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ABSTRACT

Based on the observation that antipsychotic medications dis-
play antagonist properties at dopamine D2-like receptors, ab-
errant dopamine signaling has been proposed to underlie psy-
chosis in patients with schizophrenia. Thus, it is not surprising
that considerable research has been devoted to understanding
the mechanisms involved in the antipsychotic action of these
compounds. It is important to note that the majority of these
studies have been performed in “normal” experimental animals.
Given that these animals do not possess the aberrant neuronal
information processing typically associated with schizophrenia,
the aim of the current study was to examine the dopamine D2
receptor system in a rodent model of schizophrenia. Here, we
demonstrate that methylazoxymethanol acetate (MAM)-treated
rats display an enhanced effect of quinpirole on dopamine
neuron activity and an aberrant locomotor response to D2-like
receptor activation, suggesting changes in postsynaptic D2-

like receptor function. To better understand the mechanisms
underlying the enhanced response to D2-like ligands in MAM-
treated rats, we examined the expression of D2, D3, and do-
pamine transporter mRNA in the nucleus accumbens and
ventral tegmental area by quantitative reverse transcription-
polymerase chain reaction. MAM-treated rats displayed a sig-
nificant increase in dopamine D3 receptor mRNA expression in
the nucleus accumbens with no significant changes in the
expression of the D2 receptor. Taken together, these data
demonstrate robust alterations in dopamine D2-like receptor
function in a rodent model of schizophrenia and provide evi-
dence that preclinical studies examining the mechanisms of
antipsychotic drug action should be performed in animal mod-
els that mirror aspects of the abnormal neuronal transmission
thought to underlie symptoms of schizophrenia.

Introduction

Schizophrenia is a disease affecting up to 1% of the popu-
lation (Stilo and Murray, 2010). Although the exact etiology
of schizophrenia is not currently known, there is significant
evidence for a dysfunction within the mesolimbic dopamine
system (Abi-Dargham, 2004). This “dopamine hypothesis”
was largely based on the discovery that dopamine D2 recep-
tor antagonists are effective in treating the positive symp-
toms of the disease (Seeman et al., 1975; Creese et al., 1976).
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Since that time, extensive research has been performed to
better understand the mechanisms underlying the antipsy-
chotic properties of dopamine D2 receptor antagonists (for
review see Seeman, 1987, 2002). Clinically, the blockade of
D2 receptors generally occurs over 24 to 48 h, depending on
the antipsychotic dose and dosing schedule, and the rate of
therapeutic improvement is highest in the first days and first
week of treatment (Agid et al., 2003). However, full recovery
and maximal therapeutic efficacy of antipsychotics typically
require weeks of administration (Agid et al., 2003). Thus, it is
likely that the antipsychotic effects are not necessarily asso-
ciated with D2 receptor blockade, per se, but rather reflect
secondary changes in dopamine system function.

Dopamine D2-like receptors are expressed in dopamine
neurons of the ventral mesencephalon where they function as
autoreceptors (Mercuri et al., 1997; Centonze et al., 2002).
Thus, the systemic or local administration of D2 agonists has

ABBREVIATIONS: MAM, methylazoxymethanol acetate; ANOVA, analysis of variance; Ct, cycle threshold; DAT, dopamine transporter; FAM,
5-carboxyfluorescein; GIRK, G protein-coupled inwardly rectifying potassium channel; NAc, nucleus accumbens; PCR, polymerase chain reaction;
RGS, regulator of G-protein signaling; RT, reverse transcription; SAL, saline; TH, tyrosine hydroxylase; Veh, vehicle; VTA, ventral tegmental area;
L-741,626, 3-(4-(4-chlorophenyl-4-hydroxypiperidino)methyl)indole; GR 103691, 4"-acetyl-N-(4-(4-(2-methoxyphenyl)-1-piperazinyl)butyl)(1,1"-bi-
phenyl)-4-carboxamide; A-437203, 2-(3-(4-(2-tert-butyl-6-trifluoromethylpyrimidin-4-yl)piperazin-1-yl)propylsulfanyl)-3H-pyrimidin-4-one fumar-
ate; PNU-177864, N-[4-[2-(propylamino)ethyl]phenyl]-4-(trifluoromethoxy)-benzenesulfonamide.
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been demonstrated to dose-dependently decrease dopamine
neuron activity (Pucak and Grace, 1991; Mercuri et al., 1997,
Centonze et al., 2002). This decrease in activity is attribut-
able to a rapid hyperpolarization via activation of K™ chan-
nels (Neve et al., 2004). It is noteworthy that whereas the
acute systemic administration of D2 antagonists increases
dopamine neuron activity (firing rate and burst firing), the
chronic administration (21 days) of classic antipsychotic
drugs produces a dramatic decrease in the number of spon-
taneously active dopamine neurons (Grace and Bunney,
1986; Grace, 1992; Grace et al., 1997). It was determined that
these neurons were hyperexcited to the point of inactivity, a
condition known as depolarization block (Bunney and Grace,
1978; Grace, 1992). In addition, it has been suggested that
the induction of depolarization block may be attributable to
an interaction between the neuroleptic and anesthetic (Melis
et al., 1998); however, given that antipsychotics produce de-
polarization block in paralyzed rats, this seems unlikely
(Bunney and Grace, 1978; Chiodo and Bunney, 1985). Those
electrophysiological studies therefore provided significant in-
formation regarding the mechanism of action of antipsychotic
medications that might explain, at least in part, the delayed
maximal efficacy and lack of tolerance observed clinically
during antipsychotic drug treatment.

Studies have reassessed the delayed-onset hypothesis by
examining the time course of antipsychotic efficacy in pa-
tients (Agid et al., 2003). Consistent with a wealth of clinical
data, the maximal clinical efficacy took weeks to establish
(Agid et al., 2003). However, in contrast to a delayed onset, it
was suggested that these patients displayed an initial anti-
psychotic response, the efficacy of which increased across
time. These data questioned the depolarization block hypoth-
esis of antipsychotic drug action that typically requires 3
weeks to observe a physiological response. It is important to
note, however, that the initial electrophysiological studies
were performed in “normal” experimental animals that do
not possess the aberrant neuronal information processing
typically associated with schizophrenia. Given that schizo-
phrenia is typically associated with an enduring dopamine
hyperfunction (Abi-Dargham, 2004; Lodge and Grace, 2011),
it is likely that neuroadaptive changes occur within the do-
pamine system that have the potential to alter the response
to antipsychotic drug administration. For this reason, the
aim of the current study was to examine the dopamine D2-
like receptor system in a rodent model of schizophrenia that
displays augmented dopamine system function (Moore et al.,
2006; Lodge and Grace, 2009).

Materials and Methods

All experiments were performed in accordance with the guidelines
outlined in the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, 1996) and approved by
the Institutional Animal Care and Use Committee of the University
of Texas Health Science Center.

Animals. Methylazoxymethanol acetate (MAM) treatments were
performed as described previously (Moore et al., 2006). In brief,
timed pregnant female Sprague-Dawley rats were obtained at ges-
tational day 16 (Harlan, Indianapolis, IN) and housed individually in
plastic breeding tubs. MAM (diluted in saline, 25 mg/kg i.p.) was
administered on gestational day 17. Control rats received injections
of saline (1 ml/kg i.p). Male pups were weaned on day 21 and housed
in groups of two to three with littermates until adulthood, at which
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time they were used for physiological or behavioral studies. All
experiments were performed on multiple litters of MAM- and saline-
treated rats.

VTA Dopamine Neuron Extracellular Recordings. Rats
(300—450 g) were anesthetized with chloral hydrate (400 mg/kg i.p.)
and placed in a stereotaxic apparatus. Anesthesia was maintained
by supplemental administration of chloral hydrate as required to
maintain suppression of limb compression withdrawal reflex. A core
body temperature of 37°C was sustained by a thermostatically con-
trolled heating pad (David Kopf Instruments, Tujunga, CA). Glass
extracellular microelectrodes (impedance 6-14 M()) were lowered
into the VTA (anterior/posterior, —5.3; medial/lateral, +0.6 mm from
bregma and —6.5 to —9.0 mm ventral of brain surface) by using a
hydraulic microdrive (David Kopf Instruments). Spontaneously ac-
tive dopamine neurons were identified with open filter settings (low
pass 30 Hz; high pass 30 kHz) by using previously established
electrophysiological criteria (Grace and Bunney, 1983).

Once a stable dopamine neuron was identified, baseline neuronal
activity was recorded for 5 min. After baseline recordings, dose-
response curves were generated for cumulative doses of the dopa-
mine D2-like agonist quinpirole (1.0, 2.0, 7.0, and 20.0 pg/kg i.v. into
lateral tail vein), and neuronal activity was measured for 2 min per
dose. In a subset of rats, the dopamine D2-like receptor antagonist
sulpiride (20 mg/kg i.v.) was administered after the final dose of
quinpirole, and neuronal activity was recorded for an additional 3 to
5 min. Only one neuron was recorded per animal.

The effect of selective ligands on the activity of the population of
dopamine neurons in the VTA was determined by administering either
a selective D2 [3-(4-(4-chlorophenyl-4-hydroxypiperidino)methyl)indole
(L-741,626) (Bowery et al., 1996)], D3 [4"-acetyl-N-(4-(4-(2-methoxyphe-
nyl)-1-piperazinyl)butyl)(1,1"-biphenyl)-4-carboxamide (GR 103691)
(Audinot et al., 1998)], or D4 [sonepiprazole (Merchant et al., 1996)]
antagonist or vehicle [either acidified (0.1% acetic acid) distilled water
(D2) or acidified (0.1% acetic acid) 10% dimethyl sulfoxide in distilled
water (D3 and D4)]. All drugs demonstrated low nanomolar affinity for
their respective receptors (Bowery et al., 1996; Merchant et al., 1996;
Audinot et al., 1998) and were administered at 1 mg/kg (into lateral tail
vein) before determining the number of spontaneously active DA neu-
rons encountered while making six to nine vertical passes, separated by
200 pm, in a predetermined pattern to sample equivalent regions of the
VTA. Once a stable dopamine neuron was identified, baseline neuronal
activity was recorded for 3 min.

At the cessation of the experiments, the rats were decapitated, and
their brains were removed, fixed for 24 h (3.7% formaldehyde), cryo-
protected (10% w/v sucrose in phosphate-buffered saline), and sec-
tioned (25-pm coronal sections) on a cryostat (Leica, Wetzlar, Ger-
many). Sections containing electrode placements were mounted onto
gelatin-chrom alum-coated slides and stained with neutral red
(0.1%) and thionin acetate (0.01%) for histochemical confirmation of
electrode tracks within the VTA (Paxinos and Watson, 1986).

Behavior. Rats (300—450 g) were placed in an open-field arena
(MED Associates, St. Albans, VT) where spontaneous locomotor ac-
tivity in the x-y plane was determined for 45 min by beam breaks and
recorded. Immediately after the 45-min baseline period, rats were
injected with quinpirole (0.1, 0.5, or 2.0 mg/kg), and locomotor activ-
ity was recorded for an additional 180 min.

Quantitative PCR. Rats (300—450 g) were deeply anesthetized
with sodium pentobarbital (100 mg/kg i.p.) and rapidly decapitated. The
nucleus accumbens and VTA were isolated by tissue punch and imme-
diately homogenized in lysis/binding solution (Ambion, Austin, TX).
RNA was precipitated and separated by filtration using a commercially
available kit (Ambion RNAqueous-4PCR). The concentration of RNA
was determined by absorbance at 260 nm with a NanoDrop Spectrom-
eter (Thermo Fisher Scientific, Waltham, MA) and converted to single-
stranded cDNA by using a High Capacity cDNA Reverse Transcription
Kit (Ambion) and thermal cycler. Real-time PCR was performed with
FAM-labeled TagMan primers targeting either the dopamine D2 recep-
tor (Rn00561126_m1), dopamine D3 receptor (Rn00567568_m1), dopa-
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mine D4 receptor (Rn00564071_m1), dopamine transporter SLC6A3
(Rn00562224_m1), tyrosine hydroxylase (Rn00562500_m1), RGS 2
(Rn00584932_m1), RGS 9 (Rn00570117_m1), G protein-coupled in-
wardly rectifying potassium channel (GIRK) 2 (Rn00755103_m1), or
glyceraldehyde-3-phosphate dehydrogenase (Rn01775763_gl). Detec-
tion of FAM-labeled DNA was performed by using either a Fluidigm
48.48 Dynamic Array Integrated Fluidic Circuit (Fluidigm, South San
Francisco, CA) or a CFX384 Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA).

Analysis. Electrophysiological analysis of dopamine neuron activ-
ity was performed by using commercially available computer soft-
ware (LabChart version 7.1; ADInstruments Ltd., Chalgrove, Ox-
fordshire, UK), and dose-response curves were generated and
analyzed by using the Prism software program (GraphPad Software
Inc., San Diego, CA). Locomotor activity was collected with Activity
Monitor (MED Associates), and analysis of FAM-labeled DNA was
performed by using commercially available software (Bio-Rad Labo-
ratories and Fluidigm). All data are represented as the mean *
S.E.M. unless otherwise specified.

Materials. (—)-Quinpirole HCIL, (*)sulpiride, chloral hydrate, and
artificial cerebrospinal fluid all were purchased from Sigma (St.
Louis, MO). L-741626, GR 103691, and sonepiprazole were pur-
chased from Tocris Bioscience (Ellisville, MO). The RNAqueous-
4PCR and High Capacity cDNA Reverse Transcription Kits as well
as FAM-labeled TagMan primers and Gene Expression Master Mix
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were purchased from Applied Biosystems (Foster City, CA). All other
chemicals and reagents were of either analytical or laboratory grade
and purchased from standard suppliers.

Results

VTA Dopamine Neuron Recordings. Consistent with
previous studies (Lacey et al., 1987; Marinelli et al., 2006), the
systemic administration of quinpirole induced a dose-depen-
dent decrease in the average firing rates of VT'A dopamine
neurons (Fig. 1). MAM-treated rats displayed an enhanced sen-
sitivity to the inhibitory effects of quinpirole. Specifically, a
nonlinear regression of the dose-response curves demonstrated
a significant difference between saline- and MAM-treated rats
[SAL, logIC5, —5.02 * 0.21 (9.5 pg/kg); MAM, logICy, —5.42 *
0.14 (3.8 pg/kg); F = 6.636; p < 0.05; extra sum-of-squares F
test; n = 8/group].

To better understand the function of the distinct dopamine
receptor subtypes in the VTA we examined the effect of
selective D2 [L-741,626 (Bowery et al., 1996)], D3 [GR
103691 (Audinot et al., 1998)], or D4 [sonepiprazole (Mer-
chant et al., 1996)] receptor antagonists on dopamine neuron
activity (Fig. 2). In saline-treated rats, the D2 and D3 antag-

Fig. 1. MAM-treated rats display an
augmented electrophysiological re-
sponse to quinpirole. A, representa-
tive dopamine neuron demonstrating
a dose-dependent decrease in firing
rate in response to quinpirole (cumu-
lative doses indicated above) that is
restored by the administration of the
D2 antagonist sulpiride. B, group data

1000

demonstrating dose-response curves
to quinpirole in saline- and MAM-
treated rats. Inset in B demonstrates
a significant decrease in the logICy,
for quinpirole in MAM-treated rats. T,
significant difference from saline; p <
0.05; extra sum-of-squares F test (n =
8 neurons/group).
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Fig. 2. Saline- and MAM-treated rats display qualitatively different
responses to the administration of selective dopamine receptor antago-
nists. Three parameters of activity were recorded; the number of sponta-
neously active dopamine neurons (A), average firing rate (B), and average
percentage of burst firing (C). *, significant difference from saline-vehicle-
treated rats; T, significant difference from MAM-vehicle-treated rats; p <
0.05; two-way ANOVA with Holm-Sidak post hoc; n = 5—6 rats/group (A)
and n = 31-65 neurons/group (B and C).

onists significantly increased the number of spontaneously
active dopamine neurons [Veh, 1.00 = 0.05; D2, 1.74 = 0.10;
D3, 1.72 = 0.15; t = 3.881 (D2) and 3.967 (D3); p < 0.05;
two-way ANOVA with Holm-Sidak; n = 5-6 rats/group)l,
whereas a similar trend was observed with the D4 antagonist
(Veh, 1.00 = 0.05; D4, 1.49 = 0.14; ¢t = 2.571; p = 0.058;
two-way ANOVA with Holm-Sidak; n = 5 rats/group) with-
out altering average firing rate (Veh, 3.92 + 0.35; D2, 3.66 =
0.42; D3, 3.44 + 0.23; D4, 4.19 = 0.27; F,,,, = 1.386; p >
0.05; two-way ANOVA with Holm-Sidak; n = 31-64 neurons/
group) or burst firing (Veh, 27.3 *= 4.4; D2, 29.4 = 3.7; D3,
23.5 = 3.0; D4, 26.8 £ 3.2; Fy,,, = 1.031; p > 0.05; two-way
ANOVA with Holm-Sidak; n = 31-64 neurons/group). Con-
sistent with previous observations, MAM-treated rats dis-
played an increase in dopamine neuron population activity
compared with saline-treated rats (SAL/Veh, 1.00 + 0.05;
MAM/Veh, 2.11 = 0.20; ¢t = 5.821; p < 0.05; two-way ANOVA
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with Holm-Sidak; n = 5 rats/group) with no change in firing
rats (SAL/Veh, 3.92 = 0.35; MAM/Veh, 4.31 = 0.29; F;,.0in =
0.844; p > 0.05; two-way ANOVA with Holm-Sidak; n =
31-65 neurons/group) or burst firing (SAL/Veh, 27.3 + 4.4;
MAM/Veh, 28.2 = 3.5; F i, = 3.184; p > 0.05; two-way
ANOVA with Holm-Sidak; n = 31-65 neurons/group). It is
noteworthy that the dopamine receptor-selective ligands pro-
duced the opposite response in MAM-treated rats, i.e., a
decrease in dopamine neuron population activity [Veh,
2.11 = 0.20; D2, 1.14 = 0.14; D3, 1.41 = 0.09; D4, 1.43 + 0.13;
t = 5.050 (D2), 3.829 (D3), and 3.564 (D4); p < 0.05; two-way
ANOVA with Holm-Sidak; n = 5-6 rats/group] without al-
tering average firing rate (Veh, 4.31 = 0.29; D2, 3.98 = 0.39;
D3, 3.71 = 0.33; D4, 4.09 = 0.33; Fg,,, = 1.386; p > 0.05;
two-way ANOVA with Holm-Sidak; n = 37-65 neurons/
group) or burst firing (Veh, 28.2 + 3.5; D2, 30.7 + 4.3; D3,
29.3 * 3.1; D4, 37.3 * 3.7; Fyg,,, = 1.031; p > 0.05; two-way
ANOVA with Holm-Sidak; n = 37—65 neurons/group).
Locomotor Activity. The studies detailed above evalu-
ated D2-like function at the level of the dopamine cell body.
To examine whether postsynaptic D2 receptor function was
altered in the MAM model, we examined the locomotor re-
sponse to quinpirole. Consistent with previous observations,
quinpirole produced an initial suppression of spontaneous
locomotor activity at both low and high doses (Svensson et
al., 1994; Szechtman et al., 1994; Li et al., 2010). Increasing
doses of quinpirole produced a biphasic response with an
initial decrease in ambulation being followed by robust in-
creases in locomotor activity, again consistent with previous
observations (Svensson et al., 1994; Szechtman et al., 1994;
Li et al., 2010). It is noteworthy that MAM-treated rats were
more sensitive to the locomotor-inducing effects of quinpirole,
with a majority (75%) of MAM-treated rats displaying robust
locomotor activation in response to the 0.1 mg/kg dose (com-
pare with 25% for saline-treated rats; Fig. 3).
Quantitative RT-PCR. To examine the molecular mech-
anisms that may underlie the enhanced response to quin-
pirole observed in MAM-treated rats, quantitative RT-PCR
was performed by using probes for the dopamine D2, D3, and
D4 receptors and the dopamine transporter (SLC6A3), ty-
rosine hydroxylase, and dopamine receptor signaling mole-
cules RGS2, RGS9, and GIRK2. Consistent with previous
studies, the mRNA expression of the D3 receptor was at
significantly lower levels than the D2 receptor in both the
nucleus accumbens (ACt, 2.17 compared with 7.78; ¢ =
17.083; p < 0.05; two-way ANOVA with Holm-Sidak) and
VTA (ACt, 3.86 compared with 8.99; t = 15.642; p < 0.05;
two-way ANOVA with Holm-Sidak). Dopamine D4 receptor
expression was below the limits of detection for both the
Fluidigm and Bio-Rad Laboratories systems, consistent with
previous observations demonstrating extremely low levels of
D4 mRNA in rodents (Vrana et al., 1995). mRNA expression
of the dopamine transporter (ACt, 3.12 compare with 13.42;
t = 31.360; p < 0.05; two-way ANOVA with Holm-Sidak) and
tyrosine hydroxylase (ACt, 1.47 compare with 8.71; ¢ =
22.067; p < 0.05; two-way ANOVA with Holm-Sidak) were
preferentially expressed in the VTA, as expected. Quantifi-
cation of the mRNA expression data revealed that MAM-
treated rats displayed a significant increase in dopamine D3
mRNA expression in the nucleus accumbens (Sal, 1.04 =
0.14; MAM, 1.78 + 0.24; ¢ = 3.071; p < 0.05; two-way ANOVA
with Holm-Sidak), but not in the VTA (Sal, 1.08 + 0.23;
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Fig. 3. MAM-treated rats display an aberrant locomotor response to
quinpirole. A, time course and magnitude to a low dose of quinpirole (0.1
mg/kg i.p.). B, an initial locomotor suppression (~60 min in duration)
followed by locomotor activation in response to a high dose of quinpirole
(2.0 mg/kg i.p.). The closed symbols in A and B represent the rats with a
significant increase in locomotor activity in response to quinpirole admin-
istration (responders). C, the proportion of rats displaying an augmented
locomotor to each dose of quinpirole. Linear regression of the dose re-
sponse demonstrates that MAM-treated rats display a sensitized locomo-
tor activating response to quinpirole compared with control. f, significant
difference in intercept from saline; p < 0.05; linear regression (n = 8
MAM or saline rats/dose).
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MAM, 1.32 = 0.56; p > 0.05; two-way ANOVA with Holm-
Sidak). There were no significant differences in the expres-
sion of any of the other genes examined in either brain region
(Fig. 4).

Discussion

Dopamine D2 receptor antagonists have been used for more
than 50 years to treat psychiatric disorders (Kapur and Mamo,
2003; Miyamoto et al., 2005); however, the mechanisms under-
lying their antipsychotic efficacy are not completely understood.
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Fig. 4. Increased dopamine D3 receptor expression in MAM-treated rats.
Quantitative RT-PCR was performed on RNA extracted from the nucleus
accumbens and VTA of saline- and MAM-treated rats. A, expression data
demonstrate higher mRNA levels of D3 compared with D2 receptor ex-
pression throughout both the NAc and VTA. B, MAM-treated rats display
a significant increase in the expression of the dopamine D3 receptor
throughout the NAc but not VTA. It is noteworthy that there were no
significant changes in the mRNA expression of any of the other examined
markers. #, significant difference from saline; p < 0.05; two-way ANOVA
with Holm Sidak post hoc (n = 5 rats/group).

Initial trials in human patients with schizophrenia determined
that antipsychotics required weeks of repeated treatment to
obtain the maximal therapeutic effects (for review see Agid et
al., 2003). Thus, it is clear that the antipsychotic properties are
not simply associated with acute dopamine D2 receptor block-
ade, but rather attributable to alterations secondary to chronic
receptor antagonism. Previous studies by Grace and colleagues
demonstrated that although acute D2 receptor antagonism in-
creases dopamine neuron activity (via inhibition of tonic auto-
receptor activity at the level of the dopamine neuron), chronic
administration of haloperidol produces the opposite effect, ac-
tually decreasing the number of dopamine neurons firing spon-
taneously (Grace and Bunney, 1986; Grace, 1992; Grace et al.,
1997). This decrease in dopamine neuron population activity
was demonstrated to be attributable to a hyperexcitable state of
the neuron known as depolarization block (Bunney and Grace,
1978; Grace, 1992). Those studies led to the delayed-onset hy-



pothesis of antipsychotic drug action. Other clinical studies
have challenged this model based on data demonstrating a
gradual improvement in symptoms that begins soon after the
initial treatment has begun (Agid et al., 2003). It is important to
note, however, our understanding of the mechanism of antipsy-
chotic drug action is based largely on data obtained from nor-
mal rats that may not reflect the effects that these compounds
have in disease states such as schizophrenia. Indeed, here, we
demonstrate enduring changes in dopamine D2 receptor func-
tion in a rodent model of schizophrenia that probably affect the
response to antipsychotic medications. Furthermore, a recent
study has demonstrated that MAM-treated rats display electro-
physiological responses to both first- and second-generation an-
tipsychotics that are qualitatively different from those observed
in normal animals (Valenti et al., 2011). Thus, the presence of
an augmented dopamine system may actually sensitize the
system to facilitate antipsychotic-induced depolarization block
of dopamine neurons.

Using in vivo electrophysiology and behavior, we now dem-
onstrate that MAM-treated rats display an augmented re-
sponse to the D2-like agonist administration. Specifically,
quinpirole administration produced a dose-dependent inhibi-
tion of spontaneous dopamine neuron activity, previously
demonstrated to be attributable to increased K conduc-
tances (Neve et al., 2004). It is noteworthy that MAM-treated
rats displayed a leftward shift of the dose-response curve and
a significant decrease in the logICy, for quinpirole, suggest-
ing an increase in D2 receptor function at the level of the
dopamine cell body. It should be noted that an increase in
autoreceptor sensitivity may be expected to result in a de-
crease in dopamine neuron activity; however, MAM-treated
rats do not demonstrate decreases in dopamine neuron firing
rates (Fig. 2; Lodge and Grace, 2007). To examine the poten-
tial mechanisms underlying the enhanced presynaptic re-
sponse to quinpirole, we performed quantitative RT-PCR for
dopamine receptor mRNA expression. It is noteworthy that
there were no apparent differences in the expression of D2,
D3, DAT, or TH mRNA between MAM- and saline-treated
rats. Given that the hyperpolarization and suppression of
dopamine neuron excitability D2 receptor are mediated via
the activation of GIRK2 (Kuzhikandathil et al., 1998), the
coupling efficiency of which is enhanced by RGS2 protein
(Lomazzi et al., 2008), we also examined the expression of
these mediators of D2 receptor function. Neither GIRK2 nor
RGS2 were significantly altered throughout the VTA of
MAM-treated rats. Thus, the enhanced response to quinpirole
does not seem to be associated with changes in receptor mRNA
expression at the level of the dopamine cell body and may reflect
an enhanced baseline dopamine tone caused by an increase in
dopamine neuron population activity (Fig. 2; Lodge and Grace,
2007), although this remains to be established.

As mentioned above, studies by Grace and colleagues have
demonstrated that antipsychotic drugs produce a response in
MAM-treated rats that is qualitatively different from that in
control rats. To examine the relative contributions of the
three distinct D2-like receptors to this response, we exam-
ined the effect of antagonists selective for the dopamine D2
(L-741,626; Bowery et al., 1996), D3 (GR 103691; Audinot et
al., 1998), or D4 (sonepiprazole; Merchant et al., 1996) recep-
tors. All three drugs were administered at equivalent doses
and surprisingly produced qualitatively similar responses.
Thus, blockade of either the D2 or D3 receptor produced a
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significant increase in dopamine neuron population activity,
with a similar trend observed with the D4 antagonist. Con-
sistent with recent studies examining the response to halo-
peridol and sertindole, the administration of a D2, D3, or D4
antagonist produced the opposite response in MAM-treated
rats, i.e., a decrease in dopamine neuron population activity.
Thus, it seems that an augmented dopamine system facili-
tates D2-like antagonist-induced depolarization block of do-
pamine neurons and further that this response is qualita-
tively similar for antagonists selective for either the D2, D3,
or D4 receptor.

The studies detailed above evaluate D2-like function at the
level of the dopamine neuron. To examine whether postsynaptic
D2 receptor function was altered in the MAM model, we exam-
ined the locomotor response to quinpirole. Consistent with pre-
vious observations, quinpirole produced an initial suppression
of spontaneous locomotor activity in control rats (Svensson et
al., 1994; Szechtman et al., 1994; Li et al., 2010). It is notewor-
thy that MAM-treated rats were more sensitive to the locomo-
tor-inducing effects of quinpirole such that they displayed an
opposite behavioral response to low doses of quinporole (i.e.,
locomotor activation compared with suppression). Thus, it
seems that MAM-treated rats display enduring changes in do-
pamine D2 receptor function both at the level of the dopamine
cell body and in the nucleus accumbens. To examine the poten-
tial molecular changes associated with the augmented locomo-
tor response to quinpirole, we examined mRNA expression of
dopamine D2, D3, D4, and RGS9 (a known regulator of NAc D2
receptor function) (Rahman et al., 2003) by way of quantitative
RT-PCR. MAM-treated rats displayed a significant increase in
dopamine D3 mRNA expression in the nucleus accumbens with
no significant differences in D2 receptor or RGS9 expression.
Thus, the functional changes in dopamine receptor function
may be attributable, in part, to increased expression of the
dopamine D3 receptor at the level of the nucleus accumbens;
however, increased D3 receptor turnover caused by enhanced
stimulation cannot be discounted. This increase in D3 mRNA
expression is consistent with postmortem findings demonstrat-
ing increased D3 receptor density throughout the basal ganglia
of unmedicated patients with schizophrenia (Gurevich et al.,
1997). In addition, this increased D3 receptor density seems to
be reduced by antipsychotic medications (Joyce and Gurevich,
1999), which typically have similar affinities for the D2 and D3
receptors (Schotte et al., 1996). Furthermore, increased D2-like
binding is observed in patients with schizophrenia after dopa-
mine depletion, demonstrating enhanced baseline occupancy of
the D2-like receptors (Abi-Dargham et al., 2000). A further
association between the D3 receptor and schizophrenia is ob-
served in genetic studies where polymorphisms of the D3 recep-
tor have been associated with the disease (Urraca et al., 2011;
Zhang et al., 2011) as well as antipsychotic efficacy (Hwang et
al., 2010; Vehof et al., 2012). For this reason, there have been a
number of preclinical studies suggesting that the D3-specific
antagonist may represent a more specific antipsychotic profile
(Gyertyéan et al., 2008; Millan et al., 2008; Kiss et al., 2010). A
number of selective D3 receptor ligands [i.e., 2-(3-(4-(2-tert-butyl-
6-trifluoromethylpyrimidin-4-yl)piperazin-1-yl)propylsulfanyl)3H-
pyrimidin-4-one fumarate (A-437203) and N-[4-[2-(propylamino)
ethyl]phenyl]-4-(trifluoromethoxy)-benzenesulfonamide (PNU-
177864)] have been investigated as potential antipsychotic medi-
cations, but have not proved to be efficacious. Nonetheless, it
seems that alterations in the expression of the dopamine D3 re-
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ceptor is a consistent observation in preclinical models as well as
patients with schizophrenia and, although it may not reflect a
therapeutic target, it may, nonetheless, contribute to schizophre-
nia symptoms.

Taken as a whole, these data demonstrate enduring
changes in dopamine receptor function in a developmental
disruption model of schizophrenia. It is therefore likely that
the effects of antipsychotic medications will vary based on
the state of the dopamine system and expression of D2-like
receptors. Indeed, we demonstrate a qualitatively different
physiological response to selective D2-like ligands in the
MAM-treated rat, consistent with recent studies (Valenti et
al., 2011). Thus, the current results provide critical informa-
tion regarding changes in dopamine system function in an
animal model of schizophrenia and moreover demonstrate
the importance of using appropriate animal models when
examining potential mechanistic correlates of antipsychotic
efficacy.
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