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Two distinct defects are thought to be important for the patho-
physiology of schizophrenia. One is an increase of D2 receptors
(D2Rs) in the striatum and another is a decrease in the GABAergic
function in the prefrontal cortex (PFC). Whether these two defects
are functionally linked is not known. We previously reported that
selective overexpression of D2Rs in the striatum of the mouse
causes behavioral abnormality associated with PFC functions. Us-
ing patch-clamp recording, we find that overexpression of D2Rs in
the striatum affects inhibitory transmission in the PFC and dopa-
mine (DA) sensitivity. The overexpression of D2Rs in the striatum
caused an increase in frequency of spontaneous excitatory post-
synaptic currents (EPSCs) in layer V pyramidal neurons, whereas
their neuronal excitability was unaffected. In contrast, both the
frequency and amplitude of spontaneous inhibitory postsynaptic
currents (sIPSCs) were significantly decreased in these mice, indi-
cating a reduced inhibitory transmission. Furthermore, in D2R
transgenic mice the dopaminergic modulation of evoked IPSCs
was shifted, with reduced sensitivity. The change in dopamine
sensitivity in the PFC of D2R transgenic mice appears specific for
D2Rs because in D2R transgenic mice the effects of D2 agonist but
not D1 agonist, on both evoked IPSCs and EPSCs, were reduced.
Together, these results indicate that overexpression of D2Rs in the
striatum leads to a functional deficit in the GABAergic system.
These results provide a functional link between D2R overexpres-
sion and GABAergic inhibition in the PFC and suggest that the
postulated deficit in GABAergic function in schizophrenia could
be secondary to alterations in the striatal dopamine system.
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The original dopamine (DA) hypothesis of schizophrenia pro-
posed that hyperactivity of dopaminergic transmission leads

to the symptoms of schizophrenia. This hypothesis was supported
by the observation that all antipsychotic drugs block D2 recep-
tors (D2Rs) (1, 2). Imaging studies provided a direct evidence
for the DA hypothesis suggesting a hyperfunction of the striatal
DA system. These studies found increased F-Dopa uptake, in-
creased amphetamine-induced DA release, and an increase in
the occupancy and density of D2Rs in the striatum (3–7). On
the other hand, another deficit, a hypofunction of the prefrontal
cortex (PFC), has been associated with the cognitive symptoms.
The nature of this hypofunction is unclear (8, 9) but both a hypo-
function of the DA system and a hypofunction of the GABAergic
system have been postulated to account for this cognitive deficit.
Whereas the evidence for a dopaminergic hypofunction in the
PFC is not substantial (10–13), several studies have found de-
creased expression of GABAergic markers in the cortex, including
the PFC (14–16). These findings raise the important question: Are
the cortical GABAergic hypofunction and the subcortical dopa-
minergic hyperfunction related?
We previously generated a mouse model of dopaminergic

hyperfunction by overexpressing D2Rs selectively in the stria-

tum. These mice showed deficits in prefrontal-dependent cog-
nitive tasks (17–19), and a decrease in incentive motivation (19,
20). Our studies further showed that increased density of D2Rs
in the striatum leads to alterations in the DA system of the PFC
that could be responsible for the cognitive deficits. Those
alterations include increased DA tissue levels, a decrease in DA
turnover, and an increase in D1 receptor activation in the PFC
(17). Chronic changes in cortical DA function may also have
profound direct effects on the electrophysiological properties of
PFC neurons and thereby alter synaptic transmission in the
PFC. To address this question, we asked: Does up-regulation of
D2Rs in the striatum alter synaptic transmission in the PFC?
Due to the postulated importance of the GABA system in
schizophrenia, we specifically focused on whether D2R up-reg-
ulation in the striatum could lead to a hypofunction of the
GABAergic system in the PFC. We found that overexpression of
D2Rs in the striatum decreased inhibitory transmission and in-
creased excitatory transmission in layer V neurons of the pre-
limbic area of the PFC. Furthermore, we found a decrease in
inhibitory postsynaptic current (IPSC) sensitivity in response to
DA due to a decrease in D2R function. These results suggest
that the D2R overexpression in the striatum could contribute
to the hypofunction of the GABAergic system in the PFC.

Results
D2R Overexpression in the Striatum Results in Increased Excitatory
Synaptic Transmission in PFC Layer V Pyramidal Neurons. Selective
D2R overexpression in the striatum leads to persistent abnor-
malities in the functioning of the PFC (17). Because of the im-
portance of synaptic transmission for PFC function, we examined
whether D2R overexpression in the striatum would change ex-
citatory synaptic transmissions in the PFC. To explore this
question, we first recorded spontaneous EPSCs (sEPSCs) in
layer V pyramidal neurons in slices of the medial PFC. Com-
pared with control mice, the frequency of sEPSCs recorded from
D2R transgenic mice (D2R-OE mice) was significantly increased
by 84.7 ± 33.4% (n = 6, P < 0.05; Fig. 1 A and B), whereas the
amplitude of the sEPSCs was unaltered (n= 6, P= 0.53; Fig. 1 A
and B). The results indicate that excitatory synaptic transmission
in the PFC was enhanced in D2R-OE mice. To further explore
the mechanisms of the change in sEPSC in D2R-OE mice, we
recorded the miniature EPSCs (mEPSCs) and the neuronal
excitability of layer V pyramidal neurons. The mEPSCs were
recorded in the presence of tetrodotoxin (TTX), which prevents
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the opening of voltage-gated sodium channels required for the
generation of action potentials. In D2R-OE mice, neither fre-
quency nor amplitude of mEPSCs was altered compared with
control (n = 6, P = 0.77 for frequency and P = 0.82 for am-
plitude; Fig. 1C). Further analysis indicated that the input re-
sistance (240.9 ± 10.9 MΩ in D2R-OE vs. 210.3 ± 10.8 MΩ in
control, n = 10, P = 0.31) was not significantly altered, whereas
the resting membrane potential (−71.2 ± 2.28 mV in D2R-OE
vs. −64.1 ± 1.97 mV in control, n= 10, P = 0.07) showed a trend
for a more negative potential in D2R-OE mice, indicating a
possible change in potassium channels. The spike numbers in-
duced by step current injection in layer V pyramidal neurons
were similar, without significant difference (n = 10, P > 0.05 for
both; ANOVA F = 0.11, P = 0.99; Fig. 1 D and E). In addition,
neither the threshold of action potentials nor the first spike la-
tency in D2R-OE mice exhibited significant changes compared
with those from control mice (n = 10, P = 0.25, and P = 0.99,
respectively). These results indicate that neuronal excitability
of layer V pyramidal neurons was relatively unaffected by the
overexpression of D2 in the striatum.

D2R Overexpression in the Striatum Results in Decreased Inhibitory
Synaptic Transmission in PFC Layer V Pyramidal Neurons. To explore
whether inhibitory synaptic transmission in the PFC also was
affected by D2R overexpression in the striatum, sIPSCs and
mIPSCs were recorded in layer V pyramidal neurons in slices
prepared from D2R-OE and control mice. Both the frequency
and the amplitude of the sIPSCs recorded from D2R-OE mice
were significantly decreased compared with those in control (Fig.
2 A and B, frequency decreased by 42.8 ± 16.2%, P < 0.05;
amplitude decreased by 40.3 ± 6.31%, P < 0.05). When we
blocked the action potentials in the slice with TTX, both the
frequency and amplitude of the mIPSCs were not affected by
overexpressing D2Rs in the striatum (P = 0.28 for frequency and
P = 0.19 for amplitude; Fig. 2C). These data indicate that D2R
overexpression in the striatum attenuated inhibitory synaptic
transmission in the PFC.

D2R Overexpression in the Striatum Results in Reduced Sensitivity of
GABAa Receptor-Mediated IPSCs to DA in PFC Layer V Pyramidal
Neurons. Because of the attenuated inhibitory synaptic trans-
mission in the PFC of striatal D2R-OE mice, we tested the

response of GABAa receptor-mediated IPSCs to different con-
centrations of DA in the layer V pyramidal neurons in the PFC
of young adult (3–4 mo) mice. Consistent with results from
previous studies (21, 22), we found the effects of DA on inhibitory
synaptic transmission to be bidirectional and concentration de-
pendent in the control mice. At a relatively low concentration of
1 μM, DA significantly enhanced the amplitude of evoked IPSCs
by 45.1 ± 14.9% (n = 6, P < 0.05; Fig. 3 A and B), whereas at
a higher concentration of 10 μM or 100 μM, DA decreased the
amplitude of evoked IPSCs by about 27.1 ± 6.23% and 27.2 ±
8.30%, respectively (n= 6, P < 0.05 for both; Fig. 3). Surprisingly,
the dopaminergic responses to evoked IPSCs in the D2R-OE
mice were significantly shifted compared with the responses in
control mice. Application of 1 μM DA had no obvious effect on
the amplitude of the IPSCs (increased by 1.15 ± 9.88%, n = 6,
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Fig. 1. D2R overexpression in the striatum results in increased frequency of sEPSC in layer V pyramidal neurons. (A) Sample traces showing the sEPSCs and
mEPSCs. (B) The frequency of the sEPSC was significantly increased almost twofold (n = 6, *P < 0.05) whereas the sEPSC amplitude was unaffected in mice that
overexpressed D2 (n = 6, P = 0.53). (C) In contrast, both the frequency and amplitude of the mEPSCs were similar in control littermates and D2R-OE mice,
without statistical difference (n = 6, P = 0.77 for frequency and P = 0.82 for amplitude). (D) Sample traces of action potentials from layer V pyramidal neurons
in control and D2R-OE mice. (E) The relationship between spike numbers and injected currents in both control and D2R-OE mice. D2R overexpression in the
striatum did not affect the excitabilities of layer V pyramidal neurons in the PFC (n = 10, P > 0.05).
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Fig. 2. D2R overexpression in the striatum results in decreases in both
frequency and amplitude of sIPSCs in layer V pyramidal neurons. (A) Sample
traces of the sIPSC recorded from layer V pyramidal neurons in control and
D2R-OE mice in the presence of AP5 (50 μM) and NBQX (20 μM). (B) The sIPSC
frequency and amplitude recorded from the control and D2R-OE mice (P <
0.05 for both). (C) Sample traces of the mIPSC recorded from layer V pyra-
midal neurons in control and D2R-OE mice in the presence of TTX. (D) The
mIPSCs in both mice genotypes seem to be similar without any statistical
difference (n = 5, P = 0.28 for frequency and P = 0.19 for amplitude).
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P = 0.99). In contrast, 10 μM DA significantly increased the
amplitude of the IPSCs by 32.9 ± 8.97% (n = 6, P < 0.05),
whereas 100 μM DA caused a small decrease in the amplitude of
IPSC (11.8 ± 4.02%) without statistical significance (n = 6, P =
0.06; ANOVA F = 21.1, P < 0.001; Fig. 3A). These data indicate
that D2R overexpression decreased the sensitivity of inhibitory
synaptic transmission in the PFC to regulation by DA.
To further explore the action of DA in the pre- or post-

synaptic site in the GABAergic synapses, we used a 10-pulse 20-
Hz train to elicit IPSCs and test dopaminergic modulation. We
calculated the paired-pulse ratio (PPR) using the nth IPSC di-
vided by the first IPSC within a train before and after application
of DA. Despite the significant changes in the amplitudes of the
IPSCs at some of the DA concentrations described above, we
did not see any significant changes in the PPRs from the 2nd to
10th IPSCs before and after administering different doses of DA
in either D2R-OE or control mice, indicating that all IPSCs

from the 2nd to the 10th were equally modulated by DA (Fig.
3B, ANOVA P > 0.05 for all; SI Text and Fig. S1). These data
suggest that the effects of DA on the evoked IPSCs likely in-
volved postsynaptic mechanisms, consistent with results from
previous studies (21, 22) but differed from others recorded in
layer II/III pyramidal neurons (23).

D2R Overexpression in the Striatum Does Not Alter the Effects of the
D1 Agonist on both IPSCs and EPSCs in the PFC. To determine which
type of DA receptors are involved in the change in sensitivity of
DA to synaptic transmission in layer V pyramidal neurons in
striatal D2R-OE mice, we tested the effects of the D1/D5 agonist
SKF-81297 on the evoked IPSC and EPSC trains in both trans-
genic and control mice. SKF-81297 is a highly D1-selective ag-
onist, which has a Ki for the D1 receptor of ∼2 nM but has a Ki
for the D2R of ∼1,000 nM (24). We and others recently reported
that SKF-81297 at a concentration of 1 μM significantly en-
hanced NMDA receptor (NMDAR) currents and trafficking in
the PFC neurons (25, 26). We found that bath application of
SKF-81297 (1 μM) for 10 min caused significant depression in
IPSCs trains recorded from both D2R-OE and control mice. Fig.
4 A and C show that the amplitudes of the first IPSCs were
significantly decreased by 39.5 ± 13.8% (n = 6, P < 0.05) in
control mice and by 36.0 ± 5.95% in D2R-OE mice (n = 6, P <
0.05; Fig. 4 A and C). We noted no difference between the
decreases in these two groups (P = 0.58). Furthermore, the
PPRs in the IPSC trains were also similar, without significant
differences before and after application of SKF-81297 in both
D2R-OE and control mice (n = 6, ANOVA, F = 0.19, P = 1.00
in control and F = 0.61, P = 0.77 in D2-OE mice; Fig. 4E).
Similarly, SKF-81297 also significantly depressed the evoked
EPSCs but had limited effects on the PPRs of the EPSCs in both
control and D2R-OE mice. The amplitudes of the first EPSCs
were significantly decreased by 39.8 ± 6.73% in control mice and
by 32.0 ± 8.04% in D2R-OE mice (n = 6, P < 0.05; Fig. 4 B and
D), but no difference between the decreases in these two groups
(P = 0.70). The PPRs of the EPSCs in the 10-pulse trains were
also unaffected by SKF-81297 applications in both control and
D2R-OE mice (n = 6; ANOVA F = 0.28, P = 0.97 in control
and F = 0.09, P = 1.00 in D2R-OE mice; Fig. 4F). We also
measured the 20–80% rise time of the IPSCs in the neurons
recorded from both control and D2R-OE mice and we found no
statistical difference between the two groups (1.63 ± 0.13 ms in
control vs. 1.67 ± 0.93 ms in D2R-OE, n = 12, P = 0.88). To-
gether, these data indicate that D1/D5 receptors are not involved
in the change of DA sensitivity in layer V pyramidal neurons in
the PFC induced by overexpressing D2Rs in the striatum.

D2R Overexpression in the Striatum Decreases the Effect of the D2
Agonist on both IPSCs and EPSCs in the PFC. We next examined the
effects of D2 agonism on evoked IPSCs and EPSCs in layer V
pyramidal neurons in the PFC. Bath application of the selective
D2/D3 receptor agonist quinpirole (10 μM) for 10 min caused
significant depression of the amplitudes of the IPSCs in the IPSC
trains in control mice, but had no clear effects on the IPSC trains
in D2R-OE mice. A single time point analysis showed that the
first IPSC was decreased by 41.3 ± 10.6% in the control mice
(n = 6, P < 0.05) compared with a decrease of 0.82 ± 11.1% in
the D2R-OE mice (n = 6, P > 0.05; Fig. 5 A and C). Multiple
time point analysis showed that the PPRs in the IPSC trains were
not affected by application of quinpirole in both control and
D2R-OE mice (n = 6; ANOVA F = 0.01, P = 1.00 in control
and F = 0.27, P = 0.97 in D2R-OE mice; Fig. 5E). In contrast,
quinpirole (10 μM) significantly enhanced the amplitudes of the
EPSCs in the EPSC trains recorded from control mice, but had
no effects on the EPSC trains recorded from the D2R-OE mice.
The first EPSC was increased by 47.8 ± 11.6% in control mice
(n = 6, P < 0.05; Fig. 5 B and D) compared with a slight increase
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Fig. 3. D2R overexpression in the striatum results in reduction of the sensi-
tivity to DA of GABAa receptor-mediated IPSC in layer V pyramidal neurons.
The IPSCs were isolated in the presence of AP5 (50 μM) and NBQX (20 μM). (A)
In control mice, DA induced distinctly bidirectional effects on evoked IPSCs,
with significant enhancement at 1 μM but suppression at 10 μM and 100 μM
(*P < 0.05). In contrast, in the D2R-OE mice, DA at 1 μM had almost no effect
on evoked IPSCs (n = 6, P = 0.99) but significantly increased the amplitude by
almost 40% at 10 μM (n = 6, *P < 0.05). When the concentration was in-
creased to 100 μM, the IPSC amplitude decreased again but had no signifi-
cance (n = 6, P = 0.06; ANOVA F = 21.1, P < 0.001). (B) The effects of DA on
evoked IPSCs trains in control and mice that overexpressed D2 (n = 6 at each
concentration, *P < 0.05). The IPSC currents elicited in the train were nor-
malized to the amplitude of the first IPSC recorded in the baseline condition
and were plotted against the stimulus numbers. These data show that DA
significantly changed the amplitude of the IPSCs (*P < 0.05) but exhibited no
clear effect on the ratios of the IPSCs elicited by repetitive pulses (i.e., IPSC2-
10, P > 0.05), suggesting potential postsynaptic effects.
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of 17.6 ± 12.1% (n = 6, P = 0.24; Fig. 5 B and D). Similarly,
quinpirole had no clear effects on the PPRs as multiple time
point analysis exhibited in both control and D2R-OE mice (n =
6; ANOVA F = 0.35, P = 0.94 in control and F = 0.13, P = 0.10
in D2R-OE mice; Fig. 5F). These data indicate that the altered
sensitivity to DA in synaptic transmission induced by D2 over-
expression in the striatum appears to be mediated by the changes
in D2Rs in the PFC.

Reversal of D2R Overexpression by Doxycycline Recovers the Changes
in both sEPSC and sIPSC. To further determine whether the alter-
ations in synaptic transmission is coincident with D2R over-
expression, we recorded both sEPSC and sIPSC in layer V
pyramidal neurons in both control and D2R-OE mice that were
fed for 14 d with doxycycline-supplemented food (40 mg/kg)
after reaching adulthood (17). We found that after switching off
the D2 gene with doxycycline feeding, there were no differences
in either frequency or amplitude in both sEPSCs and sIPSCs
between control and D2R-OE mice (n = 6, P = 0.46 for fre-

quency and P = 0.34 for amplitude, Fig. 6A; n = 6, P = 0.83 for
frequency and P = 0.16 for amplitude, Fig. 6B).

Discussion
The last two decades have led to an increased awareness of the
importance of the negative and cognitive symptoms in patients
with schizophrenia and their resistance to D2R antagonism.
These insights have led to a reformulation of the classical DA
hypothesis. Functional brain imaging studies suggested that the
cognitive and negative symptoms might arise from altered PFC
functions (27) and preclinical studies documented the impor-
tance of prefrontal D1 receptors for optimal PFC performance
(13, 28). These observations led to the hypothesis that an alter-
ation in D1 receptor function in the PFC might be implicated in
the cognitive and negative symptoms of schizophrenia, whereas
the excess subcortical DA transmission may be related only to
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Fig. 4. D2R overexpression in the striatum does not affect the effect of the
D1 agonist on evoked IPSCs and EPSCs in layer V pyramidal cells. Represen-
tative traces showing evoked IPSCs (A) and EPSCs (B) recorded from control
and D2R-OE mice before and after application of the D1 agonist SKF-81297
(1 μM). Effects of the D1 agonist SKF-81297 on the first IPSCs (C) or EPSCs (D)
in control mice were similar to those in mice that overexpressed D2. D1 re-
ceptor stimulation caused significant decrease of either IPSC1 or EPSC1
amplitude (n = 6, *P < 0.05) but had no significant effects on subsequent
IPSCs (E) and EPSCs (F) in the trains (n = 6, P > 0.05 for all by ANOVA).
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Fig. 5. D2R overexpression in the striatum desensitizes the effect of the D2
agonist on both IPSCs and EPSCs. Representative traces showing evoked
IPSCs (A) and EPSCs (B) recorded from control and D2R-OE mice before and
after application of the D2 agonist quinpirole (10 μM). Quinpirole signifi-
cantly decreased the amplitude of the first IPSCs (C, n = 6, *P < 0.05) but
increased the amplitude of EPSCs (D, n = 6, *P < 0.05) in control mice. In
contrast, quinpirole exhibited no effects on the amplitudes of both evoked
IPSCs and EPSCs in D2R-OE mice (C and D, n = 6, P = 0.24). We did not observe
any significant changes in subsequent IPSCs (E) and EPSCs (F) in the trains
before and after application of quinpirole, indicating unaltered paired-pulse
ratios in both IPSC and EPSC (n = 6, P > 0.05 for all by ANOVA).
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core or positive symptoms such as hallucinations and delusions
(11, 29–31). Therefore, the predominant hypothesis for schizo-
phrenia was based on the idea that there is an imbalance in DA
resulting in (i) hypoactive mesocortical DA projections to the
PFC (resulting in hypostimulation of D1 receptors, negative
symptoms, and cognitive impairment) and (ii) hyperactive sub-
cortical projections (resulting in hyperstimulation of D2Rs and
positive symptoms).
The hypothesis that hyperstimulation of D2Rs in the striatum

is relevant only for the positive symptoms was challenged by the
observation that D2R-OE mice which showed deficits in pre-
frontal dependent cognitive tasks that resemble the cognitive
deficits of schizophrenia (7, 17–19). The cognitive defects ob-
served in the D2R-OE mice persisted, even after the transgene
had been switched off, suggesting a developmental origin (32). In
contrast, however, the deficit in incentive motivation (which is
a component of the negative symptoms of schizophrenia) was
rescued when the transgene was switched off, suggesting that
concurrent up-regulation of D2Rs in the adult animal is neces-
sary for the motivational deficit.
Here we explored the nature of the prefrontal deficit at the

level of individual neurons. We found that the frequency of
sEPSCs recorded from the PFC layer V pyramidal neuron was
significantly increased, whereas the frequency and amplitude of
sIPSCs were significantly decreased, indicating an increased ex-
citatory and a decreased inhibitory transmission in the PFC of
D2R-OEmice compared with control littermates. The changes in
excitatory synaptic transmission could be caused by alterations in
presynaptic glutamate release or postsynaptic glutamate recep-
tors. Traditionally the frequency of sEPSCs has been interpreted
as being presynaptic in origin. However, recent studies indicate
that the change in sEPSC frequency could also be attributable
to alterations in number of postsynaptic receptors (25, 33).
The change in inhibitory synaptic transmission could also be de-
rived from changes in either presynaptic release or postsynaptic
GABAa receptors because not only the frequency but also the
amplitude of the sIPSCs was decreased. Independent of the
mechanisms involved, the imbalance in the excitatory and in-
hibitory activities in the PFC networks that we observed could
contribute to the behavioral deficits of D2R-OE mice. For ex-
ample, the altered synaptic transmission in the PFC could lead
to the deficits in working memory and conditional associative
learning (CAL) that we have observed in D2R-OE mice (17–19).
However, switching off the transgene and thereby normalizing
D2R expression by feeding the mice for two weeks with doxycy-
cline reverses the alterations in inhibitory and excitatory trans-
mission but not the deficits in the working memory and the CAL
tasks. Therefore, the changes in synaptic transmission are not
sufficient to explain the prefrontal dependent cognitive deficits in
D2R-OE mice, although they could partially contribute. Because
the PFC is also involved in motivation (34) and D2R-OE mice

show motivational deficits that are reversed after doxycycline
treatment (19, 20), it is possible that the altered synaptic trans-
mission in the PFC of D2R-OE mice underlies, or at least con-
tributes to their motivational deficits.
How could hyperactive D2Rs in the striatum affect the func-

tioning of the PFC? The striatum and PFC are anatomically and
functionally linked by several parallel frontostriatal loops (7).
The striatum receives direct glutamatergic inputs from the PFC
and sends feedback to the PFC via the basal ganglia output
nuclei and the thalamus (35–37). Thus, a D2R overexpression in
the ventral striatum could potentially alter the ventral pallidum-
mediodorsal thalamic-medial prefrontal loop (37). Alternatively,
increased signaling of striatal D2Rs could also regulate the ac-
tivity of the dopaminergic neurons, including those projecting to
the cortex, thereby affecting DA release in the PFC (7, 38, 39).
Our data show that an increase in D2Rs in the striatum led to
reduced sensitivity of inhibitory synaptic transmission to DA in
PFC layer V pyramidal neurons and that these effects were likely
mediated by D2Rs in the PFC. The sensitivity change is unlikely
attributable to the developmental change of the dopamine sys-
tem (32) because all of these data were obtained from the young
adult mice (3–4 mo). One possibility would be that increased DA
release in the PFC of D2R-OE mice leads to a desensitization of
D2Rs and therefore we measured a decreased modulation of
IPSCs and EPSCs to the D2 agonist quinpirole. Although we still
do not know the exact mechanism of reduced D2R modulation,
it may involve desensitization of the receptor due to reduced
protein levels, increased internalization, or altered phosphory-
lation. In contrast, we found that the D1 agonist SKF-81297
similarly depressed the amplitudes of evoked IPSCs and EPSCs
in both control and D2R-OE mice, indicating that D1 receptors
might not be involved in the change of DA sensitivity in D2R-OE
mice. This seems to be contradictory with our previous study (17)
in which we found that D1 receptor activation by systemic ap-
plication of Cl-APB induced significant increase of c-fos activity
in the PFC. The reason for this discrepancy is unclear, but as we
discussed previously (17), the increased activation of D1 recep-
tors is probably not due to increased absolute amounts of D1
receptors in the mPFC because neither in vitro ligand binding
nor real-time PCR revealed evidence for increased D1 receptor
expression levels in the PFC. This conclusion is consistent with
our findings in the current study. The D1 receptor activation by
systemic application of Cl-APB may not be altered in the PFC
but in the striatum. Altered activation of the striatum by Cl-APB
may indirectly affect prefrontal cortical c-fos activation via the
striato-thalamocortical loops. Alternatively, our recording in this
study is focused in layer V pyramidal neurons only, whereas the
c-fos activation was measured in all cortical layers.
Decreased GABAergic function in the PFC has become an

extensive focus in schizophrenia research (16). Several studies
have found decreased expression of interneuron markers in-
cluding parvalbumin, GAD67 and NPY, and these findings have
been replicated in independent sample populations (14–16).
Although previous studies have proposed that dysfunction of
the dopamine system might be derived from the NMDA hypo-
function in GABAergic interneurons (9), it is still unknown how
the dopamine, glutamate, and GABA systems are affected dur-
ing the pathological process. Whether the dysfunctions of these
systems occur simultaneously or sequentially is unknown. Our
results of reduced synaptic transmission of PFC interneurons
as a consequence of striatal D2R up-regulation raise the inter-
esting possibility that decreased GABAergic function in schizo-
phrenia could also be secondary to alterations in the striatal
DA system, at least in the D2R-OE model. Such a relationship
might suggest that alterations in D2 expression in the striatum
produce both developmental (nonreversible) and transient (re-
versible) change in prefrontal cortical function that negatively

A B

Fig. 6. Changes in synaptic transmissions were reversed after switching off
transgenic D2R expression by feeding the mice doxycycline for two weeks.
(A) Frequency and amplitude of sEPSCs in control and D2R-OE mice fed for 2
wk with doxycycline (n = 6, P = 0.46 for frequency and P = 0.34 for ampli-
tude). (B) Frequency and amplitude of sIPSCs between control and D2R-OE
mice fed for two weeks with doxycycline (n = 6, P = 0.83 for frequency and
P = 0.16 for amplitude).
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affect behaviors related to both cognitive and negative symptoms
of schizophrenia.

Materials and Methods
Detailed procedures can be found in the SI Materials and Methods. Briefly,
mice expressing the human D2R under the tetO minimal promoter were
generated on a C57BL/6-CBA(J) F2 background (17). Most of the data were
obtained from young adult mice (3–4 mo) except those with doxycycline-
supplemented chow (2 mo, Fig. 6). Offspring were genotyped by PCR for tTA
and tet-O transgenes (18). Whole-cell patch clamp recordings were con-
ducted in the medial PFC. The layer V pyramidal neurons were recorded in
the voltage-clamp mode at −70 mV in the presence of picrotoxin (50 μM) for

sEPSCs, or with both picrotoxin and TTX (0.5 μM) for mEPSCs. The evoked
EPSCs were elicited by stimulating layer II/III with a 10-pulse 20-Hz train
through a bipolar electrode. The sIPSC and mIPSCs at the layer V pyramidal
neurons were recorded at −70 mV in the presence of D-AP5 (50 μM) and
NBQX (10 μM) without or with TTX (0.5 μM), respectively. The data were
analyzed with the Student’s t test and were presented as mean ± SE.
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