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Kerr, J.N.D. and J. R. Wickens. Dopamine D-1/D-5 receptor acti-
vation is required for long-term potentiation in the rat neostriatum in
vitro. J Neurophysiol85: 117–124, 2001. Dopamine and glutamate are
key neurotransmitters involved in learning and memory mechanisms
of the brain. These two neurotransmitter systems converge on nerve
cells in the neostriatum. Dopamine modulation of activity-dependent
plasticity at glutamatergic corticostriatal synapses has been proposed
as a cellular mechanism for learning in the neostriatum. The present
research investigated the role of specific subtypes of dopamine recep-
tors in long-term potentiation (LTP) in the corticostriatal pathway,
using intracellular recording from striatal neurons in a corticostriatal
slice preparation. In agreement with previous reports, LTP could be
induced reliably under Mg21-free conditions. This Mg21-free LTP
was blocked by dopamine depletion and by the dopamine D-1/D-5
receptor antagonist SCH 23390 but was not blocked by the dopamine
D-2 receptor antagonist remoxipride or the GABAA antagonist pic-
rotoxin. In dopamine-depleted slices, the ability to induce LTP could
be restored by bath application of the dopamine D-1/D-5 receptor
agonist, SKF 38393. These results show that activation of dopamine
D-1/D-5 receptors by either endogenous dopamine or exogenous
dopamine agonists is a requirement for the induction of LTP in the
corticostriatal pathway. These findings have significance for current
understanding of learning and memory mechanisms of the neostria-
tum and for theoretical understanding of the mechanism of action of
drugs used in the treatment of psychotic illnesses and Parkinson’s
disease.

I N T R O D U C T I O N

Activity-dependent synaptic plasticity is a widely used
model for learning and memory mechanisms of the brain (Bliss
and Collingridge 1993). Although most extensively studied in
the hippocampus, activity-dependent synaptic plasticity has
also been described in several other brain areas including the
neostriatum. The neostriatum is a brain region involved in
certain types of learning including reward-related (Beninger
1983) and motor (Graybiel 1995) learning. It receives inputs
from all regions of the cerebral cortex (McGeorge and Faull
1989) via an extensive glutamatergic projection (McGeer et al.
1977). The neostriatum also receives a major dopaminergic
projection from the substantia nigra, which terminates in close
proximity to the corticostriatal inputs (Smith et al. 1994). A
number of models have proposed activity-dependent synaptic
plasticity in the corticostriatal pathway as a mechanism for
learning-related functions of the neostriatum (Beninger 1983;

Groves 1983; Miller 1981; Wickens 1990). These models
assume that synaptic plasticity in the corticostriatal pathway is
regulated by the dopamine inputs from the substantia nigra.

The corticostriatal pathway is of critical importance for the
function of the neostriatum. Corticostriatal inputs to the neo-
striatum synapse directly on the spiny projection neurons (So-
mogyi et al. 1981), which are the output neurons of the neo-
striatum (Preston et al. 1980). Thus the corticostriatal synapses
are the direct connection between the input and output of the
neostriatum. Furthermore the spiny projection neurons are rel-
atively quiescent, and their firing activity occurs in response to
excitation by cortical inputs (Wilson and Groves 1981; Wilson
et al. 1983). Thus the efficacy of the corticostriatal synapse is
a major determinant of the action potential activity of the spiny
projection neurons, and plasticity in these synapses is a candi-
date mechanism for the learning functions of the neostriatum.

Both long-term potentiation (LTP) and long-term depression
(LTD) have been described in the corticostriatal pathway. LTD
can be induced by high-frequency stimulation (HFS) of the
cortical afferents to the neostriatum (Calabresi et al. 1992b;
Lovinger et al. 1993; Wickens et al. 1996, 1998), and the
requirements for its induction have been extensively charac-
terized (Calabresi et al. 1992a,b, 1994, 1995). In contrast to
LTD, neostriatal LTP cannot be induced reliably by HFS in
standard solutions. It was first reported after HFS in slices
bathed in Mg21-free fluid (Walsh 1991). This form of LTP was
subsequently shown to be blocked byN-methyl-D-aspartate
(NMDA) receptor antagonists (Calabresi et al. 1992c), suggest-
ing that the unmasking of LTP in Mg21-free fluid was due to
removal of the voltage-dependent Mg21 block of the NMDA
channels (Nowak et al. 1984).

In addition to occurring in Mg21-free conditions, striatal
LTP can be induced in normal bathing solutions if dopamine is
applied in pulses timed to coincide with cortical HFS (Wickens
et al. 1996). A similar phenomenon occurs in response to
substantia nigra stimulation in the intact animal (Reynolds and
Wickens 2000) but not in dopamine-depleted animals, suggest-
ing that LTP can be induced under more physiological condi-
tions and that it is a dopamine-dependent phenomenon. There
are also indications that Mg21-free LTP is blocked by chronic
dopamine depletion by 6-hydroxydopamine (Centonze et al.
1999). These findings suggest a possible link between the
induction of neostriatal LTP under Mg21-free conditions and
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LTP associated with endogenous dopamine release or direct
application of dopamine.

The present experiments used intracellular recording tech-
niques to investigate the role of specific dopamine receptor
subtypes in corticostriatal LTP. We report a stimulation pro-
tocol that reliably induces LTP of the corticostriatal pathway in
Mg21-free conditions. We also show that this form of LTP is
blocked reliably by a dopamine D-1/D-5 receptor antagonist
but not by a dopamine D-2 receptor antagonist or GABAA
receptor antagonist. Finally, we show that LTP is prevented by
dopamine depletion but can be restored by a dopamine D-1
receptor agonist.

M E T H O D S

Male Wistar rats (190–240 g) were deeply anesthetized with ether
and decapitated. The brain was quickly removed and chilled in ice-
cold artificial cerebrospinal fluid (ACSF, see following text). After
cooling for 3 min, the brain was removed from solution, the hemi-
spheres were separated, and a block of brain tissue was prepared by
sectioning one hemisphere in a horizontal plane 45° to the base of the
brain. The block containing the neostriatum and overlying cortex was
fixed to the stage of a Campden vibroslice, and 400-mm slices were

cut in which the cortex, neostriatum, and corticostriatal connecting
fibers were preserved (Arbuthnott et al. 1985; Kawaguchi et al. 1989).
Slices were maintained at room temperature before being transferred
to a recording chamber in which they were superfused with ACSF
containing (in mM) 124 NaCl, 2.5 KCl, 2.0 MgSO4, 2.5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 11 glucose that was gassed with 95%
O2-5% CO2 mixture and maintained at a temperature of 356 0.1°C
(mean6 SD). During slice preparation, an ACSF solution in which
sucrose (248 mM) was substituted for NaCl was used to maximize the
yield of good impalements (Aghajanian and Rasmussen 1989). Slices
were allowed to equilibrate in the recording chamber for at least 1 h
before use.

Intracellular records were obtained from neostriatal cells using
glass microelectrodes filled with 2 M potassium acetate solution
(95–120 MV). For inclusion in the study, cells were required to meet
the following criteria: resting membrane potential more negative than
280 mV and stable throughout the recording period (at least 50 min)
without use of holding current; action potential overshoot greater than
10 mV; and, action potential onset delayed at least 50 ms from the
onset of a just-suprathreshold current pulse. Cells were rejected from
the study at the start of the experiment if they did not meet these
criteria. These criteria were adopted after extensive preliminary work
had shown that less stringent criteria resulted in greater variability in
both cellular properties and LTP. A total of 29 cells meeting these
inclusion criteria were used in the present study.

Electrophysiological traces were recorded using an Axoprobe 1A
intracellular amplifier (Axon Instruments). Traces were digitized at a
sampling rate of 10 kHz per channel using pClamp software (Axon
Instruments) and saved to hard disk for analysis off-line. Postsynaptic
potentials (PSPs) were evoked by stimulation of the deeper layers of
the cortex and adjacent white matter (bipolar electrodes, monophasic
constant current pulses, 0.1 ms, 150mA max). Stimulus intensity was
adjusted to give initial postsynaptic potential (PSP) amplitudes ofFIG. 1. Striatal long-term potentiation (LTP) in Mg21-free solution.1,

time of high-frequency stimulation (HFS).̀, perfusion with Mg21-free solu-
tion. - - -, baseline taken as the average of last 5 min responses before HFS.A:
measurements of the slope (E) and peak amplitude (▫) of postsynaptic re-
sponses, showing at each time point the average of 6 consecutive responses
evoked at 0.1 Hz.B: response to cortical test stimulus just prior to HFS and 20
min after HFS.i: traces at time points b and c shown overlaid;ii: initial part
of traces on expanded timebase so that differences in slope can be seen. Each
trace is an average of 6 consecutive responses.C: superimposed responses to
a series of current pulses 10 min before HFS (i,time a) and 20 min after HFS
(ii, time c). All data from same cell.

FIG. 2. Effects of SCH 23390 on striatal LTP in Mg21-free solution. Same
layout as in Fig. 1.
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10–15 mV. After a 10-min baseline period in normal solution, per-
fusion was switched to a Mg21-free solution. During exchange of
Mg21-free for normal solution, PSPs were recorded for 20 min by
which time the PSP amplitude and waveform had stabilized. Thus
recordings were made for at least 30 min before HFS.

The cortical stimulus current used during HFS was the same as that
used for test pulses and thus was not a suprathreshold stimulus. To
ensure a conjunction of both presynaptic activity and action potential
firing of the postsynaptic cell, HFS of the cortex (trains of 50 pulses
at 100 Hz repeated 6 times at 10-s intervals) was paired with depo-
larization of the postsynaptic neuron using an intracellular current
pulse. Prior to HFS, the depolarizing current pulse for each cell was
adjusted to an intensity that ensured action potential firing in response
to cortical stimulation (520-ms pulse, 0.2–1.2 nA). Test responses
were recorded for at least 20 min following HFS. No intracellular
holding current was used to maintain the membrane potential, and
cells were discarded if the membrane potential changed during the
recording period. Only one cell per slice was used to avoid effects of
prior HFS on synaptic plasticity.

Measurements of PSP peak amplitude and slope were made using
in-house programs based on Axograph 2.0 software (Axon Instru-
ments). Peak PSP values were measured from the resting membrane
potential to the maximum depolarization during the PSP. The PSP
slope was the maximum rate of rise, obtained from the maximum
value of slope of the moving regression line fitted to eight consecutive
sample points (corresponding to 0.8 ms) between onset and peak of
the PSP.

Measurements of cellular properties (input resistance and action
potential characteristics) were made shortly after impalement and
repeated 10 min before and 20 min after HFS. Input resistance was
determined from the slope of a regression line fitted to the membrane
potentials produced by a series of subthreshold depolarizing current

pulses. Threshold for action potential firing was defined as the point
on the voltage trajectory at which the rate of depolarization exceeded
8 mV/ms. Action potential amplitude was defined as the difference
between threshold and the peak of the action potential waveform.
Action potential duration was measured at the voltage midway be-
tween threshold and peak potentials. The amplitude of the afterhyper-
polarization potential (AHP) was defined as the difference between
threshold and the minimum of the hyperpolarization that followed
each action potential. Threshold was used as the baseline for AHP
measurements rather than resting membrane potential because the
equilibrium potential for AHPs is more depolarized than the hyper-
polarized resting membrane potential of spiny projection neurons.

Remoxipride (10mM, Sigma), SCH 23390 (10mM, RBI), SKF
38393 (5mM, RBI), and picrotoxin (50mM, Sigma) were dissolved
to their desired final concentration in the Mg21-free superfusing fluid.
Dopamine-depleted slices were prepared from animals injected with
alpha-methyl para tyrosine (AMPT, 300 mg/kg ip, RBI) 2.5 h before
slice preparation. The administration of AMPT depletes up to 86% of
the releasable stores of dopamine (White et al. 1993) by inhibiting
tyrosine hydroxylase, an enzyme catalyzing the rate limiting step in
the production of dopamine (Cumming et al. 1994). Previous work
has shown that the protocol used in the present experiments abolishes
dopamine release within 45 min (Williams and Millar 1990). All
animals in the AMPT group showed reduced motor activity (consis-
tent with dopamine depletion) prior to slice preparation, and recording
was completed within 5 h of the AMPT injection.

Statistical analysis of synaptic plasticity was based on the percent-
age change in response from baseline values (average of 5 min of test
responses prior to HFS). Between-group differences were tested for
statistical significance using a one-way ANOVA followed by Student-
Newman multiple comparison procedure. Statistical analysis of cel-
lular properties used a two-tailedt-test for independent samples (be-
tween group comparison) and a pairedt-test (within group comparison
of cellular properties 10 min before and 20 min after HFS). The
probability level for statistical significance was set atP 5 0.05.

FIG. 3. Effects of remoxipride on striatal LTP in Mg21-free solution. Same
layout as in Fig. 1.

FIG. 4. Dopamine D-1/D-5 receptor antagonists, but not D-2 antagonists,
block Mg21-free LTP in the neostriatum. Percentage change from baseline,
taken as the average of last 5 min responses before HFS, group averages across
all cells in each treatment group.A: change in postsynaptic potential (PSP)
slope.B: change in PSP peak amplitude.▫, Mg21-free controls (n5 6); Œ,
Mg21-free plus remoxipride (n5 4); ●, Mg21-free plus SCH 23390 (n5 5).
*, significant difference from controls (P, 0.05).
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R E S U L T S

Switching of the ACSF to a Mg21-free solution was asso-
ciated with an increase in the slope and peak of the test
responses. These changes reached a steady state and stabilized
within 20 min of changeover from normal to Mg21-free ACSF.
In these slices, cortical HFS paired with depolarization of the
postsynaptic cell reliably induced a long-term increase in both
the slope and peak of the cortically evoked test responses,
which we refer to as Mg21-free LTP. Averaging across all cells
tested (n5 6), there was an increase in the PSP peak amplitude
(22.36 3.4%) and slope (15.36 2.9%) measured 20 min after
HFS. These findings are illustrated in Fig. 1.

To test whether the Mg21-free LTP was due to potentiation
of a reversed inhibitory postsynaptic potential (IPSP), LTP was
measured in the presence of picrotoxin, a GABAA receptor
antagonist. The group average (n 5 3) showed an increase in
the PSP peak amplitude (40.86 5.1%) and slope (28.46
5.4%) measured 20 min after HFS that was not significantly
different from the LTP seen in the Mg21-free control group
(data not shown).

Subtype-specific dopamine receptor antagonists were used
to test whether dopamine receptors play a role in Mg21-free

LTP. The D-1/D-5 antagonist SCH 23390 (10mM) abolished
Mg21-free LTP (Fig. 2). In slices treated with SCH 23390,
there was no change in the group average (n 5 5) measures of
PSP peak amplitude (21.66 2.2%) or slope (23.36 1.6%)
measured 20 min after HFS.

To determine whether dopamine D-2 receptors play a role in
Mg21-free LTP, the D-2 receptor antagonist remoxipride was
also tested (Fig. 3). Averaging across all slices tested (n 5 4),
remoxipride (10mM) did not prevent LTP of the PSP peak
amplitude (26.96 6.7%) or slope (24.76 3.4%) measured 20
min after HFS.

Group average data for the control (Mg21-free), dopamine
D-1/D-5 receptor antagonist (SCH 23390) and dopamine D-2
receptor antagonist (remoxipride) are shown in Fig. 4. The
difference between Mg21-free control and SCH 23390 groups
was significant (P, 0.05). There was no significant difference
between Mg21-free control and remoxipride groups. Although
the magnitude of Mg21-free LTP appeared to be greater in the
remoxipride-treated slices, this difference was not significant.
Thus dopamine D-1/D-5 receptor activation, but not D-2 re-
ceptor activation, was found to be a requirement for neostriatal
LTP in Mg21-free conditions.

FIG. 5. Mg21-free LTP is blocked by dopamine depletion and restored by dopamine D-1 receptor agonist.A: alpha-methyl para
tyrosine (AMPT) pretreatment blocks Mg21-free LTP of PSP peak amplitude.B: AMPT pretreatment blocks Mg21-free LTP of
PSP slope.C: after AMPT pretreatment, addition of the D-1 agonist SKF 38393 restores Mg21-free LTP of PSP peak amplitude.
D: SKF 38393 restores Mg21-free LTP of PSP slope.E: group average of peak amplitude data from AMPT-treated controls and
slices treated with SKF 38393.F: slope data for same slices as inE. *, significant difference between groups (P, 0.05).
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The blockade of Mg21-free LTP by a dopamine D-1/D-5
receptor antagonist suggests that endogenous dopamine may be
involved in this form of LTP. The requirement for endogenous
dopamine was tested in slices depleted of releasable dopamine
by pretreatment with AMPT. Pretreatment of slices with
AMPT blocked Mg21-free LTP (Fig. 5,A andC). Averaging
across all slices tested (n 5 6), there was no change in the PSP
peak amplitude (29.46 10.2%) or slope (213.26 10.2%)
measured 20 min after HFS. The difference between the Mg21-
free control group and the AMPT-treated group was significant
(P , 0.05).

Application of the dopamine D-1 receptor agonist SKF
38393 restored the ability of AMPT-treated slices to show
Mg21-free LTP (Fig. 5,B andC). There was LTP of PSP peak
amplitude (20.56 7.8%) and slope (18.46 6.6%) measured
20 min after HFS (n5 5). The difference between the control
(dopamine-depleted) group and the SKF 38393 (dopamine-
depleted) group was significant (P , 0.05).

An apparent short-term facilitation of both PSP slope and
peak was observed in slices exposed to SCH23390 (Fig. 2).
This short-term facilitation was not significantly different in
magnitude from the initial potentiation seen in control slices,
slices exposed to Remoxipride, or AMPT-treated slices ex-
posed to SKF 38393 (Fig. 4). Short-term facilitation was,
however, completely abolished in slices from AMPT-treated
animals (Fig. 5).

Changes (or the absence of changes) in postsynaptic re-
sponse measures (slope and peak of the PSP) could be second-
ary to changes in cellular properties other than synaptic effi-
cacy. This possibility was tested by measuring selected cellular
properties 10 min before and 20 min after HFS. No significant
changes were observed in resting membrane potential, input

resistance, action potential threshold, action potential ampli-
tude and duration, or AHPs (Figs. 1C, 2C, and 3Cand Table 1).

Between-group differences in the induction of Mg21-free
LTP could also in theory be secondary to differences in cellular
properties affecting neuronal excitability. However, there were
no significant between group differences in cellular properties
as a result of treatment with SCH 23390, remoxipride, AMPT,
or AMPT plus SKF 38393 (Table 1). To exclude possible
differences in the level of depolarization during HFS, the
intensity of the applied current and the responses of the
postsynaptic cell to HFS plus depolarization were also com-
pared between groups. There were no significant differences
between groups in the intensity of the current pulse used during
HFS, the number of action potentials fired, or the level of
depolarization produced in the postsynaptic neuron during HFS
(data not shown).

D I S C U S S I O N

The main finding of the present study was that dopamine
D-1/D-5 receptor activation is a necessary requirement for
Mg21-free LTP in the neostriatum. The present result is in
agreement with previous studies showing that LTP could reli-
ably be induced by HFS of the corticostriatal pathway in slices
bathed in Mg21-free solution (Calabresi et al. 1992c; Walsh
1991). In addition, we found that Mg21-free LTP was blocked
by the dopamine D-1/D-5 receptor antagonist SCH 23390 and
not blocked by the dopamine D-2-selective antagonist remo-
xipride. To our knowledge, this is the first study showing that
dopamine D-1/D-5 receptor activation is necessary for Mg21-
free LTP in the neostriatum.

The slices treated with SCH 23390 showed an apparent
short-term facilitation that was not evident in other groups.

TABLE 1. Cellular properties before and after HFS

Control SCH 23390 Remoxipride AMPT AMPT 1 SKF 38393

n 6 5 4 6 5
Membrane potential, mV

Pre 295.36 4.6 295.46 2.2 296.56 1.2 294.56 1.0 294.26 1.5
Post 297.06 3.1 293.66 3.3 298.56 1.3 293.06 1.5 296.26 1.9

Input resistance, MV
Pre 36.56 8.8 44.76 4.6 56.56 17.6 50.46 9.9 44.56 3.1
Post 33.66 6.0 41.76 0.9 59.96 16.8 42.56 15.4 37.16 2.4

Firing threshold, mV
Pre 253.76 0.2 253.66 2.8 253.26 5.1 258.26 1.1 249.96 3.1
Post 250.56 2.0 252.56 2.5 253.76 3.5 257.06 1.5 248.36 6.1

Action potential amplitude, mV
Pre 78.06 6.5 77.46 2.1 75.96 1.4 76.96 3.2 76.56 2.5
Post 68.66 9.3 76.46 4.3 73.56 1.8 78.76 2.0 79.76 2.4

Action potential duration, ms
Pre 0.76 0.1 0.66 0.1 0.76 0.1 0.96 0.0 0.76 0.0
Post 0.76 0.2 0.76 0.1 0.86 0.0 0.86 0.0 0.76 0.0

AHP amplitude, mV
Pre 14.16 1.7 14.56 1.7 14.06 0.3 12.06 0.5 13.56 0.6
Post 15.46 1.5 13.66 1.3 11.26 1.0 13.96 0.5 16.16 0.9

EPSP slope, mV/ms
Pre 6.86 1.0 5.36 1.2 7.06 0.4 5.96 0.7 7.26 1.2
Post 7.76 1.0 5.06 1.0 8.76 0.4 5.26 0.4 10.76 1.3

EPSP peak, mV
Pre 16.06 2.0 16.76 3.3 19.26 1.6 17.76 1.5 18.06 2.0
Post 19.46 2.2 16.56 3.5 23.16 1.2 16.06 1.6 22.26 2.8

Cellular properties were measured routinely 10 min before high-frequency stimulation (HFS Pre) and 20 min after HFS (Post). There were no significant
differences in cellular properties between treatment groups (2-tailedt-test) or within groups before and after HFS (pairedt-test). Values are means6 SE. AMPT,
alpha-methyl paratyrosine; AHP, afterhyperpolarization; EPSP, excitatory postsynaptic potential.

121DOPAMINE D-1/D-5 RECEPTORS IN STRIATAL LTP

 by 10.220.33.5 on July 14, 2017
http://jn.physiology.org/

D
ow

nloaded from
 

http://jn.physiology.org/


This may be an early phase of Mg21-free LTP that is unmasked
by the prevention of the later phase of LTP in the presence of
SCH 23390. Previously a role of dopamine D-1/D-5 receptors
in the persistence of LTP has been described in the hippocam-
pal CA1 area, where Frey et al. (1991) showed that the pres-
ence of SCH 23390 resulted in prevention of late LTP stages
(more than 1–2 h). This effect in the hippocampus occurs over
a longer time course than that described in the present exper-
iments (hours rather than minutes) but may involve similar
cellular mechanisms.

At the doses of SCH 23390 used in the present study (10
mM), it is not possible to rule out an effect on other monoamine
receptors such as those for serotonin. However, Mg21-free
LTP was also blocked in slices which were dopamine depleted
by pretreatment with AMPT, which does not lead to depletion
of serotonin. The only difference between these treatments was
the complete abolition of short-term facilitation in the AMPT
group, which indirectly suggests a possible link between short-
term facilitation and serotonergic effects of SCH 23390; this
might warrant further experimental investigation.

It has been reported recently that Mg21-free LTP was
blocked after chronic dopamine depletion with 6-hydroxydo-
pamine (Centonze et al. 1999). Treatment with 6-hydroxydo-
pamine has also been shown to cause loss of synapses in the
striatum (Ingham et al. 1998), and this may affect the synapses
that are normally potentiated in Mg21-free LTP. The present
results show, however, that in slices acutely depleted of en-
dogenous dopamine by pretreatment with AMPT, HFS in
Mg21-free solutions similarly failed to induce LTP. Together
with the previous result, these findings suggest that endoge-
nous dopamine release at the time of HFS is a necessary
requirement for Mg21-free LTP.

Another important finding of the present study is that after
acute dopamine depletion with AMPT, Mg21-free LTP is
restored to control levels by bath application of the dopamine
D-1 receptor agonist SKF 38393. We are not aware of any
previous reports showing that dopamine D-1 receptor activa-
tion restores LTP in dopamine-depleted slices. Together with
the effects of dopamine depletion and dopamine D-1/D-5 re-
ceptor antagonists, the effects of the D-1 receptor agonist
strongly implicate dopamine D-1/D-5 receptors in Mg21-free
LTP. The neostriatal dopamine D-1/D-5 receptors are G-pro-
tein-coupled receptors that activate adenylyl cyclase leading to
intracellular accumulation of cyclic AMP (cAMP). Thus
Mg21-free LTP probably involves elevation of cAMP and
triggering of related biochemical cascades present in neostria-
tal neurons. Elevation of cAMP by direct activation of adenylyl
cyclase (Colwell and Levine 1995) or dopamine D-1/D-5 re-
ceptors (Price et al. 1999) causes enhancement of responses to
glutamatergic agonists. In contrast, the dopamine D-2 receptor
is negatively coupled to adenylyl cyclase. We found that the
dopamine D-2 receptor antagonist, remoxipride, did not block
Mg21-free LTP. These results are compatible with dopamine
D-1/D-5 receptor mediated activation of adenylyl cyclase be-
ing necessary for the enhancement of synaptic transmission in
Mg21-free LTP.

The magnitude of Mg21-free LTP was not reduced in the
presence of the GABAA antagonist, picrotoxin. This finding is
important because previous studies have not ruled out the
possibility that Mg21-free LTP included a component of LTP
of feed-forward inhibitory IPSPs (Calabresi et al. 1992c;

Walsh 1991). At the hyperpolarized resting membrane poten-
tials typical of spiny neostriatal neurons, IPSPs may be depo-
larizing because the equilibrium potential of GABAA-activated
conductances is more depolarized (Misgeld et al. 1982). This
made it necessary to test if the changes in cortically evoked test
responses were due to changes in feedforward IPSPs. The
finding that Mg21-free LTP was not blocked or reduced in
magnitude by the GABAA antagonist picrotoxin shows that
Mg21-free LTP is not due to changes in GABAA mediated
IPSPs. It implies that the LTP is due to changes in excitatory
postsynaptic potentials.

In the present study, LTP could reliably be induced by HFS
in Mg21-free solution in all cells tested. The reliability of
induction of this form of LTP is consistent with a previous
study in which longer HFS trains were applied. Calabresi et al.
(1992c) described LTP in Mg21-free solution after 900 su-
prathreshold stimulus pulses (applied as 3 trains of 300 pulses
at 100 Hz). In contrast, Walsh (1993) found that a somewhat
milder induction protocol involving 400 subthreshold stimulus
pulses (applied as 4 trains of 100 pulses at 100 Hz) did not
reliably induce LTP but induced short-term potentiation lasting
from 5 to 45 min. In the present study, LTP lasting for as long
as recordings were continued (at least 20 min and up to 40 min)
was elicited by HFS consisting of a total of 300 subthreshold
stimulus pulses (applied as 6 trains of 50 pulses at 100 Hz) in
conjunction with suprathreshold depolarization of the postsyn-
aptic neuron. These results show that Mg21-free LTP is a
robust phenomenon that is readily reproduced in different
laboratories despite marked differences in HFS protocols.

Previous work has shown that the induction of Mg21-free
LTP in the neostriatum can be blocked by NMDA receptor
antagonists (Calabresi et al. 1992c). In normal bathing solu-
tions, NMDA receptor-operated channels play a minor role in
corticostriatal synaptic transmission (Kita 1996). This is be-
cause at hyperpolarized membrane potentials such channels are
closed by a magnesium block (Nowak et al. 1984) and, as in
the present and previous studies (Jiang and North 1991), the
resting membrane potential of the neostriatal neurons is
strongly hyperpolarized. Thus it is necessary to consider
whether the facilitation of LTP in Mg21-free is due to the
greater influx of calcium postsynaptically in Mg21-free solu-
tion. In Mg21-free conditions, HFS of cortical afferents paired
with suprathreshold current injection as used in the present
study can be expected to produce influx of calcium via NMDA
channels. This failed to produce LTP in slices that had been
dopamine depleted by pretreatment with AMPT or slices in
which dopamine D-1/D-5 receptors were blocked by a selec-
tive antagonist. Thus the present results show that activation of
NMDA channels per se is not sufficient for induction of Mg21-
free LTP.

Calabresi et al. (1997) have shown abnormal induction of
LTP in slices made from mice lacking dopamine D-2 receptors.
In slices made from dopamine D-2 receptor knockout mice,
HFS of the corticostriatal pathway under conditions that would
normally induce LTD produced LTP. In contrast to the present
results showing blockade of Mg21-free LTP in wild-type rats,
the abnormal form of LTP seen in the D-2 receptor-deficient
mice was not blocked by SCH 23390. A potentially important
factor in these differences is that D-2 receptor-deficient mice
have abnormal dopamine function throughout life. Dopaminer-
gic receptor mechanisms can be disrupted by abnormal dopa-
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mine receptor stimulation during development. For example,
rats given 6-OHDA lesions as neonates show a substantial
sub-sensitivity to both D-2 and D-1 antagonists as adults (Dun-
can et al. 1987). Thus it is plausible that in the D-2 receptor-
deficient mice, the dose of SCH 23390 used by Calabresi et al.
(1997) may not produce effective D-1 blockage in dopamine
receptor knockout animals.

Another possible cause of the difference in response to SCH
23390 in the present experiments and in the D-2 receptor-
deficient mice (Calabresi et al. 1997) is that the neurons in the
present study were relatively polarized (295 mV in compari-
son to285 mV in the D-2 receptor-deficient mice). No holding
current was used in the present experiments, and the resting
membrane potential reflects the selection criteria used, the
quality of the impalement, the ionic composition of the extra-
cellular fluid, and the effects of the ionic composition of the
intracellular electrode solution (Nisenbaum and Wilson 1995).
Furthermore during the plasticity-inducing HFS, depolarizing
current was applied to ensure suprathreshold depolarization of
the recorded cells. This minimizes any potential interaction
between resting membrane potential and the production of
LTP. In addition, because there was no significant difference in
resting membrane potential between the groups in the present
experiments (Table 1), the polarized resting membrane poten-
tial is unlikely to have influenced the results.

While showing that activation of NMDA channels is not
sufficient for LTP induction, the present results do not exclude
a complex modulatory effect of dopamine D-1/D-5 receptor
activation on NMDA receptor-mediated channels, which may
also be necessary for LTP induction. Previous work has shown
that dopamine application leads to an enhancement of NMDA
receptor-mediated responses that is apparently mediated by
dopamine D-1/D-5 receptors (Cepeda et al. 1992, 1993; Levine
et al. 1996). Such enhancement of NMDA receptor-mediated
channels may be necessary for LTP to occur in Mg-free solu-
tions, suggesting that both dopamine D-1/D-5 receptor activa-
tion and NMDA receptor-mediated channel activation may be
necessary. Futher experiments are needed to investigate this
possibility.

An alternative explanation for the facilitation of striatal LTP
in Mg21-free conditions is that these conditions favor dopa-
mine release; an effect that itself is mediated by activation of
presynaptic NMDA receptors (Desce et al. 1992; Krebs et al.
1991a,b; Roberts and Sharif 1978) presumably located on
dopaminergic nerve terminals. The dopaminergic terminals on
spiny projection neurons synapse in close proximity to the
glutamatergic corticostriatal terminals (Freund et al. 1984;
Hersch et al. 1995; Smith et al. 1994; Yung et al. 1995). Thus
glutamate released from corticostriatal terminals during corti-
cal HFS might act directly on adjacent dopaminergic terminals
to cause dopamine release. Spillover of glutamate under Mg21-
free conditions favors NMDA-mediated release of endogenous
dopamine. A model in which Mg21-free conditions favor LTP
by facilitating endogenous dopamine release is compatible
with the present findings as well as previous results showing
that in the absence of exogenous dopamine NMDA receptor
activation is necessary for Mg21-free LTP (Calabresi et al.
1992c) and that pulsatile application of exogenous dopamine
facilitates LTP under physiological conditions (Wickens et al.
1996). To confirm this possibility, further experiments are

needed to measure endogenous dopamine release in response
to HFS in Mg21-free and control conditions.

In summary, the present study has confirmed previous re-
ports that Mg21-free LTP is a reliable and robust phenomenon
in the neostriatum. It has extended understanding of this phe-
nomenon by showing that Mg21-free LTP is dopamine depen-
dent and requires activation of dopamine D-1/D-5 receptors but
not dopamine D-2 receptors. Furthermore it has shown that
LTP can be restored in dopamine-depleted slices by the appli-
cation of a dopamine D-1/D-5 agonist. These results are sig-
nificant for current understanding of learning and memory
mechanisms of the neostriatum and are compatible with be-
havioral evidence that D-1/D-5 receptors are important in
reward-related learning (Sutton and Beninger 1999; Wickens
and Kotter 1995). The results are also significant for theoretical
understanding of the mechanism of the therapeutic effect of
dopamine receptor antagonist drugs used in the treatment of
psychotic illnesses (Miller et al. 1990) and dopamine receptor
agonists in the treatment of Parkinson’s disease (Rascol et al.
1999).
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