositol, which was
heated to 34°C and continuously bubbled with 95% O,-5% CO, for at
least 1 hr before recording. In some experiments, NaHCO, was omitted
from the slice buffer and replaced with (in mm): 20 HEPES, 10 NaCl, and
10 NaOH, and the buffer was bubbled with 100% O,. Slices were visual-
ized at 40X using infrared differential interference contrast microscopy
with an Olympus Optical BX50WI fixed-stage microscope.
Perforated-patch current-clamp recordings were obtained using bo-
rosilicate pipettes pulled from 1.5-mm-outer-diameter capillary tubing
(World Precision Instruments, Sarasota, FL) using a Narishige (Tokyo,
Japan) PP-83 vertical pipette puller that possessed in vitro impedances of
5-7 M{). The electrodes were filled with a solution containing (in mm):
129 potassium gluconate, 11 KCI, 10 HEPES, 2 MgCl,, 10 EGTA, 3 Na,-
ATP, and 0.3 Na;-GTP. Gramicidin was dissolved into a stock solution
with DMSO and was added to the pipette solution and sonicated just
before recording at a concentration of 100 wg/ml. Recordings were am-
plified by a Neurodata (New York, NY) IR 183 amplifier and displayed on
a Tektronix (Beaverton, OR) 511A oscilloscope. The recordings were
then digitized by a Nicolet (Madison, WI) 4094C digital oscilloscope and
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Figure 1.

stored on a Macintosh computer for off-line analysis with custom-
designed software.

Stimulating electrodes were constructed from bipolar stainless-steel
wires (100 wm diameter; California Fine Wire, Grover Beach, CA). The
wires were insulated with enamel except for the tips. For each experi-
ment, the stimulating electrode was placed within the SNr near the ven-
tral border of the nucleus. Single square-wave pulses (0.1-0.5 msec du-
ration) were delivered by a Winston (Millbrae, CA) A-65 timer and
SC-100 constant-current stimulus isolation unit delivered at 0.75 Hz.

Current—voltage relationships were measured from 500 msec hyper-
polarizing pulses from the resting membrane potential. Reversal poten-
tials were determined by measuring the voltage change in the recorded
neuron in response to stimulation of the SNr at various membrane po-
tentials produced by either steady-state current or 600 msec hyperpolar-
izing pulses delivered from the resting membrane potential. The contri-
bution of GABA , receptor-mediated currents to the postsynaptic potential

Light micrographs demonstrate the localization of KCC2 in nondopaminergic cells of the rat SN. A, B, Low (A)- and
high (B)-magnification micrographs illustrate the segregation of TH-immunolabeled neurons (brown) and KCC2-
immunopositive dendrites (blue-black) in both the SNc (SNC) and SNr (SNR). Both somata and dendrites of the dopaminergic
neurons are labeled for TH (arrows). KCC-2 was found only in the dendritic compartment of nondopaminergic cells (arrowheads).
(, D, Double-immunofluorescent staining shows a mutually exclusive distribution pattern for TH and KCC2. It demonstrates that
none of the TH-positive (green) dendrites or somata are outlined by KCC2 immunoreactivity (red). Scale bars, 25 pm.
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was isolated by recording in the presence of the
competitive non-NMDA glutamate receptor an-
tagonist 6-cyano-7-nitroquinoxalene-2,3,-dione
(10 um), the GABAy receptor antagonist CGP
35348 (200 um), and either 2-amino-5-phospho-
nopentanoic acid (50 um) or ketamine (100 um),
which are both NMDA receptor antagonists. In
some cases, bicuculline (50 um) was added to the
above solution to further confirm the identity of
the postsynaptic potential being measured.

Neurons were classified as either dopaminer-
gic or GABAergic on the basis of their electro-
physiological properties. The presence of a
slowly developing sag in the voltage deflection
in response to hyperpolarizing current injec-
tion, which is the result of activation of an
H-current, and the presence of slow spontane-
ous firing with wide spikes (>2 msec) with
large-amplitude, long-duration spike afterhy-
perpolarizations were the defining characteris-
tics of dopaminergic neurons (Kita et al., 1986;
Grace and Onn, 1989; Richards et al., 1997;
Iribe et al., 1999). The GABAergic neurons of
the SNr were identified by their narrower
spikes, shorter spike afterhyperpolarization,
higher firing rate, and lack of H-current (Na-
kanishi et al., 1987; Richards et al., 1997).

Reversal potentials were determined from
the zero voltage intercept of the linear regres-
sion of the peak postsynaptic potential ampli-
tude versus the membrane potential (Iribe et
al., 1999). All of the potentials were corrected
for the measured junction potential (13 mV in
normal Ringer’s and 11 mV in bicarbonate-free
buffer). The reversal potentials were compared
using two-tailed Student’s ¢ tests. All of the re-
sults are presented as mean * SEM.

Results

KCC2 is localized in GABAergic but not
in dopaminergic neurons of the SN:
light-microscopic studies
Immunoperoxidase labeling revealed that
KCC2 protein was localized mostly in den-
drites but not in axon terminals of neurons
in the SN (Fig. 1 A, B). The somatic plasma
membrane of neurons with densely posi-
tive dendrites was labeled only very faintly,
and these somata were restricted to pars
reticulata. Glial cells were completely de-
void of KCC2 immunostaining. Double-
labeling experiments were performed to
reveal the neurochemical identity of the
KCC2-immunoreactive neurons (Fig. 1). First, the expression
pattern of KCC2 was investigated in dopaminergic neurons using
two different double-labeling methods. Dopaminergic cells were
identified on the basis of their TH expression (Isaacs and Jaco-
bowitz, 1994). Double-immunofluorescent staining clearly dem-
onstrated that none of the TH-positive dendrites or somata were
outlined by KCC2 immunoreactivity; the two staining patterns
were mutually exclusive (Fig. 1C,D). In another set of experi-
ments, TH was visualized by immunoperoxidase staining using
DAB as a chromogen, whereas KCC2 was revealed by DAB-Ni
(Fig. 1A, B) or preembedding immunogold labeling with silver
enhancement (not shown). In agreement with the results of flu-
orescent double staining, DAB-Ni or immunogold (KCC2) label-
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ing was found in the dendritic compart-
ment of only nondopaminergic (i.e., TH-
negative) neurons. Thus, TH-positive
dendrites and KCC2-immunoreactive
dendrites formed two distinct populations
in both the SNc and SNr (Fig 1).

To demonstrate the presence of KCC2
in GABAergic neurons, a subset of
GABAergic neurons was identified by PV
immunoreactivity using DAB as chromo-
gen coupled with preembedding immuno-
gold staining for KCC2 (Fig. 2). Parvalbu-
min has been shown previously to be
present in GABAergic but not in dopami-
nergic neurons in the SN (Rajakumar et
al.,, 1994; McRitchie et al., 1996; Hon-
tanilla et al., 1997). The present results
confirmed that, unlike dopaminergic cells,
GABAergic neurons do express KCC2
protein (Fig. 2).

These findings raised the possibility
that dendrites of TH-positive neurons also
contain KCC2, but that its expression is
masked by DAB end product when using
conventional light-microscopic methods.
Therefore, the KCC2-TH double-staining
(using immunogold and DAB) was re-
peated, and epipolarization microscopy
was used to avoid false-negative results.
This technique has the advantage of sepa-
rating light-scattering immunogold parti-
cles from DAB immunostaining, allowing
the detection of two different immunore-
action end products separately in the same
double-immunolabeled profiles. Trans-
mitted light microscopy depicted the
DAB-stained dopaminergic neurons in the
SNc, whereas epipolarization light micros-
copy demonstrated the KCC2-containing
profiles. The results clearly showed that,
indeed, KCC2 immunoreactivity was ab-
sent from dopaminergic neurons. How-
ever, the same epipolarization technique
strengthened the positive results that were
obtained for KCC2-PV colocalization us-
ing conventional light microscopy (Fig. 2).

Figure 2.
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Conventional and epipolarization light micrographs show that, unlike dopaminergic cells, GABAergic neurons ex-
press KCC2 protein. A, Conventional light-microscopic image illustrates PV-immunopositive profiles in the rat SNr. PV exclusively
labels a subset of GABAergic neurons in the SN. Black arrows indicate PV-immunopositive dendrites, whereas black arrowheads
outline a PV-immunoreactive neuron with its labeled dendrite. A”, In the same section, epipolarization light microscopy illustrates
KCC2-immunopositive dendrites. White arrowheads indicate a PV-immunopositive cell, of which only the dendrite but not the
soma shows KCC2immunoreactivity. White arrows show the PV-immunolabeled dendrites, which are also KCC2 immunoreactive.

B, B’, Another example of conventional and epipolarization microscopy showing localization of KCC2 (8”) to PV *, nondopamin-

Subcellular distribution of
KCC2-immunoreactive profiles in
nondopaminergic neurons:
electron-microscopic studies

To reconfirm the absence of KCC2 immunoreactivity in dopami-
nergic neurons observed at the light-microscopic level, double-
immunolabeled sections for KCC2 and TH were analyzed by
electron microscopy (Fig. 3). The subcellular localization of
KCC2 was revealed using a preembedding immunogold reaction,
whereas TH-immunoreactive cells were visualized using DAB as
the chromogen. The advantage of immunogold labeling over the
immunoperoxidase-DAB method is that the former reaction
product is not diffusible; thus, it precisely shows the subcellular
localization of the investigated antigen. Immunoreactivity for TH
was found in the perikarya and dendrites of the dopaminergic
neurons (Fig. 3). In contrast, silver-enhanced gold particles, in-

ergic neurons (B). Scale bars, 20 um. s, Soma.

dicating the presence of KCC2, were localized to the plasma
membrane of dendrites of the TH-negative, nondopaminergic
neurons (n = 42) (Fig. 3). KCC2 immunolabeling in these cells
was often seen at the periphery of symmetrical (presumed
GABAergic) synapses at the postsynaptic site (Fig. 3B). Transport
vesicles immunoreactive for KCC2 were occasionally observed in
the cytoplasm of TH-immunonegative dendrites (Fig. 3).

On the basis of the light-microscopic observations, PV-immuno-
reactive neurons were expected to express KCC2 protein. Parvalbu-
min was used as a neurochemical marker to identify the GABAergic
subpopulation of SNr neurons. Double-labeling experiments were
performed to investigate colocalization of PV (immunoperoxidase;
DAB) and KCC2 (immunogold) in the same profiles (Fig. 4). Im-
munoreactivity for PV was found in the perikarya (not shown) and
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Figure 3.
immunopositive dendrites (DAB labeled) do not contain KCC2 protein (gold particles). Immunoreactivity for TH was found in
dopaminergic dendrites, whereas KCC2 was localized in the dendritic membrane of nondopaminergic neurons. KCC2 immunola-
beling (arrowheads) was often observed in the vicinity of symmetric synapses (arrows) at the postsynapticsite. Scale bars, 500 nm.
b, Bouton; d, dendrite.

proximal as well as distal dendrites of numerous neurons in the SNr.
The vast majority of the PV-immunolabeled cells in the SNr were
found to display KCC2 immunoreactivity at the electron-micro-
scopic level. Silver-intensified gold particles were attached to the
plasma membrane in the immediate vicinity of symmetric synapses
formed by presumed GABAergic inhibitory axon terminals (1 = 65)
(Fig. 4), but were also found, although less frequently, adjacent to
asymmetric, presumed excitatory synapses (n = 23).

CIC-2 is localized in dopaminergic cells of the SNc

A previous study using in situ hybridization demonstrated the
presence of CIC-2 mRNA in the SNc¢ (Smith et al., 1995). To
investigate whether CIC-2 protein has an identical distribution in
the SN¢, we used immunocytochemical techniques with DAB as a
chromogen. Intensely labeled neurons were observed in the SNc,
corresponding to the area in which most dopaminergic cells are
normally situated (Fig. 5A), but not in the SNr, in which
GABAergic cells are located. Light microscopy at high power re-
vealed that CIC-2 immunoreactivity was present not only in the

Electron-microscopic localization of KCC2 protein in the rat SN. A, B, Electron microscopy revealed that TH-
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perikarya but also in proximal and distal
dendrites of the SNc neurons (Fig. 5B).
Axon terminals or glial cells were not im-
munolabeled. The distribution pattern of
CIC-2-immunoreactivity strongly sug-
gested that dopaminergic neurons express
this type of Cl ~ channel. To provide direct
evidence, double immunocytochemical
analysis was performed, using an antibody
against TH to visualize dopaminergic neu-
rons together with CIC-2. The sections
were analyzed by using a fluorescent light
microscope and a confocal microscope
(Fig. 6). CIC-2 immunolabeling was ob-
served in the perikarya and proximal den-
drites of most, if not all, of the TH-
immunoreactive SNc neurons (Fig. 6 A, B),
and all of the CIC-2-positive cells ex-
pressed TH immunoreactivity.

Reversal potential and driving force of
IPSPs in dopaminergic and

GABAergic neurons

Neurons recorded in substantia nigra with
gramicidin-perforated patch were identi-
fied as dopaminergic (n = 17) or principal
GABAergic (n = 19) neurons on the basis
of well established electrophysiological
characteristics, including spontaneous fir-
ing rate, action potential waveform, spike
afterhyperpolarization, and the presence
of a slowly developing sag in the response
to hyperpolarizing current injection be-
cause of I, (Kita et al., 1986; Nakanishi et
al., 1987; Grace and Onn, 1989). These dis-
tinguishing properties are illustrated for
two representative neurons in Figure 7.
Most dopaminergic neurons and all of the
GABAergic neurons were spontaneously
active at rest. As shown in Figure 7, A1, A2,
BI, and B2, dopaminergic neurons have
slower firing rates, wider duration action
potentials, and larger amplitude and
longer duration spike afterhyperpolariza-
tions than do GABAergic neurons. In addition, a slowly developing
sag in the response to hyperpolarizing current injection attribut-
able to the activation of a slow hyperpolarization-activated cation
current (I,,) and an inward rectification was clearly visible in
dopaminergic neurons (Fig. 7A3,4) but was absent from the
GABAergic neurons, which displayed a mostly linear current—
voltage relation (B3,4).

Electrical stimulation of the SNr (0.5 msec; 1-5 mA) in the
presence of glutamate and GABAj; antagonists (see Materials and
Methods) produced IPSPs with latencies to peak of 11.36 * 0.68
msec in dopaminergic neurons and 10.23 * 1.28 msec in
GABAergic neurons. These IPSPs were completely blocked by 50
uM bicuculline, verifying that they were GABA, mediated (data
not shown).

Figure 8 shows current-clamp recordings from a representa-
tive dopaminergic and a representative GABAergic neuron dem-
onstrating changes in the amplitude of the IPSP elicited at differ-
ent membrane potentials in response to electrical stimulation of
the SNr. As shown in Figure 9, the GABA , IPSP reversal potential
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(Epsp.a) was significantly less hyperpolar-
izing in dopaminergic neurons (—63.45 *
2.02 mV) than in GABAergic neurons
(—71.58 £ 1.37mV; t=3.20; df = 22;p <
0.01,).

The GABAergic and dopaminergic
neurons are spontaneously active, and the
latter exhibit subthreshold oscillations
caused by the interaction of a persistent
low-threshold Ca®* current and a Ca**-
activated K™ current (Kang and Kitai,
1993a,b; Wilson and Callaway, 2000).
Hence, an estimate of the GABA, IPSP
driving force (DFpgp_) was calculated as
follows: DFjpsp o = Vi — Eipgp.a> Where
Vu was defined as the most negative value
of the membrane potential observed un-
der zero-current conditions (usually the
minimum value of the spontaneous spike
afterhyperpolarization). This provided es-
timates 0f 3.3 = 2.0mV (n = 10) and 9.5 *
2.2 mV (n = 11) for the DF;pgp_, for do-
paminergic and GABAergic neurons, re-
spectively (Fig. 9). These data clearly dem-
onstrate a DFjpgp., that drives a
hyperpolarizing Cl~ current in both cell
types, because the present method will, if
anything, lead to an underestimate of the
amplitude of a driving force with this
polarity.

The above experiments indicate that
both the GABAergic as well as the dopami-
nergic neurons must have an active chlo-
ride extrusion mechanism capable of
maintaining an inwardly directed Cl~
electrochemical gradient. In the GABAer-
gic neurons, Cl ™~ extrusion is likely to be
mediated by KCC2, which we showed is
expressed abundantly in these cells. How-
ever, the presence of CIC-2 channels in the
dopaminergic neurons does not explain
their hyperpolarizing GABA, response,
because, although a channel can help in
the clearance of an intracellular Cl ~ load,
it is unable to create a driving force for
Cl . In light of what is known about neu-
ronal Cl~ extrusion, a likely candidate
here is the NDAE (Kaila, 1994; Payne et al.,
2003). Hence, we repeated the experi-
ments in bicarbonate-free (HEPES-
buffered) solution, to eliminate the activ-
ity of the NDAE. These experiments revealed that Epgp , in
dopaminergic neurons recorded in bicarbonate-free buffer was
significantly more depolarized than Epgp_, in dopaminergic neu-
rons recorded in normal ringers (—49.73 = 3.16 mV vs —63.45 =
2.02 mV; ¢t = 3.38; df = 15; p < 0.01), as shown in Figure 8. In
sharp contrast, the Ejpgp_o in GABAergic neurons recorded in
these two buffers did not differ (—=73.41 = 2.33 mV vs —71.58 &
1.37 mV). As was the case in normal slice buffer, Epgp , Was
significantly more depolarized in dopaminergic neurons than in
GABAergic neurons (f = 5.94; p < 0.01; df = 10). In addition, the
polarity of DFpsp_, was changed from a positive to a negative
value (—12.1 = 1.9 mV; n = 4) in the dopaminergic cells in the

Figure 4.

Figure 5.
magpnification light micrograph shows the presence of CIC-2-immunopositive cells in the SN¢ (SNC). CIC-2-immunopositive cells
were visualized by immunoperoxidase reaction (DAB; black end product). The SNr (SNR) did not display CIC-2 immunoreactivity.
B, High-magnification micrograph demonstrates that CIC-2 is present not only in the perikarya (arrowheads) but also in distal
dendrites of the SNc neurons (arrows). Scale bars: 4, 100 m; B, 25 um.
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Parvalbumin-immunoreactive neurons express KCC2 in the rat SN. 4, B, Electron micrographs taken from two consecutive
sections demonstrate the presence of KCC2 (gold particles) in the PV-immunopositive (DAB-labeled) dendrites. Gold particles show that
KCC2is often localized near to the symmetric synapses (arrows). Arrowheads indicate gold particles. Scale bar: (in A) A, 8, 500 nm.

Light-microscopic illustration of the distribution of CIC-2-immunolabeled neurons in the rat SN. A, Low-

absence of bicarbonate, whereas no obvious change in DF,pgp_, in
the GABAergic neurons (9.25 = 2.9 mV; n = 7) was seen, as
shown in Figure 9.

Discussion

The main anatomical findings of the present study indicated
that two key molecules involved in neuronal Cl ~ homeostasis
show a distinct neuron type-specific expression pattern in the
rat SN: GABAergic neurons in the SNr express the neuron-
specific K-Cl cotransporter KCC2, whereas dopaminergic
neurons in the SN are devoid of KCC2 but express CIC-2.
Consistent with these results, GABAergic SN neurons were
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dendrites of dopaminergic neurons. Scale bars, 25 pm.
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Figure 7. Identification of principal dopaminergic and GABAergic neurons in substantia
nigra from current-clamp recordings. A7, A2, Dopaminergic neurons exhibit slow pacemaker-
like firing with broad action potentials exceeding 2.5 msec in duration and a large-amplitude,
long-duration spike afterhyperpolarization. A3, Dopaminergic neurons exhibit a prominent
time-dependent sag in the voltage deflection in response to hyperpolarizing current injection
because of a slowly activating /. A4, I-V plots both before (filled circles) and during (open
circles) activation of /, , calculated at the times indicated by the filled and open arrows in A3
above. The -V relationship was best fit by linear regression before activation of /; but showed
a pronounced inward rectification after its activation, which was best fit by a fourth-power
polynomial. B7, B2, In contrast to dopaminergic neurons, pars reticulata principal GABAergic
neurons fire spontaneously at higher rates, have a shorter-duration action potential of ~1
msecin duration, and do not exhibit a prominent large-amplitude spike afterhyperpolarization.
B3, B4, Principal GABAergic neurons lack /,, and the /=V/plot, calculated at the time indicated by
the arrow, is best fit by linear regression (B4). In both cases, the hyperpolarizing current was
applied from rest. Traces in A3 and B3 are the digital averages of four consecutive single sweeps.

found to exhibit a significantly more hyperpolarized reversal
potential for GABA ,-mediated synaptic responses than the
dopaminergic neurons. As will be discussed below, these ob-
servations provide a coherent view on the ionic mechanisms

Confocal microscopicimages of double-immunostained sections show that TH-immunoreactive dopaminergic neu-
rons express CIC-2 in the SNc. A, Immunofluorescence staining against TH visualizes the dopaminergic neurons in the SNc (green).
Both perikarya and dendrites display THimmunoreactivity. 8, In the same section, CIC-2-immunopositive cells were identified on
the basis of the presence of a red fluorescent signal. Similarly, immunolabeling was observed selectively in perikarya and proximal
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regulating GABA ,-mediated hyperpo-
larizing IPSPs in these two cell types.

Dopaminergic neurons in the SN¢
express CIC-2 but not KCC2

Expression of CIC-2 mRNA was demon-
strated previously in the SNcbut not in the
SNr using in situ hybridization (Smith et
al., 1995). In line with this result, we found
that CIC-2 protein is exclusively expressed
in SN by the dopaminergic neurons. Cl ~
flux across CIC-2 channels is rectifying
and takes place at relatively negative mem-
brane potentials, which suggests that
CIC-2 is involved in the clearance of intra-
cellular Cl ™ loads (Smith et al., 1995; Enz
et al., 1999). CIC-2 is expressed in retinal
rod bipolar cells (Enz et al., 1999) and in
hippocampal pyramidal cells (Misgeld et
al., 1986; Staley, 1994; Smith et al., 1995;
Sik et al., 2000), but its expression cannot
explain the hyperpolarizing GABA, responses observed in these
cells, because channel-mediated fluxes are driven by electro-
chemical ion gradients, but, obviously, they do not generate such
gradients. However, bipolar cells as well as hippocampal neurons
are known to express KCC2 (Payne et al., 1996; Rivera et al., 1999;
DeFazio et al., 2000; Vardi et al., 2000; Vu et al., 2000; Gulyas et
al., 2001), which maintains intracellular Cl ~ levels at a low level
and accounts for hyperpolarizing GABA , responses in these neu-
rons. In contrast to this, nigral dopaminergic neurons are devoid
of KCC2, and the present electrophysiological data suggest that
hyperpolarizing GABA, inhibition in these cells is based on the
operation of the NDAE.

GABAergic neurons in the SN express KCC2 but not CIC-2
Our light- and electron-microscopic immunocytochemical lo-
calization studies indicate that only nondopaminergic (i.e., pre-
sumably GABAergic) neurons express KCC2 protein in the SN.
However, a recent study using in situ hybridization reported ex-
pression of KCC2 both in the SN¢ and the SNr (Kanaka et al.,
2001), but the neurochemical identity of the cells expressing
KCC2 mRNA was not determined. Our results suggest that all of
the KCC2 mRNA-expressing cells in that study may have been
GABAergic cells even in the SN¢, because several studies suggest
the presence of at lease some GABAergic neurons in this region
(Javoy-Agid et al., 1981; Lacey et al., 1989; Hebb and Robertson,
2000). However, even if KCC2 mRNA were present in SN¢ dopa-
minergic neurons, it does not necessarily contradict our findings,
because the translation to KCC2 protein might be blocked. More
importantly, the present electrophysiological findings are com-
pletely consistent with our anatomical findings, both arguing
strongly against the presence of functional KCC2 in SNc¢ dopa-
minergic neurons.

That KCC2 has a pivotal role in maintaining low [Cl " ]; has
been demonstrated in different regions and neurons of the rat
brain, including the hippocampus, neocortex, and lateral supe-
rior olive (Kakazu et al., 1999; Rivera et al., 1999; DeFazio et al.,
2000). Although previous electrophysiological data predicted the
presence of an active Cl ~ extrusion mechanism in the SNr (Ebi-
haraetal., 1995), the transporter involved was not identified. Our
anatomical data strongly suggest that KCC2 has a major role in
maintaining low Cl~ concentration in GABAergic but not in
dopaminergic neurons in substantia nigra.
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Pharmacologically isolated GABA, receptor-mediated IPSPs in response to stimulation of the SNr in vitro. A, Representative current-clamp recordings of a dopaminergic neuron at

various membrane potentials show an IPSP in response to stimulation of the SNr. Inset is a plot of the PSP amplitude versus the membrane potential. The plot of the regression line revealed that the
reversal potential of the IPSP was —62.9 mV. B, Representative current-clamp recordings of IPSP in GABAergic SNr neuron shows significantly more hyperpolarized reversal potential of —75.6 mV.
(, D, In bicarbonate ion-free slice buffer, the GABA, receptor-mediated IPSP reversal potential in a representative dopaminergic neuron ( () becomes significantly less hyperpolarized at —49.3mV,
whereas there is no significant change in a nondopaminergic neuron in which the IPSP reverses at —67.7 mV (D). Each of the traces is an average of four sweeps.
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Figure9.  Asummary of values for the GABA, IPSP reversal potential (F,pcp_, ) and the GABA,

IPSP driving force (DF,psp_4 ) in GABAergic and dopaminergic (DA) cells in standard (CTRL) and
bicarbonate-free (HEPES) solution. £ppp_y is significantly less hyperpolarized in dopaminergic
thanin GABAergic neurons under standard conditions. In the absence of bicarbonate, the £ pp_»
is significantly more positive, and the polarity of DF pcp_, is reversed in the dopaminergic neu-
rons. In contrast, there are no significant changes in these parameters in the GABAergic
neurons.

The present results revealed substantial KCC2 expression in
the vicinity of inhibitory synapses. This is in apparent contrast
with our previous study on the hippocampus, in which KCC2 was
abundantly expressed close to excitatory synapses (Gulyas et al.,
2001). However, it is easy to reconcile these findings on the basis

of the assumption that, in both cases, KCC2 is located close to the
sites that generate the major Cl ™~ load. In the hippocampus, the
high level of KCC2 close to excitatory synapses was explained on
the basis of the likely existence of extrasynaptic high-affinity
GABA, receptors in these subcellular compartments, which
would generate a massive electrogenically driven Cl ~ influx dur-
ing synaptic excitation (Gulyas et al., 2001). Nevertheless, as dis-
cussed previously (Payne et al., 2003), an intracellular voltage-
driven Cl~ load will take place whenever GABA, receptors are
open during postsynaptic excitation, and hence KCC2 expression
close to inhibitory synapses in the SNr (or in any brain area for
that matter) is not unexpected.

Functional considerations
Cell type-specific differences in the efficacy of intracellular

chloride regulation
Because of the substantial depolarizing bicarbonate current me-

diated by GABA, receptors, the reversal potential of ionotropic
IPSPs in neurons that extrude Cl~ under physiological condi-
tions is significantly more positive than the Cl ~ equilibrium po-
tential (Kaila, 1994). After a correction based on the Goldman—
Hodgkin—Katz equation (Kaila et al., 1993), assuming a HCO; ~/
Cl ™ permeability ratio of 0.2 and an intracellular pH of ~7.1-7.2
([HCO; ];, ~15 mm), the Ejpgp.o values obtained presently
translate to estimates of intraneuronal chloride concentration
([C17];) of 5 and 8 mM under physiological conditions for nigral
GABAergic and dopaminergic neurons, respectively. As could be
expected, the absence of neuronal KCC2 expression will lead to a
higher [Cl ™ ];, which is, indeed, the case with the SNc¢ dopami-
nergic neurons. Estimates for [Cl ™~ ]; in the GABAergic neurons
and dopaminergic neurons in the absence of bicarbonate yield
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values of 5 and 17 mM, respectively, which demonstrates a pro-
found bicarbonate dependence of Cl ~ extrusion in the dopami-
nergic neurons.

Extrusion of Cl~ in SN dopaminergic neurons is most likely
achieved by the combined actions of CIC-2, which provides a
significant efflux route to cope with an excessive Cl ~ load, and of
NDAE, which is responsible for the genuinely hyperpolarizing
driving force for chloride. Here, it should be emphasized that
activation of the NDAE requires an intracellular acid load (Kaila,
1994), and hence this extrusion mechanism cannot maintain a
steep hyperpolarizing Cl~ gradient under resting conditions.
Furthermore, the transport stoichiometry of the NDAE is based
ona 1:2 exchange between Cl ~ and acid—base equivalents (Payne
et al., 2003), which renders NDAE rather inefficient in terms of
Cl™ extrusion even when confronted with an acid load. The
present data do not exclude the possibility that the GABAergic
cells may also express NDAE. However, even if this is the case, the
influence of this transporter on neuronal Cl~ extrusion will be
masked by the much more efficient KCC2 cotransporter (see
Introduction) (Rivera et al., 1999).

Cell type-specific differences in the efficacy of GABA ,
receptor-mediated inhibition

Together, the present observations suggest that one important
factor contributing to the higher efficacy of GABA, receptor-
mediated inhibition in GABAergic neurons than in dopaminer-
gic neurons in substantia nigra is the distinct nature of the Cl
extrusion mechanisms that exist in these cells. GABA ,-mediated
inhibition appears to be much more effective and stable in the
GABAergic neurons (MacNeil et al., 1978; Grace and Bunney,
1979, 1985; Waszczak et al., 1980; Celada et al., 1999), which is
consistent with the fact that, unlike the dopaminergic neurons,
they are equipped with the highly effective Cl ~ extruder KCC2.
Our data do not rule out other possible contributing factors such
as different subunit compositions of the GABA, receptors on
dopaminergic and GABAergic neurons in substantia nigra
(Rodriguez-Pallares et al., 2000; Schwarzer et al., 2001) and/or
differences in the density or subcellular location of GABA , recep-
tors. Nevertheless, the labile nature of ionotropic inhibition in
the dopaminergic cells is likely to reflect the fact that the dopa-
minergic neurons are devoid of KCC2, and that their capability
for hyperpolarizing GABA, receptor-mediated inhibition is
strictly dependent on the presence of a bicarbonate-dependent
transport mechanism (Fig. 9). In cells of this kind, activity-
dependent anion shifts can easily take place, which thereafter
could not only lead to a suppression of GABA ,-mediated inhibi-
tion, but might also produce depolarizing and even functionally
excitatory GABA, receptor-mediated responses (Kaila et al.,
1997).

Because a change from inhibitory to excitatory GABAergic
transmission is often related to neuronal trauma (van den Pol et
al., 1996; Nabekura et al., 2002), an exciting topic in future stud-
ies on SNc¢ dopaminergic neurons is the possible relationship
between their ionic mechanisms of GABAergic inhibition and
their selective vulnerability related to Parkinson’s disease.
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