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Abstract Rationale: Haloperidol is a representative of
typical antipsychotics that are still in clinical use and which
can lead to abnormal motor activity following repeated
administration. The mechanisms underlying antipsychotic-
induced dyskinesias are not well understood but are widely
held to be related to excessive loss of dopamine function.
In several models of dopamine hypofunction, serotonin
5-HT2C receptors have been shown to mediate vacuous
chewing movements (VCM), a form of abnormal motor
activity. It is well established that repeated haloperidol
administration also elicits VCM, but there is no information
on how repeated haloperidol administration affects 5-HT2C

receptor signaling. Objectives: In the present study, we
tested the hypothesis that repeated daily administration of
haloperidol leads to enhanced serotonin 5-HT2C receptor
signaling that is associated with increased 5-HT2C-me-
diated VCM. Methods: Rats were treated by subcutaneous
injection once daily for 21 days with either vehicle, a low
dose of haloperidol (0.1 mg kg−1 day−1), or a high dose of
haloperidol (1.0 mg kg−1 day−1). Following 1-day with-
drawal, rats were either used for behavioral scoring of VCM
or sacrificed for biochemical assessment of 5-HT2 receptor-
mediated phospholipase C activity and radioligand binding.
VCM were scored following two successive “drug” chal-
lenges. The first challenge was an injection of vehicle (0.9%
saline), and the second challenge was an injection of the

5-HT2C agonist meta-chlorophenylpiperazine (1.0 mg/kg).
In this manner, a measure of “spontaneous” and “5-HT2C-
elicited” orofacial activity could be made while minimiz-
ing animal use. Results: Following 21-day haloperidol
treatment at either dose, there was an increase in expres-
sion of meta-chlorophenylpiperazine-induced VCM. In a
separate experiment, meta-chlorophenylpiperazine-induced
VCM were shown to be mediated through 5-HT2C re-
ceptors. Striatal 5-HT2C receptor-mediated phospholipase
C (PLC) activity and high-affinity agonist-labeled 5-HT2C

receptors were also increased following either dose of
haloperidol as compared to vehicle treatment. GTP-stimu-
lated PLC activity and striatal Gq proteins were unchanged
by haloperidol suggesting that enhanced signaling could
be accounted for by alterations at the level of the receptor
and not at downstream mechanisms. Conclusions: Re-
peated daily administration of haloperidol leads to an
adaptive increase in 5-HT2C signaling which may contrib-
ute to abnormal motor function associated with antipsy-
chotic use.
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Introduction

Antipsychotic drugs have found widespread use not only
for psychosis, but in the treatment of agitation and affective
disorders among adult, pediatric, and elderly patient popu-
lations as well (Cooper et al. 2004; Kasckow et al. 2004;
Masan 2004; McIntyre et al. 2004; Tariot et al. 2004;
Worrel et al. 2000). Typical antipsychotics such as halo-
peridol have a propensity to cause early onset motor side
effects such as dyskinesias, dystonia, parkinsonism (often
referred to as extrapyramidal side effects or EPS), and late-
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emerging tardive dyskinesias (Janno et al. 2004; Kane
2004; Muscettola et al. 1999; Tarsy et al. 2002). Despite the
advent of newer antipsychotic drugs with reduced liability
to inducing EPS, such side effects remain a clinical con-
cern, especially in vulnerable patient populations such as
the elderly. Considerable effort has been devoted to under-
standing the mechanisms that contribute to EPS.

There are numerous reports demonstrating that a variety
of haloperidol treatment paradigms induce vacuous chew-
ing movements (VCM) in rats (Rupniak et al. 1985;
Marchese et al. 2004a; Turrone et al. 2003b; Egan et al.
1996; Steinpreis et al. 1993; Waddington 1990). The emer-
gence of VCM within days to weeks of initiating haloper-
idol treatment has been referred to as “early onset” VCM
and appears to be associated with mechanisms related to
EPS (Egan et al. 1996; Steinpreis et al. 1993; Marchese et al.
2004a). Late-emerging VCM that are associated with weeks
to months of treatment can persist for months after drug is
withdrawn and have been taken to model tardive dyskine-
sias (Egan et al. 1995, 1996; Waddington 1990). The pre-
cise mechanisms underlying early-onset or late-emerging
VCM are still unclear. However, a primary mechanism of
action of all antipsychotic drugs is the attenuation of the
actions of dopamine (DA) at the D2 receptor and haloper-
idol exhibits high-potency D2 blockade (Wadenberg et al.
2001). Since DA is also intimately involved in control of
motor function, it is widely considered that the repeated
blockade of D2 receptors caused by drugs such as halo-
peridol is a critical factor in causing motor side effects such
as VCM. In support of this argument, it has been shown that
DA hypofunction caused by selective destruction of DA
neurons increases the sensitivity of rats to exhibiting VCM
when challenged with dopaminergic drugs (Gong et al.
1992). Interestingly, DA neuronal loss also increases the
sensitivity of rats to exhibiting VCM elicited by meta-
chlorophenylpiperazine, a serotonin 5-hydroxytryptamine
(5-HT) agonist with 5-HT2C-stimulating properties (De
Deurwaerdere and Chesselet 2000; Gong and Kostrzewa
1992; Gong et al. 1993).

Clinical and preclinical observations also support a role
for 5-HT in mediating motor side effects of antipsychotic
drugs. Specifically, newer generation “atypical” antipsy-
chotics that possess high-potency 5-HT2 receptor antag-
onist properties in addition to D2 antagonist properties
are observed to have a lower propensity for eliciting EPS
(Worrel et al. 2000; Tamminga 2003). Thus, enhanced ac-
tivity at 5-HT2 receptors is believed to contribute to EPS
caused by antipsychotics like haloperidol (Stockmeier et al.
1993; Meltzer et al. 1989; Kapur 1996; Casey 2004). Ac-
cordingly, one study using VCM in rats to model EPS has
demonstrated that the 5-HT2A/2C antagonist ritanserin can
ameliorate haloperidol-induced dyskinesia (Marchese et al.
2004b). Despite these data, surprisingly, little is known
about how antipsychotic drugs actually affect 5-HT2 recep-
tor signaling.

In the brain, the predominant 5-HT2 receptor subtypes
are the 5-HT2A and 5-HT2C receptor. Both subtypes are
positively coupled to phosphoinositide-specific phospho-
lipase C (PLC) through members of the Gq alpha subunit

family of G proteins (Sanders-Bush et al. 1990; Hartig et al.
1990; Wolf and Schutz 1997). While there has been much
focus on a role for 5-HT2A antagonism in mediating the
reduced EPS liability of atypical antipsychotics (Leysen
et al. 1994; Meltzer et al. 1989), atypical antipsychotics that
exhibit high affinity at the 5-HT2A receptor also possess
high affinity at the 5-HT2C receptor where they have been
shown to act as inverse agonists (Herrick-Davis et al. 2000).

Our focus has been on understanding the role of 5-HT2C

receptors in control of motor function and in mediat-
ing dyskinetic activity associated with antipsychotic drug
administration. Neuroanatomical, biochemical, and behav-
ioral evidences support such a role for 5-HT2C receptors.
5-HT2C receptors are distributed in basal ganglia regions
such as striatum, substantia nigra pars reticulata (SNr), and
subthalamic nucleus (Eberle-Wang et al. 1997; Clemett et al.
2000). Using an assay for measuring 5-HT2A- and 5-HT2C-
linked PLC activity in membranes of rat brain, we have
previously shown that the 5-HT2C receptor regulates a sub-
stantial fraction of 5-HT-mediated PLC activity in striatum
(Wolf and Schutz 1997). 5-HT2C receptors also appear to
contribute to haloperidol-induced acute catalepsy as well as
VCM (Eberle-Wang et al. 1996; Reavill et al. 1999).

Despite the observations discussed above, there has been
no coordinated study into the effects of haloperidol on 5-
HT2C receptor signaling and its association with abnormal
motor function. The present study was undertaken to de-
termine how repeated haloperidol affects 5-HT2C receptor
function. To accomplish this, 5-HT2C receptor signaling
was assessed biochemically using PLC and radioligand
binding assays in rats that received vehicle or haloperidol
for 21 days. Behavioral assessment of 5-HT2C function was
carried out through observations of 5-HT2C-mediated VCM.

Materials and methods

Materials

3H-Phosphatidylinositol (11 Ci/mmol) and 125I-DOI (2,200
Ci/mmol) were obtained from NEN Research Products
(Boston, MA). Guanosine 5′-O-[3-thiotriphosphate] (GTPγS)
was purchased from Boehringer Mannheim. Unlabeled
phosphatidylinositol, 5-HT, meta-chlorophenylpiperazine
(mCPP), SB 206553, and ketanserin were purchased from
Sigma Chemical Co. (St. Louis, MO). SDZ SER082 was
purchased from Tocris Cookson (St. Louis, MO). All other
buffers and reagents were purchased from Fisher (Itasca,
IL) and were of the highest grade possible.

Animals

Male Sprague–Dawley rats (Harlan Sprague–Dawley, In-
dianapolis, IN) 3–4 months old were used throughout.
Animals were maintained on a 12-h light/dark cycle, and
food and water were available ad libitum. All animal care
and experimentation was carried out in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
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and was approved by the Institutional Animal Care and Use
Committee.

Behavioral assessment of dyskinesias

Vacuous chewing movements were assessed essentially as
described in the literature (Gong et al. 1992; Waddington
1990). Rats were placed individually in empty Plexiglas
cages (25×43 cm) that resembled their home cages and
were allowed to acclimate for 15 min prior to drug injec-
tion. An observer blinded to drug treatment scored behav-
ioral activity by counting vacuous chewing movements.
This activity was defined as small to moderate amplitude
jaw movements resembling chewing behavior, but “not
directed onto any evident physical material” (Waddington
1990). Behavioral assessment began 5 min after drug in-
jection and consisted of four 2-min assessment periods
carried out t=5, 11, 17, and 23 min postinjection. Data are
presented as the sum total of vacuous chewing movements
observed in the four assessment periods. Preliminary data
and published reports indicate that drug effects peak within
10 min and slowly decline thereafter (Gong et al. 1992). All
chronically pretreated animals were scored twice in suc-
cession on the indicated day. The first assessment period
followed an injection of vehicle (0.9% saline), and the
second assessment period followed the challenge injection
of the 5-HT2C agonist mCPP. In this manner, a measure of
“spontaneous” and “5-HT2C-elicited” orofacial activity fol-
lowing pretreatment could be assessed while minimizing
animal use.

Brain dissection

For biochemical analyses, animals were killed by decap-
itation without anesthetic 1 day after cessation of haloper-
idol or vehicle pretreatment. Brains were quickly removed
from the skull and placed ventral side up in a chilled metal
brain block. To obtain striatum, a 3-mm coronal slice ex-
tending rostrally from just anterior to the optic chiasm (ap-
proximately −0.3 mm from bregma) was removed and
placed, rostral side up on a chilled alumina plate. The
striatum was dissected free from adjacent structures (cor-
tex, anterior globus pallidus), and a cut was made to sep-
arate ventral striatum/nucleus accumbens. The remaining
dorsal striatum was frozen on dry ice. Frozen tissue was
weighed at the time of dissection and stored at −80°C until
assayed.

Brain membrane preparation for phospholipase
C assay

Tissue was prepared essentially as described previously
(Wolf and Schutz 1997). Briefly, tissues were homogenized
in 20 vol of 25 mMHEPES–Tris, pH 7.4, containing 1 mM
EGTA (homogenization buffer). Homogenates were cen-
trifuged at 20,000×g for 10 min at 4°C, and the pellet was

washed by resuspension and centrifugation four times.
Membranes was then washed once more using 25 mM
HEPES–Tris, pH 7.4, containing 3 mM EGTA and 10 mM
LiCl, and pellets were frozen and stored at −80°C until
assayed.

Phospholipase C assay

Phospholipase C activity was assayed essentially as de-
scribed previously (Wolf and Schutz 1997). Briefly, 30 μg
membrane protein was incubated in a total volume of
100 μl. Final assay components were 25 mM HEPES–Tris,
pH 7.4, 3 mM EGTA, 6 mM MgCl2, 1 mM sodium de-
oxycholate, and 100 μM 3H-phosphatidylinositol (3H-PI;
104 dpm/nmol final specific activity). GTPγS (a nonhy-
drolyzable analogue of GTP; 1 μM), Ca2+ (300 nM free
Ca2+), and drugs were present where indicated. When
spiperone was used to occlude 5-HT2A sites, tissue was
preincubated with spiperone in assay buffer for 15 min on
ice prior to adding Ca2+, GTPγS, 5-HT, and 3H-phospha-
tidylinositol. The final concentration of spiperone in the
assay was 100 nM. Incubations were carried out for 20 min
at 37°C and terminated by adding 0.9 ml of chloroform/
methanol (1:2). Next, 0.3 ml chloroform and 0.3 ml of
0.25 M HCl were added, and tubes were mixed vigorously
for 90 s. Tubes were then centrifuged at 8,000×g for 2 min
to separate the phases. A 0.5-ml aliquot of the aqueous
(upper) phase [containing the product, 3H-inositol phos-
phate (3H-IP)] was mixed with 8 ml of scintillation me-
dium, and the sample was counted by liquid scintillation
spectrometry. All assays were performed in duplicate.
Blank values, obtained by counting extracts from incuba-
tions carried out in the absence of tissue, were 5–10% of
total counts and were subtracted from raw data. Incubations
carried out with tissue, but in an ice-water bath, were
identical to blank values (data not shown). PLC activity
was normalized to protein content.

5-HT2C radioligand binding

Tissue was homogenized and washed as described for PLC
assays (see above). Quantitation of the high-affinity (i.e.,
coupled) state of the 5-HT2C receptor was carried out using
125I-DOI by incubating approximately 100 μg membrane
protein in a final incubation volume of 250 μl consisting of
50 mM HEPES–Tris, pH 7.4, 5 mM MgCl2, and routinely
0.3 nM 125I-DOI. Incubations were stopped after 45 min at
30°C by rapid filtration over glass fiber filters (Whatman
GF/B) soaked in 0.3% polyethyleneimine followed by two
4-ml washes with ice-cold buffer. Filters were placed in
vials and were counted on a gamma counter. Assays were
conducted in triplicate. To allow for selective labeling of
5-HT2C sites by 125I-DOI, it was necessary to occlude 5-
HT2A sites, which outnumber 5-HT2C sites in rat striatum
approximately three- or fourfold (Wolf and Schutz 1997),
with the 5-HT2A antagonist MDL 100907 (30 nM). This
concentration of MDL 100907 was chosen based on initial
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competition studies using striatal tissue from drug-naive
rats. MDL 100907 inhibited approximately 80% of specific
125I-DOI binding monophasically with a calculated Ki of
0.39±0.04 nM (n=4). These data are consistent with pre-
vious reports on the affinity and selectivity of MDL 100907
and the preponderance of 5-HT2A sites over 5-HT2C sites in
rat striatum (Johnson et al. 1996; Lopez-Gimenez et al.
1998; Wolf and Schutz 1997). The 5-HT2C antagonist SB
206553 (300 nM) was used to define nonspecific binding.
At 0.3 nM, 125I-DOI specific binding represented approxi-
mately 65% of total binding. Binding data were normalized
to protein content.

Immunoblotting for Gq protein

An aliquot of the initial homogenate used for PLC assays
was immediately mixed 1:1 with gel buffer (25 mM
HEPES–Tris, pH 7.4 at 25°C, containing 1 mM EGTA,
1 mM EDTA, and 100 μM PMSF). This mixture was
centrifuged for 8 min at 15,000×g, and the pellets were
resuspended in fresh gel buffer. A small aliquot of sus-
pension was assayed for membrane protein as described
below. Membrane suspensions were then solubilized at a
concentration of 2 mg/ml in NuPage LDS sample buffer
with reducing agent (Invitrogen, Carlsbad, CA) and heated
for 10 min at 70°C. An aliquot of 10 μg protein/lane was
loaded onto 4–12% Bis–Tris Novex gels (1 mm thick;
Invitrogen) and electrophoresed in a MES buffer system.
Proteins were electrophoretically transferred to 0.45 μm
PVDF membranes using NuPage transfer buffer (Invitro-
gen). Membranes were blocked for 90 min at room tem-
perature in blocking buffer (25 mM Tris–HCl, pH 7.5,
containing 140 mM NaCl, 0.1% Tween 20, 5% nonfat dry
milk, and 1% Hammerstein casein). Following a brief wash
in TTBS (25 mM Tris–HCl, pH 7.5, containing 140 mM
NaCl and 0.1% Tween 20), membranes were incubated
overnight at 4°C in blocking buffer containing primary
antibody (rabbit anti-Gq/11, Cat. no. sc-392, Santa Cruz
Biotechnology, Santa Cruz, CA, 0.1 μg/ml). Following
four 10-min washes in TTBS, membranes were incubated
in blocking buffer containing secondary antibody (alkaline
phosphatase-conjugated goat antirabbit, Cat. no. s373B,
Promega Corp., Milwaukee, WI, 1:12,000 dilution) for 1 h
at room temperature. Following four 10-min washes in
TTBS, membranes were incubated in ImmunStar chemi-
luminescence substrate (BioRad, Hercules, CA) for 5 min
and then exposed to Kodak film (BioMax ML, Kodak,
Rochester, NY).

Films were scanned and analyzed densitometrically us-
ing Un-SCAN-IT v5.1 digitizing software (Silk Scientific,
Orem, UT). On each gel, three samples of control (i.e.,
vehicle pretreatment) and three of each experimental group
(0.1 and 1 mg kg−1 day−1 haloperidol) were randomly rep-
resented. Each sample was run on two independent gels. To
account for intergel variability, a reference value for each
gel was obtained by averaging the mean optical density of
the three control samples on that gel. The optical density in
each individual lane of a given gel was divided by the

reference value of that gel to determine the relative amount
of Gq for each sample. The data are expressed as “% of
control” and represent the average of the two replicates for
each animal.

Protein determination and data analysis

Membrane protein was determined by the method of
Bradford (1976) using gamma globulin as standard. Behav-
ioral data were analyzed by two-way ANOVA as indicated
in the text. Following a significant interaction effect, post
hoc comparisons were made using Student–Newman–
Keuls test for comparison among individual groups, as
indicated in the text. Biochemical data were analyzed by
one-way ANOVA (for more than two groups) or Student’s
t-test. Post hoc comparisons among individual groups were
carried out using Student–Newman–Keuls test.

Results

Pharmacological analysis of mCPP-elicited
vacuous chewing movements

To establish that the orofacial activity elicited by mCPP
drug challenge was mediated by 5-HT2C receptors, an acute
pharmacological antagonism study was carried out. Ani-
mals that had not received any chronic drug pretreatment
were used. Figure 1 depicts the results obtained when ani-

Fig. 1 meta-Chlorophenylpiperazine (mCPP)-induced VCM are
mediated by 5-HT2C receptors. Drug-naive rats received an acute
administration of either vehicle (VEH, 1 ml/kg s.c.), the 5-HT2C-
selective antagonists SB 206553 (2 mg/kg s.c.) or SDZ SER082
(1 mg/kg, s.c.), or the 5-HT2A-selective antagonist ketanserin (KET,
1 mg/kg s.c.). Fifteen minutes later, animals were acutely challenged
with an injection of either vehicle or mCPP (1 mg/kg, s.c.) and were
scored for VCM as described in Materials and methods. Data rep-
resent the mean±SEM of six animals per group and were analyzed by
two-way ANOVA to assess antagonist×challenge interactions. Post
hoc comparisons were made using Student–Newman–Keuls to de-
termine individual group differences. *Significantly different from
VEH+mCPP, P<0.001
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mals were challenged with either vehicle (0.9% saline) or
mCPP (1 mg/kg) 15 min after receiving either vehicle, the
5-HT2C-selective antagonists SB 206553 (2 mg/kg; Forbes
et al. 1995) or SDZ SER082 (1 mg/kg; Nozulak et al. 1995),
or the 5-HT2A-selective antagonist ketanserin (1 mg/kg).
Acute challenge with mCPP in vehicle-pretreated rats
(“VEH+mCPP”) produced a fivefold increase in vacuous
chewing movements (VCM) during the 25-min observation
period as compared to vehicle challenge in vehicle-pre-
treated rats (“VEH+VEH”). The statistical analysis (two-
way ANOVA) indicated that there was a significant effect
of drug challenge (F1,40=166.45, P<0.001), pretreatment
(F3,40=28.29, P<0.001), and pretreatment×challenge inter-
action (F3,40=18.34, P<0.001). Post hoc comparisons with
Student–Newman–Keuls established that no significant
differences in VCM existed among pretreatment groups
receiving subsequent vehicle challenge. In contrast, VCM
elicited by mCPP challenge were significantly attenuated
by SB 206553 pretreatment (P<0.001) and SDZ SER082
pretreatment (P<0.001), but not by ketanserin pretreatment
(P=0.369), when compared to vehicle-pretreated animals
receiving mCPP challenge.

Effect of 21-day treatment with haloperidol on
“spontaneous” and mCPP-elicited vacuous chewing

Animals receiving vehicle or haloperidol pretreatment, at
either 0.1 mg kg−1 day−1 (“low dose”) or 1.0 mg kg−1 day−1

(“high dose”), were challenged 1 day after withdrawal with
either vehicle or mCPP (1 mg/kg). These results are shown
in Fig. 2. The statistical analysis (two-way ANOVA) es-
tablished a significant effect of pretreatment (F2,45=54.48,
P<0.001), drug challenge (F1,45=437.94, P<0.001), and
pretreatment×challenge interaction (F2,45=19.30, P<0.001).
Post hoc comparisons with Student–Newman–Keuls estab-
lished that rats that received high-dose haloperidol once
daily for 21 days exhibited a small twofold increase in
“spontaneous” VCM (i.e., VCM elicited by saline challenge
on day 22) that was significantly greater than “spontaneous”
VCM in vehicle-pretreated or low-dose haloperidol-pre-
treated animals (Fig. 2; P<0.05). In contrast, 21-day pre-
treatment with either dose of haloperidol significantly
increased mCPP-elicited VCM as compared to 21-day ve-
hicle pretreatment (Fig. 2; P<0.05). Post hoc comparison
further established that mCPP-elicited VCM were sig-
nificantly higher in rats pretreated with high-dose haloper-
idol as compared to low-dose haloperidol (P<0.05).

Effect of 21-day haloperidol treatment on
5-HT-mediated phospholipase C activity in rat striatum

The striatum has been implicated in mediating mCPP-
elicited VCM (Plech et al. 1995). In order to determine
whether repeated haloperidol altered 5-HT2C receptor-
mediated signal transduction in the striatum, phospholipase
C activity assays were carried out. Figure 3a demonstrates

that G-protein-activated phospholipase C activity was un-
changed by low-dose or high-dose haloperidol treatment as
compared to control. However, 5-HT-stimulated PLC ac-
tivity was significantly greater in striatal tissue from an-
imals receiving either low-dose or high-dose haloperidol as
compared to vehicle-pretreated animals (Fig. 3b). Statis-
tical analysis of the data (one-way ANOVA) indicated a
significant treatment effect (F2,21=10.10, P<0.001). The
elevation in 5-HT-stimulated PLC activity was similar for
both dose regimens of haloperidol.

In a separate experiment, striatal tissue from animals
treated with high-dose haloperidol or vehicle was also run
in assays to specifically assess the contribution of 5-HT2C

receptors to striatal PLC activity. These results are shown
in Fig. 4. In these assays, parallel incubations were carried
out for each tissue sample in which spiperone (100 nM)
was included to occlude 5-HT2A sites as previously de-
scribed (Wolf and Schutz 1997) or vehicle was included to
estimate total (5-HT2C+5-HT2A-mediated activity). Figure 4a
depicts PLC activity obtained in the presence of spiperone
(i.e., 5-HT2C-stimulated activity). Figure 4b depicts 5-HT2A-
stimulated activity as estimated by the difference between
5-HT-stimulated PLC activity in the absence of spiperone
(i.e., total activity) and 5-HT-stimulated PLC activity in
the presence of spiperone (i.e., 5-HT2C-stimulated). Under
these conditions, 5-HT2C-mediated PLC activity was sig-
nificantly higher in striatal tissue from haloperidol-pre-
treated animals as compared to vehicle-pretreated animals
(t-test, t=−2.53, P<0.05), but 5-HT2A-mediated activity was
not different between the two groups.

Fig. 2 Repeated haloperidol (21 days) increases “spontaneous” (i.e.,
saline-induced) and mCPP-induced VCM. Rats were administered
vehicle (saline 1 ml kg−1 day−1) or haloperidol once daily s.c. for 21
days at a dose of either 0.1 or 1.0 mg kg−1 day−1. One day following
the last haloperidol administration, rats were given an initial chal-
lenge with saline and scored for VCM (SALINE). Following this test,
rats received a second challenge with mCPP (1.0 mg/kg s.c.) and
were scored again for VCM (mCPP). Data represent the mean±SEM
of eight animals per group and were analyzed for pretreatment×
challenge interaction by two-way ANOVA followed by post hoc
comparisons with Student–Newman–Keuls. *Significantly different
from vehicle-pretreated group, P<0.05; #significantly different from
0.1 mg/kg haloperidol, P<0.05
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Effect of 21-day haloperidol treatment on
agonist-labeled 5-HT2C receptors in striatum

The radiolabeled, nonselective 5-HT2A/2C agonist 125I-DOI
was used to assess 5-HT2C receptor sites. Appropriate con-
ditions for selectively labeling 5-HT2C sites were estab-
lished (see Materials and methods), and binding studies
were conducted in tissues from haloperidol- or vehicle-
treated animals. These results are depicted in Fig. 5. A
significant treatment effect was found (one-way ANOVA,
F2,21=5.11, P<0.05), and post hoc comparison established
that 21-day pretreatment with either dose of haloperidol led

to a similar, significant increase in agonist-labeled 5-HT2C

sites as compared to vehicle pretreatment (P<0.05).

Effects of 21-day haloperidol treatment on
membrane-associated Gq levels in striatum

Immunoblotting of striatal membranes was carried out to
determine whether an increase in Gq/11 levels was as-
sociated with the up-regulation in high-affinity agonist
receptor sites. The effects of haloperidol on membrane-
associated Gq levels can be seen in Fig. 6. Neither dose of

Fig. 3 Repeated haloperidol (21 days) increases 5-HT-stimulated
phospholipase C activity in rat striatum. Rats were administered
vehicle (saline 1 ml kg−1 day−1) or haloperidol once daily s.c. for 21
days at a dose of either 0.1 or 1.0 mg kg−1 day−1. One day following
the last haloperidol administration, rats were sacrificed and striatal
tissue was dissected and frozen for PLC assay as described in
Materials and methods. a GTP-stimulated activity, which is repre-
sented by PLC activity in the presence of 300 nM free Ca2+ plus

1 μMGTPγS (i.e., without 5-HT); b 5-HT-stimulated activity, which
is represented by PLC activity in the presence of 300 nM free Ca2+,
1 μM GTPγS, and 300 nM 5-HT. Data for each parameter were
analyzed by one-way ANOVA followed by post hoc comparisons
with Student–Newman–Keuls and represent the mean±SEM of eight
animals per group. *Significantly different from vehicle-pretreated
group, P<0.05

Fig. 4 Repeated haloperidol (21 days) increases 5-HT2C-mediated
phospholipase C activity in rat striatum. Rats were administered with
vehicle (saline 1 ml kg−1 day−1) or 1 mg/kg haloperidol once daily
s.c. for 21 days. One day following the last haloperidol administra-
tion, rats were sacrificed and striatal tissue was dissected and frozen
for PLC assay as described in Materials and methods. For each tissue,
parallel assays were carried out (each in duplicate) in which either
100 nM spiperone was added to occlude 5-HT2A sites or vehicle was
added to determine “total” 5-HT-stimulated PLC activity. a 5-HT2C-

stimulated activity, which is represented by PLC activity in the
presence of 300 nM free Ca2+, 1 μM GTPγS, 300 nM 5-HT, and
100 nM spiperone; b 5-HT2A-stimulated activity, which is repre-
sented by the difference in PLC activity obtained in assays in the
absence of spiperone (5-HT2A+5-HT2C-stimulated activity) and PLC
activity obtained in assays in the presence of spiperone (5-HT2C-
stimulated activity). Data for each parameter were analyzed by
Student’s t-test and represent the mean±SEM of six animals per group.
*Significantly different from vehicle-pretreated group, P<0.05
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haloperidol led to a measurable change in membrane-as-
sociated Gq levels in striatum.

Discussion

In the present study, 21 days of once-daily haloperidol
administration at 0.1 mg kg−1 day−1 (“low dose”) or 1.0 mg
kg−1 day−1 (“high dose”) increased 5-HT2C receptor sig-
naling in striatum and enhanced 5-HT2C-mediated vacuous
chewing movements (VCM) when tested at 1 day of with-
drawal. We focused on VCM elicited by a challenge in-
jection of the 5-HT2C agonist meta-chlorophenylpiperazine
(mCPP) in order to probe how subchronic haloperidol
specifically affects 5-HT2C mechanisms involved in dys-
kinetic activity. We confirmed the involvement of 5-HT2C

receptors in mediating mCPP-elicited VCM by demon-
strating that 5-HT2C-selective antagonists, but not the

5-HT2A-selective antagonist ketanserin, blocked the ability
of mCPP to elicit VCM in otherwise drug-naive (i.e., non-
pretreated) rats (Fig. 1). In addition, we used a dose of
mCPP (1 mg/kg) that is submaximal for eliciting VCM
(Gong et al. 1993) to improve our chances of detecting a
change in the sensitivity of 5-HT2C mechanisms related to
motor dyskinesias.

It is noteworthy that both the low-dose and high-dose
haloperidol pretreatment regimen predisposed animals to
exhibit significantly more VCM when challenged with
mCPP, but only high-dose haloperidol enhanced VCM seen
following saline challenge (i.e., “spontaneous” dyskine-
sias; Fig. 2). The significance of this observation as it
relates to the issue of whether VCM model early onset
extrapyramidal side effects (EPS) or tardive dyskinesia is
discussed later. Nevertheless, the observation that haloper-
idol pretreatment increased mCPP-elicited VCM parallels
the finding of increased mCPP-mediated VCM in animals
which received selective DA neuronal lesions using 6-
hydroxydopamine (De Deurwaerdere and Chesselet 2000;
Gong and Kostrzewa 1992; Gong et al. 1993). This would
suggest that blockade or reduction of DA function leads to
an adaptive increase in 5-HT2C mechanisms related to
dyskinesias. Future studies comparing different D2 antag-
onists would be a useful extension of this work to rule out
the possibility of involvement of other pharmacological
properties of haloperidol.

In order to biochemically assess 5-HT2C-related signal-
ing, we assayed 5-HT-stimulated PLC activity and high-
affinity agonist binding to 5-HT2C receptors. We analyzed
striatal tissue because previous work has shown that intra-
striatal injection of mCPP elicits VCM, and that intra-
striatal injection of the 5-HT2A/2C antagonist mianserin
blocks VCM elicited by systemic mCPP (Plech et al.
1995). Both low-dose and high-dose haloperidol pretreat-
ment for 21 days significantly increased striatal 5-HT-
stimulated PLC activity (Fig. 3b), which is consistent with
the behavioral evidence of enhanced 5-HT2C sensitivity. In
these assays, we utilized 300 nM 5-HT to stimulate PLC
because our previous work has shown that this concentra-
tion elicits predominantly 5-HT2C receptor-associated PLC
activity, although 5-HT2A receptor-mediated activity is evi-
dent to a small degree (Wolf and Schutz 1997). We chose
this procedure to minimize tissue use and enable us to carry
out radioligand binding studies and PLC assays in the same
tissue sample. Nevertheless, we carried out an additional
experiment in which residual 5-HT2A-mediated PLC activ-
ity was blocked by inclusion of spiperone in the biochem-
ical assays so that 5-HT2C-mediated PLC activity could be
specifically assessed. This method has been previously
established in our lab (Wolf and Schutz 1997). Consistent
with the findings represented in Fig. 3b, we observed that
the 5-HT2C component of PLC activity was significantly
increased by haloperidol pretreatment, whereas the 5-HT2A

component was apparently unchanged (Fig. 4). It should be
noted from our previous study that striatal 5-HT2A-
mediated PLC activity is best assayed at a higher concen-
tration of 5-HT (Wolf and Schutz 1997). Thus, from the
present PLC data, we cannot draw any substantive con-

Fig. 6 Repeated haloperidol (21 days) does not alter membrane-
associated Gq levels in rat striatum. Rats were administered with
vehicle (saline 1 ml kg−1 day−1) or haloperidol once daily s.c. for 21
days at a dose of either 0.1 or 1.0 mg kg−1 day−1. One day following
the last haloperidol administration, rats were sacrificed and striatal
tissue was dissected and frozen for immunoblotting as described in
Materials and methods. Data were analyzed by one-way ANOVA
and represent the mean±SEM of eight animals per group

Fig. 5 Repeated haloperidol (21 days) increases high affinity
agonist-labeled 5-HT2C receptors in rat striatum. Rats were admin-
istered with vehicle (saline 1 ml kg−1 day−1) or haloperidol once daily
s.c. for 21 days at a dose of either 0.1 or 1.0 mg kg−1 day−1. One day
following the last haloperidol administration, rats were sacrificed and
striatal tissue was dissected and frozen for radioligand binding using
125I-DOI as described in Materials and methods. Data represent the
mean±SEM of eight animals per group and were analyzed by one-
way ANOVA followed by post hoc comparisons with Student–
Newman–Keuls. *Significantly different from vehicle pretreatment,
P<0.05
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clusions regarding the effects of haloperidol on 5-HT2A-
mediated signaling. We did not pursue the question of
5-HT2A-mediated PLC activity due to a limitation of tissue
availability and because the focus of the present study was
5-HT2C signaling and 5-HT2C-mediated dyskinesias. Given
the long-standing proposal that blockade of 5-HT2A recep-
tors contributes to the reduced incidence of EPS seen with
newer “atypical” antipsychotics (Meltzer et al. 1989; Casey
2004), it would be valuable to carry out additional exper-
iments that focus on5-HT2A-mediated signaling and5-HT2A-
mediated motor activity following antipsychotic treatment.

It is generally acknowledged that G-protein-coupled
receptors exist in a state associated with or “coupled” to G
proteins as well as an uncoupled state (Kenakin 2004).
Coupled 5-HT2A and 5-HT2C receptors exhibit high-af-
finity binding to radiolabeled agonists (Glennon et al.
1988; Lyon et al. 1987; Battaglia et al. 1984; Branchek
et al. 1990; Teitler et al. 1990). In order to determine
whether the increase in 5-HT2C-mediated signaling was due
to an increase in receptors coupled to G proteins, radioli-
gand binding studies were conducted using the nonselective
5-HT2A/2C agonist, 125I-DOI, to label the high-affinity, G-
protein-coupled state of the receptor. Using the appro-
priate conditions for selective labeling (see Materials and
methods), we observed an increase in 125I-DOI binding to
5-HT2C sites in rat striatum following either the low-dose
or high-dose haloperidol regimen (Fig. 5). These obser-
vations parallel the PLC data and suggest increased cou-
pling of 5-HT2C receptors to G proteins as a mechanism
underlying haloperidol-induced increases in 5-HT2C sig-
naling. Interestingly, we did not observe a change in
GTPγS-stimulated PLC activity or membrane-associated
Gq levels following either dose of haloperidol, suggesting
that Gq-related mechanisms remained largely unchanged
by haloperidol. Thus, the haloperidol-induced increase in
5-HT-stimulated PLC activity appears to be a phenome-
non relatively specific to 5-HT2 receptors and not a con-
sequence of changes downstream of receptor–G-protein
coupling. Downstream changes would have raised the
possibility of altered transmission through nonserotoner-
gic Gq-coupled receptor systems, although the present
data do not rule this possibility out. It remains to be de-
termined if the increased coupling of 5-HT2C receptors
is the result of an increase in receptor synthesis, a de-
crease in degradation, or the result of posttranslational
modifications (e.g., phosphorylation) leading to altered
coupling or receptor trafficking.

The concordance of biochemical data and mCPP-in-
duced VCM suggests that striatal 5-HT2C receptors play a
role in mediating abnormal motor activity following typ-
ical antipsychotics such as haloperidol. Since VCM have
been widely used to model antipsychotic-induced tardive
dyskinesia as well as early onset extrapyramidal side
effects (EPS), it is important to consider what the present
behavioral data are modeling. Based on several lines of
evidence, we propose that the haloperidol-induced increase
in 5-HT2C receptor function represents a mechanism more
closely associated with EPS. Antipsychotic treatment last-
ing no more than 3–4 weeks has been shown to elicit a

dose-related increase in spontaneous “early onset” VCM
that rapidly subside (within hours or days) upon antipsychot-
ic withdrawal, a property characteristic of EPS (Marchese
et al. 2002, 2004a). “Early onset” VCM elicited by sub-
chronic antipsychotic treatment are inhibited by anticho-
linergic antimuscarinic agents (Egan et al. 1996; Rupniak
et al. 1985, 1986; Steinpreis et al. 1993; Salamone et al.
1998). This pharmacological characteristic is representative
of EPS such as parkinsonism and dystonia in humans
(Holloman and Marder 1997; Tonda and Guthrie 1994). In-
terestingly, VCM elicited by the augmentation of cholin-
ergic activity are ameliorated by mianserin, a 5-HT2A/2C

antagonist, but not by ketanserin, which is a more selective
5-HT2A antagonist (Stewart et al. 1988; Carlson et al.
2003). These observations suggest that a relationship exists
between cholinergic mechanisms associated with EPS, as
modeled by “early onset” VCM, and 5-HT2C receptor
function. 5-HT2C antagonists have also been shown to re-
duce haloperidol-induced catalepsy, a model of acute EPS
(Reavill et al. 1999). Our results, together with these data,
support the hypothesis that augmentation of 5-HT2C re-
ceptor function contributes to acute EPS.

Given the observation that there is an increased prev-
alence of tardive dyskinesia in patients who exhibit EPS, it
is possible that increased 5-HT2C function indirectly con-
tributes to tardive dyskinesia. In fact, measures of spon-
taneous VCM during protracted antipsychotic treatment,
which are used as an index of tardive dyskinesia, have
shown that higher doses of haloperidol elicit a greater
number of spontaneous VCM or an increased prevalence
of spontaneous VCM in drug-treated groups (Waddington
1990; Egan et al. 1995, 1996; Turrone et al. 2002, 2003a).
We observed that only animals receiving high-dose halo-
peridol exhibited a significant increase in “spontaneous”
(i.e., saline-elicited) VCM (Fig. 2). This observation indi-
cates that an increase in 5-HT2C signaling alone is not suf-
ficient for increasing spontaneous VCM seen after higher
dose (and possibly longer treatment) haloperidol, suggest-
ing the possible involvement of additional mechanisms.
Recruitment of additional mechanisms by high-dose halo-
peridol may also account for the dose dependency of
mCPP-elicited VCM in the present study as observed in
Fig. 2.

It has been proposed that the emergence of antipsychot-
ic-induced motor dysfunction in humans and VCM in rats
is a consequence of persistently high in vivo D2 receptor
occupancy (≥80%; Kapur and Seeman 2001; Turrone et al.
2003a,b; Wadenberg et al. 2000). Studies assessing in vivo
D2 occupancy in rats 2 h following acute administration of
haloperidol demonstrate that at either dose of haloperidol
used in the present study (1 or 0.1 mg/kg), in vivo D2

occupancy greater than 80% is achieved (Kapur et al.
2000). However, in vivo D2 occupancy following subcuta-
neous haloperidol at 0.1 mg/kg in rats is relatively tran-
sient, decreasing from 84% at 2 h to 46% at 8 h and 18%
at 24 h (Kapur et al. 2000). Despite this fact, low-dose
haloperidol increased 5-HT2C receptor function to a sim-
ilar extent as high-dose haloperidol in the present study.
Thus, enhanced 5-HT2C function and dyskinetic activity
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can be elicited by relatively transient D2 blockade and do
not require prolonged, continuous high occupancy of the
D2 receptor. These data argue against the suggestion that
reduced EPS seen with atypical antipsychotics is strictly a
consequence of relatively short-acting D2 receptor occu-
pancy (Kapur and Seeman 2001) and argue for the poten-
tial significance of increased 5-HT2C function contributing
to acute EPS.

A variety of atypical antipsychotics with reduced pro-
pensity to elicit EPS exhibit high affinity at 5-HT2C re-
ceptors where they may function as antagonists or inverse
agonists (Herrick-Davis et al. 2000; Wood et al. 2001).
Subchronic administration of clozapine, an atypical anti-
psychotic drug with little or no propensity to induce motor
side effects, elicits a down-regulation of 5-HT2C receptors
and a reduction in 5-HT-stimulated PLC activity in rat
choroid plexus (Kuoppamaki et al. 1993). Functionally,
clozapine acts as an inverse agonist at 5-HT2C receptors in
cell systems (Berg et al. 1999; Herrick-Davis et al. 2000)
and an antagonist in rat choroid plexus (Kuoppamaki et al.
1995). Whatever the mechanism, the ability to ameliorate
an up-regulation in 5-HT2C function may be important for
reducing motor side effects. It would be useful to know
how these drugs compare with haloperidol and typical
antipsychotics in affecting 5-HT2C function in brain re-
gions involved in motor control.

In the basal ganglia, 5-HT2C receptors exist in moderate
density in the subthalamic nucleus, substantia nigra pars
reticulata (SNr), as well as the striatum (Pompeiano et al.
1994; Eberle-Wang et al. 1997; Clemett et al. 2000). In
striatum, 5-HT2C receptor mRNA has been shown to colo-
calize with a variety of peptide-expressing cells intrinsic to
the striatum and may be involved in regulating the outflow
of striatal information (Ward and Dorsa 1996). The present
findings indicate that enhanced striatal 5-HT2C signaling
is associated with dyskinetic motor activity. Accordingly,
Plech et al (1995) have observed that intrastriatal injec-
tion of mCPP elicits VCM and that intrastriatal injection
of the 5-HT2A/2C antagonist mianserin blocks VCM elic-
ited by systemic mCPP. 5-HT2C receptors in other basal
ganglia regions may also play a role. In the subthalamic
nucleus, 5-HT2C receptors are believed to reside on glu-
tamate projection neurons that innervate internal globus
pallidus and the SNr, and local injection of mCPP into
the subthalamic nucleus has been shown to elicit VCM
(Eberle-Wang et al. 1996). Moreover, intrasubthalamic
injection of the 5-HT2C antagonist SDZ SER082 blocks
VCM elicited by systemic mCPP (Eberle-Wang et al.
1996). In the SNr, 5-HT2C receptors appear to reside on
GABAergic neurons (Eberle-Wang et al. 1997). GABA
ergic neurons in this region could serve as interneurons,
providing a mechanism whereby 5-HT2C receptors mediate
inhibition of DA cellular activity in the substantia nigra
pars compacta (Wood et al. 2001). Accordingly, 5-HT2C

antagonists increase striatal extracellular DA as measured
by in vivo microdialysis (De Deurwaerdere et al. 2004;
Di Giovanni et al. 1999). However, GABAergic neurons
in the SNr also project to the thalamus and comprise a

major efferent pathway of the basal ganglia (Wichmann
and DeLong 2003). Thus, the possibility exists that 5-
HT2C receptors directly control basal ganglia efferent
activity. While the present biochemical data support a role
for up-regulated striatal 5-HT2C receptors in mediating hal-
operidol-enhanced dyskinesias, they do not preclude the
involvement of subthalamic or nigral 5-HT2C receptors.

In summary, our observations lend further support to the
concept that an increase in 5-HT2C receptor signaling may
be manifested as dyskinetic activity. Early onset motor
dysfunction remains a complication of antipsychotic drug
use, especially in vulnerable patient populations such as the
elderly and those suffering from neurological disorders.
Understanding the balance between dopaminergic and se-
rotonergic mechanisms that leads to the clinical efficacy
and side-effect profile of therapeutics is important for fu-
ture drug development.
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