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Muscarinic (m2/m4) Receptors Reduce N- and P-type Ca*+ 
Currents in Rat Neostriatal Cholinergic Interneurons through a 
Fast, Membrane-Delimited, G-Protein Pathway 
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The signaling pathways mediating the muscarinic modulation of 
Ca2’ currents in neostriatal cholinergic interneurons were stud- 
ied by combined patch-clamp recording and single-cell reverse 
transcription-PCR. Cholinergic interneurons were identified by 
the presence of choline acetyltransferase mRNA. These neu- 
rons expressed Q-, N-, L-, P-, and R-type Ca2+ currents and 
the mRNA for the oil subunits believed to form the channels 
underlying these currents (classes A, B, C, D, and E). Of the 
interneurons tested, nearly all expressed M2-class (m2, m4) 
receptor mRNAs, whereas ml receptor mRNA was found in 
only a subset (-30%) of the sample. The muscarinic agonist 
oxotremorine methiodide produced a dose-dependent reduc- 
tion of N- and P-type Ba2+ currents through Ca2+ channels that 
was antagonized by atropine. N-ethylmaleimide eliminated the 

modulation, as did preincubation with pertussis toxin. The on- 
set and offset of the modulation were rapid and dose- 
dependent. The modulation was also attenuated by strong 
depolarizing prepulses and was not observed in cell-attached 
membrane patches. Taken together, our results suggest that 
activation of M2-class muscarinic receptors in cholinergic in- 
terneurons reduces N- and P-type Ca’+ currents through a 
membrane-delimited pathway using a Gi,,-class G-protein. 
This signaling pathway provides a cellular mechanism for 
hetero- and homosynaptic control of interneuronal activity and 
acetylcholine release in the striatum. 
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Disordered intrastriatal cholinergic signaling is a major factor in 
the etiology of Parkinson’s disease (Barbeau, 1962; Wooten, 
1990). This innervation is derived exclusively from giant aspiny 
interneurons that give rise to striatal concentrations of acetylcho- 
line (ACh), cholinesterase, and choline acetyltransferase (ChAT) 
that are among the highest in the brain (McGeer et al., 1974; 
Cheney et al., 1975; Graybiel, 1990). The widely ramifying axonal 
arbors of these interneurons exert an important neuromodulatory 
influence on medium spiny neurons projecting to the globus 
pallidum and substantia nigra (Misgeld et al., 1980, 1986; Akins et 
al., 1990; Howe and Surmeier, 1995). 

Cholinergic interneuronal activity and the release of ACh are 
also subject to cholinergic modulation (James and Cubeddu, 1987; 
Lapchack et al., 1989; Dolezal and Wecker, 1990). Ultrastructural 
studies have shown that cholinergic interneurons make both 
hetero- and homosynaptic contacts (Phelps et al., 1985; Hersch et 
al., 1994; Bolam and Bennett, 1995). The postsynaptic effects at 
these junctions are mediated primarily by G-protein-coupled mus- 
carinic receptors (Lapchak et al., 1989; Vilaro et al., 1992). The 
five muscarinic receptor genes that have been cloned can be 
grouped into two classes, an Ml-class (ml, m3, m5) and an 
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MZclass (m2, m4), based on their pharmacology and distinctive 
coupling to signal transduction pathways (Bonner et al., 1987, 
1988; Hulme et al., 1990). The identity of the muscarinic receptor 
subtypes expressed by cholinergic interneurons is controversial. In 
situ hybridization studies have found either extensive colocaliza- 
tion of ml, m2, and m4 mRNAs (Bernard et al., 1992) or princi- 
pally m2 mRNA, with little or no colocalization of other subtypes 
(Weiner et al., 1990). Immunocytochemical studies have con- 
firmed the ubiquity of the m2 receptors in presumed interneurons 
and have suggested that m4 receptors are also expressed by a 
subset of cells (Hersch et al., 1994). 

Both M2- and Ml-class receptors are capable of influencing 
various cellular functions through G-protein-dependent signaling 
cascades (Hille, 1994; Howe and Surmeier, 1995). For example, 
voltage-dependent calcium (Ca”) channels are a common target 
of modulation by muscarinic receptors of the MZclass. In periph- 
eral autonomic neurons, activation of m4 receptors inhibits 
N-type Ca2+ channels through a membrane-delimited pathway 
involving a Gi,,-class protein (Beech et al., 1992; Bernheim et al., 
1992; Mathie et al., 1992). A similar pathway seems to be present 
in medium spiny neostriatal neurons (Howe and Surmeier, 1995) 
and basal forebrain cholinergic neurons (Allen and Brown, 1993). 
Because N-type Ca2+ channels frequently regulate transmitter 
release (Dunlap et al., 1995), muscarinic inhibition of these chan- 
nels provides a possible mechanism for homo- and heterosynaptic 
regulation of ACh release. 

By using a newly developed technique for reverse transcription 
(RT) and amplification of mRNA in voltage-clamped single cells 
using PCR (Lambolez et al., 1992; Monyer and Lambolez, 1995) 
we have attempted to determine whether this signaling model can 
be applied to neostriatal cholinergic interneurons. Our experi- 
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ments argue that most identified cholinergic interneurons express 

m2 and m4 muscarinic receptors and that acting through a Gi,,- 

class G-protein, these receptors produce a rapid, membrane- 

delimited, voltage-dependent reduction in N- and P-type Cazt 

currents. These findings provide a cellular and molecular frame- 
work within which hetero- and homosynaptic connections of cho- 

linergic interneurons can be understood. 

MATERIALS AND METHODS 
Acute-dissociation procedure. Neostriatal neurons from adult (>4 weeks 
old) rats were dissociated acutely, using procedures similar to those we 
have described previously (Bargas et al., 1994; Surmeier et al., 1995). In 
brief, rats were anesthetized with methoxyflurane and then decapitated; 
brains were quickly removed, iced, and blocked for slicing. The blocked 
tissue was cut into 400 wrn slices with a Vibroslice (Campden Instru- 
ments, London, UK) while bathed in a low Ca2+ (100 FM), HEPES- 
buffered salt solution containing (in mM): 140 sodium isethionate, 2 KCl, 
4 MgCl,, 0.1 CaCl,, 23 glucose, 15 HEPES, pH 7.4 (300-305 mOsm/l). 
Slices were then incubated for 1-6 hr at room temperature (20-22°C) in 
a NaHCO,-buffered saline bubbled with 95% 0,/5% CO, containing (in 
mM): 126 NaCl, 2.5 KCl, 2 CaCI,, 2 MgCl,, 26 NaHCO, 1.25 NaH,PO,,l 
pyruvic acid, 0.2 ascorbic acid, 0.1 No-nitro-L-arginine, 1 kynurenic acid, 
10 glucose, pH 7.4 with NaOH (300-305 mOsm/l). All reagents were 
obtained from Sigma (St. Louis, MO). Slices were then removed into the 
low Ca2+ buffer, and regions of the dorsal neostriatum were dissected 
with the aid of a dissecting microscope and placed in an oxygenated 
Cell-Stir chamber IWheaton. Millville. NJ) containing oronase (Sigma 
protease Type XIV, l-3 mgjml) in HEPES-buffered UH’BSS (Sigma? at 
35°C. Dissections were limited to tissue rostra1 to the anterior commis- 
sure to reduce the possibility of contamination from the globus pallidus. 
After 20-40 min of enzyme digestion, tissue was rinsed three times in the 
low Ca*+, HEPES-buffered saline and dissociated mechanically with a 
graded series of fire-polished Pasteur pipettes. The cell suspension was 
then plated into a 35 mm Lux petri dish mounted on the stage of an 
inverted microscope containing HEPES-buffered HBSS saline. 

In some experiments requiring prolonged incubation with reagents 
(e.g., pertussis toxin), cultured interneurons were used. Cultures were 
established and maintained as described previously (Surmeier et al., 1988; 
Bargas et al., 1991). 

Whole-cell recordings. Standard techniques were used in whole-cell 
recordings of Bazt currents through Ca*+ channels (Hamill et al., 1981; 
Bargas et al., 1994). Electrodes were pulled from Corning 7052 glass and 
fire-polished before use. The internal solution consisted of (in mM): 180 
N-methyl-D-glucamine (NMG), 40 HEPES, 4 MgCl,, 0.1 1,2 bis-(o- 
aminophenoxy-ethane-N,N,N’,N’-tetraacetic acid (BAPTA), 12 phos- 
phocreatine, 2 Na,ATP, 0.2 Na,GTP, 0.1 leupeptin, pH 7.2-3.0 with 
H,SO, (265-270 mOsm/l). The pH of NMG solutions was measured with 
a Corning Model 476570 probe. The external solution consisted of (in 
mM): 135-NaCl, 20 CsCI, i MgCl,, 10 HEPES, 0.001 TTX, 2 BaCl,, 10 
glucose. oH 7.3 with NaOH (300-305 mOsm/l). 

Muscarinic receptor ligands [oxotremorine methiodide (0x0-M), car- 
bachol, atropine (RBI, Natick, MA)] were made up as concentrated 
stocks in water and stored at 5°C. The cyclic AMP (CAMP) analog 
S-(4-chlorophenolthio)-adenosine 3’:5’-cyclic monophosphate (cpt- 
CAMP) (Sigma) was made up on the day of the experiment. Calcium 
channel blockers w-conotoxh (o-CgTx). GVIA (Peninsula Laborato- 
ries, Belmont, CA: RBI: Calbiochem. San Diego. CA). w-aeatoxin 
(W-AgTx) IVA (a gift from Pfizer, Groton, CT), ;-conotoxin (;-CTx) 
MVIIC (a gift from the Neurex Corporation, Menlo Park, CA) were 
made up as concentrated stocks in water, aliquoted, and frozen; ali- 
quots were thawed and diluted the day of use. Final dilutions were 
made in external media containing O.Ol-0.1% cytochrome C. Nifedi- 
pine and (-)Bay K 8644 (RBI) were made up as concentrated stocks in 
95% ethanol and diluted immediately before use. These solutions were 
protected from ambient light. The involvement of G;,,, proteins was 
studied using N-ethylmaleimide (NEM) (Sigma) and-pertussis toxin 
holotoxin (PTX) (Calbiochem). PTX (100 n&ml) was added to the 
growth medium bfcultured nedstriatal neuron; 24 hr before recording; 
sister cultures were used as controls. 

Recordings were obtained with an Axon Instruments (Foster City, CA) 
200A patch-clamp amplifier and controlled and monitored with a Quadra 
900 Macintosh computer running AxoData (version 1.1) with a 125 KHz 
interface (Instrutech, Greatneck, NY). Electrode resistances were typi- 

cally 2-4 MR in the bath. After seal rupture, series resistance (4-10 MR) 
was compensated (70-90%) and periodically monitored. Recordings 
were made only from large neurons (>lO pF) that had short (~75 Frn) 
proximal dendrites. The adequacy of voltage control was assessed after 
compensation by examining the tail currents generated by strong depo- 
larizations. Cells in which tail currents did not decay rapidly and smoothly 
at subthreshold potentials were discarded. Drugs were applied with a 
gravity-fed “sewer pipe” manifold system. The application capillary 
(-150 pm, inner diameter) was positioned a few hundred micrometers 
from the cell under study. Solution changes were effected by electronic 
valves controlling the inflow to a manifold feeding a single outlet capil- 
lary. Solution changes typically were complete within <l set; the time 
constant of Cd’+ block of Ca’+ current was 300 msec. 

Cell-attuched patch recording. Recordings were obtained with an inter- 
nal solution consisting of (in mM): 110 BaCl,, 10 HEPES, pH 7.4, with 
TEA hydroxide. Electrodes were made as for whole-cell recordings 
except that they were coated with Sylgard. After seal formation, the 
transmembrane potential was nominally zeroed by bathing the cell in an 
isotonic K+ solution containing (in mM): 140 potassium gluconate, 1 
MgCl,, 5 EGTA, 10 HEPES, 5 glucose, pH 7.4, with KOH (300-305 
mOsm/l). Transmembrane currents were evoked by stepping the elec- 
trode to -20 mV from a holding potential of +80 mV. The protocol is 
shown with the conventional polarity in the figures for clarity. 

Statistical methods. Data analyses were performed with AxoGraph 
(Axon Instruments, version 2.0) and Kaleidagraph (version 3.0.4, Albeck 
Software, Reading, PA). Box plots were used for graphic presentation of 
the data because of the small sample sizes (Tukey, 1977). The box plot 
represents the distribution as a box with the median as a central line and 
the hinges as the edges of the box (the hinges divide the upper and lower 
distributions in half). The inner fences (shown as a line originating from 
the edges of the box) run to the limits of the distribution, excluding 
outliers (defined as points that are >1.5 times the interquartile range 
beyond the interquartiles; Tukey, 1977); outliers are shown as asterisks or 
circles. 

Dose-response data were fitted with a Langmuir isotherm curve: I = 
1,(1 + [Ml/EC,,)-’ + I,,, where I, and 1, represented the reducible and 
nonreducible part of current, respectively; [M] was the agonist concen- 
tration; EC,, was the half-maximal concentration of agonist. The onset of 
the muscarinic modulation was fitted with a single or double exponential 
curve of the form: I = I,, + Ziexp(-(t - tO)/T1) + I,exp(-(t - t&T,), 
where I was peak current, t was time, and t, was the time at which the 
drug was applied. Nonparametric statistics were computed with SYSTAT 
(version 5, SYSTAT, Evanston, IL). Mann-Whitney U tests were per- 
formed to compare groups. 

Single-neuron RNA harvest and RT-PCR analysis. After recording, 
cells were lifted up into a stream of control solution and aspirated into 
the electrode by negative pressure. Electrodes contained -5 ~1 of 
sterile recording solution (see above). The capillary glass used for 
making electrodes had been autoclaved and heated to 150°C for 2 hr. 
Sterile gloves were worn during the procedure to minimize RNase 
contamination. 

After aspiration, the electrode was broken, and contents were ejected 
into a 0.5 ml Eppendorf tube containing 5 ~1 diethyl pyrocarbonate- 
treated water, 1 ~1 RNAsin (28,000 U/ml), 1 ~1 dithiothreitol (DTT) (0.1 
M), and 1 ~1 of either oligo(dT) (0.5 PgIpl) or random hexanucleotides 
(50 na/&. The mixture was heated to 70°C for 10 min and incubated on 
ice f&’ l’min. Single-strand cDNA was synthesized from the cellular 
mRNA by adding Superscript II RT (1 ~1,200 Uipl) and buffer (4 ~1,5 X 
First Strand Buffer: 250 mM Tris-HCl, 375 mM KCl, 15 mM MgCl,), DTT 
(1 ~1,O.l M), and mixed deoxynucleotide triphosphates (dNTPs) (1 ~1, 10 
mM). After a 10 min incubation at room temperature, the reaction 
mixture (20 ~1) was transferred to a 42°C water bath and incubated for 50 
min. The reaction was terminated by heating the mixture to 70°C for 15 
min and then icing. The RNA strand in the RNA-DNA hybrid was 
removed by adding I ~1 RNase H (2 U/pi) and incubated for 20 min at 
37°C. All reagents except RNAsin (Promega, Madison, WI) were ob- 
tained from Life Technologies (Grand Island, NY). The cDNA from the 
RT of RNA in single neostriatal neurons was subjected to PCR to detect 
the expression of various mRNAs. 

The ChAT mRNA (Brice et al., 1989) was identified using a pair of 
primers flanking a splicing site near the 3’ terminus of the coding 
region. The upper primer was 5’-ATG GCC ATT GAC AAC CAT 
CTT CTG (nucleotides 1729-1752) and located on exon 14. The lower 
primer was 5’.CCT TGA ACT GCA GAG GTC TCT CAT (nucleo- 
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tides 2029-2052) and located on exon 15. The size of the amplified 
ChAT cDNA was 324 bp. 

The ml-m5 subtype-specific primers were designed against the region 
coding for the third cytoplasmic loop (i3). Primers used for ml receptor 
mRNA (Genbank accession number M16406) detection were 5’-AGC 
AGC TCA GAG AGG TCA CAG CCA-3’ (nucleotides 857-880) and 
5’-GGG CCT CM’ GAC TGT ATT TGG GGA-3’ (nucleotides 1106- 
1129). The size of the amplified ml cDNA was 273 bp. Primers used for 
m2 receptor mRNA (Genbank accession number 503025) detection were 
5’-CA4 GAC CCA GTA TCT CCA AGT CTG-3’ (nucleotides 1133- 
1156) and 5’CGA CGA CCC AAC TAG ‘FTC TAC AGT-3’ (nucleo- 
tides 1478-1501). The size of the amplified m2 cDNA was 369 bp. 
Primers used for m3 receptor mRNA (Genbank accession number 
M16407) detection were 5’-ACA GAA GCG GAG GCA GAA AAC 
TTT-3’ (nucleotides 854-877) and 5’-C’IT GAA GGA CAG AGG TAG 
AGT AGC-3’ (nucleotides 1391-1414). The size of the amplified m3 
cDNA was 561 bp. Primers used for m4 receptor mRNA (Genbank 
accession number M14609) detection were 5’-AAG GAG AAG AAG 
GCC AAG ACT CTG-3’ (nucleotides 695-718) and 5’-GCG AGC AAT 
GCT GGC AAA CTT TCG-3’ (nucleotides 1115-1138). The size of the 
amplified m4 cDNA was 444 bp. Primers used for m5 receptor mRNA 
(Genbank accession number M22926) detection were 5’-TGT AGC AGC 
TAC CCC TCT TCA GAG-3’ (nucleotides 1877-1900) and 5’-AGC 
AGC AGC TGG AGA CAG AAA GTA-3’ (nucleotides 2051-2074). 
The size of the amplified m5 cDNA was 198 bp. 

cDNAs reverse-transcribed from class A-E mRNAs coding for Ca’+ 
channel al subunits were amplified using nested primers targeting the 
C-terminal regions. The outer pair of primers for rat brain A (rbA) 
cDNA (Genbank accession number M64373; Starr et al., 1991) were 
5’-GCA GAA CCG GAC ACC ACT CAT-3’ (nucleotides 5793-5813) 
and 5’-GGG ATG ATG GTG ATG ATG GTG G-3’ (nucleotides 6495- 
6516); the inner pair of primers for rbA were 5’-ATG GGA ACT GAT 
GGC TAC TCA GAC-3’ (nucleotides 6064-6087) and 5’-TTG GGT 
GGT CAT GCT CAG ATC TGT3’ (nucleotides 6391-6414). This set 
yielded a product of 350 bp. 

The outer pair of primers for rbB cDNA (Genbank accession number 
M92905; Dubel et al., 1992) were 5’-TTC CTG TGA CCG CM’ TGG 
G-3’ (nucleotides 6375-6393) and 5’-TGT ATC CTC AGG CAG GTI 
GTGG-3’ (nucleotides 6801-6822); the inner pair of primers for rbB 
were 5’-ATG TCA ACA TCT GGT GCT AGC ACG-3’ (nucleotides 
6511-6534) and 5’-GAG CAG GGC ATT GTG TTC AGA AAG-3’ 
(nucleotides 6685-6708). This set yielded a product of 197 bp. 

The outer pair of primers for rbC cDNA (Genbank accession number 
M67516; Snutch et al., 1991) were 5’-CGA TGA AAA CCC ACA ACT 
GAC C-3’ (nucleotides 5858-5879) and 5’-GAA ATC AAG ACC GCT 
TCC ACC-3’ (nucleotides 6380-6400); the inner pair of primers for rbC 
were 5’-CAA AAG GAT CAA GGG GGA GAC A-3’ (nucleotides 
5988-6011) and 5’-GCT GCT GTT GAG TTT CTC ACT GGA-3’ 
(nucleotides 6204-6227). This set yielded a product of 239 bp. 

The outer pair of primers for rbD cDNA (Genbank accession number 
M57682; Hui et al., 1991) were 5’-GAC TCA GAT TAC AAC CCA 
GGA GAG-3’ (nucleotides 4793-4816) and 5’-TIC AAG CAT CTG 
TAG GGC GAT CGT-3’ (nucleotides 5432-5455); the inner pair of 
primers for rbD were 5’-TGT GGG AGC AAC TTT GCC ATT GTC-3’ 
(nucleotides 4826-4849) and 5’-GGT GTT CTT CGC AGG GTA TTT 
CCC-3’ (nucleotides 5408-5431). This set yielded a product of 605 bp. 

The outer pair of primers for rbE cDNA (Genbank accession number 
L15453; Soong et al., 1994) were 5’-CAC CAG CAC CCC AAG ACG 
AAG-3’ (nucleotides 6365-6385) and 5’-CCA GCC TCC GCC GCC 
GAT AGT-3’ (nucleotides 6766-6786); the inner pair of primers for rbE 
were 5’-TCC TGA TGG AAG TGA GGG TGG AT-3’ (nucleotides 
6476-6499) and 5’-AAG CTA GTA GCT ACA GCT GCC TC-3’ (nu- 
cleotides 667886700). This set yielded a product of 224 bp. 

PCR amplification was carried out with a thermal cycler (MJ Research, 
Watertown, MA) with thin-walled plastic tubes. Amplification was per- 
formed in one of two ways. In the initial experiments, conventional PCR 
amplification was used for detection of ChAT, muscarinic receptor mR- 
NAs, and Ca2+ channel &subunit mRNAs. Reaction mixtures contained 
2.0-2.5 mM MgCl,, 0.5 mM of each of the dNTPs, 0.8-1.0 PM primers, 2.5 
U TuqDNA polymerase (Promega), 5 ~1 10X Buffer (Promega), and l-2 
~1 cDNA template made from the single-cell RT reaction (see above). 
The thermal cycling program for these PCR amplifications was 94°C for 
1 min, 58°C for 1 min, and 74°C for 1.5 min. This was performed for 45 
cycles to obtain the signals for ChAT and ml-m5 mRNAs. For the 
detection of rbA-rbE mRNAs, a first-round (40cycle) amplification was 
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Figure 1. Neostriatal cholinergic interneurons were identified by their 
large size and expression of ChAT mRNA.A, Photomicrograph of acutely 
isolated neostriatal neurons. Awow points to a large neuron; to the right is 
a medium-sized neuron. Scale bar, 15 pm. B, Histogram of whole-cell 
capacitance estimates from a sample of medium- and large-sized neurons. 
Neurons with capacitances in the shaded urea were consistently positive for 
ChAT mRNA (n = 71). C, Photomicrograph of PCR products separated 
on an ethidium bromide-stained 2% agarose gel. Left lane (“no RT”) was 
loaded with the products derived from a large neuron in which the reverse 
transcriptase was omitted. Middle lane (“large neuron”) was loaded with 
the product derived from a single large neuron; right lmw was loaded with 
the product derived from a medium-sized neuron. 
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A PCR analysis of muscarinic receptors B 
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Finure 2. ChAT interneurons ex- 
pressed primarily M2-class receptor 
mRNAs. A, PCR profile of a single 
ChAT-positive neuron having detect- 
able levels of m2 and m4 mRNAs. B, 
A PCR profile of a ChAT-positive 
neuron having ml, m2, and m4 
mRNAs. C, A PCR profile of a retro- 
gradely labeled striatonigral neuron 
showing detectable levels of ml, m3, 
m4, and m.5 mRNA. D, Bar plot 
showing the coordinated expression 
of muscarinic receptor subtypes 
ml-m5 in ChAT-positive neurons de- 
tected by the multiplex PCR method 
(n = 10). 

performed using the outer pairs of primers, and then a 2 ~1 PCR product 
was taken as template for the second-round (40-cycle) amplification using 
the inner pairs of primers. 

It is possible using this procedure to miss very low abundance tem- 
plates. For example, if a cell had 10 copies of a particular mRNA and we 
assume complete RT into cDNA, there is a substantial probability of 
obtaining no signal when using one tenth or one fifth of the total 

complement of cDNA. This was a major concern in the analysis of 
muscarinic receptor mRNAs. To minimize this problem, a two-stage 
multiplex amplification was performed. In the first step, the muscarinic 
receptor cDNAs were amplified selectively using half of the single-cell 
cDNA (10 ~1) as a template in a multiplex PCR reaction. All five 
muscarinic receptor primers were added to a reaction mixture containing 
the same reagents as with conventional PCR, except for slightly elevated 
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Figure 3. ChAT interneurons expressed mRNA for Ca*” channel (Y s 1 ubunits. A, PCR profile of a single ChAT-positive neuron showing expression of 
A, B, D, and E mRNA. 23, PCR profile of a ChAT-positive neuron showing expression of A, B, C, and E mRNA. C, Bar plot showing the coordinated 
expression of class A, B, C, D, and E mRNAs in ChAT-positive neurons (n = 10). 
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Figure 4. ChAT interneurons exhibited several types of HVA-type currents. A, Plot of peak current evoked by a voltage step to 0 mV as a function of 
time and antagonist application. Duration of antagonist application is denoted by a bnr. B, Current traces from the records used to construct A at various 
time points after application of channel antagonists. C, Box plot summary of the percentage block by each antagonist in a large sample of interneurons. 
P (n = ll), Q (rr = 4), N (rr = 9) L (n = 17), and R (n = 4) current types are shown. The percentage of Q-type current may be underestimated because 
steady-state block was not always achieved. 

MgCI, (4.0 mM) and dNTPs (1.0 mM). Twenty cycles were performed 
using the parameters given above. An aliquot of this PCR product (2 ~1) 
was then used as a template for a second-round of conventional PCR 
amplification (40-cycle) with each pair of subtype-specific primers. 

Products were visualized by staining with ethidium bromide and ana- 
lyzed by electrophoresis in 2% agarose gels. All products were sequenced 
using a dye-termination procedure by either the University of Tennessee 
Molecular Resource Center or the St. Jude Children’s Research Hospital 
(Memphis, TN) sequencing facility and were found to match the pub- 
lished sequences. 

Care was taken to ensure that the PCR signal arose from cellular 
mRNA. In addition to the controls noted above (e.g., primers that span 
splice sites), negative controls for contamination from extraneous and 
genomic DNA were run for every batch of neurons. To ensure that 
genomic DNA did not contribute to the PCR products, neurons were 
aspirated and processed in the normal manner, except that the reverse 
transcriptase was omitted. Contamination from extraneous sources was 
checked by replacing the cellular template with water. Both controls were 
consistently negative in these experiments. 

RESULTS 

Large neurons express ChAT mRNA 
Although giant aspiny, cholinergic interneurons comprise only 
l-3% of the total neuronal population in the dorsal striatum, 
large neurons were visualized readily in the acutely dissociated 
preparation. As shown in Figure L4, large neurons with truncated 
dendrites were clearly distinguishable from the smaller, medium- 
sized neurons that constituted the vast majority of dissociated 
cells. The distribution of whole-cell capacitance measurements 
from a large sample of neurons was distinctly bimodal (Fig. 1B). 
Neurons with whole-cell capacitances ~10 pF that were subjected 
to RT-PCR analysis for ChAT mRNA consistently yielded prod- 
uct of the expected size and sequence (Fig. 1C). Medium-sized 
neurons, on the other hand, were consistently negative for ChAT 
mRNA, as expected of this largely GABAergic population. Large 
neostriatal neurons expressing ChAT mRNA were assumed to be 
cholinergic interneurons. 

Cholinergic neurons express primarily MP-class 
(m2, m4) receptor mRNA 
To determine how the expression of muscarinic receptor subtypes 
was coordinated, 20 single neurons were analyzed using RT-PCR 

techniques. Two PCR strategies were used. Ten cells were studied 
using conventional PCR with one tenth of the cellular cDNA as a 
template. Another 10 cells were studied using a multiplex protocol 
in which half of the cellular cDNA was used as a template. If an 
mRNA was of relatively high abundance, its detection frequency 
should be the same with both protocols. If an mRNA was of 
relatively low abundance, however, using only one tenth of the 
cDNA should lower the frequency of detection. Lastly, if an 
mRNA was present and abundant in a distinct subset of neurons, 
then the detection frequency should be ~100% and unaltered by 
reducing template concentration. 

Both protocols revealed that nearly all (9 of 10, both protocols) 
ChAT neurons had detectable levels of m2 mRNA, indicating that 
m2 mRNA is expressed abundantly in essentially all cells. Using 
multiplex PCR, nearly all (9 of 10) ChAT neurons had detectable 
levels of m4 mRNA, whereas only a small subset (3 of 10) of 
ChAT neurons had detectable levels when one tenth of the 
cellular cDNA was used, suggesting that m4 mRNA is expressed 
in nearly all ChAT neurons but in low abundance (Fig. 2A). Both 
methods detected ml mRNA in only 20-30% of ChAT neurons 
(3 of 10 using half of the aliquot; 2 of 10 using one tenth of the 
aliquot), which suggests that it was present in a distinct subset of 
interneurons (Fig. 2B). As a control for the efficiency of ml, m3, 
and m5 primer pairs to amplify single-cell templates, medium 
spiny neurons were also analyzed. In Figure 2C, a profile of a 
medium spiny neuron expressing these mRNAs is shown. A bar 
plot depicting the coordinated expression of muscarinic receptor 
mRNAs in the 10 cells subjected to multiplex PCR analysis is 
shown in Figure 20. 

Cholinergic neurons express a heterogeneous 
population of Ca2+channels 
Before examining the neuromodulatory impact of muscarinic 
receptors on Ca*+ currents, a preliminary analysis of the mo- 
lecular and pharmacological properties of the channels under- 
lying these currents was performed. First, profiles for class A-E 
al-subunit mRNA were constructed for individual neurons, 
using a nested PCR analysis. The cul subunit forms the channel 
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Figure 5. Muscarinic agonists produced a rapid decrease in BaZt cur- 
rents. A, Plot of peak current evoked by a voltage step to +lO mV as a 
function of time and agonist application. 0x0-M rapidly and reversibly 
reduced peak currents. Inset is a box plot showing the reduction in peak 
current in a sample of 32 large neurons. B, Current traces from the data 
used to construct A before and during 0x0-M application. 

pore and is a principal determinant of channel pharmacology 
(Tsien et al., 1991; Snutch and Reiner, 1992). A typical single- 
cell profile is shown in Figure 3A. This neuron expressed 
detectable levels of class A, B, D, and E mRNA. A profile from 
another neuron is shown in Figure 3B. The expression pattern 
was similar except that class C mRNA was detected and class D 
was not. These two mRNAs, both of which code for an L-type 
subunit, were rarely detected in the same neuron. Class B and 
either class C or D products were consistently the most abun- 
dant and commonly detected in these experiments. A diagram 
depicting the coordinated expression of the al-subunit mRNAs 
for a sample of 10 interneurons is shown in Figure 3C. Class B 
mRNA was detected in 90% of the neurons, suggesting that it 
was of high abundance. The lower detection percentages for 
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mRNA in the other classes may have been a reflection of lower 
abundance rather than their absence, because currents believed 
to be carried by these subunits were always present (see below; 
also note that the multiplex analysis was not performed for 
Ca2+ channel subunits). 

Next, a pharmacological analysis of the Ba*+ currents carried 
by these channels was performed. These studies yielded a 
picture consistent with the molecular analysis. Data from one 
cholinergic interneuron are shown in Figure 4.4. In this figure, 
the peak current evoked by a voltage step to 0 mV is plotted as 
a function of time during the application of specific channel 
antagonists. Representative current traces from this experi- 
ment are shown in Figure 4B. As shown in the plot, the 
application of the L-type channel antagonist nifedipine (5 PM) 

blocked a component of the current in this cell in agreement 
with the presence of class C or D mRNA in nearly every 
interneuron. o-CgTx GVIA (1 PM), a specific antagonist of 
N-type channels, also blocked a substantial portion of the 
whole-cell current, as predicted from the presence of class B 
mRNA. In contrast, w-AgTx IVA (50 nM) did not affect cur- 
rents in this neuron, indicating that P-type currents were not 
present in the soma or proximal dendrites. The other channel 
subtype thought to be formed from class A crl subunits, the 
Q-type channel, is blocked by o-CTx MVIIC in the presence of 
low nanomolar concentrations of w-AgTx IVA and micromolar 
o-CgTx GVIA (Stea et al., 1994; Randall and Tsien, 1995). In 
this cell, o-CTx MVIIC (2 PM) significantly reduced whole-cell 
currents after application of o-AgTx IVA and o-CgTx GVIA, 
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demonstrating the presence of Q-type channels. A substantial 
portion of the whole-cell current was unblocked by the combi- 
nation of L-, N-, P-, and Q-type channel antagonists. This 
current is often referred to as “resistant” or R-type current and 
has been hypothesized to be attributable to a channel formed 
with a class E subunit (Tsien et al., 1995). A statistical summary 
of experiments testing these antagonists is shown in Figure 4C. 
It must be emphasized that because the dendritic tree was 
preserved only partially in these neurons, the pharmacological 
data can be taken as only a rough indication of the proportion 
of somatodendritic channels of each type. Nevertheless, it is 
worth noting that N- and L-type currents constituted the largest 
fraction of the currents recorded from the dissociated neurons, 
and the mRNAs coding for these channel types (B, C/D) were 
the most abundant and consistently detected in the RT-PCR 
experiments. 

Muscarinic receptors reduce Ba*+ currents through a 
PTX-sensitive G-protein 

The application of the muscarinic agonist 0x0-M (10 PM) rapidly 
and reversibly decreased Ba2+ currents through Ca2+ channels. In 
Figure 5A, a plot of peak current evoked by slowly repeated 
voltage steps to +lO mV before, during, and after 0x0-M appli- 
cation is shown. The median reduction in peak current by 0x0-M 
at this concentration was just over 35% (see inset box plot in A). 
Representative current traces from this experiment are shown in 
Figure 5B. In this cell, as in most neurons, the reduction in peak 
current was accompanied by a slowing of current activation kinet- 
ics (Bean, 1989). 

To verify muscarinic receptor mediation, the ability of atropine 
to antagonize the effect of 0x0-M was examined. Atropine (0.1-10 
FM) in and of itself decreased Ba2+ currents when applied to 
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enzyme-treated, dissociated neurons. Cultured interneurons, on 
the other hand, were not strongly affected by atropine alone. In 
these neurons, atropine (1 PM) consistently antagonized the mod- 
ulation by 0x0-M (1 PM). Shown in Figure ti is a time course 
from one of these experiments showing atropine antagonism of 
the 0x0-M modulation. Representative current traces from this 
experiment are shown in Figure 6B. As a further test, dose- 
response experiments were performed with dissociated interneu- 
rons. The modulation by 0x0-M was dose-dependent. In the 
neuron depicted in Figure 6C, the EC,, was 358 nM; similar values 
were obtained in two other neurons. 

As shown above, the RT-PCR experiments revealed that M2- 
class (m2, m4) receptor mRNAs were expressed by most inter- 
neurons, whereas other muscarinic receptor mRNAs were less 
common, suggesting that the effects of 0x0-M were mediated by 
MZclass receptors. These receptors couple to intracellular signal- 
ing elements through PTX-sensitive G-proteins of the Gi,, class 
(Hulme et al., 1990; Bonner, 1992). If the effects of 0x0-M were 
mediated by a Gi,,-class G-protein, then NEM (Shapiro et al., 
1994) or PTX should block the modulation. Shown in Figure 7A 
is a plot of peak current evoked by a step to -20 mV as a function 
of time. The modulation produced by 0x0-M was eliminated 
completely by a 2 min application of NEM (50 PM). Figure 7B,C 
shows the 0x0-M modulation before and after NEM application, 
respectively. Similar results were obtained in three other neurons 
(Fig. 70). Preincubation of cultured interneurons with PTX (100 
@ml) also significantly reduced the neuromodulatory impact of 
0x0-M (Fig. 7E), confirming the conclusion that the effects of 
muscarinic agonists were mediated by Gi,,-class G-proteins. 

The muscarinic modulation is rapid 
In peripheral autonomic neurons, m4 muscarinic receptors rap- 
idly reduce Ca2+ currents through a membrane-delimited, 
voltage-dependent pathway (Hille, 1994). Because m4 and m2 
receptors are linked through the same Gi,O-class proteins (Hulme 

et al., 1990; Bonner, 1992) it was our working hypothesis that the 
phenomenology of the muscarinic signaling in neostriatal cholin- 
ergic neurons would be the same as in peripheral autonomic 
neurons. As a first test of this hypothesis, the onset and offset 
kinetics of the muscarinic modulation were measured. In periph- 
eral autonomic neurons, the onset kinetics of the muscarinic 
modulation has a time constant of <l set at high agonist concen- 
trations (Bernheim et al., 1991). As shown in Figure &i, the same 
was true of the modulation in cholinergic interneurons. In this 
figure, peak currents evoked by a short (30 msec) step to 0 mV are 
plotted as a function of time. The test pulse was repeated at a rate 
of lisec. When a high concentration (500 pM) of 0x0-M was 
applied, currents were reduced rapidly. The onset of the modu- 
lation was typically biexponential, with a fast time constant of <l 
set and a slow time constant of 5-10 set (Fig. 8B). The offset of 
the modulation was typically monoexponential, with a time con- 
stant between 5 and 9 set (Fig. 8C). At lower agonist concentra- 
tions (10 PM), the onset kinetics was slower and the offset kinetics 
faster. A box plot summary of the fast-onset time constants and 
the offset time constants at high (500 pM) and low (10 PM) 

concentration of 0x0-M is shown in Figure 8D,E. 

The muscarinic modulation is voltage-dependent 
Another characteristic of the muscarinic modulation of Ca2+ 
currents in autonomic neurons (and medium spiny neurons) is 
that the modulation is attenuated by strong membrane depolar- 
ization. This was also a characteristic of the muscarinic modula- 
tion in interneurons. As shown above, the currents evoked by a 
weak depolarizing step from a holding potential of -80 mV were 
reduced substantially by the application of 0x0-M (Fig. 9A). When 
this test stimulus was preceded by a short voltage step to +lOO 
mV, the percentage reduction in the evoked current brought 
about by 0x0-M was reduced significantly (Fig. 9B). In a sample of 
four cells, the median reduction in the absence of a depolarizing 
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drug application. The application of 0x0-M (10 PM) to the bath (via the 
perfusion pipette) for 2 min had no effect on peak currents. More than 
95% of all neurons recorded in the whole-cell configuration responded to 
0x0-M (n > 60). Current polarity has been reversed for clarity. 

prepulse was >35%, whereas after a prepulse, the median mod- 
ulation was -18% (Fig. 9C). 

The muscarinic modulation does not employ a 
cytosolic messenger 
M2-class receptors are capable of influencing Cazt currents 
through cytosolic second messengers. In the cardiac cells, for 
example, activation of m2 receptors reduces Cazt currents by 
inhibiting adenylyl cyclase, thus reducing cytosolic CAMP levels 

and protein kinase A activity (Hescheler et al., 1986; Hulme et al., 
1990). If this were the mechanism by which muscarinic effects in 
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cholinergic interneurons were mediated, then bath application of 
the membrane-permeant CAMP analog, cpt-CAMP, should re- 
verse the modulation by countering the reduction in cytosolic 
CAMP levels. Bath application of cpt-CAMP (500 WM), however, 
had no effect on the muscarinic modulation of Ba2+ currents in 
any of the neurons tested (n = 3) (Fig. l&l). 

M2-class receptors are also known to reduce Ca2+ currents 
through membrane-delimited pathways that do not depend on 
cytosolic signals, such as CAMP (Hille, 1994). To test whether 
MZclass receptors in cholinergic interneurons used such a path- 
way, cell-attached patch recordings of Ba2+ currents were ob- 
tained, and 0x0-M was applied to the bath (outside the patch). If 
the signaling pathway were limited to the plane of the membrane, 
then currents should not be modulated in this recording configu- 
ration. In accord with this hypothesis, the currents evoked by 
depolarization in the cell-attached patches were not modulated by 
application of 0x0-M to the membrane outside the patch (n = 5), 
which suggests that M2-class receptors inhibited currents through 
a membrane-delimited pathway (Fig. 1OB). 

Muscarinic receptors target N- and P-type currents 
In some cell types, such as cardiac myocytes, m2 receptors are 
capable of reducing current through L-type channels (Hescheler 
et al., 1986). As shown above, neostriatal cholinergic interneurons 
express two L-type channels: those with class C (cardiac) al 
subunits and those with class D subunits. To determine whether a 
cardiac-like pathway was functioning, L-type currents were en- 
hanced by bath application of the dihydropyridine agonist BayK 
8644, and 0x0-M was applied. As shown in Figure llA, BayK 8644 
increased peak ramp currents and slowed deactivation tail cur- 
rents (Fig. 11B). Although 0x0-M reduced peak ramp currents, it 
did not significantly reduce the L-current-dominated, slow, BayK 
8644-enhanced tail current. The inset in Figure 1OB is a box plot 
summary of tail current measurements taken from experiments 
such as those depicted (n = 5). In accordance with these results, 
application of the L-channel antagonist nifedipine (5 PM) did not 
reduce the magnitude of the muscarinic modulation (n = 5, Fig. 
1lC). These results argue that L-type currents were not affected 
by muscarinic agonists. 

In many neurons, activation of M2-class receptors leads to an 
inhibition of N- and P-type currents (Hille, 1994; Howe and 
Surmeier, 1995). To test whether N-type channels were targeted 
by M2-class receptors in cholinergic interneurons, the ability of 
the specific N-type antagonist w-CgTx GVIA to occlude the 
effects of 0x0-M was examined. o-CgTx GVIA (2 pM) significantly 
reduced the effects of 0x0-M but did not eliminate them. As 
shown in the plot in Figure llC, the additional block of P-type 
currents with w-AgTx IVA (50 nM) was often required to com- 
pletely occlude the modulation by 0x0-M. As shown in the box 
plots summarizing experiments with L-, N-, and P-type channel 
antagonists, the combination of N- and P-type channel block 
potently occluded the muscarinic modulation in all neurons (n = 
4), whereas L-type channel block was without effect (n = 5). 

DISCUSSION 
The interpretation of our results depends, first and foremost, on 
the assumption that cholinergic interneurons were identified cor- 
rectly. Two criteria were used: size and the presence of ChAT 
mRNA. Cholinergic interneurons are often referred to as “giant” 
aspiny neurons because they are the largest neurons found in the 
striatum (Phelps et al., 1985; Bolam and Bennett, 1995). Although 
compelling, size alone is not a sufficient criterion. The presence of 
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Figure 11. Muscarinic agonists reduced N- and P-type currents but not L-type currents. A, Currents evoked by a voltage ramp from -80 to +60 mV. 
Currents before (control) and during the application of the L-channel agonist (-) Bay K 8644 (1 FM); coapplication of 0x0-M (10 phi) reduced peak ramp 
currents but did not alter slo\~, components of the tail currents. B, Expanded view of the tail currents in A. 0x0-M had little effect on the slow component 
of the tail current. Inset is a ,box plot summary of the reduction in peak current and tail current (measured 8 msec into the tail) produced by 0x0-M in 
the presence of Bay K 8644 (II = 5). C, Plot of peak current evoked by a step to 0 mV as a function of time and drug application. The modulation by 
0x0-M was reduced by block of N-type channels with o-CgTx GVL4 (2 pM) but was not eliminated. Subsequent block of P-type currents with w-AgTx 
IVA (50 nM) completely eliminated the modulation. D, Box plot summary of the impact of L-channel [nifedipine (5 FM); II = 51, N-channel (n = 4), and 
combined N- and P-channel block (II = 4) on the modulation by 0x0-M. 

ChAT mRNA, on the other hand, is a less equivocal criterion. Its also expressed by most cholinergic interneurons but in lower 
sufficiency seems justified in light of the strong correlation be- abundance, whereas ml mRNA was expressed in only 20-30% of 
tween the presence of ChAT mRNA and protein (Butcher et al., interneurons. This finding contrasts somewhat with that of Ber- 
1993) and the limitation of these markers to the neostriatal nard et al. (1992) who found extensive colocalization of ml, m2, 
interneuronal population (Bolam and Bennett, 1995). and m4 mRNAs in cholinergic interneurons. Our failure to ob- 

The expression pattern of muscarinic receptor mRNAs in these serve colocalization was not caused by our inability to detect ml 
neurons was also consistent with their identification as cholinergic mRNA per se, because it is seen in nearly all medium-sized spiny 
interneurons. As found in previous in situ hybridization (Weiner projection neurons using identical techniques (tz > 50) (our un- 
et al., 1990) and immunocytochemical studies (Levey et al., 1991) published observations). Another possible explanation for the 
of large aspiny neostriatal neurons, the most abundant muscarinic difference is that ml receptor mRNA was present but below our 
receptors in cholinergic interneurons seemed to be of the m2- level of detection. This seems unlikely, however, for two reasons. 
subtype. Our multiplex PCR results suggest that m4 mRNA was First, PCR-based approaches like the ones used here have a 
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significantly lower detection threshold than conventional in situ 
hybridization techniques (Chesselet et al., 1995). Second, the 
physiological assays of muscarinic receptor function were consis- 
tent with the presence of MZclass receptors (m2, m4) but not 
Ml-class receptors (ml, m3, m5). If present, these receptors 
would have been restricted necessarily to regions lost during the 
dissociation, such as distal dendrites and axon terminals. Never- 
theless, we cannot exclude definitively the possibility that ml 
mRNA was present but not detected. 

Activation of muscarinic receptors led to a reduction in currents 
carried by N- and P-type Ca2+ channels. In addition to being 
antagonized by atropine, the modulation produced by 0x0-M was 
dose-dependent, with EC,, values very close to those found for 
the m2 receptor-mediated modulation of Ca2+ currents in cho- 
linergic neurons of the basal forebrain (Allen and Brown, 1993). 
In neostriatal cholinergic interneurons, as in these basal forebrain 
and peripheral neurons expressing MZclass receptors, the mus- 
carinic modulation was blocked by application of NEM (Shapiro 
et al., 1994) or incubation with PTX (Beech et al., 1992; Allen and 
Brown, ,1993). Although both Gi- and Go-class G-proteins are 
PTX-sensitive, Go-class proteins seem to be the most likely can- 
didates for inhibition of N- and presumably P-type currents (Hille, 
1994). 

Go-class proteins have been shown in peripheral neurons to 
rapidly modulate N-type currents through a membrane-delimited 
pathway (Hille, 1994; Wanke et al., 1994). The kinetics of the 
modulation in neostriatal interneurons is consistent with media- 
tion by a similar signaling pathway (Bernheim et al., 1991; Boland 
and Bean, 1993). More direct evidence for a membrane-delimited 
pathway comes from the failure of bath-applied agonists to reduce 
currents in cell-attached patch recordings. This interpretation 
assumes that targeted N- and P-type channels were present in the 
patch. Although this was not verified directly, N-type currents 
were very prominent components of whole-cell currents from the 
somatodendritic membrane. It seems highly unlikely that all of the 
studied macropatches (containing 20-50 channels) would lack a 
significant complement of N-type channels. The only other sig- 
naling pathway known to influence Ca*+ channels that couples to 
M2-class receptors in neurons is dependent on CAMP (Hulme et 
al., 1990); however, CAMP did not alter the ability of M2-class 
receptors to inhibit Ca*+ currents. 

In many neurons, N-type Ca*+ channels are the principal tar- 
gets of the membrane-delimited pathway (Hille, 1994). N-type 
currents and at least four other types of high-voltage activated 
(HVA) Ca*+ currents were expressed in cholinergic interneurons. 
In agreement with previous studies of these neurons (Wilson et 
al., 1990; Kawaguchi, 1993), low-voltage activated currents were 
not seen. The RT-PCR profiles of al-subunit mRNA (showing 
class A, B, C/D, and E mRNA coexpression) were in good 
agreement with the pharmacological profiles showing colocaliza- 
tion of Q-, N-, L-, P-, and R-type currents. The molecular dem- 
onstration of class B mRNA expression increases the plausibility 
of the proposition that the molecular features of the signaling 
pathway in neostriatal interneurons are similar to those found in 
other cell types in which N-type (class B) channels are modulated. 
The M2-class receptor modulation was not limited to N-type 
channels, however. As in cholinergic neurons of the basal fore- 
brain (Allen and Brown, 1993), a component of the dihydropyri- 
dine resistant (non-L-type) current was modulated after exposure 
to o-CgTx GVIA. Our results suggest that a portion of this 
oxo-M-sensitive current is of the P-type. P-type Ca2+ currents are 
reduced by G-protein pathways in a number of other brain neu- 

rons (Mintz and Bean, 1993; Howe and Surmeier, 1995; Foehring, 
in press). 

Functional consequences 
Because of the well established role of N- and P-type Ca2+ 
channels in the regulation of neurotransmitter release (Dunlap et 
al., 1995), our results provide a mechanism for homo- or het- 
erosynaptic inhibition of ACh release in the striatum (James and 
Cubeddu, 1987; Lapchak et al., 1989; Dolezal and Wecker, 1990). 
The reliance on a membrane-delimited signaling pathway would 
endow this modulation with not only rapid kinetics but also a 
spatially restricted focus (Brown, 1993). 

Muscarinic reduction of dendritic Ca*+ currents through N- 
and P-type channels should also attenuate dendritic invasion of 
initial segment spikes (Spruston et al., 1995) and the active aug- 
mentation of excitatory synaptic events arising from cortical or 
thalamic sources (Wilson, 1993; Bernander et al., 1994). Because 
membrane-delimited signaling is spatially and temporally focused, 
this type of control could be of importance in regulating the 
computational functions of dendrites. The voltage-dependence of 
the modulation raises the intriguing possibility that postsynaptic 
regenerative events could be used as feedback signal, momentarily 
reversing muscarinic changes in dendritic computations (Spruston 
et al., 1995). 
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