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Tardive dyskinesia (TD) is a side effect of long-term administration

of typical neuroleptics such as haloperidol, and is characterized by

excessive and involuntary movements of the face, mouth, tongue

as well as other parts of the body [1]. In contrast, atypical antipsy-

chotic drugs such as clozapine exhibit a reduced risk of TD [2].

However, the neurochemical mechanisms that underlie the differ-

ential effects between typical and atypical antipsychotic drugs on

TD remain unclear [3].

Abnormalities in dopaminergic function, specifically, the super-

sensitivity of dopamine (DA) receptors, have been demonstrated

to involved in the pathophysiology of TD [4]. Behavioral evidence

of dopamine hypersensitivity is convinced in many different ani-

mal models. The up-regulation of D2 dopamine receptors was

thought to be the primary mechanism responsible for the develop-

ment of behavioral sensitivity [4]. Apomorphine (APO), a nonse-

lective D1/D2 agonist, can induce stereotyped behavior and

vacuous chewing movements (VCMs) following chronic treat-

ment with neuroleptics and routinely has been used as an experi-

mental model of TD [5].

Aquaporin-4 (AQP4), a predominant water channel in brain, is

highly expressed in perivascular astrocyte endfeet and plays cru-

cial roles in central nervous system [6]. AQP4 knockout increases

DA synthesis and turnover in various brain regions. Currently,

multiple lines of evidence suggest that AQP4 is involved in anom-

alous dopaminergic neurotransmission-induced diseases, such as

Parkinson’s disease [7], addiction [8] and mood disorders. How-

ever, the implication of AQP4 in TD remains unclear. In the pres-

ent study, AQP4 knockout mice (AQP4�/�) were applied to define

the roles of AQP4 in TD.

Twelve-week-old male AQP4+/+ and AQP4�/� mice were

injected with haloperidol (2 mg/kg i.p.), clozapine (10 mg/kg

i.p.), or saline once a day for 21 days. Locomotor activities were

monitored after the final injections by using ZIL-2 activity meter

(Chinese Academy of Medical Sciences). Mice were placed into

activity monitor chambers (20 cm 9 20 cm) for 10 min, and then

activities were measured at 10-min intervals. Subsequently, mice

received an injection of APO (1 mg/kg, s.c.). Following this injec-

tion, the numbers of activities were recorded for the next 10-min

intervals. As shown in Figure 1, both haloperidol and clozapine

showed a significant inhibitory effect on locomotor activities in

AQP4+/+ and AQP4�/� mice. The typical antipsychotic haloperidol

was much more potent in inhibiting locomotor activity than the

atypical antipsychotic clozapine in both genotypes of mice (Fig-

ure 1A). AQP4 knockout did not influence these behavioral dif-

ferences in locomotor activity. AQP4+/+ mice displayed marked

hyperlocomotion after APO-stimulation. Notably, AQP4 knockout

abolished APO-induced hyperlocomotion following both chronic

neuroleptics and saline treatment (Figure 1B). The results indicate

that AQP4 knockout may directly block psychomotor stimulant

action of APO.

Vacuous chewing movements induced by a long-term neuro-

leptic administration in rodent animals have been the most

extensively used phenomenological animal model of TD[5]. VCMs

were referred to as single mouth openings in the vertical plane

not directed toward physical material. The numbers of

VCMs were counted three days after the final injections.

Mice were placed individually into clear observation cages

(16 cm 9 30 cm 9 19 cm) without food for a 1-hour habituation

period. VCMs were measured in 5-min intervals 5 min after the

injection of APO (1 mg/kg, s.c.). We found AQP4+/+ mice that

stimulated by APO displayed a significant increase in VCMs in hal-

operidol pretreated group, but not in clozapine pretreated group.

However, no change of VCMs in respond to APO was observed in

AQP4�/� mice following treated with haloperidol, clozapine or
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saline (Figure 1C). In agreement with previous reports, our results

showed that chronic administration of haloperidol produced

behavioral supersensitivity to stimulant action of APO. AQP4

knockout abolished APO-induced VCMs following chronic halo-

peridol treatment. This result implicates that AQP4 plays an

important role in the occurrence of APO-stimulated TD.

Recent evidence suggests astrocytes may be involved in the

pharmacological action of antipsychotic drugs. AQP4 is predomi-

nantly expressed in astrocyte. To elucidate the mechanism of

AQP4 involved in TD, we observed the effects of haloperidol and

clozapine on astrocyte proliferation in medial prefrontal cortex

(mPFC) and striatum from AQP4+/+ and AQP4�/� mice. Mice

were killed after the final injection of neuroleptics. Mice were per-

fused with 4% paraformaldehyde (PFA), and brains were dis-

sected and maintained in 4% PFA overnight. Following the

gradient dehydration, the brain tissues were sectioned by Leica

freezing microtome at 30 lm. Sections were incubated overnight

with mouse anti-GFAP antibody (1:1000; Chemicon), followed by

goat anti-mouse antibody (chemicon, 1:800). Immunoreactivity

was visualized by incubation with DAB. GFAP-positive cells were

counted using the Optical Fractionator method with Stereo Inves-

tigator software (Microbrightfield, VT, USA) on a Z-series of

sections of 180 lm apart. As shown in Figure 2, haloperidol failed

to alter the numbers of astrocytes in mPFC and striatum in two

(A) (B) (C)

Figure 1 Effect of haloperidol (2 mg/kg, i.p., 21 days) or clozapine (10 mg/kg i.p., 21 days) on spontaneous (A) and apomorphine (APO, 1 mg/kg, s.c.)

induced (B) locomotor activity and vacuous chewing movements (VCMs) (C) in AQP4+/+ and AQP4�/� mice. The experiment of VCMs was carried out 5 min

after a single injection of apomorphine (APO, 1 mg/kg, s.c.). Samples were analyzed by the Student’s t-test for comparison of two groups and analysis of

variance (ANOVA) for comparison of multiple groups. P-values of <0.05 were considered statistically significant. Data present mean ± SEM. n = 14.

**P < 0.01 versus saline-treated AQP4+/+ mice; ##P < 0.01 versus saline-treated AQP4�/� mice; $$P < 0.01, $P < 0.05 versus corresponding haloperidol-

treated mice; &&P < 0.01 versus clozapine-treated AQP4+/+ mice.
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Figure 2 Effect of haloperidol (2 mg/kg, i.p., 21 days) or clozapine (10 mg/kg, i.p., 21 days) on immunohistochemistry of GFAP in medial prefrontal

cortex (mPFC) (A) and in striatum (B) of AQP4+/+ and AQP4�/� mice. Scale bar 40 lm for left line and scale bar 200 lm for right line. Quantitative analysis

of GFAP+ astrocytes in mPFC (C) and in striatum (D). Samples were analyzed by the Student’s t-test for comparison of two groups and analysis of variance

(ANOVA) for comparison of multiple groups. P-values of <0.05 were considered statistically significant. Data present mean ± SEM. n = 4. **P < 0.01

versus saline-treated AQP4+/+ mice; #P < 0.05 versus haloperidol-treated AQP4+/+ mice.
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genotypes. In contrast, atypical drug clozapine significantly dimin-

ished the number of GFAP-positive cells in mPFC and striatum in

AQP4+/+ mice. AQP4 knockout did not alter the numbers of astro-

cytes in mPFC and striatum in basal state, but abolished the inhi-

bition on astrocyte in mPFC (Figure 2B) and striatum (Figure 2D)

following chronic treatment of clozapine. Glial cells have been

suggested to play important roles in the pathophysiology of

schizophrenia-like psychotic disorders. Astrocyte activation was

confirmed in schizophrenia patients, and in animal model induced

by MK-801 [9,10]. It has been postulated that MK-801-induced

5-HT release and resultant activation of 5-HT2A receptors can

stimulate the release of glutamate from the nerve terminals,

which in turn might promote the activation of glial cells. The inhi-

bition of astrocyte proliferation by clozapine may block the

5-HT2A receptors. AQP4 deficiency reversed suppression on astro-

cyte, suggesting that AQP4 may be involved in astroglial dysregu-

lation and psychiatric disorders. But the exact mechanisms are in

need of further investigations.

In conclusion, we found that AQP4 knockout abolished APO-

induced hyperlocomotion and VCMs following chronic treatment

of neuroleptics. These data indicate that AQP4 participates in the

sensitivity to APO-stimulated stereotyped behavior induced by

chronic neuroleptic treatment and may contribute to the thera-

peutic roles and side effects of antipsychotic agents.
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