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The Presence of Background Dopamine Signal Converts
Long-Term Synaptic Depression to Potentiation in Rat
Prefrontal Cortex
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Executive functions of the brain are believed to require tonic dopamine inputs to the prefrontal cortex (PFC). It is unclear, however, how
this background dopamine activity controls synaptic plasticity in the PFC, a possible underlying mechanism of executive functions. Using
PFC slices, we show that pairing of dopamine with weak tetanic stimulation, a maneuver that otherwise induces NMDA receptor-
independent long-term depression (LTD), induces long-term potentiation (LTP) when “primed” with dopamine. This “priming” occurs
through the combined activation of D1 and D2 receptors and requires 12– 40 min to develop. Moreover, concurrent synaptic activation of
NMDA receptors during priming is necessary for this novel form of LTP. We suggest that a role of background dopamine signals in the
PFC is to prevent high-frequency synaptic inputs from abnormally inducing LTD and to secure the induction of LTP.
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Introduction
Midbrain dopamine neurons exhibit fast phasic and “back-
ground” tonic activities (Grace, 1991; Schultz, 2002). The phasic
activity is thought to be involved in the encoding of reward-
related signals (Reynolds et al., 2001; Schultz, 2002) and pro-
motes long-term potentiation (LTP) in the striatum (Reynolds et
al., 2001), hippocampus (Frey et al., 1991), and prefrontal cortex
(PFC) (Gurden et al., 1999; Huang et al., 2004). The slow tonic
activity supplies ambient concentrations of dopamine in target
areas (Floresco et al., 2003), including the PFC (Bassareo and Di
Chiara, 1997; Takahata and Moghaddam, 2000). This back-
ground presence of dopamine is thought to provide crucial con-
trol over higher cognitive functions mediated by the PFC (Akil et
al., 1999; Schultz, 1998, 2002).

Lines of animal studies indeed show that manipulations of
dopaminergic tone either by direct infusion of dopamine ago-
nists/antagonists in the PFC (Sawaguchi and Goldman-Rakic,
1991; Zahrt et al., 1997; Baldwin et al., 2002; Wang et al., 2004) or
by a lesion of ventral tegmental area (Simon et al., 1980) cause
significant alterations in executive functions. It is generally
thought that the background dopamine level regulates the sensi-
tivity of PFC neurons to event-related inputs (Williams and
Goldman-Rakic, 1995). To date, however, the specific cellular

mechanisms underlying the effect of tonic background dopamine
level on executive functions are still unknown.

An emerging view is that the executive functions depend on
lasting neuronal traces formed and stored within the PFC (Dias
and Aggleton, 2000; Fuster et al., 2000; Rossi et al., 2001; Simons
and Spiers, 2003; Runyan et al., 2004) and that synaptic plasticity
in the PFC serves as a mechanistic basis for these neuronal traces
(Laroche et al., 2000). Indeed, lasting alterations in discharge rate
of PFC neurons were detected during the acquisition of operant
spatial discrimination task (Mulder et al., 2003). Furthermore,
long-term changes of PFC synaptic transmission were found to
accompany a form of behavioral adaptation (Herry and Garcia,
2002).

Here, we hypothesize that tonic background dopamine activ-
ity plays a key role in the regulation of PFC synaptic plasticity.
Given that dopaminergic projection is removed, the acute PFC
slices serve as an excellent model system, which allowed us to
mimic background dopaminergic inputs by a “priming” bath-
application of dopamine. Previously, we showed that paring te-
tanic stimulation to bath-application of dopamine (100 �M; 12.5
min) induces long-term depression (LTD) (Otani et al., 1998,
1999). In the present study, to compare with this protocol and to
isolate the background stimulation phase, we performed a dopa-
mine double-application protocol. In this protocol, dopamine
was applied alone (100 �M; 12.5 min) 40 min before the delivery
of the dopamine-tetanic stimulation paring. In the second series
of experiments, to supply background dopamine in a more phys-
iologically relevant manner, we continuously applied a lower
concentration of dopamine (3 �M) before the pairing. In both
cases, surprisingly, the priming of dopamine receptors converted
the LTD to LTP.
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Materials and Methods
Slice preparation. All experiments were conducted in accordance with the
Policies on the Use of Animals in Neuroscience as approved by the Soci-
ety for Neuroscience. Male Sprague Dawley rats (23–30 d of age) were
decapitated, and their brains were rapidly removed from their skull.
Coronal slices containing the prelimbic area of medial frontal cortex (300
�m; 2.2–3.7 mm from the bregma) were sectioned by the use of a Camp-
den vibratome (Campden Instruments, Leics, UK) in chilled (�0°C)
oxygenated (95% O2/5% CO2) artificial CSF (ACSF) composed of the
following (in mM): 124 NaCl, 2 KCl, 26 NaHCO3, 1.15 KH2PO4, 1 MgCl2,
2 CaCl2, and 11 D-glucose. The slices were allowed to recover for at least
3 h at room temperature (�20°C) in continuously oxygenated ACSF.
The slices were transferred, one at a time, to a submersion-type recording
chamber and perfused with warmed ACSF (28°C) at the rate of 1 ml/min.

By the use of sharp glass micropipettes (GC120F-10; Harvard Appa-
ratus, Holliston, MA) filled with 3 M K-acetate (80 –120 M� tip resis-
tance), the soma of �170 layer V pyramidal neurons in the prelimbic area
was penetrated. Negative currents were initially injected with an Axoc-
lamp 2A amplifier (Molecular Devices, Union City, CA) or a BVC-700A
amplifier (Dagan Corporation, Minneapolis, MN). After stabilization of
the cells, all or most currents were removed. On average, the cells had a
resting membrane potential of �71 � 0.5 mV, and the potential during
the experiments was maintained at �74 � 0.4 mV. Cells that had a
resting membrane potential more negative than �60 mV, a spike height
of 60 mV or larger, and an initial input resistance of 30 M� or larger were
considered healthy. The spike height and the input resistance were re-
examined at the end of the experiments. Furthermore, input resistance
and bridge balance were often tested during the course of the experi-
ments, with spike height also retested when necessary. Experiments were
terminated in cases where cells showed a sign of deterioration (i.e., a
constant decline in any of the aforementioned parameters such that
�10% deviations from initial values were observed). On average, initial
and final spike heights of the accepted cells were 71 � 0.5 and 70 � 0.6
mV, respectively. Initial and final input resistances were 54 � 1.2 and
55 � 1.3 M�, respectively.

Before the experiments, spike discharge mode was routinely examined
by applying a depolarizing current step (500 ms) from resting membrane
potential. The intensity of the depolarizing step was set at the level where
a 30 ms application of the step produced one action potential. Sixty-two
percent of the cells were classified as regular spiking, 13% as bursting, and
25% as “adaptation cells” in which initial repetitive spikes ceased
abruptly with a strong adaptation. There were no correlations between a
discharge mode and the other measurements, including the degree of
synaptic plasticity.

Stimulation, recording, and data analysis. A bipolar Teflon-coated
tungsten stimulating electrode (external diameter, 125 �m; A-M Sys-
tems, Carlsborg, WA) was placed on layer I-II of the prelimbic area
(immediately interior to the pial surface). The EPSP of �10 mV in am-
plitude was evoked at 0.033 Hz by the application of monophasic con-
stant current square pulses (100 �s duration; A360 stimulus isolator;
World Precision Instruments, Sarasota, FL). After acquisition of the
baseline responses for a period of at least 20 min, drug application was
initiated. All drugs were included in perfusing medium. In a given set of
experimental conditions (e.g., those involving the dopamine receptor
antagonists), the experiments were always performed in an interleaved
manner. To induce long-term plasticity, a train of tetanic stimuli (100
pulses applied at 50 Hz) was delivered four times at 0.1 Hz. All evoked
responses were fed to an Axoclamp 2A or BVC-700A amplifier in
current-clamp mode and digitized at 10 kHz through a Digidata 1322A
interface (Molecular Devices) by the use of Elphy data acquisition pro-
gram (developed by Dr. G. Sadoc, Institut Alfred Fessard, Centre Na-
tional de la Recherche Scientifique, Gif-sur-Yvette, France). Individual
responses and the changes in the EPSP slope were monitored on-line,
whereas the detailed data analysis was performed off-line.

For the analysis, the initial rising slope of the EPSP (1 ms period from
its onset, mV/ms), which contains only a monosynaptic component
(Hirsch and Crepel, 1990), was calculated for each individual EPSP
evoked by the 0.033 Hz test pulses. Changes of the EPSP slope after

conditioning/drug application (35– 45 min period after conditioning,
denoted as “40 min after conditioning”) were expressed as a percentage
increase or decrease from the preconditioning baseline level (the 10 min
period just before tetanic stimulation or drug application). The percent-
age values obtained were compared between different experimental
groups.

All experiments were performed in the presence of the GABAA antag-
onist bicuculline methiodide (1 �M). The presence of bicuculline did not
disrupt the EPSP for at least 2 h of recording. Percentage changes of the
EPSP slope 60 and 120 min after the beginning of bicuculline perfusion
were 4.6 � 7.3 and �2.1 � 6.9%, respectively (n � 4).

The initial concentration of dopamine was 100 �M in most experi-
ments (with 20 �M ascorbic acid), but this was subject to degradation. We
assessed actual concentration of dopamine in our recording chamber at
the time of conditioning (i.e., the end of the 12.5 min application), by the
use of high-performance liquid chromatography (in collaboration with
Dr. J.-P. Tassin, College de France, Paris, France). Our measurement
showed that dopamine concentration in the bath was 79 �M. We verified
also that the 20 �M level of ascorbic acid does not affect the synaptic
responses. Thus, ascorbic acid alone was applied twice for a 12.5 min
duration, separated by a 40 min interval, as for our principal dopamine
double-application protocol (see Fig. 1d). There were no significant
changes in the EPSP slope during and after the ascorbic acid application.
Percentage changes of the EPSP slope 40 min after the first and second
applications of ascorbic acid were �2.9 � 4.7% (n � 6) and �1.4 �
5.2%, respectively (n � 5; recording of one cell was lost just after the
second application).

For statistical analysis, a p � 0.05 confidence level was considered
significant. Unless otherwise specified, the two-tailed Student’s t test was
used. All values are expressed as mean � SEM. As described previously,
morphological identification of pyramidal neurons was routinely per-
formed using biocytin [1.5% loaded in recording electrodes (Otani et al.,
1999)]. All identified neurons were classified as layer V pyramidal neu-
rons, based on the shape and location of their cell body and on the long
apical dendrite bearing a tuft, which occurs in the superficial layer.

The following drugs were used: bicuculline methiodide (Sigma, St.
Quentin Fallavier, France), biocytine (Sigma), dopamine (Sigma),
BAPTA (Sigma), R(�)-7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1 H-3-benzazepine hydrochloride (SCH23390)
(Tocris Cookson, Bristol, UK), sulpiride (Tocris Cookson), (�)-1-
Phenyl-2,3,4,5-tetrahydro-(1 H)-3-benzazepine-7,8-diol hydrobro-
mide (SKF38393) (Tocris Cookson), quinpirole (Tocris Cookson),
DL-2-amino-5-phosphonopentanoic acid (AP-5) (Tocris Cookson),
6-cyano-7-nitroquinoxaline-2,3-dion (CNQX) (Tocris Cookson), and
(RS)-�-methyl-4-carboxyphenylglycine (MCPG) (Tocris Cookson).

Results
LTP induction is facilitated by dopamine priming
The glutamatergic monosynaptic EPSP was evoked by layer I-II
afferent stimulation and recorded from the soma of layer V py-
ramidal neurons in PFC slices prepared from juvenile rats (23–30
d of age) (Fig. 1a). Perfusion of the PFC slices with a relatively
high concentration of dopamine (100 �M) for an extended period
of time (12.5 min) resulted in a transient decrease of synaptic
efficacy that lasted no �30 min (Fig. 1c) (first dopamine applica-
tion, n � 6) (Otani et al., 1998, 1999). The dopamine application
alone did not induce lasting synaptic changes unlike in the hip-
pocampus (Huang and Kandel, 1995; Sajikumar and Frey, 2004).
When dopamine was applied for the second time, however, the
depression of the EPSP was significantly smaller (Fig. 1c) (�36 �
7.6% change by the first application vs �16 � 4.3% by the second
application; p � 0.05, paired t test). Although the molecular
mechanism underlying this dopamine-induced acute reduction
of the EPSP is unknown, the clear habituation indicates that the
low dopamine condition in slices had induced a homeostatic
compensation in the dopamine system (Grace, 1991). Indeed, in
PFC slices, a significant amount of endogenous release of dopa-
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mine may not be present unless residual axons receive high-
frequency input (Young and Yang, 2005). It is then thought that
the second application of dopamine better models physiological
dopamine effects than the first application.

As shown in Figure 1b, when the first
application of dopamine was paired with a
weak tetanic stimulation (50 Hz; 100 puls-
es; four times at 0.1 Hz), an NMDA
receptor-independent LTD was induced
(�25 � 6.0% at 40 min; n � 14) (Otani et
al., 1998, 1999). This weak tetanus itself
induced no lasting plasticity (0.1 � 1.2%
at 40 min; n � 12; data not shown) (Otani
et al., 1998, 1999). In the next series of ex-
periments, we applied dopamine first
without concurrent application of the 50
Hz stimuli (Fig. 1d). When the dopamine-
induced acute depression had fully re-
versed (40 min later), dopamine was reap-
plied in an identical manner. This second
application of dopamine was paired with
the same weak tetanic stimulation de-
scribed above. Remarkably, this procedure
induced LTP (Fig. 1d). The EPSP slope was
20 � 3.0% above baseline 40 min after do-
pamine and tetani (n � 10; p � 0.00001
compared with the tetanus-alone control
group, which showed 0.1 � 1.2% change
at 40 min; two-tailed t test). The second
application of dopamine was necessary for
the induction of LTP. When omitted, the
50 Hz tetani induced only decaying poten-
tiation (Fig. 1e) (2.4 � 4.2% at 40 min; n �
8; p � 0.005; compared with the group
depicted in Fig. 1d).

Two sets of control experiments were
performed. First, to exclude the possibility
that prolonged dialysis of the postsynaptic
cells facilitated the induction of LTP, we
performed the dialysis of postsynaptic
neurons for an extended period of time
(�1 h recording) before the application of
dopamine (Fig. 2a; see legend for more de-
tails of the method). Under this condition,
the 50 Hz tetani still induced a small but
significant LTD (�8.2 � 4.9%; n � 6; p �
0.0002 compared with the group depicted
in Fig. 1d, and p � 0.05 compared with the
tetanus-alone control group). Second, one
may argue that a smaller synaptic depres-
sion (habituation) induced by the second
application of dopamine may lead to the
induction of LTP. To exclude this possibil-
ity, we applied 10 –30 �M (rather than 100
�M) of dopamine, again after a prolonged
postsynaptic dialysis (Fig. 2b). These con-
centrations of dopamine induced acute
depression (�16 � 5.2%) similar in de-
gree to that induced by the second appli-
cation of 100 �M dopamine (�16 �
4.3%). However, delivery of 50 Hz tetani
in the presence of the 10 –30 �M dopamine
induced LTD, but not LTP (�15 � 6.8%;

n � 5; p � 0.0005 compared with the group depicted in Fig. 1d,
and p � 0.01 compared with the tetanus-alone control group).
From these experiments, we conclude that for the induction of
LTP, both preapplication of dopamine and the pairing of a sec-

Figure 1. Priming of dopamine receptors facilitates LTP induction in rat PFC neurons. a, The monosynaptic glutamatergic EPSP
was evoked by 0.033 Hz test stimuli applied to layer I-II fibers of the PFC slices and recorded at somatic level from layer V pyramidal
neurons by the use of sharp micro pipettes. Bicuculline (1 �M) was routinely added in the bathing medium to reduce GABAA

inhibition. b, Data taken from our previous experiments (Otani et al., 1999) showing that the delivery of 50 Hz tetanic stimuli (100
pulses, 4 times at 0.1 Hz) in the presence of dopamine (100 �M; 12.5 min) induces LTD of the EPSP (n � 14). This LTD induction
is NMDA receptor independent (Otani et al., 1998). Tetanic stimulation alone or dopamine application alone does not induce
lasting plasticity (Otani et al., 1998, 1999). c, When dopamine application (100 �M; 12.5 min) is repeated, the transient reduction
of the EPSP shows marked habituation (�36 � 7.6% by the first application vs �16 � 4.3% by the second application; n � 6;
p � 0.05, paired t test). This fact indicates that in slices, hypodopaminergic condition induced homeostatic compensations of the
dopamine system. d, Delivery of 50 Hz tetani in association with the second application of dopamine induces LTP (20 � 3.0%
increase 40 min after dopamine/tetani; n � 10; p � 0.00001 compared with the tetani-alone group). Averaged responses taken
from the indicated time points (1 and 2) are shown in the insets. The same responses are superimposed with a longer time scale
to show the clear difference in the rising slope of the EPSP. e, The second application of dopamine is necessary for LTP. Delivery of
50 Hz stimuli alone, 40 min after the first application of dopamine, induced only decaying potentiation (2.4 � 4.2% 40 min after
tetani; n � 8; p � 0.005). Averaged EPSPs taken from the indicated time points are shown in the insets.
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ond application of dopamine with weak tetanic stimulation are
necessary. We will refer to the prestimulation of dopamine recep-
tors as priming and the pairing of dopamine application with the
50 Hz tetani as “induction.”

Involvement of dopamine D1 and D2 receptors in LTP
With a novel LTP protocol established, we then determined the
subtype of dopamine receptors involved in this LTP. All pharma-
cological experiments hereafter were performed in interleaved
manner. First, the D1 antagonist SCH23390 (1 �M; n � 6) (Fig.
3a) or the D2 antagonist sulpiride (10 �M; n � 6) (Fig. 3b) was
bath-applied during the priming phase. Neither antagonist
changed baseline EPSP nor the degree of acute depression in-
duced by dopamine (�32 � 9.7% with SCH23390; �27 � 11%
with sulpiride; p � 0.3 compared with the acute depression in-
duced by the first dopamine in Fig. 1d). Forty minutes after drug
application, dopamine was applied for the second time and
paired to 50 Hz tetani. In both antagonist groups, LTP was

blocked (0.5 � 5.8%, p � 0.01 and �8.3 � 5.2%, p � 0.0002,
respectively, compared with Fig. 1d) (see Fig. 3e for summary
graph), suggesting that both D1 and D2 receptors must be pre-
stimulated (primed) to facilitate a later induction of LTP. Second,
SCH23390 (1 �M; n � 7) (Fig. 3c) or sulpiride (10 �M; n � 7)
(Fig. 3d) was applied during the induction phase. In both groups,
LTP was blocked (�8.6 � 4.8%, p � 0.0001 and �13 � 7.1%,
p � 0.002, compared with Fig. 1d) (see Fig. 3f for summary
graph). Thus, induction also requires the concurrent activation
of D1 and D2 receptors.

Based on the above experiments, one may argue that LTP was
blocked by the SCH23390 or sulpiride applied during the prim-
ing phase because of insufficient washout of these antagonists at
the time of induction. To eliminate this possibility, we used do-
pamine agonists. If both D1 and D2 receptors are necessary for
priming, a combined application of D1 and D2 agonists as prim-
ing stimulus should facilitate LTP, whereas a lone application of
either agonist should fail to facilitate LTP. This LTP after the
combined application could not be explained by the presence of
residual agonists at the time of induction, because the additional
receptor stimulation by residual agonists in the presence of 100
�M dopamine is unlikely to convert LTD to LTP. Thus, as the
priming stimulus, D1 agonist SKF38393 (25–50 �M; n � 8), D2

agonist quinpirole (25 �M; n � 7), or SKF38393 plus quinpirole
(25 and 25 �M; n � 6) were bath-applied for 12.5 min. Forty
minutes after this application, a dopamine application was paired
with 50 Hz stimuli. LTP could only be induced after the com-
bined SKF38393 plus quinpirole application (Fig. 3g) (24 � 5.0%
at 40 min; p � 0.001 compared with tetanus-alone control
group). We conclude that priming involves the activation of both
D1 and D2 receptors.

Involvement of NMDA receptors in priming and induction
Blockade of NMDA receptors within the PFC retards operant
learning (Baldwin et al., 2002). Moreover, abuse with NMDA
receptor antagonist phencyclidine disrupts PFC-dependent cog-
nitive function (Egerton et al., 2005). Assuming that NMDA
receptor-dependent synaptic plasticity is important for PFC-
dependent cognitive processes, we tested the role of the NMDA
receptors in specific phases (i.e., priming or induction) of the
PFC LTP. First, we applied the NMDA receptor antagonist DL-
AP-5 (100 �M) during priming (Fig. 4a) (n � 7). AP-5 caused a
slight reduction in baseline EPSP, but this effect was transient, as
verified in separate neurons (�1.0 � 6.4%, 40 min after washout;
n � 7). The presence of AP-5 during priming nullified the prim-
ing effect. Therefore, pairing of the second dopamine perfusion
with 50 Hz tetani resulted in LTD instead of LTP (�18 � 6.3%;
p � 0.0001 compared with the group depicted in Fig. 1d). Next,
we applied AP-5 during the induction phase (Fig. 4c,d) (n � 9).
In this case, interestingly, five cells showed clear LTP (31 � 4.1%)
(Fig. 4c), and the other four showed degrees of LTD (�31 �
17%) (Fig. 4d). There was no difference in morphological char-
acteristics and membrane properties between these two groups of
neurons. Importantly, this AP-5 effect could generate a net “no-
LTP” result in field recording. This may have occurred in two
previous studies in which AP-5 blocked induction of PFC LTP
(Gurden et al., 1999; Huang et al., 2004). Together, these data
suggest that NMDA receptor-mediated synaptic transmission is
necessary for priming and contributes to induction in a subpopu-
lation of PFC neurons.

Many forms of synaptic plasticity in various brain regions
depend on metabotropic glutamate receptors (mGluRs). We
therefore tested whether the present form of LTP also requires the

Figure 2. Experiments to establish the dopamine-facilitated LTP. a, In this set of experi-
ments (n � 6), the dialysis of postsynaptic cells during the long preconditioning response
recording (�1 h) (Fig. 1d) was controlled. In addition, we equally controlled the smaller acute
synaptic depression (habituation) seen with the second application of dopamine (Fig. 1, com-
pare b and d). Thus, after long-term recording of baseline responses at 0.033 Hz, dopamine (100
�M; 12.5 min) was identically applied. Just before the delivery of tetani, the EPSP slope was
increased to baseline level by increasing the stimulus intensity. Under this condition, 50 Hz
stimuli did not induce LTP (�8.2 � 4.9%; p � 0.0002). Averaged EPSPs taken from indicated
time points are shown in the insets. b, In this set of experiments, we controlled the smaller acute
synaptic depression (habituation) seen with the second dopamine (Fig. 1d) by the use of lower
concentrations of dopamine (10 –30 �M; 12.5 min; n � 5). Therefore, again after a long
baseline recording (to control postsynaptic dialysis), the application of these concentrations of
dopamine induced a reduction in the EPSP slope (�16 � 5.2%) similar to that induced by the
second application of 100 �M dopamine (�16 � 5.7%) (Fig. 1d). Delivery of 50 Hz stimuli in
the presence of 10 –30 �M dopamine, however, induced LTD (�15 � 6.8%; n � 5; p �
0.0001). Averaged EPSPs taken from indicated time points are shown in the insets.
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activation of mGluRs. When the common mGluR antagonist
(RS)-MCPG (300 �M) was present during the induction phase,
LTP was blocked (�26 � 7.7, p � 0.0001 compared with the
group depicted in Fig. 1d; n � 6) (Fig. 5). Thus, the LTP induc-

tion is mGluR dependent. The presence of
MCPG during the priming phase also
blocked LTP (2.3 � 7.0%; n � 7; p � 0.05
compared with Fig. 1d; data not shown).
However, the mGluR involvement in
priming remains inconclusive at this stage,
because it is possible that MCPG is not
fully washed out by the time of induction.
When 50 Hz stimulation was paired with
dopamine perfusion 40 min after sole ap-
plication of MCPG (300 �M; 22.5 min),
the LTD induction that normally occurs
after pairing (Otani et al., 1998) was found
to be blocked (3.3 � 11%; n � 5; data not
shown). This suggests that there may be
residual MCPG at the time of induction,
which may block induction of plasticity
(Otani et al., 1999).

Postsynaptic mechanisms of the
dopamine-facilitated LTP
A number of experiments were performed
to address the cellular mechanisms under-
lying the dopamine-primed, NMDA
receptor-dependent LTP. First, to deter-
mine the induction locus, hyperpolarizing
currents (to �110 mV) were applied
through recording electrodes during the
application of 50 Hz tetani to counteract
tetanus-induced postsynaptic depolariza-
tion (n � 6) (Fig. 6a). Under this condi-
tion, the LTP was blocked (�5.5 � 7.1%;
p � 0.002 compared with the group de-
picted in Fig. 1d). Second, the Ca 2� chela-
tor BAPTA (50 –100 mM in recording elec-
trodes) was injected into postsynaptic sites
before the experiments (n � 6) (Fig. 6b).
The application of BAPTA also blocked
LTP (�4.0 � 8.5%; p � 0.01 compared
with Fig. 1d). Together, these results sug-
gest that the induction of this novel form
of LTP requires both postsynaptic depo-
larization during tetanus and postsynaptic
increases in Ca 2� level. Next, we tested
whether dopamine primes the PFC LTP by
potentiating the NMDA receptor-
mediated EPSP (Zheng et al., 1999; Sea-
mans et al., 2001). To test this, NMDA
receptor-mediated EPSP was pharmaco-
logically isolated (Fig. 4b, left traces), and
dopamine was identically applied (100
�M; 12.5 min). The dopamine caused a
rapid and transient reduction, but not po-
tentiation, of the NMDA receptor-
mediated EPSP (n � 6) (Fig. 4b). We con-
clude that the priming effect of dopamine
is not caused by a potentiation of NMDA
receptors.

Time-dependent facilitation of LTP by continuous
application of low concentration of dopamine
Thus far, we used the spaced (40 min interval) double-
application of a relatively high concentration of dopamine to

Figure 3. Concurrent activation of dopamine D1 and D2 receptors is necessary for both priming and induction of the LTP. a, The
presence of D1 receptor antagonist SCH23390 (1 �M) from 10 min before the first application of dopamine (100 �M; 12.5 min)
until the end of the application blocked LTP by the second dopamine–50 Hz tetani paring (0.5 � 5.8% change 40 min after the
second dopamine/tetani; n � 6; p � 0.01). b, The presence of D2 antagonist sulpiride (10 �M) during the first application of
dopamine also blocked the LTP by the second dopamine–tetani pairing (�8.3 � 5.2%; n � 6; p � 0.0002). c, The presence of
SCH23390 (1 �M) from 10 min before the second application of dopamine until the end of the application and tetani blocked the
induction of LTP (�8.6 � 4.8%; n � 7; p � 0.0001). d, The presence of sulpiride (10 �M) during the second application of
dopamine and tetani also blocked the LTP (�13 � 7.1%; n � 7; p � 0.002). e, Summary graph showing the EPSP slope changes
40 min after the second dopamine (DA)–tetani paring in three different priming conditions. Left (DA), The condition in which
dopamine alone was applied as priming stimulus and 20% LTP was induced (n � 10) (see Fig. 1d). Middle (DA�SCH23390), The
group depicted in Figure 3a (n � 6) in which D1 receptors were blocked by SCH23390 during the first application of dopamine and
LTP was absent ( p � 0.01). Right (DA�sulpiride), The group depicted in b (n � 6) in which D2 receptors were blocked by
sulpiride during the first application of dopamine and LTP was absent ( p � 0.0002). f, Summary graph showing the EPSP slope
changes 40 min after the second dopamine–tetani paring in three different induction conditions. Left (DA), The condition in which
dopamine alone was applied as priming stimulus and 20% LTP was induced (n � 10) (Fig. 1d). Middle (DA�SCH23390), The
group depicted in c (n�7) in which SCH23390 (1 �M) was present during the second application of dopamine and tetani. LTP was
absent. Right (DA�sulpiride), The group depicted in d (n � 7) in which sulpiride (10 �M) was present during the second
application of dopamine and tetani. LTP was also absent. g, Summary graph showing the EPSP slope changes 40 min after the
second dopamine–tetani paring in three different agonist conditions. Left (SKF38393�quinpirole), D1 agonist SKF38393 (25 �M)
and D2 agonist quinpirole (25 �M) were applied together for 12.5 min as priming stimulus (n � 6). Forty minutes after the agonist
application, 50 Hz tetani were delivered in the presence of dopamine (100 �M). There was LTP (24 � 5.0% 40 min after the
dopamine–tetani paring). Middle (SKF38393), D1 agonist SKF38393 (25–50 �M) was applied for 12.5 min as priming stimulus
(n � 8). Forty minutes after the SKF38393 application, 50 Hz tetani were delivered in the presence of dopamine (100 �M). There
was no LTP (�4.8 � 3.4% at 40 min; n � 8; p � 0.001 compared with the SKF�quinpirole group). Right (quinpirole), D2

agonist quinpirole (25 �M) was applied as priming stimulus (n � 7), and 40 min after quinpirole, 50 Hz tetani were delivered in
the presence of dopamine (100 �M). There was no LTP (�5.9 � 9.3% at 40 min; n � 7; p � 0.02). Error bars represent SEM.
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provide background dopamine signal and
induce LTP. Using brain microdialysis, a
method that detects only dopamine in-
creases resulting from tonic release (Flo-
resco et al., 2003), Bassareo and Di Chiara
(1997) have indeed shown large and re-
peated augmentations of dopamine con-
centration in rat PFC during goal-directed
behavior (�100% increases with 120 min
interval). Furthermore, the double-
application method was ideal to isolate do-
pamine signal specifically involved in
LTD-LTP conversion (priming). How-
ever, an alternative and perhaps more
physiologically relevant way of providing
background dopamine signal is through a
continuous perfusion of a low concentra-
tion of dopamine. Therefore, in the final
set of experiments, we continuously ap-
plied dopamine at 3 �M in the bath. This
concentration was chosen because this was
approximately the lowest concentration of
exogenously applied dopamine to induce
visible changes in the slope of the evoked
EPSP (i.e., a small decrease or increase; the
average change was 5.2 � 5.0% at 12.5 min
after the beginning of perfusion, n � 8,
and �3.7 � 8.6% at the end of the exper-
iments, n � 7) (Fig. 7a, open circles). In-
terestingly, the continuous perfusion of 3
�M dopamine before 50 Hz tetani (for 40
min) was sufficient to promote LTP (32 �
14%, 40 min after tetani; n � 7; p � 0.025 compared with the
above no-tetanus group) (Fig. 7a, black triangles). In contrast, a
12.5 min perfusion before the tetani was insufficient for LTP
(2.1 � 7.4%; n � 10; p � 0.4 compared with the above no-tetanus
group, and p � 0.05 compared with the 40 min perfusion group)
(Fig. 7a, gray triangles). These results suggest that the priming
effect requires 12.5– 40 min to develop. Our preliminary experi-
ments (in preparation) show that this LTP also requires the acti-
vation of both D1 and D2 receptors and NMDA receptors. Inter-
estingly (Fig. 7b), when 50 Hz stimulation was paired with 100
�M dopamine superimposed on the background concentration
of 3 �M dopamine, the tetanus equally induced LTP but not LTD
(24 � 14%; n � 7; p � 0.005 compared with the LTD group
depicted in Fig. 1b). Thus, LTD (Fig. 1b) was converted to LTP
(Fig. 7b) also by the continuous application of a low concentra-
tion of dopamine.

Discussion
Using PFC slices prepared from juvenile rats, we discovered that
prestimulation of D1 and D2 dopamine receptors (priming) con-
verts NMDA receptor-independent LTD (Otani et al., 1998) to
LTP. This conversion depends on the activation of NMDA recep-
tors during the priming process. NMDA receptor involvement in
the induction phase of this LTP was not as clear; however, it was
clearly shown that induction requires mGluR activation. The do-
pamine priming was achieved by two different protocols: (1)
phased exposure (12.5 min) to a relatively high concentration of
dopamine (100 �M); and (2) the continuous application of a low
concentration of dopamine (3 �M). With the latter method, we
showed that priming requires 12.5– 40 min to develop.

It is widely believed that levels of tonic background dopamine

concentration regulate cognitive functions (Grace, 1991; Schultz,
1998, 2002; Akil et al., 1999; Goto and Grace, 2005). A recent
theoretical study suggested that novelty-related increases in tonic
dopamine inputs in the hippocampus facilitate LTP and memory
encoding (Lisman and Grace, 2005). However, previous experi-
mental studies in the PFC (Gurden et al., 1999; Huang et al.,
2004), striatum (Reynolds et al., 2001), and hippocampus (Frey
et al., 1991) limited their focus to possible effects of fast phasic
release of dopamine on LTP. Although rapid release of dopamine

Figure 4. The formation of priming is NMDA receptor dependent, but induction of LTP can be NMDA receptor independent. a,
The presence of DL-AP-5 (100 �M) from 10 min before the first application of dopamine until the end of application completely
blocked the induction of LTP by the second dopamine–tetani paring. Rather, LTD was induced by the paring (�18 � 6.3%, 40
min after the second dopamine/tetani; n � 7; p � 0.0001). b, Left, Example traces recorded from a representative cell showing
that dopamine (100 �M; 12.5 min) transiently reduced isolated NMDA receptor-mediated EPSP but did not potentiate it. The
NMDA receptor-mediated EPSP (evoked to 0.033 Hz test pulses) was isolated by the addition of CNQX (5 �M) and bicuculline (1
�M) in the bath and by slightly increasing the stimulus intensity. Right, Summary graph (n � 6) showing that dopamine
application acutely reduces the NMDA receptor-mediated EPSP (�48 � 7.9% reduction) and that the reduction returns to
baseline level in 40 min (�2.1 � 6.5%). c, In five of nine cells tested, LTP was clearly induced by the second dopamine–tetani
paring in the presence of DL-AP-5 (31 � 4.1%, 40 min after the second dopamine/tetani; n � 5). d, In the remaining four cells,
however, the second dopamine–tetani paring in the presence of DL-AP-5 resulted in LTD (�31 � 17%; n � 4). DA, Dopamine.
Error bars represent SEM.

Figure 5. Induction of LTP requires the activation of mGluRs. The presence of MCPG (300
�M) from 10 min before the second application of dopamine until the end of the application and
tetani blocked the induction of LTP and rather resulted in LTD (�27 � 7.7%, 40 min after
second dopamine and tetani; p � 0.0001; n � 6). The presence of MCPG during priming also
blocked LTP (2.3 � 7.0%; n � 7; p � 0.05; data not shown). However, the involvement of
mGluRs during priming cannot be firmly concluded, because MCPG applied during priming may
not be completely washed out by the time of induction (see Results, Involvement of NMDA
receptors in priming and induction).
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during brief high-frequency input does facilitate synaptic plastic-
ity in the PFC (Young and Yang, 2005; our observation), no
studies have as yet explored the role of the background presence
of dopamine in synaptic plasticity. Using PFC slices, which are
mostly deprived of tonic dopamine inputs, we thus revealed that
the background dopamine signal permits the induction of LTP in
the PFC. This may explain why LTP can be easily induced by
tetanus alone in the intact PFC (Gurden et al., 1999), where basal
levels of dopamine are tonically maintained (Takahata and
Moghaddam, 2000). We discovered furthermore that the priming
by dopamine requires concurrent low-frequency stimulation of
NMDA receptors (Fig. 4a). Previously, NMDA receptors in the PFC
were implicated in the generation of delay period activity (Brunel
and Wang, 2001) as well as induction of LTP (Gurden et al., 1999;
Huang et al., 2004). Our result thus adds an important and novel role
for the NMDA receptors in PFC plasticity; that is, a preparatory
regulation for dopamine-dependent induction of LTP.

In our in vitro procedure, at least 4 h elapsed between slice
preparation and the first bath-application of dopamine. Because
dopamine receptors are tonically stimulated in the intact brain,
this time course suggests that the priming triggered in vivo fades
during the 4 h of the in vitro incubation (Fig. 1, compare b and d).
Such an extremely low dopamine condition may not occur in the

intact PFC, but reduced levels of tonic dopamine inputs may
indeed be present in the PFC of schizophrenics (Akil et al., 1999).
We showed equally that the lack of baseline activation of NMDA
receptors converts LTP to LTD (Fig. 4a). Again, in schizophrenic
PFC, NMDA receptor dysfunction may exist (Sokolov, 1998). In
this regard, we add that chronic administration of NMDA recep-
tor antagonists disrupts PFC-dependent cognitive function
(Egerton et al., 2005).

Together, we suggest that a pathological conversion of LTP to
LTD may occur in the PFC when the level of basal stimulation of
dopamine and NMDA receptors is low. Such an abnormal con-
version would disrupt long-term neuronal representations
within the PFC and impair the context-dependent selection of
action repertories, a cognitive component necessary for the real-
ization of goal-directed behavior (Fuster et al., 2000; Miller and
Cohen, 2001; Otani, 2002). The slow and durable increases of
extracellular dopamine concentration (Bassareo and Di Chiara,
1997; Mingote et al., 2004), together with the baseline NMDA
receptor activation, may prevent abnormal LTD induction and
secure event-related high-frequency inputs to induce LTP.

Figure 6. Postsynaptic locus of dopamine-facilitated LTP. a, LTP induction requires postsyn-
aptic depolarization. During the delivery of 50 Hz tetani in the presence of the second dopamine,
postsynaptic membrane was hyperpolarized to �110 mV to counteract tetanus-induced de-
polarization. Under this condition, LTP induction was blocked (�5.5 � 7.1%, 40 min after the
second dopamine–tetani paring; n � 6; p � 0.002). b, LTP induction requires postsynaptic
increases of [Ca 2�]. The Ca 2� chelator BAPTA (50 –100 mM included in recording pipettes)
was injected into postsynaptic sites before the experiments. Diffusion of BAPTA, which was
verified by a block of Ca 2�-dependent spike-train adaptation, did not change baseline EPSP.
Under this condition, dopamine-facilitated LTP was blocked (�4.0 � 8.5% at 40 min; n � 6;
p � 0.01).

Figure 7. Continuous presence of low concentration of dopamine (3 �M) for 40 min before
tetani facilitates the induction of LTP and prevents the induction of LTD. a, In the first group
(gray triangles), 3 �M dopamine was perfused in the bath for 12.5 min before the delivery of 50
Hz tetani. No LTP was induced (2.1 � 7.4%, 40 min after tetani; n � 10). In the second group
(black triangles), 3 �M dopamine was perfused for 40 min before the tetani delivery. In this
case, the 50 Hz tetani induced LTP (32 � 14%; p � 0.05; n � 7). Averaged EPSPs taken from
the indicated time points are shown in the insets for this LTP group. In the third group (open
circles), 3 �M dopamine was perfused without delivery of tetani for the entire duration of the
experiments (n � 8). b, The 3 �M dopamine was identically applied as above, and 12.5 min
before the delivery of 50 Hz tetani, dopamine concentration was increased to 100 �M until the
end of the tetani. Under this condition, the tetani–100 �M dopamine paring induced LTP (24�
14%, 40 min after tetani; n � 7; p � 0.005) but not LTD. Averaged EPSPs taken from the
indicated time points are shown in the insets.
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