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ABSTRACT

AB8REVIATIONS: DA, doparr�ne; DOPAC, dihydroxyphenylacetic acid; HVA, homovanillic acid; HPLC-ECD, high performance liquid chromatography
with electrochemical detec�on; 5-HIAA, 5-hydroxyindoleacebc acid; CLOZ, clozapine; HAL, haloperidol; SCOP, scopolamine; VEH, vehicle.
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The extracellular concentrations of dopamine (DA) and its me-
taboiftes, dihydroxyphenylacetic acid (DOPAC) and homovanillmc
acid (HVA), in the striatum and the nucleus accumbens were
measured In awake, freely-moving rats. Clozapine (20 mg/kg,
i.p.) increased extracellular DA and HVA in both regions but
increased DOPAC only in the stilatum. Scopolamine (1 mg/kg),
although It had no effect by ttse� in the striatum or nudeus
accumbens, Inhibited the ability of dozapine to increase extra-
cellular DA, DOPAC and HVA cOnCentratiOnS in the striatum. The
dozapk�e-induced increase in DA in the frontal cortex was not
blocked by scopolamine. Haloperidd (1 mg/kg, i.p.) and thiori-

dazine (10 mg/kg, i.p.) also increased extracellular DA, DOPAC
and HVA in the striatum, but scopolamine pretreatment did not
inhibit these Increases. The results suggest that clozapine differs
from haloperidol and thioridazine In that the effect of clozapine,
but not that of the two neuroleptic drugs, to increase DA release
in the striatum acutely depends on muscarinic receptor stimula-
tion. These results suggest that clozapine, despite its strong
muscarinic antagonist propertles, does not produce full biockade
of muscarinic receptors in vivo in the striatum. The interaction of
clozapine with the cholinergic system in the stnatum could be
relevant to its lack of ability to produce extrapyramidal symptoms
or tardive dyskinesia.

Clozapine is an atypical antipsychotic drug that does not
produce catalepsy in rodents and produces significantly less
acute or subacute parkinsonian symptoms and tardive dyski-
nesia, in man (Meltzer, 1988). Numerous theories have been

proposed to explain its reduced adverse effects on the extra-
pyramidal system (Chiodo and Bunney, 1983; Meltzer, 1990,
1991). Initially, potent anticholinergic activity was proposed as
the basis for its relative lack of interference with striatal
function (Miller and Hiley, 1976; Chiodo and Bunney, 1985).
Clozapine has recently been shown to have a higher affinity for
the Mi human acetylcholine receptor (3.1 ± 0.7 nM) than for

the M2-M5 acetylcholine receptors (Bolden et at., 1991; 1992).

There is considerable evidence for an anticholinergic action of
clozapine in vivo (Racagni et at., 1976; Sayers and Burki, 1976;
Fjailand et at., 1977; Herrling and Misbach-Lesenne, 1982;
Leander, 1983). However, none of these preclinical studies

clearly establish the importance of the anticholinergic effects

of clozapine regarding its low EPS profile. Furthermore, do-
zapine produces hypersalivation in many patients (Baldessarini

and Frankenburg, 1991), whereas anticholinergic drugs gener-
ally produce dry mouth. However, this effect is blocked by
anticholinergic drugs (Meltzer, 1992).

Clozapine produces weak D2 DA receptor blockade compared

Received for publication July 23, 1993.

to the typical neuroleptic drugs (Meltzer et at., 1989; Fard#{233}et
at., 1989). Acute administration of the typical neuroleptic drug
haloperidol increases DA release in the striatum (Imperato and
DiChiara, 1985; Zetterstr#{246}m et at., 1985; Zhang et at., 1989) as
well as the nucleus accumbens (Hernandez and Hoebel, 1989;
Ichikawa and Meltzer, 1991) as revealed by in vivo microdi-
alysis. Acute clozapine administration also increases DA release
in the striatum (Imperato and Angelucci, 1989; O’Connor et at.,

1989) as well as in the accumbens (Invernizzi et at., 1990;
Moghaddam and Bunney, 1990; Ichikawa and Meltzer, 1991).

The effects of clozapine on DA release are presumably due to
blockade of DA autoreceptor and postsynaptic DA receptors,
the latter causing stimulation of DA synthesis and release via

a feedback loop. This increase in dopaminergic activity, coupled
with weak D2 receptor blockade by clozapine, may contribute
to its low EPS profile.

Recently, Rivest and Marsden (1991), using in vivo differ-

ential pulse voltammetry with carbon fibre electrodes, reported
that the muscarinic antagonists scopolamine (1 mg/kg, i.p.)
and atropine (20 �ig i.c.v.) inhibited the clozapine (30 mg/kg,
i.p.)- but not the haloperidol (1 mg/kg, i.p.)-induce� increases
in the extracellular concentrations of the DA metabblites DO-
PAC, in the striatum and nucleus accumbens, of chloral hy-
drate-anesthetized rats. Scopolamine and atropine alone had

no effect on extracellular DOPAC concentrations. The authors
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concluded that the effect of clozapine, but not that of haloper-
idol, to enhance DA metabolism was dependent on intact

central muscarinic receptors. They subsequently reported that
scopolamine pretreatment blocked the increase in extracellular
striatal DOPAC, and to a lesser extent, extracellular accumbens
DOPAC, produced by i.c.v. neurotensin (Rivest and Marsden,
1992). There is other evidence for a similarity between neuro-
tensin and clozapine. Amfonelic acid, a nonamphetamine stim-
ulant, has been reported to block the increase in striatal DO-
PAC produced by clozapine and neurotensin, whereas the ef-
fects of haloperidol and perphenazine on striatal DOPAC were
enhanced by pretreatment with amfonelic acid (Rivest et at.,

1991).
The purpose of this study was to determine, using in vivo

microdialysis, the effect of scopolamine on the ability of do-
zapine, haloperidol or thioridazine to enhance extracellular DA,
DOPAC and HVA concentrations of awake, freely moving rats
in the striatum, nucleus accumbens and prefrontal cortex.

Materials and Methods

Animal.. Male Sprague-Dawley albino rats (Zivic-Miller, PA)
weighing 230 to 250 g were used throughout the study. They were
housed two per cage and maintained in a controlled 12:12 hr light-dark
cycle under room temperature at 22#{176}Cwith free access to food and
water.

Drug challenge. Scopolamine hydrocMoride (1.12 mg/kg-, Sigma
Chemical Co., St. Louis, MO) was dissolved in physiological saline

(0.9% NaC1) and administered i.p. Clozapine hydrochloride (20 mg/kg,
i.p.; Sandoz), haloperidol (1 mg/kg, s.c., McNeil) and thioridazine
hydrochloride (10 mg/kg, i.p., Sandoz) were dissolved in a minimal

amount of 1 M tartaric acid.
Microdialysi.. Rats were anesthetized with chloral hydrate (400

mg/kg, i.p., Sigma) and mounted in a stereotaxic frame (David-Kopf).
The skull was exposed. Two holes screws were inserted into the skull

to secure the cemented dialysis probe tightly to the skull surface. The
dialysis probes were implanted into either the striatum or the nucleus
accumbens (including the dorsomedial caudate) according to the atlas
of Konig and Klippel (1963) (lateral striatum coordinates: A +1.0, L
+3.5, V -5.5; nucleus accumbens: A +3.0, L +1.5, V -7.5 mm relative
to bregma); incision bar levels: -3.0 and 0 mm for the respective brain
regions. The probes were cemented with quick self-curing acrylic resin

(GC Unifast, Tokyo, Japan).

The microdialysis probes were of concentric flow design. Each probe
was constructed by inserting a length of glass capillary tubing (150 �m,

o.d.) into a piece of 26 gauge stainless steel tubing. A hollow fiber
dialysis membrane (MW cutoff = 6000’, 210 aim, o.cL) surrounded the
exposed end of the capillary tubing and was glued to the stainless steel
tubing. The exposed surface of the membrane was 2.5 mm in length
for a probe in the nucleus accumbens and 3.5 mm in length for a probe
in the atriatum. At 18 to 20 hr after surgery, the probe was perfused
with Ringer’s solution (NaCl, 148 mM; Na2HPO4, 6.0 mM; KC1, 1.7
mM; KH2PO4, 1.0 mM; CaCl2, 1.2 mM; pH � 7.4) at a flow rate of 2.5
gil/mm by a four channelcompact infusion pump (Model975, Harvard).
Monoamine levels in dialysates stabilized after 3-hr perfusion. More
than four samples were collected for predrug basal values before any

injection of drugs. Dialysates were collected every 30 mm in microcen-
trifuge tubes with 25 �il of 0.8 M perchloric acid containing 20 mg/i#{174}
ml L-cysteine to prevent oxidation of monoamines in dialysates.

After obtaining stable base-line values in the dialysate, SCOP (1
mg/kg) was administered i.p. After 15 mm, CLOZ (20 mg/kg) or HAL
(1 mg/kg) was administered. The location of the dialysis probes was
verified at the end of each experiment by dissection of the brain.

Separate groups of5 to 7 rate were anesthetized with chloral hydrate
(150 mg/kg, i.p.) and ketamine (50 mg/kg, i.p.), and a 21-gauge guide
cannula was implanted dorsal to the brain surface overlying the area

designated as the medial prefrontal cortex (A: +3.2; L: ±0.7 mm). Three

days after implantation of the guide cannula, a dialysis probe with an
exposed membrane length of 4 mm was inserted through the cannula
to extend into the medial portion of the prefrontal cortex. The probe
wasperfused with Ringer’s solutions at a flow rate of 2.0 �il/min. The
dialysate collection and the drug injection paradigm were the same as
described above.

HPLC-ECD analysis of striated and accumbens dialysates.
Samples were analyzed by HPLC-ECD on the day of the experiment
for DA, DOPAC, HVA, and 5-HIAA after automatic injection by a
refrigerated autosample processor (Kontron Model 460).

Monoamines were separated on a stainlees steel, reverse phase
column (Ultremex 3 C18, 3 aim, 4.6 for 75 mm, Phenomenex) at 35#{176}C
maintained by column heater and temperature controller (LC-22A,
BAS). The mobile phase (pH 3.0) consisted of the prepared stock
solution 0.1 M citric acid trisodium salt dihydrate (Sigma) containing

EDTA-2NA (60 mg/I), Octyl sodium sulphate (30 mg/l; Kodak), and
methanol (3.5-5% v/v). The sample run was about 20 mm at a flow
rate of 0.8 mi/mm.

HPLC-ECD analysis of cortical dialysate. DA in cortical dialy-
sates was eluted from a reverse phase column (Ultremex C18, 3 �m,
100 x 2 mm i.d.) with a mobile phase (pH 5.0) consisting of 0.1 M
Na2HPO4, 3% CH3CN, octyl sodium sulfate (550 mg/i) and EDTA (34
mg/I). The mobile phase was pumped through the column at a rate of
0.45 mi/mi�. The column temperature was maintained at 29#{176}C.These
conditions permitted the complete resolution and enhanced selectivity

for DA over the catecholamine and indoleamine metabolites. Metabo-
lites were eluted in the solvent front within 3 min and were not
quantitated. DA was detected with electrochemical detection at a glassy
carbon electrode maintained at +0.6 V. Sensitivity for DA was 0.3 pg/
20 �l with a signal/noise ratio of 3:1.

Statistical analysis of data. The mean predrug basal levels were
taken as 100% to compare the maximum mean response ofDA, DOPAC
and HVA after drug or vehicle. Statistical differences were determined
using two-way repeated measures ANOVA and followed by post-hoc
Tukey tests for multiple comparisons where appropriate. Probability
within .05 was considered to indicate a significant difference.

Results

Effects of single dose of CLOZ, HAL and thioridazine
on DA release and DOPAC and HVA levels in the stria-

turn and nucleus accumbens. Basal concentrations of DA,

DOPAC and HVA in the striatum were 0.095 + 0.006, 27.1 ±
1.1 and 26.3 ± 1.1 pmol/75 �il/30 mm, respectively (mean ±

S.E.). Basal concentrations of DA, DOPAC and HVA in the
nucleus accumbens were 0.050 ± 0.004, 32.9 ± 1.36, and 22.0 ±
1.20 pmol/75 Ml/3O mm, respectively (mean ± S.E.).

Acute administration of CLOZ (20 mg/kg, i.p.) increased
striatal and accumbens (fig. iA-C, fig. 2A-C), extracellular DA
(161 and 190%, respectively), DOPAC (163 and 115%, respec-
tively) and HVA (181 and 200%, respectively) concentrations.
There were significant differences in extracellular DA, DOPAC
and HVA concentrations between VEH-CLOZ and VEH-VEH
groups in the striatum (P < .005, P < .001 and P < .001,

respectively). The effect of clozapine in the nucleus accumbens
was significant only for DA and HVA (P < .05 and P < .001,
respectively).

Acute administration of HAL (1 mg/kg) increased extracel-
lular DA (212%), DOPAC (168%) and HVA (311%) concentra-
tions in the striatum (fig. 3A-C). Differences in extracellular
DA, DOPAC and HVA concentrations between VEH-HAL and
VEH-VEH groups were also significant (P < .001, P < .005
and P < .001, respectively).

Acute administration of thioridazine also increased extracel-
lular DA (146%), DOPAC (206%) and HVA (204%) in the
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Fig. 1. The effect of scopolamine (1 mg/kg) pretreat-
ment on: A) DA levels; B) DOPAC levels; and C) HVA
levels in the stilatum after clozapine (20 mg/kg) ad-
mlnustra�on. Scopolan*ie was admII�Stered 15 mm
before clozapine. There was an overal significant
main effect of VEH-CLOZ on DA, DOPAC and HVA.
Each value Is the mean ± S.E.M. of five to seven
animals.
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striatum (fig. 4A-C). There were significant differences in DA, DOPAC and RVA levels. Acute administration of

extracellular DA, DOPAC and HVA levels between VEH- SCOP (1 mg/kg, i.p.) did not significantly effect striatal or
thioridazine and VEH-VEH groups (P < .005, P < .0001 and accumbens (fig. lA-C, fig. 2A-C), extracellular DA (86 and
P < .001), respectively. 81%, respectively), DOPAC (79 and 92%, respectively), or HVA

Effects of single doses of scopolamine on extracellular (93 and 105%, respectively) when compared to vehicle controls.
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Effects of SCOP on CLOZ-lnduced DA release and as well as DOPAC (113%) and HVA levels (115%) in the
DOPAC levels in the striatum and nucleus accumbens. striatum (fig. iA-C). There were significant differences in
Pretreatment with scopolamine (1 mg/kg, i.p.) 15 mm before extracellular DA, DOPAC and HVA levels between VEH-

CLOZ significantly reduced CLOZ-induced DA release (96%) CLOZ and SCOP-CLOZ groups (P < .001, P < .005 and P <
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Fig. 2. The effect of scopolamine (1 mg/kg) pretreat-
mont on: A) DA levels; B) DOPAC levels; and C) HVA
levels in the nucleus accumbens after dozap�ne (20
mg/kg) administration. Scopdamlne was admkils-
tered 15 mm before dozapine. There was an overall
signIficant main effect of clozapine on DA and HVA
and SCO-CLOZ on DOPAC. Each value Is the mean
± S.E.M. of five to seven animals.
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Fig. 3. The effect of scopolamine (1 mg/kg) pretreat-
mont on: A) DA levels; B) DOPAC levels; and C) HVA
levels in the striatum after haloperidol (1 mg/kg) ad-
ministration. Scopolamine was administered 15 mm
before haloperidol. There was an overall significant
main effect of VEH-HAL and SCO-HAL on DA, DO-
PAC and HVA. Each value is the mean ± S.E.M. of
five to seven animals.
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.005, respectively) in the striatum. There were no significant
differences in extracellular DA, DOPAC and HVA concentra-
tions between VEH-VEH and SCOP-CLOZ groups (data not
shown).

In sharp contrast, scopolamine (1 mg/kg, i.p.) pretreatment
did not significantly reduce extracellular DA, DOPAC and HVA
concentrations in the nucleus accumbens of clozapine-treated
rats (157, 129 and 184%, respectively) (fig. 2A-C; P > .05).

Effects of SCOP on HAL-induced and thioridazine DA

release and DOPAC and IIVA levels. SCOP (1 mg/kg, i.p.)
administration 15 mm before HAL had no effect on HAL-

stimulated (1 mg/kg) extracellular DA or HVA concentrations

(229 and 321%, respectively) in the striatum (fig. 3A-C; P>

.05). Scopolamine (1 mg/kg, i.p.) also had no effect on the
thioridazine (10 mg/kg)-stimulated concentrations of extracel-
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Fig. 4. The effect of scopolamine (1 mg/kg) pretreat-
ment on: A) DA levels; B) DOPAC levels; and C) HVA
levels in the striatum after thioridazine (10 mg/kg)
admmlstra�on. Scopdarnine was admk*tered 15 mn
before haloperkiol. There was an overall significant
maln effect of VEH-THI and SCO-ThI on DA, DOPAC
andHVA. Eachvalueisthemean±S.E.M.offlveto
seven animals.

lular DA, DOPAC and HVA in the striatum (162, 212 and
209% at the maximum levels, respectively) (fig. 4A-C; P > .05).

Effect of SCOP and CLOZ on cortical DA efflux. Basal
concentration of DA in dialysates collected from the medial
prefrontal cortex were 0.0058 pmol/20 mm. The combination

of clozapine and vehicle significantly increased extracellular
basal DA concentrations to 198% ofbase line within 1.5 hr (fig.
5). The combination of scopolamine and clozapine increased
extracellular DA concentration to 227% of base line (P < .05).
Scopolamine alone had no significant effect on the extracellular
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Fig. 5. Effect of scopolamine (1 mg/kg) on DA levels in the medial PFC
afterclozapmne(20 mg/kg)administration. Scopolamine was administered
I 5 mm before clozapine. There was an overall significant main effect of
VEH-CLOZ and SCO-CLOZ on DA. Each value is the mean ± S.E.M. of
SIX animals.

concentration of cortical DA. No significant differences were
observed between the VEH-CLOZ and SCOP-CLOZ groups.

Discussion

Pretreatment with scopolamine inhibited the ability of do-
zapine to increase DA, DOPAC and HVA concentrations in
the striatuin but not the effects of clozapine to increase DA
and HVA in the nucleus accumbens in awake, freely moving
rats. Scopolamine also did not inhibit the clozapine-induced
increase in extracellular DA in the prefrontal cortex. Scopola-
mine itself had no effect on basal extracellular concentrations
of DA, DOPAC or HVA in the striatum or accumbens, or on
extracellular DA in the frontal cortex. Scopolamine also did
not affect the increase in extracellular DA, DOPAC or HVA
levels produced by haloperidol or thioridazine in the striatum.

These results are in partial agreement with those of Rivest
and Marsden (1991). As reported by these authors, scopolamine
inhibited the ability of clozapine to increase extracellular DO-
PAC in the striatum in awake, freely moving rats. In addition,
scopolamine was found in this study to inhibit the clozapine-
induced increase in extracellular DA and HVA from the stria-
tum. The clozapine-induced increases in DA in the striatu.m
and the nucleus accumbens observed here were comparable to
those previously reported by us (Ichikawa and Meltzer, 1991).
We did not obtain data consistent with the finding of Rivest
and Marsden (1991) of an effect of clozapine to increase DO-
PAC in the accumbens or of scopolamine to inhibit the cloza-
pine-induced increase in DOPAC in the nucleus accumbens.
Rather, scopolamine in combination with clozapine signifi-
cantly increased DOPAC concentrations. Scopolamine pre-
treatment also did not affect the ability of clozapine to increase
extracellular DA or HVA concentrations in the accumbens.
Thus, these results suggest that scopolamine does not inhibit
clozapine-induced DA release or metabolism in the nucleus
accumbens.

It is possible that these differences may be due to the regional
selectivity of the voltammetry electrode compared to the di-
alysis probe. Postmortem histological evaluation of the dialysis
probe placements indicate that, occasionally, the membrane

portion of the probe extended partially into the dorsomedial
caudate in addition to the nucleus accumbens. Nevertheless,
the results of the present study show a marked difference
between this region and the lateral striatum in regard to the
effects of scopolamine on clozapine-induced increases in extra-
cellular DA, DOPAC and HVA.

Scopolamine alone did not affect extracellular DA, DOPAC
or HVA concentrations in either striatum or accumbens. Pre-
vious studies have also found no effect of scopolamine alone to
modify DA turnover in the rat striatum and nucleus accumbens,
although it may decrease it in the hippocampus and frontal
cortex (Memo et at., 1988). Systemic atropine also had no effect
on the release of DA and its metabolites in the striatum of
awake, freely moving rats (Damsma et at., 1988). The lack of
effect of scopolamine alone on DA release in the cortex as
observed here suggests that ACh does not influence DA release
in the frontal cortex as well. These negative data suggest that
basal DA efflux in these three regions is not regulated by a
tonic cholinergic mechanism. Systemic scopolamine at doses
comparable to those used here has been reported to produce a
10-fold increase in extracellular ACh concentrations in the
frontal cortex and striatum of awake, freely moving rats (Tord#{233}

and Ama, 1989). Thus, increased release of ACh is not likely
to contribute to the effect of scopolamine to inhibit clozapine-
induced DA release.

In contrast with the lack of effect of anticholinergic drugs,
cholinomimetic drugs increase DA release in the striatum
(Westfall, 1974a, b; Giorguieff et al., 1976, 1977; Giorguieff-
Chesselet et at., 1979; Gorell and Czarnecki, 1986; Xu et at.,

1989) and the nucleus accumbens (De Belleroche and Gardner,
1982). The effect of ACh or cholinomimetic drugs to increase
DA release may be mediated by muscarmnic heteroreceptors on
DA nerve terminals (Lehman and Langer, 1982; Gorell and
Czarnecki, 1986). These receptors have been shown to be of the
Ml subtype (Raiteri et at., 1990) and, thus, should be antago-
nized by clozapine. Such an effect would tend to decrease the
ability of clozapine to increase extracellular DA. Therefore, the
effect of clozapine to increase extracellular DA concentrations
must be independent of its effect to block cholinergic hetero-
receptors on DA neurons. DA autoreceptors that inhibit striatal
DA release (Farnebo and Hamberger, 1971; Starke et at., 1978;
Cubeddu and Hoffmann, 1983) are, in turn, modulated by
inhibitory muscarinic and mcotinic heteroreceptors (Lehman
and Langer, 1982; Raiteri et at., 1982; Sakurai et at., 1982),
which may also be located on the same nerve terminals as the
DA autoreceptors (see Gothert, 1985 for review). The ability of
scopolamine pretreatment to block the increase in extracellular
DA produced by clozapine in the striatum suggests that an
intact presynaptic cholinergic mechanism is necessary for do-
zapine to effect an increase in extracellular DA in this region.

As previously mentioned, clozapine has been reported to be
an effective anticholinergic agent in some (Fjalland et al., 1977;
Herrling and Misbach-Lesenne, 1982; Sayers and Burki, 1976;

Sayers et at., 1976), but not all, studies (De Jonge and Funcke,
1962). The combination of scopolamine and clozapine may
achieve a greater combined inhibition of cholinergic receptors
that stimulate DA release.

Clozapine itself has been reported either to have no effect or

to increase ACh release. The effect of clozapine on ACh release
may be dose-dependent, because 10 mg/kg i.p. did not increase
ACh release in vivo in striatum or nucleus accumbens (Costa
et at., 1978), but a much higher dose (50 mg/kg, i.c.v.) increased
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the release of ACh in the caudate nucleus in the gallamine-
immobilized cat (Stadler et at., 1974). Furthermore, clozapine
(20 mg/kg, i.p.) did not increase ACh release ex vivo in the
striatum or nucleus accumbens, nor inhibit the ability of the
DA agonist TL-99 to block electrical field-stimulated ACh
release from striatal and accumbens tissue slices (Compton and
Johnson, 1989); however, clozapine in vitro at concentrations
of 1 and 3 �m did reverse TL-99-induced inhibition of ACh
release in the striatum and nucleus accumbens, respectively
(Compton and Johnson, 1989). Acute in vivo administration of
clozapine has been reported to produce a dose-dependent in-
crease in the potassium stimulated release of [3H]ACh from
striatal slices, although treatment with clozapine for one year
had the opposite effect (Kerwin et at., 1984). The autoreceptor
that inhibits the release of acetylcholine appears to be of the
M3 subtype (De Boor etal., 1990; Raiteri et at., 1990). Clozapine
has a strong affinity for this receptor (20 nM; Bolden et at.,
1991), albeit a weaker affinity than for the Mi receptor.

The possibility that increased release of DA subsequent to
D1 and/or D2 antagonism by clozapine leads to an inhibition of
ACh release must also be considered, because DA has been
reported to inhibit ACh release in the striatum (Stadler et at.,
1973; Sethy and Van Woert, 1974; Guyenet et at., 1975; Stoff
et at., 1982; De Boor et at., 1992) and, to a lesser extent, the
nucleus accumbens (Stoff et at., 1987; Wedzony et at., 1988;
Henselmans and Stoof, 1991). Clozapine (20 mg/kg) ex vivo

increased electrical field-stimulated DA release in the striatum
but not the accumbens in vitro; however, it did not enhance the
effect of electrical stimulation to increase DA release in the
striatum in vitro (Compton and Johnson, 1989). It appears

unlikely that an effect of clozapine on acetylcholine release is
important to its ability to increase DA release in the striatum.

The inabifity of scopolamine itself to alter extracellular DA,
DOPAC or HVA suggests that blockade ofmuscarinic receptors
does not play a key role in the regulation of basal DA release.
Therefore, the muscarinic antagonist properties of clozapine
(Bolden et at., 1991, 1992) are not critical to its ability to

increase extracellular levels of striatal DA or to increase DA
metabolism. Further, the inability of scopolamine and thiori-
dazine to mimic the effect of scopolamine and clozapine sug-
gests that the similar anticholinergic properties of thioridazine
and clozapine are not the basis for the interaction of clozapine
and scopolamine. Thioridazine and clozapine have virtually

identical profiles of affinities for the human cloned ACh recep-

tore (Bolden et at., 1992). Alternatively, some other noncholi-
nergic action of clozapine, e.g., its 5-HT2, alpha1-adrenergic- or
histamine1-blocking antagonist properties, may be the basis for
the ability of scopolamine to decrease clozapine-induced DA
release.

There is also some evidence that clozapine is a partial cho-

linergic agonist at muscarinic receptors (S. Ogren, 1992, per-
sonal communication). Under basal conditions, clozapine may
act as an agonist at these receptors, which would tend to
stimulate DA release. However, in the presence of scopolamine
these agonist properties of clozapine are blocked and, thus,
interfere with the effect of clozapine to promote DA release.

A significant conclusion from the selective effect of scopola-
mine on the clozapine-induced increase in DA release and
metabolism in the striatum, compared to the nucleus accum-
bone and medial prefrontal cortex, is that the cholinergic prop-
erties of clozapine may be more related to its extrapyramidal
profile than to its advantages as an antipsychotic or ability to

diminish negative symptoms. In this regard, it is highly relevant
that scopolamine itself does not produce a similar reversal of
the effect of haloperidol on extracellular DA, DOPAC or HVA

concentration in either region. Thus, the lack of effect of
scopolamine on the haloperidol-induced increase in DA metab-
olism reported by Rivest and Marsden (1991) also extends to a
lack of effect on extracellular DA concentrations. Combined
administration of clozapine with anticholinergic agents in man,
which is a recommended means of decreasing hypersalivation
due to clozapine, might be expected to alter its effects in the
striatum, possibly leading acutely or chronically to more extra-
pyramidal symptoms because of diminution the effect of do-
rapine to maintain DA release in the striatum. Along these
lines, the maintenance ofstriatal DA release has been suggested
to be a critical factor in its lack of EPS (Ichikawa and Meltzer,
1990).

We confirmed the ability of clozapine to increase DA release
in the cortex as previously reported by Imperato and Angelucci

(1989) and Moghaddarn and Bunney (1990). The lack of effect
of scopolamine to reverse the clozapine-induced increase in
cortical DA release indicates that there is no muscarinic recep-
tor-sensitive effect of clozapine on DA release in this region.

Thus, the mesolimbic and mesocortical basis of the effect of
clozapine on extracellular DA levels are similar in this regard.

In conclusion, the present study addresses the cholinergic
activity underlying the mechanism ofaction ofclozapine. These
data are suggestive of a direct and/or indirect cholinergic ago-

rust property of clozapine. The ability of scopolamine to selec-
tively block the clozapine-induced increases in extracellular
dopamine in caudate and not nucleus accu.mbens or frontal

cortex may have significant implications for the relative ina-
bility of clozapine to produce motor side effects. The results
indicate that an intact cholinergic system is necessary for
clozapine to increase dopamine release in striatum. This selec-

tive maintenance of dopamine release in striatum may contrib-
ute to its greatly diminished capacity to induce EPS. The basis

for this interaction between clozapine requires further study.

Acknowledgment

The research reported was supported in part by USPHS MN 41684, GCRC
MOlRR0008Oand grants from the Eliubeth Severance Prentiss andJohn Pascal
Sawyer Foundations. H.Y.M. is the recipient of a USPHS Research Career
Scientist Award MH 4780& We are grateful to Mr. Po-chun Nm for technical
assistance. The secretarial assistance of Ms. Lee Muon is greatly appreciated.

References

B*.LDnas*.iuNI, It AND FRANKENBERO, F.: Clozapine: A novel antipsychotic
agent. New EngI. J. Med. 324: 748-54, 1991.

BOLDEN, C., CUASCK, B. AND RICHEL8ON, E.: Antagonism by antiniuscarinic
and neuroleptic compounds at the five cloned bunion muacarinic cholinergic

receptors expressed in Chinese hamster ovary cells. J. PhOrInOCOL Ezp. Thor.
260: 576-580, 1992.

B0LDzN, C., CusAcK, B. AND RICHELSON, E.: Clozapine is a potent and selective
muscarinic antagonist at the five cloned human muscerinic cholinergic recap-

tore expressed in CHO-Ki cella� Eur. J. PhIrn3&COL 192:206-206,1991.

CmoDo, L A. AND BUNNEY, B S.: Possible mechanisms by which repeated
clozapine administration differentially affects the activity of two subpopula-
tioni of midbrain dopamine neurons. J. Neurosci. 5: 2539-44, 1985.

Cmono, L A. AND Bu�zv, B. S.: Typical andatypical neuroleptics: Differential
effects of chronic administration on the activity of A9 and AlO midbrain
dopaminergic neurona� J. Neurosci. 3: 1607-19, 1983.

COMPTON, D. R. AND JOHNSON, K. M.: Effects of acute and chronic clozapine
and haloperidol on the in vitro release of acetylcboline and dopamine from
striatuni and nucleus accumbens. J. PhOrmSCOL Exp. Thor. 248: 521-530,
1989.

COSTA, E., CunNay, D. L, Mao, C. C. AND MORONI, F.: Action of antiacbizo-
phrenic drugs on the metabolism of -r-aminobutyric acid and acetylcholine in



1460 M&tzerstal. Vol.268

globes pallidus, StriatUni and nucleus accumbens. Fed. Proc. 37: 2408-2414,

1978.
CUBEDDU, L. Y. AND HOFFMAN, I. S.: Frequency-dependent release of acetylcho-

lineanddopainine from rabbitcorpus striatum: Its modulation by dopaminergic

receptors. J. Neurochem. 41: 94-101, 1983.
DAMSMA, G., WESTERINK, B. H. C., DE VRIES, J. B. AND HORN, A. S.: The effect

of systemically applied cholinergic drugs on the StTiatal release of dopamine
and its metabolites, as determined by automated brain dialysis in conscious

rats. Neurosci. Lett 89: 348-354, 1988.
DE BELLEROCHE, J. & GeiwlNnn, I.: Cholinergic action in the nucleus accuinbens;

modulation of dopamine and acetylcholine release Br. J. PharniacoL, 75, 359-

365, 1982.
DE Bonn, P., DAMsM�, G., SCHRAM, Q., STOOF, J. C., ZAAGSMA, J. AND

WESTERINK, B. H. C.: The effect of intrastriatal application of directly and
indirectly acting dopamine agonists and antagonists on the in vivo release of

acetyicholine measured brain microdialysis. Arch. Pharmacol. 345: 144-152,
1992.

DR Bonn, P., WESTERINK, B. H. C., ROLLEMA, H., ZAAGSMA, J. AND HORN, A.
S.: An Ms-like muacarinic autoreceptor regulates the in vivo release of acetyl-
choline in rat striatum. Eur. J. PharmacoL 179: 167-172, 1990.

DE J0NGE, M. C. AND FUNCKE, A. B. H.: Sinistrotorsion in guinea pigs as a

method of screening central anticholinergic activity. Arch. mt. Pharmacodyn.

137: 375-382, 1962.
FAanE, L, Wizszi�, F. A., NORDSTROM, A. L & SEDVALL, G.: D1- and D,-

dopamine receptor occupancy during treatment with conventional and atypical
neuroleptics. Psychopharmacology, 99 (Suppl): S28-831, 1989.

FAnNEso, L 0. AND HAMSERGER, B.: Drug-induced changes in the release of
[mHjmonoamines from field-stimulated rat brain slices. Acta Physiol. Scand.

84: 35-44, 1971.
FJALLAND, B., CHRISTENSEN, A. V. AND Hv’rrzti, J.: Peripheral and central

muscarinic receptor affinity of psychotropic drugs. Naunyn-Schmiedeberg’s

Arch. PharniacOL 301: 5-9, 1977.
GIORGUIEFF, M. F., Lz FLOC’H, M. L, GLOWINSKI, J. AND BESSON, M. J.:

Involvement of cholinergic presynaptic receptors of nicotinic and muscarinic
types in the control of the spontaneous release of dopamine from striatal
dopaminergic terminals in the rat. J. Pharinacol. Exp. Ther. 200: 535-544,
1977.

GI0ROuiEFF, M. F., La FLOC’H, M. L., WE8TrALL, T. C., GLowlNsiu, J. AND

BE8S0N, M. J.: Nicotinic effect of acetyicholine on the release of newly
synthesized [‘HI-dopainine in rat striatal slices and cat caudate nucleus. Brain
Res. 106: 117-121, 1976.

Gloitouiz,F-CHzsSzizr, M. F., KEMEL, M. F., WANDSCHEER, D. AND GLow-
INSKI, J.: Regulation of dopamine release by presynaptic nicotinic receptors in
rat striatal slices: Effect of nicotine in a low concentration. Life Sci. 25: 1256-
1262, 1979.

GORELL, J. M. AND Cz�nNEciu, B.: Pharmacologic evidence for direct dopami-
nergic regulation of striatal acetylcholine release. Life Sci. 38: 2239-2246,
1986.

GomznT, M.: Role of autoreceptors in the function of the peripheral and central

nervous system. Arzneim.-Forsch./Drug Has. 35: 1909-1916, 1985.
GuvzNzT, P. G., AGID, Y., JAVOY, F., BEAUJOUAN, J. C., RossiER, J. AND

GLowINsia, J.: Effects of dopamine receptor agomsts and antagonista on the
activity ofthe neo-striatal cholinergic system. Brain Res 84: 227-244, 1975.

HENSELMANS, J. M. L AND ST00F, J. C.: Regional differences in the regulation
of acetyicholine release upon D,-dopaniine and N.methyl-D-aspartate receptor

activation in rat nucleus accumbens and neostriatum. Brain Res 566: 1-7,
1991.

HERNANDEZ, L AND HOEBEL, B. G.: Haloperidol given chronically decreases
basal dopanilne in the prefrontal cortex more than the striatuni or nucleus
accwnbens as simultaneously measured by microdialysis. Brain Res. Bull. 22:
703-769, 1989.

HERRLING, P. L AND MISBAcH-LE8ENNE, B.: Effects of clozapine in a selective
muscarinic bioassay and on single cells of the rat hippocampus. Naunyn-
Schmiedeberg’s Arch. Pharinacol. 320:20-25,1982.

IcHIKAWA, J. AND MELTZER, H. Y.: Differential effects of repeated treatment

with haloperidol and clozapine on dopamine release and metabolism in the
striatuxn and the nucleus accumbens. J. PharmacoL Exp. Ther. 256: 348-357,

1991.
IcHIKAwA, J. AND MELTZER, H. Y.: The effect of chronic clozapine and haloper-

idol on basal dopamine release and metabolism in rat striatum and nucleus
accumbens studied by in uwo microdialysis. Eur. J. PharniacoL 176, 371-374,
1990.

IMPERATO, A. AND ANGELUCCI, L.: The effect of clozapine and fluperlapine on
the in vivo release and metabolism of dopamine in the striatum and in the
frontal cortex of freely-moving rats. PsychopharmacoL Bull. 25: 383-89, 1989.

IMPERATO, A. AND DICHIARA, G.: Dopamine release and metabolism in awake

rate after systemic neuroleptics as studied by transatriatal dialysis. J. Neuroaci.

5: 297-306, 1985.
INVERNIZZI, R., MoluL!, F., Pozzi, L. AND SAMNIN, R.: Effects of acute and

chronic clozapine on dopamine release and metabolism in the striatum and
nucleus accumbens of conscious rats. Br. J. Pharmacol. 100: 774-778, 1990.

KERwIN, R. W., RUPNIAK, N. M. J., JENNER, P. AND MARSDEN, C. D.: A
comparison of the effects of acute and one year’s continuous neuroleptic
treatment on the release of [‘H]glutamate and [‘Hjacetylcholine from rat
striatal slices. Neuroscience 11: 205-210, 1984.

KONIG, J. F. R. AND KLIPPEL, R. A.: The Rat Brain: A Stereotaxic Atlas of the
Forebrain and Lower Parts of the Brain Stem. Wilhianm and Wilkins, HaIti-
more, MD, 1963.

LEANDER, J. D.: Interactions of clozapine, thioridazine and mezilamine with
oxotremorine on schedule-controlled responding. Psychopharmacology 80: 29-
30, 1983.

LEHMAN, J. AND LANCER, S. Z.: Muacarinic receptors on dopamine terminals in
the cat caudate nucleus: Neuromodulation of [‘H]dopamine release in vitro by
endogenous acetyicholine. Brain Has. 248: 61-69, 1982.

MELTZER, H. Y.: New insighta into schizophrenia through atypical antipsychotic
drugs. Comments on “The current status of the dopamine hypothesis of
schizophrenia.” Neuropaychopharmacology 3: 193-196, 1988.

MELTZER, H. Y.: Clozapine: Mechanism of action in relation to its clinical
advantages. In Recent Advances in Schizophrenia, ed by A. Kales, G. N.
Stefanos, andJ. A. Talbott, Heidelberg, New York and Springer-Verlag, Tokyo.
pp. 237-246, 1990.

MELTZER, H. Y.: The mechanism of action of novel antipsychotic drugs. Schiz.
Bull. 17:263-287,1991.

MELTZER, H. Y.: Treatment of the neuroleptic non-responsive schizophrenic
patient. Schiz. BUlL 18: 515-542, 1992.

MELTZER, H. Y., M�sunsa�, S. AND Lan, J.-C.: Classification of typical and
atypical antipsychotic drugs on the basis of dopamine Dl, D-2 and serotinin2
pKi values. J. PharmacoL Exp. Ther. 251: 238-246, 1989.

MEMO, M., MISSALE, C., TRIVELLI, L. AND SPANO, P. F.: Acute scopolamine

treatment decreases dopamine metabolism in rat hippocampus and frontal
cortex. Eur. J. PharmacoL 149: 367-370, 1988.

MILLER, J. L AND Hu.zy, C. R.: Anti-dopaminergic and anti-muscarinic effects

ofdibenzodiazepine. Naunyn-Schmiedeberg’s Arch. PharmacoL 292: 289-293,

1976.
MOGHADDAM, B. AND BUNNEY, B. S.: Acute effects of typical and atypical

antipaychotic drugs on the release of dopamine from prefrontal cortex, nucleus
and accumbens, and striatum of the rat: An in vivo microdialysis study. J.
Neurochem. 54: 1775-1760, 1990.

O’CoNNoR, W. T., DRzw, K. L. AND UNGERSTEDT, U.: Difference in dopamine

release and metabolism in rat striatal subregions following acute clozapine
using in vivo microdialysis. Neurosci. Lett. 98: 211-216, 1989.

RACAGNI, G., CHENEY, D. L., TRABUCCHI, M. AND COSTA, E.: In vivo actions of
clozapine and haloperidol on the turnover rate of acetylcholine in rat striatum.
J. PharmacoL Ezp. Ther. 196: 323-332, 1976.

RAITERI, M., MARCH!, M. AND MAURA, G.: Presynaptic muscarinic receptor
increase striatal dopamine release evokedby quasi-physiological depolarization.

Eur. J. Pharmacol. 82: 127-129, 1982.

RAITERI, M., MARCHI, M. AND PAUDICE, P.: Presynaptic muscarinic receptors m
the central nervous system. N. Y. Acad. Sci. 604, 113-129, 1990.

RIVEST, R., JOLIcOEUR, F. B. AND MARSDEN, C. A.: Use of amfoneic acid to
discriminate between classical and atypical neuroleptics and neurotensin: An
in vivo voltammetric study. Brain Boa. 544: 86-93, 1991.

RIVEST, R. AND MARSDEN, C. A.: Muscarinic antagonists attenuate the increase

in accuinbens and striatuin dopamine metabolism but not by haloperidol. Br.
J. Pharmacol. 104, 234-238, 1991.

RIVEST, R. AND MARSDEN, C. A.: Muscarinic antagonists attenuate neurotensin-
stimulated accumbena and striatal dopaniine metabolism. Neuroscience 47:
341-349, 1992.

SAicuii�.i, Y., TAKANO, Y., K0HIJM0’ro, Y., HONDA, K. AND KAMIYA, H.:
Enhancement of [‘H]dopamine release and its [‘Himetabolites in rat striatuni
by nicotinic drugs. Brain Has. 242: 99-106, 1982.

SAYERS, A. C. AND BUmu, H. R.: Antiacetylcholine activates of psychoactive
drugs: A comparison of the [‘H]quinucidinyl benzilate binding assay with
conventional methods. J. Pharm. PharmacoL 28: 252-253, 1976.

SAYERS, A. C., BORicI, H. R., RUCH, W. AND Aspan, H.: Anticholinergic prop-
erties on antipsychotic drugs and their relation to extrapyramidal side effects.
Psychopharmacology 51: 15-22, 1976.

SETHY, V. H. AND VAN W0ERT, M. H.: Regulation of striatal acetylcholine
concentration by dopatnine receptors. Nature 251: 529-530, 1974.

STADLER, H., LLOYD, K. G. AND BAwrH0LINI, G.: Dopaminergic inhibition of
striatal cholinergic neurons: Synergistic blocking action of ganiina-butyrolac-
tone and neuroleptic drugs. Naunyn-Schmiedeberg’s Arch. Pharmacol. 283:
129-134, 1974.

STADLER, H., LLOYD, K. G., GADEA-CIRIA, J. AND BARTH0LINI, G.: Enhanced
striatal acetyicholine release by chlorpromazine and its reversal by apomor-
phine. Brain P.es. 55: 476-480, 1973.

STAluca, J., REIMANN, W., ZUMSTEIN, A. AND HERTTING, G.: Effect of dopamine



1994 Scopol.mins Effect on DA Efflux 1461

receptor agonists and antagonists on release of dopaxnine from rabbit caudate
nucleus in vitro. Naunyn-Schmisdaberg�s Arch. PharmaCOL 305: 27-36, 197&

STOOF, J. C., DE Boast, T. H., S�ixi�, P. AND Muwzn, A. H.: Stimulation of

Ds-dcpamine receptors in rat neostriatum inhibits the release of acetyicholine

and dopainine but does not affect the release of gamina-aminobutyric acid,
glutamate or serotonin. Eur. J. PhsXm&COI. 84: 221-214, 1982.

STOOP, J. C., RussciszN, F. T., Vznununnr�, P. F. H. M. AND H000LAND, P.
V. J. M.: A comparative study of the dopamin.-acetylcholine interaction in
telencsphalicstructuresofthe rat andofa reptile, the lizard Gekkogecko. Brain
Has. 404:273-281,1987.

Toiwa, K. AND ARINA, T.: Effect of cholinergic drugs on extracellular levels of
acetylcholine and choline in rat cortex, hippocampus and striatum studied by
brain dialysis. Eur. J. PharmacoL 173: 133-141, 1989.

WzDzosrv, K., Liunnnozn, N., SPATH, L., WIcHu*N, T. AND ST�iucz, K.:
Acetylcholine release in rat nucleus accumbens is regulated through dopamine
D-2 receptors. Naunyn-Schmie�berg�s Arch. PharmaCOL 338: 250-255, 1988.

WI8TFALL, T. C.: Effect ofmuscarinic agonists on the release of norepinephrine
and ‘H-dopamine by potassium end electrical stimulation from rat slices. Life
Sd. 14: 1641-1652, 1974a

WasTrALL, T. C.: Effect of nicotine and other drugs on the release of �H-

norepinephrine and �H-dopamine from rat brain slices. Neuropharniacology

13: 693-700, 1974b.
Xu, M., MIZOK, F., YAM�aoTo, T. AND KATO, T.: Differential effects of M1-

andM�-muacarinicdrugsonstriataldopeminereleaseandmetsbolismin freely-

moving rata� Brain Res� 495: 292-242, 1989.

ZE’I’I’ERSTROM, T., SH*np, T. AND UNogRsTzryr, U.: Effect of neuroleptic drugs
on striatal dopamine release and metabolism in the awake rat studied by

intracerebral dialysis. Eur. J. PhOrISOCOL 106: 27-37, 1985.

ZHANG, W. Q., TLLSON, H. A.. STACHOWIAK, M. K. AND HONG, J. S.: Repeated

haloperidol administration changes basal release of striatal dopamine and
subsequent response to haloperidol challenge. Brain Re.. 484: 389-392, 1989.

Sendreprint requeststo: HerbertY. Meltzer, M�D., DouglasD. Bond Professor
of Psychiatry, Department of Psychiatry, University Hospitals of Cleveland,
Hamia Pavilion, Room B-68, 2040 Abington Road, Cleveland, OH 44106-5600.




