
D2 Dopamine Receptors Recruit a GABA
Component for Their Attenuation of

Excitatory Synaptic Transmission in the
Adult Rat Prefrontal Cortex

KUEI Y. TSENG AND PATRICIO O’DONNELL*

Center for Neuropharmacology and Neuroscience, Albany Medical College (MC-136), Albany, New York 12208

KEY WORDS EPSP; interneurons; GABA-A; whole cell patch-clamp; electrophysi-
ology; adolescence

ABSTRACT The dopamine modulation of neuronal excitability in the prefrontal
cortex (PFC) changes during critical late periods of postnatal development. In particu-
lar, D2 receptors activate fast-spiking interneurons after, and not before, adolescence.
To test the functional impact of this change, we investigated the effects of dopamine
agonists on PFC excitatory synaptic transmission with whole-cell recordings from
deep-layer pyramidal neurons in brain slices obtained from prepubertal [postnatal day
(PD) 28–35] and postpubertal (PD > 51) rats. Electrical stimulation of superficial
layers elicited a fast AMPA/kainate excitatory postsynaptic potential (EPSP). In the
adult PFC, the D2 agonist quinpirole decreased EPSP amplitude, an effect that lasted
for at least 25 min after drug washout and was blocked by the D2 antagonist eticlopr-
ide. The late component of this effect was blocked by the GABA-A antagonist picro-
toxin without affecting the early inhibition. Quinpirole also decreased EPSP amplitude
in deep-layer pyramidal neurons from prepubertal rats, but this response was not
affected by picrotoxin. A D1 agonist, on the other hand, did not affect the pyramidal
neuron EPSP. These results indicate that D2, not D1, receptors attenuate local excita-
tory synaptic transmission in the adult PFC, and this effect of D2 involves a recruit-
ment of local GABAergic activity. Synapse 61:843–850, 2007. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

Dopamine (DA) modulates fast excitatory and in-
hibitory synaptic transmission in several brain
regions. Early studies in the striatum revealed that
DA, in particular via D1 receptors, depolarizes me-
dium spiny neurons (Calabresi et al., 1987; Shen
et al., 1992); this could be related to a D1 enhance-
ment of NMDA currents, synaptic glutamatergic
responses (Levine et al., 1996a,b) or L-type calcium
channels (Cepeda et al., 1998; Hernández-López
et al., 1997). In the prefrontal cortex (PFC), D1 recep-
tors can also sustain plateau depolarizations (Lewis
and O’Donnell, 2000; Tseng and O’Donnell, 2005),
enhance NMDA currents (Seamans et al., 2001a) and
pyramidal neuron excitability (Tseng and O’Donnell,
2004; Wang and O’Donnell, 2001), as well as activate
interneurons (Gorelova et al., 2002; Tseng and
O’Donnell, 2004, 2007). Not surprisingly then, PFC
D1 receptors contribute to NMDA-dependent long-
term potentiation (LTP) (Gurden et al., 1999, 2000)
and improve memory retrieval and working memory

performance (Floresco and Phillips, 2001; Seamans
et al., 1998). Furthermore, D1-NMDA coactivation in
the PFC is required for appetitive instrumental learn-
ing in adult rats (Baldwin et al., 2002). Thus, D1

receptors are critical for PFC cognitive functions, and
may exert their influence by sustaining activity in
PFC networks.

The role of D2 receptors in PFC physiology is less
clear. There is evidence that D2 receptors are also
critical for PFC-related cognitive functions (Arnsten
et al., 1995; Druzin et al., 2000), but their mechanisms

Contract grant sponsors: USPHS, MH57683, and NARSAD Independent In-
vestigator Award (P.O’D).

Present address for Kuei Y Tseng: Department of Cellular and Molecular
Pharmacology, The Chicago Medical School/Rosalind Franklin University of
Medicine and Science, North Chicago, IL 60064, USA.

*Correspondence to: Patricio O’Donnell, MD, PhD, Department Anatomy
and Neurobiology, University of Maryland School of Medicine, 20 Penn St.,
Baltimore, MD 21201, USA. E-mail: podon002@umaryland.edu

Received 12 February 2007; Accepted 26 April 2007

DOI 10.1002/syn.20432

Published online in Wiley InterScience (www.interscience.wiley.com).

VVC 2007 WILEY-LISS, INC.

SYNAPSE 61:843–850 (2007)



are controversial. For example, D2 agonists attenuate
pyramidal cell excitability (Gulledge and Jaffe, 1998;
Tseng and O’Donnell, 2004), the responses to NMDA
and AMPA receptors (Tseng and O’Donnell, 2004), and
activate fast-spiking interneurons (FSI) (Tseng
and O’Donnell, 2004, 2007). Others, however, have
shown D2 attenuation of inhibitory postsynaptic cur-
rents in PFC pyramidal neurons (Seamans et al.,
2001b; Trantham-Davidson et al., 2004). Unfortu-
nately, the few studies assessing DA modulation of
PFC synaptic transmission in deep layer pyramidal
neurons were carried out in developmentally imma-
ture animals; in vitro recordings from adult animals
have only assessed DA modulation of responses to
locally applied agents, not endogenous glutamate
release. Thus, D2 receptors enhance FSI excitability
in adult, not prepubertal slices (Tseng and O’Donnell,
2007). Here we investigated whether DA (specifically,
D2) receptors modulate local excitatory synaptic
transmission in adult PFC pyramidal neurons by
conducting whole-cell patch clamp recordings in brain
slices obtained from developmentally mature rats
[postnatal day (PD) 51–80] and prepubertal animals
(PD 28–35). We examined the effects of selective D2

and D1 agonists on synaptic responses evoked by elec-
trical stimulation of superficial layers at a site �1
mm lateral to the recorded neuron.

MATERIALS AND METHODS

All experimental procedures were performed
according to the USPHS Guide for Care and Use of
Laboratory Animals and were approved by the
Albany Medical College Institutional Animal Care
and Use Committee. As previously reported (Tseng
and O’Donnell, 2004), rats were anesthetized with
chloral hydrate (400 mg/kg, i.p.) before being decapi-
tated. Brains were rapidly removed into ice-cold arti-
ficial cerebral spinal fluid (aCSF) containing (in mM):
125 NaCl, 25 NaHCO3, 10 glucose, 3.5 KCl, 1.25
NaH2PO4, 0.5 CaCl2, 3 MgCl2 (pH 7.45, 295 6 5
mOsm). Coronal slices (350 lm thick) containing the
medial PFC were cut in ice-cold aCSF with a Vibra-
tome, and incubated in warm (�358C) aCSF solution
constantly oxygenated with 95% O2–5% CO2 for at
least 60 min before recording. In the recording aCSF
(delivered at 2 ml/min.), CaCl2 was increased to
2 mM and MgCl2 was decreased to 1 mM. Patch pip-
ettes (6–9 MO) were pulled from 1.5 mm borosilicate
glass capillaries (WPI) with a horizontal puller (Model
P97, Sutter Instrument), and filled with a solution
containing (in mM): 115 K-gluconate, 10 HEPES,
2 MgCl2, 20 KCl, 2 MgATP, 2 Na2-ATP, 0.3 GTP (pH
7.3, 280 6 5 mOsm). All experiments were conducted
at 33–358C.

Pyramidal neurons in layers V and VI of the infra-
limbic and prelimbic regions were identified under

visual guidance using infrared-differential interfer-
ence contrast (IR-DIC) video microscopy with a 40�
water-immersion objective (Olympus BX51-WI). The
image was detected with an IR-sensitive CCD camera
(DAGE-MTI) and displayed on a monitor. Whole-cell
current-clamp recordings were performed with a com-
puter-controlled amplifier (MultiClamp 700A; Axon
Instruments), digitized (Digidata 1322 Axon Instru-
ments), and acquired with Axoscope 8.1 (Axon Instru-
ment) at a sampling rate of 10 KHz. The liquid
junction potential was not corrected and electrode
potentials were adjusted to zero before obtaining the
whole-cell configuration. Electrical stimulation of
layers I-II (0.4–0.9 mA square pulses of 0.3 ms dura-
tion) was delivered every 20 s with a bipolar electrode
made from a pair of twisted Teflon-coated nichrome
wires (tips separated by �200 mm) and placed 0.8–
1.2 mm lateral to the recorded neurons. Stimulation
pulses were adjusted to half the intensity required to
evoke an action potential. If synaptic responses exhib-
ited more than 10% variation in amplitude during the
initial 5 min of recording or the current intensity
required was larger than 0.9 mA, the neuron was dis-
carded. Input resistance (measured with hyperpola-
rizing square pulses), membrane potential, and
evoked synaptic responses were analyzed before and
after drug application. All drugs (quinpirole, eticlopr-
ide, SKF38393, SCH23390, APV, CNQX, and picro-
toxin) were purchased from Sigma, and were mixed
into oxygenated aCSF and applied in the recording
solution in known concentrations. Control and drug-
containing aCSF were continuously oxygenated
throughout the experiments. After 15 min. of baseline
recordings, a solution containing drug mixtures was
perfused for 5–7 min. followed by 20–30 min. of wash-
out period. All measures are expressed as mean 6

SD. Drug effects were compared using Student’s t-test
or repeated measures ANOVA, and the differences
between experimental conditions were considered
statistically significant when P < 0.05. In some cases,
a two-way ANOVA was performed to compare the
interactions between different experimental condi-
tions (drug treatments or age of animals) and the
time course of synaptic changes obtained throughout
the recording.

RESULTS

Whole-cell current clamp recordings were obtained
from 86 medial PFC pyramidal neurons in brain sli-
ces from postpubertal rats (PD > 51) and 10 pyrami-
dal neurons from prepubertal (PD 30–35) animals.
The location and morphology of all neurons included
in this study were confirmed by Neurobiotin staining
(Fig. 1), revealing that they were all pyramidal cells
in layers V and VI from the infralimbic and prelimbic
regions of the medial PFC. PFC pyramidal neurons
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from PD51–80 rats were silent at rest, and exhibited a
negative resting membrane potential (�70.7 6 2.3 mV;
mean 6 SD). Their input resistance (150.6 6 37.2
MO) was calculated from the linear negative portion
of the current-voltage (I-V) curve (Fig. 1B). Action
potentials could be elicited by depolarizing somatic
current injections. Around 90% of the recorded py-
ramidal cells showed an initial spike doublet followed
by spike frequency accommodation and a characteris-
tic inward rectification to hyperpolarizing pulses
(Figs. 1A and 1B). These properties are similar to
what previously reported (Tseng and O’Donnell,
2004).

Local stimulation elicited synaptic responses in
most PFC pyramidal neurons (n ¼ 54 of 86 neurons).
Electrical stimulation (0.4–0.8 mA; 0.5 ms) of layers
I–II at 0.8–1.2 mm lateral to the axis defined by the
apical dendrite of the recorded neuron (Fig. 2A)
evoked a fast depolarizing postsynaptic potential that
remained unchanged after 10 or more minutes of per-
fusing the slice with the GABA-A antagonist picro-
toxin (10 lM, n ¼ 6, Fig. 2B). In contrast, the AMPA/
kainate antagonist CNQX (10 lM) completely elimi-

nated the synaptic response in all cells tested (n ¼ 8,
Fig. 2C), whereas the NMDA antagonist APV (50 lM,
n ¼ 7) slightly reduced the duration without affecting
the amplitude of the evoked response (Fig. 2D). These
responses had short and constant onset latency, indi-
cating their monosynaptic nature. These results indi-
cate that superficial layer stimulation in the medial
PFC induces primarily an AMPA-dependent excita-
tory postsynaptic potential (EPSP) in deep-layer py-
ramidal neurons, with NMDA contributing to the late
component of this response and no obvious contribu-
tion of GABA receptors.

D2 receptors affected intracortical synaptic
responses. Bath application of the D2 agonist quinpir-
ole, at a concentration that has been reported effec-
tive for attenuating pyramidal cell excitability (1 mM;
Tseng and O’Donnell, 2004), reduced EPSP amplitude
from 8.2 6 1.3 mV to 6.3 6 1.2 mV (n ¼ 10; Fig. 3A;
P < 0.0002, paired t-test). This effect was observed in
every cell tested, despite the wide range of initial
EPSP amplitudes (therefore, the large standard devi-
ations and yet highly significant differences). The D2

antagonist eticlopride (20 lM) completely blocked this
effect (n ¼ 6, Figs. 3B and 3C), confirming that the

Fig. 1. Whole-cell recordings of deep-layer PFC pyramidal neu-
rons obtained from slices from a young adult (PD 56) rat. (A) Char-
acteristic voltage responses (top) to depolarizing and hyperpolariz-
ing somatic current pulses (bottom; 300 ms duration, �300 to þ100
pA in amplitude) in a representative neuron. (B) Current-voltage
(IV) plot obtained from the traces shown in A. Typically, currents
larger than –100 pA yielded inward rectification in the hyperpolariz-
ing direction (arrowhead). The oblique line highlights the regression
slope for the linear part of the plot (�100 to þ100 pA). (C) IR-DIC
image of a deep-layer pyramidal neuron recorded from a PFC slice.
Arrowheads indicate the shadow of the patch electrode. (D) Neuro-
biotin labeling of a representative pyramidal neuron recorded from
the medial PFC (same cell from which traces shown in A were
obtained). Small arrowheads point to the apical dendrite and the
large arrowhead indicates the cell body.

Fig. 2. Electrical stimulation of superficial layers typically elic-
its a glutamatergic EPSP in deep-layer pyramidal neurons of the
medial PFC. (A) Diagram illustrating the spatial arrangement of
stimulating electrodes (layers I-II) and recording sites (layers V-VI).
(B) Bath application of the GABA-A antagonist picrotoxin (10 lM)
failed to change the amplitude of the evoked responses in all cells
tested (n ¼ 6). Left: bar graph summarizing EPSP amplitudes;
right: example of the evoked response recorded before (black line)
and after 5 min. of picrotoxin (gray line). Traces in this and subse-
quent figures are representative examples and not averages. (C)
Bar graph (left) summarizing the effect of bath application of the
AMPA/kainate antagonist CNQX (10 lM). The amplitude of the
evoked response was gradually reduced and completely eliminated
after 5 min. of CNQX in all cells tested (n ¼ 8, ***P < 0.0001,
paired t-test). Representative traces (right) showing the evoked
EPSP before (baseline) and after 5 min. of CNQX. (D) Bath applica-
tion of the NMDA antagonist APV (50 lM) failed to change EPSP
amplitude in all cells tested (n ¼ 7; left). Traces (right) recorded
before (baseline) and after 5 min. of drug application illustrate the
slight reduction of EPSP decay observed with APV.
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quinpirole-induced synaptic depression was D2-medi-
ated. Eticlopride had not effect when applied alone
(n ¼ 6, data not shown). Thus, D2 receptors attenuate
intracortical synaptic responses in deep layer PFC py-
ramidal neurons from adult animals.

The EPSP remained attenuated for several minutes
after quinpirole was removed. At least 25 min were
necessary to see a trend towards recovery of EPSP
amplitude to baseline (Fig. 4, solid squares). Eticlopr-
ide (20 mM) blocked the quinpirole effect in its entire
duration (Fig. 4, open triangles). However, the GABA-
A antagonist picrotoxin (10 mM, n ¼ 6) significantly
shortened the quinpirole effect without affecting the
initial inhibition (Fig. 4, open squares). A comparable
effect was also observed with 10 lM bicuculline (n ¼
3, data not shown). These results indicate that a D2

attenuation of fast excitatory synaptic transmission
in PFC pyramidal neurons could be prolonged by

recruiting local GABAergic activity, also D2 mediated,
in postpubertal animals.

We have recently reported that D2 receptors can
increase interneuron excitability in PFC slices from
adult, but not prepubertal, rats (Tseng and O’Donnell,
2007). Thus, it is possible that the D2-GABA-depend-
ent modulation of local circuit EPSPs does not emerge
until puberty. Therefore, we performed additional
recordings in slices from prepubertal (PD < 35) ani-
mals. As observed in the mature PFC, bath applica-
tion of 1 mM quinpirole decreased pyramidal neuron
EPSP amplitude in slices from PD28-35 rats (Fig.
5A). EPSP amplitude decreased from 5.7 6 0.6 mV to
4.9 6 0.6 mV after 5 min of quinpirole (n ¼ 5, P <
0.001, paired t-test). This effect was not affected by
picrotoxin (Fig. 5B) and appears to be less robust
than the D2-dependent synaptic attenuation observed
in the mature PFC (14.2 6 3.7% EPSP inhibition
compared to 23.2 6 9.1%; Fig. 5C). Unlike the adult
response, the duration of the quinpirole effect was not
reduced by picrotoxin (Fig. 5C). This suggests that
the D2 recruitment of GABA activity is not present in
the prepubertal PFC.

We also investigated the impact of D1 receptors on
local excitatory synaptic transmission in the PFC of
PD51-80 rats. Bath application of the D1 agonist
SKF38393 enhances pyramidal neuron excitability in
adult animals (Tseng and O’Donnell, 2004, 2005).

Fig. 3. Quinpirole depresses deep-layer pyramidal neuron EPSP
amplitude in the PFC of postpubertal animals. (A) Graph summa-
rizing the effect of the D2 agonist quinpirole on pyramidal neuron
EPSP amplitude. Bath application of quinpirole (1 lM for 5 min.)
significantly reduced EPSP amplitude in all cells tested (n ¼ 10,
***P < 0.0001, paired t-test). (B) Graph illustrating the effect of
quinpirole in presence of the D2 antagonist eticlopride (20 lM) in all
cells tested. (C) Bar graph summarizing the effect of quinpirole and
quinpirole þ eticlopride as percentage changes relative to baseline.
After 5 min. of quinpirole (1 lM), the average EPSP amplitude
decreased by around 23%, an effect that was not evident in presence
of eticlopride (***P < 0.0001, unpaired t-test). (D) Representative
traces of evoked EPSP recorded in pyramidal neurons before and af-
ter bath application of 1 lM quinpirole alone (top) or in presence of
20 lM eticlopride (bottom).

Fig. 4. Time course of the effect of quinpirole on PFC pyramidal
neuron EPSP amplitude, recorded in slices from postpubertal ani-
mals. Quinpirole (1 mM) significantly attenuated EPSP amplitude in
pyramidal neurons after 5–7 min. of drug application (indicated
with a gray shading), and this was blocked by 20 mM eticlopride
(open triangles). In the absence of eticlopride, however, the EPSP
attenuation remained even after quinpirole was removed from the
bath (solid squares, n ¼ 10). A period of at least 25 min. was
required to partially washout the effect of quinpirole. The GABA-A
antagonist picrotoxin (10 lM; open squares, n ¼ 6) shortened the
duration of this inhibition (*P < 0.01, **P < 0.001, ***P < 0.0001,
Tukey posthoc test after significant 2-way ANOVA, interaction
between drug and time P < 0.001). The initial D2-dependent EPSP
attenuation (white and black arrowheads) was not affected by picro-
toxin (open circle, n ¼ 6).
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However, no apparent changes in EPSP amplitude
were observed with SKF38393 (8 mM, a concentration
effective in affecting pyramidal cell excitability; Fig.
6). EPSP amplitudes were 5.4 6 2.0 mV before and
5.5 6 1.7 mV after 5–7 min. of SKF38393 (n ¼ 5; Fig.
6A, open circles). Picrotoxin (10 lM) failed to affect
the (lack of) SKF38393 response (n ¼ 4; Fig. 6A, open
triangles). These results suggest a minor effect of D1

receptors in the modulation of intracortical AMPA-
mediated synaptic responses in deep-layer pyramidal
neurons.

DISCUSSION

D2 DA receptors attenuated AMPA-mediated synap-
tic transmission in PFC pyramidal neurons in slices
from both pre- and postpubertal animals. The magni-
tude and duration of this D2 modulation were more
pronounced in the PFC of PD51–80 rats; at least 25
min were required to partially washout the D2 effect.
The GABA-A antagonist picrotoxin shortened the du-
ration of the synaptic depression in slices obtained
from older animals to values similar to what was
observed in slices from prepubertal animals. On the
other hand, D1 stimulation failed to elicit significant
changes on evoked EPSPs. Thus, DA attenuation of
local circuit excitatory synaptic transmission may
involve both a direct D2 action on pyramidal neurons
and a D2-mediated upregulation of local GABAergic
activity that can sustain the inhibition, but only in
the adult PFC.

Our data shows that D2 receptors can attenuate
the amplitude of EPSPs evoked by superficial layer
stimulation in slices from PD51–80 rats. The EPSPs
were primarily glutamatergic, as evidenced by their
almost complete blockade by CNQX and the lack of
effect of picrotoxin. As the distance between stimulat-
ing and recording electrode was around 1 mm, it is
unlikely that stimulating current spread to activate
local GABA projections. All evoked responses seemed
to be driven by activation of cortico-cortical fibers in
superficial layers. The D2 modulation of these
responses; however, may include a fast GABA-inde-
pendent component and a more protracted one that
can be blocked by a GABA-A antagonist. Even though
GABA-A blockade with picrotoxin did not affect EPSP
amplitude directly, D2 activation attenuated the
responses with a late, GABA-A—dependent compo-
nent, suggesting that D2 receptors may induce long-

Fig. 5. In slices from prepubertal animals the GABA component
was not observed. (A) Plot summarizing the effect of quinpirole on
EPSP amplitudes in pyramidal neurons recorded in the PFC of pre-
pubertal animals. Bath application of quinpirole (1 lM) significantly
reduced EPSP amplitude in all cells tested (n ¼ 5, P < 0.001, paired
t-test). (B) Plot summarizing the effect of quinpirole on EPSP ampli-
tude in presence of the GABA-A antagonist picrotoxin (10 lM). In
these conditions, quinpirole still reduced pyramidal neuron EPSP
amplitude to a similar degree to that observed with quinpirole alone
(n ¼ 4, P < 0.005, paired t-test). (C) Line graph showing the time
course of the quinpirole effect on EPSP amplitude in pyramidal neu-
rons from prepubertal and postpubertal PFC slices. Bath application
of quinpirole decreased EPSP amplitude by near 14% (solid squares/
solid line) in prepubertal pyramidal neurons; a more pronounced
effect was obtained in the PFC of postpubertal animals (23%, grey
squares/dashed line;*P < 0.01, **P < 0.001, ***P < 0.0001, Tukey
posthoc test after significant 2-way ANOVA, interaction between
drug and time P < 0.001). In addition, the early postquinpirole inhi-
bition observed in slices from prepubertal animals (open circles/
solid line) was not affected by picrotoxin as it was in the adult PFC
(arrowheads).

Fig. 6. Bath application of the D1 agonist SKF38393 failed to
elicit significant changes on medial PFC pyramidal neuron EPSP
amplitude. (A) Plot illustrating the effect of 8 lM SKF38393 on
EPSP amplitude recorded in deep-layer pyramidal neurons. No con-
sistent changes were observed after 5–7 min. of SKF38393 alone
(n ¼ 5; open circles) or in presence of picrotoxin (10 lM, n ¼ 4; open
triangles). (B) Time course analysis of normalized EPSP amplitude
revealing that SKF38393 does not affect significantly evoked synap-
tic responses.
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term changes that affect GABA neurons. Thus, D2

activation can engage several mechanisms, including
a direct inhibition of pyramidal neurons and recruit-
ment of local GABA interneurons. In fact, D2 agonists
reduce neuronal excitability and attenuate glutama-
tergic responses in several cortical and subcortical
brain regions (Cepeda et al., 1993, 1998; Gulledge
and Jaffe, 1998; Hernandez-Echeagaray et al., 2004;
Hernandez-Lopez et al., 2000; Kotecha et al., 2002;
O’Donnell and Grace, 1994; Perez et al., 2006; Tseng
and O’Donnell, 2004). In the PFC, a direct postsynap-
tic activation of phospholipase lipase C-IP3 and inhi-
bition of protein kinase A (PKA) by D2 receptors can
decrease pyramidal cell excitability (Tseng and
O’Donnell, 2004). D2 receptors can also enhance local
GABA release (Grobin and Deutch, 1998) and GABA
interneuron excitability in the adult PFC (Tseng and
O’Donnell, 2004, 2007). Indeed, FSI can become spon-
taneously active in presence of a D2 agonist (Tseng
and O’Donnell, 2004). However, other studies have
shown that D2 receptors can attenuate GABA cur-
rents in pyramidal neurons from prepubertal animals
(Seamans et al., 2001b). It is possible that the peria-
dolescent maturation of the D2 modulation of GABA
interneuron excitability (Tseng and O’Donnell, 2007)
is responsible for this difference. Thus, a D2-depend-
ent, GABA-A-mediated EPSP depression that outlasts
the direct effect of the D2 agonist on pyramidal neu-
rons could emerge in PFC circuits during adolescence.

Several studies have reported changes in DA and
its actions in the PFC during adolescence. In prima-
tes, the DA innervation of the PFC changes dramati-
cally during this critical period (Benes et al., 2000;
Rosenberg and Lewis, 1994). In rodents, immediate
early gene expression induced by amphetamine
changes during adolescence in the PFC and nucleus
accumbens (Andersen et al., 2001). Furthermore, neu-
rophysiological studies reveal that event-related
potentials are still maturing during adolescence in
humans (Segalowitz and Davies, 2004). We have
recently shown that the excitatory effect of D2

receptors on PFC FSI excitability emerge during ado-
lescence (Tseng and O’Donnell, 2007). This late matu-
ration of D2 actions may explain the findings reported
here. As interneurons acquire the ability to be driven
by D2 receptors during adolescence, these receptors
may, in addition to any direct action on pyramidal
neurons, recruit interneurons that would in turn
modulate pyramidal synaptic responses.

The D1 agonist failed to affect intra-PFC EPSPs in
deep-layer pyramidal neurons. It is well known that
D1 receptors increase AMPA-evoked striatal cell firing
(Cepeda et al., 1993) but produce little net change on
excitatory synaptic responses within corticostriatal
synapses (Levine et al., 1996b; O’Donnell and Grace,
1994; West and Grace, 2002). In the PFC, the D1

modulation of glutamate-mediated responses is com-

plex, with evidence supporting both positive and neg-
ative interactions depending on the glutamatergic re-
ceptor subtypes involved (Tseng and O’Donnell, 2004).
D1 agonists enhance NMDA responses in deep-layer
pyramidal neurons in the PFC of pre- (Wang and
O’Donnell, 2001) and postpubertal (Tseng and
O’Donnell, 2005) animals. Furthermore, D1-NMDA
co-activation elicited recurrent plateau depolariza-
tions resembling in vivo up states, but only in the
adult PFC (Tseng and O’Donnell, 2005). These depola-
rizations require a combination of intrinsic and
synaptic mechanisms, including intracellular Ca2þ,
L-type Ca2þ channels, and PKA, as well as upregula-
tion of voltage-gated Naþ channels. At a synaptic
level, D1 activation also facilitates AMPA postsynaptic
currents in superficial-layer pyramidal neurons and
attenuates recurrent excitation presynaptically (Gao
et al., 2001). Here, we did not observe a consistent D1

effect on deep-layer pyramidal neuron excitatory
synaptic response to superficial layer stimulation.
Although this negative finding is consistent with our
previous report showing an absence of D1 modulation
of AMPA-mediated excitation in the PFC (Tseng and
O’Donnell, 2004), it remains to be determined
whether D1 receptors may play a role in modulating
excitatory synaptic responses in discrete ensembles of
pyramidal neurons, particularly those enabled by a
D1-NMDA coactivation (Tseng and O’Donnell, 2005).
In fact, it has been recently shown that D1 receptor
stimulation increases extrasynaptic GluR1 expression
and subsequent NMDA activation is required to
translocate AMPA receptors into synapses (Sun et al.,
2005). Therefore, a D1 enhancement of AMPA synap-
tic events may only occur when NMDA function is
enabled such as during periods of sustained depolari-
zation or up states (Tseng and O’Donnell, 2005; Tseng
et al., 2007). In any event, PFC circuits are normally
affected by endogenous DA, which activates both D1

and D2 receptors. Thus, in addition to specific D1 or
D2 effects the possibility exists for D1–D2 interactions
that can shape the responses to DA. The regulation of
PFC persistent activity by mesocortical DA has been
associated with working memory and other executive
functions (Goldman-Rakic et al., 2000; Horvitz, 2000;
Jay, 2003; O’Donnell, 2003). It has been proposed that
mesocortical DA increases the impact of behaviorally
relevant information by attenuating irrelevant inputs
to the PFC (O’Donnell, 2003). For example, mesocorti-
cal stimulation with trains of pulses mimicking DA
cell burst firing typically elicits sustained membrane
potential depolarization along with suppression of
action potential firing in PFC pyramidal neurons
(Lewis and O’Donnell, 2000). This characteristic inhi-
bition in pyramidal cell activity is usually obtained in
the absence of coincident excitatory inputs to the PFC
and matches the temporal course of FSI excitation
(Tseng et al., 2006), suggesting that part of the
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response to mesocortical stimulation could be medi-
ated by local GABAergic circuitry. Both D1 and D2

receptors can exert a powerful excitatory effect on
PFC GABAergic interneurons (Gorelova et al., 2002;
Tseng et al., 2006; Tseng and O’Donnell, 2007). This
modulation could influence the timing and spatial se-
lectivity of ensembles of output neurons, probably by
the D2- and GABA-mediated attenuation of excitatory
inputs to deep-layer pyramidal neurons described
here. In addition to the postpubertal emergence of a
D1 enhancement of NMDA function (Tseng and
O’Donnell, 2005), an increased impact of D2-depend-
ent inhibition with the postpubertal acquisition of DA
modulation of local GABAergic interneurons (Tseng
and O’Donnell, 2004, 2007) may represent another
important functional characteristic of the adult meso-
cortical system. These postpubertal changes may ulti-
mately enhance the detection of relevant and salient
signals through two concurrent events. A mature D2-
GABA interaction may provide a more efficient mech-
anism to limit neuronal firing originated from asyn-
chronous inputs, which in turn will facilitate relevant
signals to drive specific ensembles of PFC pyramidal
neurons into up states by virtue of a D1 enhancement
of NMDA function (Lewis and O’Donnell, 2000; Tseng
and O’Donnell, 2005). If these events were coincident
with the arrival of strong excitatory inputs (e.g., from
the hippocampus), the representation encoded in the
ensemble of activated PFC neurons would be rein-
forced and action potential firing during up states
would be enabled. Thus, the periadolescent matura-
tion of the control of excitatory and inhibitory neuro-
transmission by DA could be critical to fine-tuning
PFC activity responsible for mature cognitive proc-
esses. Disruption of these complex modulations could
lead to inappropriate PFC function, and this would
become evident during or after late adolescence, as is
the case for several deficits observed in schizophrenia
(Carter et al., 1998; Lewis et al., 2004).
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