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in the Neostriatum

Tibor Ko6s and James M. Tepper

Center for Molecular and Behavioral Neuroscience, Rutgers, The State University of New Jersey, Newark,

New Jersey 07102

GABAergic interneurons appear to play a fundamental role in
the functioning of the neostriatum by modulating the spiking of
striatal projection neurons with great efficacy. The powerful and
strongly divergent output of the GABAergic interneurons neu-
rons suggests that modulation of their activity may be particu-
larly effective at controlling the functioning of the entire neos-
triatal circuitry. Acetylcholine is one of the main modulators of
striatal functioning. The effects of acetylcholine on fast-spiking
(FS) GABAergic interneurons were studied with whole-cell re-
cording in an in vitro slice preparation. Acetylcholine exerted
two distinct effects on fast-spiking interneurons. Acetylcholine
directly depolarized FS interneurons by acting on nondesensi-
tizing soma-dendritic nicotinic receptors. In addition, acetyl-

choline attenuated the GABAergic inhibition of projection neu-
rons by fast-spiking interneurons through activation of
presynaptic muscarinic receptors. It is suggested that the nic-
otinic excitation of FS interneurons may play an important role
in translating the effect of the brief behaviorally contingent
cessation of firing of the tonically active cholinergic interneu-
rons to the output neurons of the neostriatum. In contrast, the
muscarinic presynaptic inhibitory mechanism may be engaged
primarily during longer-lasting elevations of extracellular acetyl-
choline levels.

Key words: fast-spiking interneuron; neostriatum; GABA;
acetylcholine; nicotinic receptor; muscarinic receptor; presyn-
aptic inhibition; cholinergic interneuron; tonically active neurons

Cholinergic signaling in the neostriatum is an important modu-
lator of the activity of the basal ganglia and has long been
recognized to act in a complex, and in many ways antagonistic,
manner with respect to dopaminergic transmission in striatal
function. Most of the studies concerning the effects of acetylcho-
line (ACh) on the intrinsic properties of neostriatal neurons have
concentrated on the medium spiny (MS) projection neurons.
Complex modulation of the overall excitability, as well as the
voltage dependence, kinetic properties, and/or maximum conduc-
tance of various potassium, calcium, and sodium channels of
striatal spiny neurons has been demonstrated and has led to
insightful predictions about the functional consequences of these
neuromodulatory actions (Akins et al., 1990; Plenz and Kitai,
1998). Furthermore, complex effects of ACh on synaptic trans-
mission and plasticity in the neostriatum have been described
previously (Sugita et al., 1991; Calabresi et al., 1998, 1999). In
general, however, it has been difficult to provide a mechanistic
explanation for the systems level effects of cholinergic manipula-
tions in the neostriatum based on this information alone (Cala-
bresi et al., 2000). Part of the difficulty in bridging these cellular
and network level phenomena may arise from the additional
complexities introduced by cholinergic effects on striatal neuronal
populations in addition to the MS neurons.
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Recent anatomical and electrophysiological studies suggest
that, despite their relatively small number, aspiny GABAergic
interneurons have a powerful effect on the overall functioning of
the neostriatum (Bolam et al., 1983; Kita and Kitai, 1988; Kita et
al., 1990; Jaeger et al., 1994; Kawaguchi et al., 1995; Gerfen and
Wilson, 1996; Kita, 1996). At least some of these interneurons are
known to receive cholinergic synaptic input (Chang and Kita,
1992). Consequently, the control of these neurons and/or their
synaptic interactions with projection neurons by ACh may be
essential in determining the overall effect of ACh on the output of
the neostriatum. In the current study, the effects of ACh on
fast-spiking (FS) interneurons and their synaptic interaction with
MS neurons were investigated using single and paired whole-cell
recordings in slices of the rat neostriatum.

MATERIALS AND METHODS

Electrophysiology. Slices were from obtained from either 13- to 30-d-old
juvenile or adult (110-208 gm) Sprague Dawley rats. All procedures were
performed with the approval of the Rutgers University Institutional
Animal Care and Use Committee and in accordance with the NIH Guide
to the Care and Use of Laboratory Animals. Slices were prepared and
maintained with the following modifications of previously described
methods (Koés and Tepper, 1999). The Ringer’s solution used for
recording and maintaining the slices contained (in mm): 125.0 NaCl, 2.5
KCl, 2.0 CaCl,, 1.0 MgCl,, 25.0 NaHCOs, 1.25 NaH,P0,, 25.0 glucose,
pH 7.3-7.4, 1.0 ascorbate, 3.0 pyruvate, and 0.4 myo-inositol. In some
cases, ascorbate, Pyruvate, and myo-inositol were omitted and the con-
centrations of CaCl,, MgCl,, and glucose were changed to 2.5, 1.5, and
9.0 mMm respectively. Adult slices were prepared in ice-cold (approximate-
ly —4°C) modified solution containing (in mm): 225.0 sucrose, 2.5 KCl,
0.5 CaCl,, 7.0 MgCl,, 28.0 NaHCO,, 1.25 NaH,P0,, 7.0 glucose, 1.0
ascorbate, and 3.0 pyruvate. The animals were transcardially perfused
with ~60 ml of the modified Ringer’s solution at a rate of ~20 ml/min
before slice preparation.

Whole-cell current-clamp recordings were performed as described
previously (Kods and Tepper, 1999). For voltage-clamp recordings, the
internal solution contained (in mm): 140.0 CsCl, 2.0 MgCl,, 10.0
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HEPES, 3.0 Na,ATP, 0.3 Na;GTP, 10.0 EGTA, and usually 5 QX-314
(Sigma, St. Louis, MO), pH 7.2-7.3. Biocytin (0.1-0.5%) was also added
to the solution in most cases. Recordings were made with a Neurodata
Instruments (New York, NY) IR-283 current-clamp and an EPC-9
(Heka Elektronik, Lambrecht/Pfalz, Germany) voltage-clamp amplifier.
Voltage-clamp recordings were obtained with 3.5-5 M() pipettes. The
membrane potential of the MS neurons was clamped at —70 mV. Series
resistance compensation of 30-60% was used, and recordings were
filtered online with a second-order Bessel filter at 1 kHz and digitized at
10 kHz. Voltage-clamp experiments were performed at room tempera-
ture. During paired recording experiments, the presynaptic interneurons
were stimulated at 0.5 Hz. At the completion of the experiments, slices
were processed as described previously (Kods and Tepper, 1999) to
visualize biocytin-stained neurons (Horikawa and Armstrong, 1988).

Pharmacology. ACh chloride, AP-5, atropine sulfate, bicuculline
methochloride, carbamylcholine chloride (carbachol), disodium-CNQX,
muscarine chloride, mecamylamine hydrochloride (M EC), methyllyca-
conitine citrate (ML A), nicotine di-d-tartarate, and pirenzepine dihydro-
chloride were obtained from Research Biochemicals (Natick, MA). CGP
55845A was a gift from Ciba-Geigy (Basel, Switzerland). Drugs were
freshly dissolved in Ringer’s solution as indicated, except for CGP
55845A, MLA, and muscarine, which were stored at —20°C in aqueous
stock solutions. Drugs were applied in the perfusion medium or locally,
via a pipette (<2 um tip) using a Picospritzer (General Valve, Fairfield,
NJ). Drugs were ejected at 10-30 sec intervals with 10 psi and 40-100
msec duration pressure pulses. The pipettes were positioned 30-70 uwm
(51.7 £ 5.4 pm; n = 6) from the soma of the recorded neurons and at
least 10 um beneath the surface of the slice. Drug concentrations for bath
application were selected with reference to receptor affinities (Doods et
al., 1987). Drug concentrations for pressure applications were deter-
mined empirically to provide specific and sufficiently strong effects,
consistent with previous reports (Guo et al., 1998).

As a positive control for the effectiveness of MLA, a pressure appli-
cation experiment was performed using 400 um coronal slices of the
dorsal hippocampus (see Results). The experiment was conducted sub-
sequent to the collection of all striatal data using the same batch of stock
solution of MLA.

Data analysis. For IPSC amplitude measurements, window averages of
the recorded current were calculated at two positions individually for
each trace. The window averages were calculated as the arithmetic mean
of the digitized current values within a time window of 4.6 msec duration.
The IPSC amplitude was defined as the difference between two window
averages, with one window placed just after the peak of the IPSC and
another before the onset of the response. The two time windows were
separated exactly by 16.6 msec relative to each other to eliminate line
noise. Background noise distribution was determined the same way as
IPSC amplitudes but with the two averaging windows shifted to ~30
msec before the elicited response (Stricker and Redman, 1994; Stricker et
al., 1996). The coefficient of variation (CV) of IPSCs was calculated by
dividing the SD of the IPSC amplitude by the mean amplitude. Popula-
tion data are reported as mean = SE.

RESULTS

Nicotinic depolarization of FS interneurons
FS interneurons were targeted on the basis of their appearance
with differential interference contrast microscopy under infra-red
transillumination and were identified electrophysiologically
(Kawaguchi, 1993; Kawaguchi et al., 1995; Koés and Tepper,
1999). All FS interneurons were strongly hyperpolarized (less
than —70 mV) and silent at rest. FS interneurons fired narrow
action potentials and exhibited high maximal firing frequencies
(~200 Hz) in response to current injection, as shown in Figure 1.
In addition, constant depolarizing current injections induced an
irregular bursty firing pattern (Fig. 1B). The morphological prop-
erties of biocytin-stained FS interneurons corresponded to pre-
vious descriptions of this cell type (n = 5; data not shown) (Kita
et al,, 1990; Kawaguchi, 1993; Kita, 1993; Kubota et al., 1993;
Kawaguchi et al., 1995; Koos and Tepper, 1999).

Ten of 11 FS interneurons responded to local (n = 8) or bath
(n = 3) application of cholinergic agonists. For local pressure
application experiments, nicotinic agonists (n = 8) were applied,

Kods and Tepper ¢ Cholinergic Control of Striatal GABAergic Interneurons

A

|20 mV

-70 mV .

Figure 1. Characteristic electrophysiological properties of striatal FS
interneurons recorded in whole-cell mode in vitro. A, Responses of a
typical FS interneuron to intracellularly injected current pulses. Note the
high maximal firing rate (~200 Hz; right panel). B, Typical response of an
FS interneuron to constant depolarizing current injection of varying
amplitudes. All FS interneurons were hyperpolarized and silent at rest.
Depolarizing current injection elicited subthreshold membrane potential
fluctuations (arrowheads), which were always absent at rest and could also
induce episodes of firing. Firing epochs occurred at irregular intervals but
exhibited stable intraburst frequencies. The firing pattern was stable over
the duration of the depolarization (>10 sec). Action potentials truncated
as a result of aliasing.

including 20 mm carbachol (n = 4), 3-5 mm ACh (n = 3), or 250
M nicotine (n = 1).

Locally applied cholinergic agonists depolarized FS interneu-
rons by 7.1 = 1.8 mV (n = §; range of 3.4-13.7 mV) (Fig. 2A4).
The response to pressure-applied cholinergic agonists could be
completely blocked by bath application of the selective nicotinic
receptor antagonist MEC at concentrations of 1-10 um (n = 4),
as shown in Figure 2A4. In one other FS interneuron, 1 um MEC
reduced the depolarization by 92%. Partial reversal of the MEC
blockade was obtained by washing for 40 min (5 um; n = 1) (Fig.
2A). To further characterize the receptor subtype underlying the
nicotinic depolarization, MLA, a selective antagonist of the «7
subunit containing type 1 nicotinic receptors, was applied at 100
nM, a concentration sufficient to completely block these receptors,
as well as certain B2 subunit-containing (type 2) receptors
(Alkondon and Albuquerque, 1993). MLA (100 nm; n = 3) had
little or no effect on the depolarization evoked by pressure appli-
cation of nicotinic agonists (n = 3), including ACh (3-5 mMm; n =
2) or carbachol (20 mMm; n = 1), as illustrated for one neuron in
Figure 2B. These responses were all blocked by the subsequent
application of 1-10 um MEC (Fig. 2B). To demonstrate the
efficacy of MLA, the effects of the drug were tested on carbachol-
induced depolarization of hippocampal stratum radiatum inter-
neurons, a cell type known to express type 1 nicotinic receptors
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Figure 2. Nicotinic receptor-mediated responses of FS interneurons. 4, Local pressure application of ACh (5 mm; 40 msec duration; thick bar) induced
a depolarization (ACh) that was blocked by bath application of 5 um MEC. There was partial recovery after washing for 40 min. Note that the experiment
was conducted in the presence of CNQX and APV. B, Local pressure application of 5 mm ACh (thick bar) evoked a depolarization (ACh) that was
primarily unaffected by bath application of 100 nMm ML A but was almost completely blocked by subsequent application of 1 um MEC. C, As a positive
control, the effectiveness of ML A was tested on the nicotinic depolarization evoked by local pressure application of 5 mm carbachol (thick bar) on a
hippocampal stratum radiatum interneuron. The strong depolarization and firing of action potentials (fop trace; action potentials truncated as a result
of averaging) were completely blocked by bath application of 10 nMm ML A, demonstrating the potency of the antagonist. D, Bath application of 100 um
carbachol depolarized a silent FS interneuron by ~44 mV and induced irregular bursty firing. The firing was maintained for the duration of the drug

application (>10 min).

(Frazier et al., 1998). On these neurons, ML A was shown to be
fully potent at the expected effective concentration (Frazier et al.,
1998), as shown in Figure 2C.

The effect of bath application of cholinergic agonists was also
tested on four FS interneurons, all of which were depolarized by
agonist administration. Application of carbachol (40 um; n = 1)
or nicotine (100 pum, n = 2; 200 um, n = 1) depolarized the
interneurons by 15 (10.3 £ 2.6) or 9.5 mV, respectively. The
depolarization was stable for the duration of the drug application
(>10 min) and could be fully reversed during washing with
normal Ringer’s solution (n = 1) or be blocked by 1-5 um MEC
(n = 3). In addition, a higher concentration of carbachol (100 um)
could induce an MEC-sensitive, irregular, bursty firing in FS
interneurons (n = 2) (Fig. 2D). The pattern of firing induced by
carbachol was similar to the one evoked by constant current
injection (Figs. 1B, 2D). In contrast, muscarine did not have a
measurable effect on the resting membrane potential of FS inter-
neurons and, although this was not examined systematically, did
not appear to alter the latency, threshold, duration, or afterhy-
perpolarization of action potentials evoked by intracellular cur-
rent injection in these neurons (Fig. 3, 44, bottom traces).

To control for the possibility that the nicotinic responses were
mediated indirectly through the induced release of glutamate
(McGhee et al., 1995; Radcliffe et al., 1999), in four cases, the
response to bath (n = 2) or local pressure application (n = 2) of
cholinergic agonists was examined in the presence of the iono-
tropic glutamate receptor antagonists CNQX (50 um) and APV

(100 uMm). The presence of these drugs did not block or otherwise
affect the nicotinic depolarization of FS interneurons (Fig. 24).

Presynaptic muscarinic inhibition of synaptic
transmission between FS interneurons and

MS neurons

The effects of muscarinic agonists on synaptic transmission be-
tween FS interneurons and MS neurons were tested on 10 syn-
aptically connected cell pairs. Two of the 10 pairs involved the
same FS interneuron paired with a different spiny neuron. Four
pairs were recorded in slices obtained from young animals (aver-
age of 21 = 2.9 d; range of 14-28 d) and six pairs in adults
(average of 151.3 = 17.1 gm; range of 110208 gm). There was no
statistically significant difference between the age groups with
respect to the mean IPSC amplitudes or CV of the IPSCs
(unpaired ¢ test; p > 0.8 and p > 0.5, respectively), and therefore
the data were pooled.

Single action potentials of FS interneurons elicited IPSCs in
synaptically connected MS neurons with a generally high but
variable fidelity (Fig. 3). In most pairs, the failure rate was <1%
(n = 4 pairs; ~200 trials). One pair exhibited a slightly higher
failure rate of 4.9%, and, in one pair, a failure rate of 33.3% was
observed. The mean peak IPSC amplitude was —212.6 = 73 pA
under control conditions (range of —21.9-499.3 pA; n = 9 pairs;
20-200 traces averaged for each pair at —70 mV). A control
amplitude could not be measured for one of the 10 pairs in which
the recording was initiated in the presence of muscarine. The
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Figure 3. Muscarinic receptor-mediated inhibition of synaptic transmission between FS interneurons and MS neurons. Representative example of
recording from a synaptically connected pair of an FS interneuron and an MS neuron. Single action potentials of the FS interneuron elicited IPSCs
(green sweeps) with variable amplitudes (left). Bath application of 10 um muscarine strongly reduced the average amplitude of the postsynaptic response
without affecting passive or active properties of the FS interneuron. Coapplication of 10 um atropine reversed the effect of muscarine (right). Red traces
are population means. IPSCs are inward because of chloride loading (see Materials and Methods).

trial-to-trial variance of the IPSC amplitude for individual pairs
far exceeded the stochastic background fluctuation of the record-
ing resulting from spontaneous synaptic activity and other
sources, suggesting the involvement of multiple release sites (see
below) (Figs. 3, 44). The decaying phase of the IPSC could be
fitted with a single exponential with a time constant of 12.1 = (.7
msec (n = 4 pairs; 20-25°C).

Bath application of muscarine (2.5-10 um) reduced the mean
IPSC amplitude elicited by single action potentials of FS inter-
neurons to 13.7-54.3% of their original amplitude (n = 8 pairs;
20-200 IPSCs for each pair) (Fig. 3). In another pair, 10 um
carbachol reduced the average IPSC amplitude to 38.5% of
control. The reduction was statistically significant for each pair
(Mann—Whitney U test; p < 0.0001). Because each neuron was
only tested at a single drug concentration, a dose-response rela-
tionship of the inhibition could not be determined for individual
pairs. However, linear regression of the percentage of control
IPSC amplitude in muscarine against the concentration of the
drug across the eight pairs resulted in a statistically significant
linear fit with R? = —0.669 (F = 10.13; p = 0.024), demonstrating
a dose dependence of the muscarinic effect.

Application of the nonselective muscarinic antagonist atropine
(5-10 um) blocked 79.1 = 10.9% of the muscarine-induced IPSC
amplitude reduction (n = 5 pairs; 50-200 IPSCs for each pair)
(Fig. 3). The blockade was statistically significant (Mann—-Whit-
ney U test; p < 0.0001 for all five pairs) and was complete in all
but two cases in which sufficiently long drug duration application
was not possible (Fig. 3). To further characterize the muscarinic
receptor subtype, the effect of pirenzepine, a selective M,/M,
receptor antagonist (Doods et al., 1987), was also tested. Piren-
zepine at 100-200 nwm significantly increased the IPSC amplitude
measured in the presence of muscarine (2.5-10 uMm; 59 * 16.8%);
n = 3 pairs; Mann—Whitney U test; p < 0.005 for each pair). The
pirenzepine-induced amplitude increase represented the recov-

ery of approximately half (47.6 = 15.7%) of the muscarinic
inhibition (n = 2).

No formal quantal analysis was attempted on the data because
of the relatively small number of IPSCs recorded under each
condition (Stricker and Redman, 1994; Stricker et al., 1996).
However, in most cases, muscarinic receptor stimulation ap-
peared to shift the distribution of the IPSC amplitudes by increas-
ing the relative frequency of smaller amplitude responses without
altering the apparently discreet amplitude levels themselves (Fig.
4A4), suggestive of a presynaptic mechanism of inhibition. The
possibility of a presynaptic locus of action for muscarine was
further examined by analyzing the drug-induced change in the
probability of failures and the CV. Failure rates were calculated
only for those pairs for which the minimal response amplitude
was sufficiently large to reliably discriminate them from the back-
ground noise. The average control failure rate for these pairs was
0.46 = 0.4% (n = 4 pairs). Application of muscarine significantly
increased the failure rate to 12.7 = 4.4% (n = 4; x> test; p < 0.025
for each pair). In addition to the change in failure rate, the
decrease in the mean IPSC amplitude during muscarine applica-
tion was paralleled by an increase of the CV of the IPSCs (Fig.
4B). The mean CV for the nine pairs under control conditions
was 0.53 = 0.08. After reaching maximal effect, muscarine signif-
icantly increased the CV to 0.97 = 0.12, or 183% of control (n =
9 pairs; 20200 IPSCs for each pair; F test; p < 0.0001 for each
pair). Four of the seven pairs tested with a nonparametric but less
sensitive test for the equality of variances (Wald-Wolfowitz runs
test) also showed a significant difference at p < 0.005. Linear
regression analysis revealed a strong correlation, with R? = 0.91
(F = 53.1; p = 0.0008) between the magnitude of reduction of the
average [ PSC amplitude and the relative change of the CV across
the pairs tested (Fig. 4C). The validity of the CV method depends
on the relative magnitudes of the noise- and signal-related vari-
ance of the PSC amplitudes. In the recorded pairs, 0.19-4.44% of
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Figure 4. Muscarinic modulation of GABAergic IPSCs between FS and
MS neurons is presynaptic. 4, Muscarine induced change in the ampli-
tude distribution of IPSCs. Ten consecutive traces are shown for control
condition (left) and after the application of 2.5 uM muscarine (right).
Approximately the same amplitude levels were observed under the two
conditions, but there is clear shift in relative frequencies away from the
larger and toward the smaller and intermediate response amplitudes
induced by muscarine. To prevent the complete disappearance of larger
amplitude responses, the traces shown were recorded before the full
inhibitory effect of muscarine developed (~30% inhibition). B, Corre-
spondence between the reduction in IPSC amplitude and increase of CV
for a pair of FS and MS neurons. Each point represents the mean
amplitude and CV for ~20 consecutive responses. C, Linear regression of
the percentage of change of CV induced by muscarine against the per-
centage of reduction of the average IPSC amplitude for seven pairs.
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the variance of the IPSC amplitudes was attributable to back-
ground noise, as determined by measuring the current amplitude
fluctuation just before the evoked IPSCs (see Materials and
Methods).

An indirect mediation of the muscarinic reduction of the IP-
SCs by another neurotransmitter system could not be completely
excluded in this study. However, the involvement of GABAg,
receptors was ruled out because the high-affinity GABAj recep-
tor antagonist CGP 55845A (1 or 2 um; n = 2) failed to prevent
the inhibitory effects of muscarine on the IPSCs (data not
shown). Although not studied systematically, CGP 55845A did
not appear to affect the IPSC amplitude or alter simple paired-
pulse ratios at 300 or 500 msec interstimulus intervals.

In three pairs in which muscarinic presynaptic inhibition was
demonstrated, the effect of bath application of nicotine (100 uMm,
n = 2;200 um, n = 1) was also tested. All three FS interneurons
were depolarized by nicotine (9.66 * 2.33 mV), demonstrating
that functional nicotinic soma-dendritic receptors and muscarinic
presynaptic receptors coexist in at least some neostriatal FS
interneurons.

DISCUSSION

The present study is the first to examine the effects of ACh on
neostriatal GABAergic FS interneurons. The main findings are
that ACh affects FS interneurons both postsynaptically, resulting
in a powerful nicotinic excitation, and presynaptically, resulting
in a muscarinic presynaptic inhibition of GABAergic synaptic
transmission between FS interneurons and spiny projection neu-
ron. Considering the powerful effect of these interneurons on the
activity of the projection neurons (Kods and Tepper, 1999), the
cholinergic control of these interneurons is expected to have a
significant effect on the overall activity of the neostriatum.

ACh led to substantial excitation of FS interneurons via nico-
tinic receptors. The nicotinic excitation exhibited no apparent
desensitization and produced depolarization sufficient to elicit
spiking in previously silent interneurons. The nicotinic excitation
appears to be a direct postsynaptic effect, independent of gluta-
matergic afferents (McGhee et al., 1995; Radcliffe et al., 1999),
because it persisted in the presence of blockade of NMDA and
non-NMDA receptors. The blockade of the nicotinic depolariza-
tion of FS interneurons by M EC, the insensitivity of the response
to high concentrations of ML A, and the sustained response to
bath application of nicotinic agonists strongly suggest that the
response is not mediated by the exclusively a7 subunit-containing
type 1 receptors (Alkondon and Albuquerque, 1993; Zoli et al.,
1998). Some type 2 receptors containing 82 subunits can also be
ruled out (Zoli et al., 1998); however, it is possible that, depend-
ing the subtypes of heteromeric « subunits involved, a B2-
containing receptor might still be involved.

One of the eleven tested FS interneurons did not respond to
either bath (20 um) or pressure (20 mm) application of carbachol.
The intrinsic properties of this neuron did not appear to be
different from those of Ach-responsive FS interneurons. This
finding may reflect a heterogeneity among FS neurons, possibly
corresponding to the previously noted morphological diversity of
this neuron type (Kita et al., 1990; Kawaguchi, 1993; Kubota and
Kawaguchi, 1993; Kawaguchi et al., 1995; Kods and Tepper,
1999).

Monosynaptic innervation of parvalbumin-positive interneu-
rons by choline acetyltransferase-positive terminals has been
demonstrated in the neostriatum (Chang and Kita, 1992). Be-
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cause parvalbumin-positive neurons most likely correspond to FS
interneurons (Kawaguchi, 1993; Kita, 1993; Kawaguchi et al.,
1995; Koods and Tepper, 1999), FS interneurons receive mono-
synaptic input from cholinergic interneurons. Surprisingly, how-
ever, in a few preliminary experiments, we were unable to reliably
elicit nicotinic EPSPs in FS interneurons using extracellular field
stimulation. The reasons for this failure are unclear, but several
possibilities exist, including that our stimulation failed to recruit a
sufficient number of cholinergic afferents, that the cholinergic
terminals were compromised in some way, or possibly that simul-
taneous release of other neurotransmitters effectively attenuated
ACh release. It is possible, however, that, in contrast to the slice
preparation, in the in vivo situation volume transmission of ACh
may be sufficient to activate the receptors extrasynaptically.

The second major effect of ACh on FS interneurons was
inhibition of the FS-evoked IPSC in MS neurons. Cholinergic
inhibition of GABAergic transmission has been demonstrated
previously in the neostriatum (Sugita et al., 1991; Szabo et al.,
1998). Those studies showed that GABAergic IPSPs evoked by
extracellular stimulation were reduced in amplitude by the appli-
cation of muscarinic agonists. The present study confirms and
extends these previous findings. In particular, the use of the dual
recording technique allowed the identification of the afferent
source of at least one ACh-modulated GABAergic input of MS
neurons as the FS interneurons.

The presynaptic locus of action of ACh was inferred from a
significant change of the CV of the IPSC. Calculation of the CV
changes the variance introduced by noise and therefore can result
in an artifactual appearance of a change in the overall CV of the
IPSC, even in the case of a purely postsynaptic reduction of the
evoked response (Clements and Silver, 2000). To control for this
possibility, the relative contribution of noise to the total variance
was estimated. The noise variance was a only a small fraction
(0.19-4.44%) of the total signal variance. Therefore, the near
doubling of the CV under muscarinic stimulation cannot be a
result of the scaling of the noise-related variance and hence
reflects a change in the IPSC amplitude distribution and demon-
strates a presynaptic mechanism of action for ACh, consistent
with the increased IPSP failure rate.

Cholinergic regulation of neostriatal GABA release has also
been studied neurochemically. Nonselective cholinergic agonists
have been shown to increase basal GABA overflow in vitro
through nicotinic receptors (Limberger et al., 1986). In contrast,
GABA overflow induced by electrical stimulation (Sugita et al.,
1991) or high extracellular K™ (Marchi et al., 1990) was found to
be inhibited by ACh through muscarinic receptors. These oppo-
site effects of cholinergic stimulation on GABA release in the
stimulated and unstimulated conditions may be explained by the
dual regulation of the FS interneuron through nicotinic and
muscarinic mechanisms reported in the present paper. Consider-
ing that FS interneurons are hyperpolarized and inactive in vitro
(Fig. 1B, bottom trace) (Kawaguchi, 1993; Kods and Tepper,
1999) and assuming that the rate of action potential-independent
spontaneous release of GABA from their terminals is low, it
would be expected that, in the presence of a nonselective agonist,
the GABA release-inducing effect of nicotinic stimulation would
predominate over presynaptic muscarinic inhibition. Conversely,
when FS interneurons are activated to release GABA, the stimuli
may excite the FS interneurons to such levels such that additional
nicotinic stimulation produces only a relatively minor further
increase in firing rate and consequent GABA release, and there-
fore the inhibitory presynaptic effect of the muscarinic receptors
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dominates. The results of the present study, however, cannot in
themselves account for the finding that nicotinic receptor-
mediated increase of GABA release persists in TTX (Limberger
et al., 1986; Radcliffe et al., 1999). Therefore, nicotinic receptors
may also be present on some GABAergic presynaptic terminals.
Although these presynaptic receptors may be expressed on FS
interneurons, it is also possible that the TTX-insensitive nicotinic
receptor-mediated GABA release originates from other striatal
GABAergic terminals.

The dual cholinergic control of the inhibition of MS neurons by
FS interneurons described here suggests a complex regulation of
these interneurons by ACh. The activation of soma-dendritic
nicotinic receptors should increase the feedforward inhibition of
spiny projection neurons, whereas presynaptic muscarinic recep-
tors are expected to exert the opposite effect. The balance be-
tween these opposing effects will depend on the magnitude and
timing of changes in ACh release. Neostriatal ACh release is
under a complex regulation involving dopaminergic, glutamater-
gic, GABAergic, and other inputs inducing both rapid and slow
changes in ACh levels (Aosaki et al., 1994, 1995; Smolders et al.,
1995; DeBoer and Abercrombie, 1996; DeBoer et al., 1996; Aber-
crombie and DeBoer, 1997). These patterns of ACh release could
be differentially registered by muscarinic and nicotinic receptors
of FS interneurons. In particular, there is evidence that resting
ACh levels do not tonically inhibit GABA release through mus-
carinic receptors in the neostriatum (Smolders et al., 1995).
Because ACh release increases significantly during cortical acti-
vation (Timmerman and Abercrombie, 1996; Abercrombie and
DeBoer, 1997), it is possible that presynaptic muscarinic recep-
tors on FS interneuron terminals are activated specifically during
periods of increased behavioral arousal.

On a much faster time scale, dramatic behaviorally contingent
regulation of ACh release has been demonstrated by recording
the firing of physiologically identified cholinergic interneurons in
the primate neostriatum (Apicella et al., 1991; Aosaki et al., 1994,
1995; Schultz et al., 1995). It has been shown that putative
cholinergic interneurons (tonically active neurons, or TANs)
cease firing for a short (<300 msec) period when the animal is
presented with a behaviorally relevant sensory cue (Aosaki et al.,
1994, 1995). It is unclear, however, how this brief change in ACh
release is registered by the neostriatal spiny neurons. Because of
the short duration of the pause in the firing of TANS, a temporally
correlated effect would require the transmission of this signal by
a sufficiently fast postsynaptic signaling mechanism. Although
direct membrane-delimited signaling pathways of muscarinic re-
ceptors, including those regulating MS neurons (Howe and Sur-
meier, 1995), may be sufficiently rapid to reverse partially during
these brief reductions of ACh release (Zhou et al., 1997), the
nondesensitizing nicotinic receptors of FS interneurons are likely
to follow these events more effectively and with more temporal
specificity. Because FS—spiny synaptic transmission is primarily
GABA, mediated (Kods and Tepper, 1999) and therefore also
fast, it is possible that disfacilitation of FS interneurons plays a
crucial role in mediating the pause signal of cholinergic interneu-
rons to the rest of the striatal circuitry, in particular to the spiny
neuron, with great temporal fidelity. The reduced activity of these
interneurons would in turn cause disinhibition of MS neurons,
inducing increased output from the neostriatum. Consistent with
this hypothesis, an increase in firing rate of some MS neurons is
observed during the same phase of the behavioral task during
which the pause of firing of TANs occurs (Hikosaka et al., 1989).
Disinhibition of MS neurons in response to the detection of
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relevant stimuli may serve an important function in the genera-
tion of the behavioral response.
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