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Abstract

We have investigated the changes in the spontaneous firing pattern induced by DHPG ((S)-3,5-dihydroxyphenylglycine) and
NMDA (N-methyl-d-aspartic acid) on rat dopaminergic neurons in substantia nigra pars compacta (SNc) using sharp microelectrode
recordings in in vitro conditions. Twenty-five out of 33 cells modified the regular single-pacemaker activity in burst firing when
exposed to the Group I metabotropic glutamate receptor (mGluR) agonist DHPG (30 µM) and d-tubocurarine (500 µM) (d-TC),
whereas they all fired in bursts during NMDA (20 µM) plus d-TC application. The blockade of SK-channels by d-TC and apamin
was essential for the production of both types of bursts. Although the two drugs induced a similar number of action potentials per
burst, the DHPG-induced bursts had a lower frequency, a longer duration and a longer plateau period without spikes. In addition,
the DHPG-induced bursting had a longer wash-out, could be reduced or blocked by the mGluR 1 selective, non-competitive antagon-
ist CPCCOEt (7-cyclopropan[b]chromen-1a-carboxylic acid ethyl ester) (100 µM) while it was not affected by the mGluR 5 selective
antagonist MPEP (2-methyl-6-(phenylethynyl)-pyridine (10 µM). These results suggest that both the activation of glutamate meta-
botropic type 1 and NMDA ionotropic receptors induce burst firing in the dopaminergic cells of the ventral midbrain when the
activity of the SK-channels is reduced.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The discharging pattern of midbrain dopaminergic
cells has a profound influence on the overall functioning
of the dopamine system. Several studies have already
shown that dopaminergic neurons display different mode
of activity when recorded in in vivo conditions. In parti-
cular, they fire either burst of action potentials or irregu-
lar single spikes (Bunney et al., 1973; Grace and Bun-
ney, 1984a,b; Grace and Onn, 1989; Shepard and
German, 1988; Wilson et al., 1977). Interestingly, the
bursting activity maximizes the release of dopamine
(DA) in the brain (Overton and Clark, 1997). In fact, the
amount of extracellular DA is enhanced in the striatum,
nucleus accumbens and cerebral cortex when dopami-
nergic neurons switch from a single-spike firing to bursts
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of action potentials (Gonon, 1988; Gonon and Buda,
1985; Manley et al., 1992; Nissbrandt et al., 1994). This
bursting activation is also related to relevant and novel
rewarding stimuli (Freeman et al., 1985; Horvitz et al.,
1997; Mirenowicz and Schultz, 1996; Schultz, 1998).
The dopaminergic neurons, when recorded in in vitro

conditions, are mainly characterized by a regular, single-
spike spontaneous firing (Grace and Onn, 1989; Johnson
and North, 1992; Lacey et al., 1989; Yung et al., 1991).
Thus, the absence of the variety of activity patterns
observed in vivo is presumably due to the loss of extrin-
sic afferents impinging on these neurons. The particular
importance of excitatory synaptic inputs has been sug-
gested by the observation that: (a) the stimulation of N-
methyl-d-aspartic acid (NMDA)-receptors plays an
essential role in the discharge pattern of these cells in
in vivo experiments; (Chergui et al., 1993; Tong et al.,
1996) (b) the continuous activation of NMDA receptors,
when associated with modifications of intrinsic mem-
brane components (Kitai et al., 1999), transforms the
typical pacemaker-like discharge of the dopaminergic
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neurons in a bursting mode in in vitro conditions
(Johnson et al., 1992; Wang et al., 1994). However, the
tonic activation of ionotropic receptors of the NMDA
type may not be the exclusive determinant of the burst-
ing behavior of these cells. For instance, the activation
of metabotropic glutamate receptors (mGluRs) could be
also involved. Therefore, the purpose of the present
study was to determine whether group I mGluRs agon-
ists, that exert an excitatory effect on dopaminergic neu-
rons in in vitro experiments (Mercuri et al., 1993) and
increase the frequency of bursts in in vivo conditions
(Meltzer et al., 1997), could induce, under particular
conditions, bursting activity in these cells. To test for
this possibility, in vitro intracellular recording tech-
niques were used and the selective group I mGluR agon-
ist (S)-3,5-dihydroxyphenylglycine (DHPG) (Conn and
Pin, 1997; Shoepp et al., 1994) was applied, in the pres-
ence of tubocurarine (d-TC) or apamin, on the dopami-
nergic cells of the substantia nigra pars compacta (SNc).
Tubocurarine at a high concentration (500 µM), has
reversible apamin-like effects, blocking a small Ca++-
activated K+ current (SK) and reducing the amplitude of
the post-spike afterhyperpolarization (AHP) (Brodie et
al., 1999; Ishii et al., 1997; Köhler et al., 1996).

2. Methods

2.1. Preparation of the tissue

The method used has been described previously
(Mercuri et al., 1995). In brief, Wistar rats (150–250 g)
were anaesthetized with ketamine and killed. All efforts
were made to minimize animal suffering and the number
of animals used. All experiments follow international as
well as local guidelines on the ethical use of animals
from the European Communities Council Directive of
24 November 1986 (86/609/EEC) and the ethical com-
mittee of the University of Tor Vergata (Rome, Italy).
The brain was removed and horizontal slices (thickness
300 µm) were cut by a vibratome starting from the ven-
tral surface of the midbrain. A single slice containing
the substantia nigra pars compacta was then transferred
into a recording chamber and completely submerged in
an artificial cerebrospinal fluid with a continuously
flowing (2.5 ml/min) solution at 35 °C, (pH 7.4). This
solution contained (mM): NaCl 126; KCl 2.5; MgCl2
1.2; NaH2PO4 1.2; CaCl2 2.4; Glucose 11, NaHCO3 20;
gassed with 95% O2 and 5% CO2.

2.2. Electrophysiology

Intracellular recording electrodes (Clark 1–1.5 mm,
thick wall), pulled by Narishige and Flaming–Brown
horizontal pullers, were filled with 2 M KCl yielding a
DC resistance of 40–80 M!. The tips of the electrodes

were placed in the SNc by using a dissecting micro-
scope. The signals were obtained by an amplifier
(Axoclamp-2, Axon Instruments) in continuous current
clamp (bridge) mode, displayed on a pen recorder
(Gould 2400 S) and digitized using a digidata interface
driven by Axotape (Axon Instruments) running on an
AT-compatible computer and saved for off-line analysis.

2.3. Application of drugs

Drugs were made in stock solutions and bath applied
at known concentrations via a three-way tap system. A
complete exchange of the solution in the recording
chamber occurred in approx. 1 min. (S)-3,5-dihydroxy-
phenylglycine (DHPG), 2-methyl-6-(phenylethynyl)-
pyridine (MPEP) and 7-cyclopropan[b]chromen-1a-car-
boxylic acid ethyl ester (CPCCOEt) were obtained from
Tocris Cookson (Bristol, UK); N-methyl-d-aspartic acid
(NMDA), d-tubocurarine (d-TC) and dopamine (DA)
were from Sigma Chemical Company (Milan, Italy);
apamin from Alomone lab (Jerusalem, Israel).

2.4. Statistics and burst characterization

The changes in firing rate induced by the drugs
(during 3 min of application) were normalized as a per-
centage of control (each neuron served as its own
control). Using a software program developed in our lab-
oratory and running on an IBM computer we performed
spike and burst analysis. The detection of an interspike
of 300 ms or less was considered to represent the onset
of a burst (composed of three or more action potentials).
A burst of spikes is superimposed on a depolarizing
phase of the membrane potential that progresses to and
terminates when the cell membrane is driven into a tem-
porary state of depolarization block (Fig. 1) (Shepard
and Bunney, 1991). Thus, a plateau potential comprises
a period of higher firing discharge followed by spike

Fig. 1. Characteristics of the DHPG-induced burst. The trace shows
a burst, indicated by the two arrows, caused by the application of
DHPG (30 µM) and d-TC (500 µM) on a dopaminergic cell. Note the
action potentials superimposed on a depolarizing envelope followed
by spike inactivation. The bar indicates the plateau period with spikes
(black) and without spikes (white).
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inactivation (plateau period without spikes). A post-pla-
teau membrane hyperpolarization terminated the plateau
potential. Data were expressed as mean±standard error
of the mean. Differences in data were evaluated by Stud-
ent’s t test and were considered significant when P "
0.05.

3. Results

3.1. Properties of the cells

The data presented below were obtained from pre-
sumed ‘principal’ dopaminergic neurons of the substan-
tia nigra pars compacta. These cells fired spontaneously
in a pacemaker-like mode [Fig. 2(a)] at a rate of 1.2±0.3

Fig. 2. Effects of DHPG and d-TC on the firing pattern of the dopam-
inergic cells. (a) The trace shows intracellular voltage recording of a
dopaminergic cell spontaneously firing in a regular pacemaker-like
mode. Due to the limited capacity of the digitizing processes, in this
and the following figures the full amplitude of the spikes is not repro-
duced. An individual action potential is shown in the inset (note the
pronounced afterhyperpolarization). (b) d-TC (500 µM), during 6 min
of treatment, causes an increase in firing rate but does not modify the
firing pattern. The inset shows an individual spike. Note the depression
of the AHP. (c) The superfusion of DHPG (30 µM, 4–6 min) induces
the activation of a bursting discharge in this d-TC-treated cell. An
individual burst is shown in the inset.

Hz (n # 34) and presented action potentials longer than
1.4 ms. The mean interspike interval (ISI) was
860.3±65.5 ms (n # 34). They also displayed a pro-
nounced time and voltage-dependent rectification Ih, dur-
ing hyperpolarizing voltage pulses. In addition, the
application of DA (10–30 µM) caused a hyperpolarizing
response (5–13 mV, n # 15, not shown). These charac-
teristics have been shown to be specific for midbrain
dopaminergic neurons recorded in vitro (Grace and Onn,
1989; Kita et al., 1986; Lacey et al., 1989; Mercuri et
al., 1995).

3.2. Effects of d-tubocurarine on the firing rate

Bath-applied d-TC (500 µM) increased the spon-
taneous action potential firing rate of dopaminergic neu-
rons by 22.6±3.9% of control (n # 33; Student’s t test,
P " 0.01), but it did not induce any change in firing
pattern [Fig. 2(b) and 3(a)]. The mean ISI of dopami-
nergic cells in the presence of d-TC was 555.4±23.9 (
n # 33).
Although the interspike interval remained regular,

application of d-TC reduced the amplitude and the dur-
ation of the AHP that follows the action potentials (it
mainly reduced the slow component, inset of Fig. 2(b)].
Under tubocurarine treatment, the intracellular injection
of a hyperpolarizing current reduced or blocked the fir-
ing discharge while the injection of a sustained depolar-
izing current increased the spontaneous firing rate with-
out changing its pattern (not shown).

3.3. Effects of (S)-3,5-dihydroxyphenylglycine on the
activity of dopaminergic cells

The superfusion of DHPG (30 µM) for 4–6 min in
the presence of d-TC (6 min pretreatment) induced a
continuous bursting[Fig. 2(c)] in the majority (25/33) of
tested cells. Regular plateau potentials were surmounted
by bursts of smaller and wider spikes that were often
inactivated. The plateau was then terminated by a repola-
rization (Fig. 1). In some cells (n # 8) the depolarizing
plateau developed but no spikes were present on it (not
shown). After DHPG wash-out the spontaneous activity
slowly recovered to single-spike mode (between 8 and
12 min, Fig. 3(b)]. In the remaining neurons, the group
I mGluRs agonist, added to the perfusate containing d-
TC, increased the firing rate by 143.3%±18.7 of control
(Student’s t test, P " 0.01; ISI=270.1±22.3) without
changing the discharge pattern [Fig. 3(a)].
In addition, a series of experiments were carried out

to test whether DHPG in the absence of d-TC, could
cause burst firing. When applied to the bathing solution
DHPG (30 µM) significantly increased the basal firing
rate of dopaminergic cells (n # 12; mean increase over
base line 135.0%±6.3; Student’s t test, P " 0.05;
ISI=290±16.3), but it did not induce any bursting
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Fig. 3. Effect of d-TC and d-TC plus DHPG on the dopaminergic cells. (a) The three curves describe the distribution of the ISI in control condition
(ctrl), in d-TC (500 µM) and during the addition of DHPG (30 µM) in a dopaminergic cell that responds with a linear increase in firing rate to
the application of the drugs. These curves are obtained by the superimposition of Gaussian distribution approximating the experimental ISI histo-
grams. Each Gaussian is described by this equation: f(x) # 1 /((2p)1/2s)($(X$m)2 /2s2) where m is the mean interspike interval and s is the mean
standard deviation. Note the leftward shift of the ISI distribution induced by d-TC and d-TC plus DHPG, indicating a strong increase in the firing
rate (time interval of acquisition %x # 40 s; bin width=100 ms). (b) Time course of the bursting frequency caused by DHPG in d-TC-treated
neurons (n # 15). Note the relative long period of time required for wash-out.

behavior [Fig. 4(b)]. Thus, it appears that a simultaneous
reduction of the slow afterhyperpolarization (AHP) with
d-TC and activation of group I mGluRs are necessary to
induce a bursting pattern in midbrain dopaminergic cells.
Furthermore, a pretreatment of the cells with apamin

a more selective blocker of SK channel (6 min, 100 nM)
caused a linear increase in firing rate (n # 4; 12.3%±2.5;
Student’s t test, P & 0.05; ISI=662.3±27.0) and a clear
reduction of the AHP [Fig. 5(b)] but it did not modify
the firing pattern. The subsequent addition of DHPG (30
µM) caused a burst firing in 2 out of 4 neurons [Fig.
5(c)].

3.4. mGluR 1 mediate the (S)-3,5-
dihydroxyphenylglycine-induced bursting

In a group of cells we tested whether the DHPG-
induced bursting was sensitive to glutamate meta-
botropic receptor blockade. CPCCOEt (a selective non-
competitive mGluR1 antagonist) (Casabona et al., 1997)
(100 µM) antagonized in 8–13 min the DHPG/d-TC-
induced burst firing in the dopaminergic cells (n # 3;
Fig. 6). On the other hand, the superfusion of the mGluR
5 selective antagonist MPEP (2-methyl-6-
(phenylethynyl)-pyridine) (10 µM) (Gasparini et al.,
1999) did not affect the DHPG-induced bursting in three
cells (not shown).

3.5. Both (S)-3,5-dihydroxyphenylglycine or N-methyl-
d-aspartic acid evoke bursting in dopaminergic cells

The dopaminergic neurons treated with NMDA (20
µM) and d-TC all generated a pronounced bursting
activity. Interestingly, either NMDA or DHPG could

induce bursting pattern in the presence of d-TC (Fig. 7).
When NMDA (top) or DHPG (bottom) were added to
the superfusate containing d-TC, the representative ISIs
showed a marked switch to a burst-firing mode [Fig.
7(a,b)]. The DHPG- and NMDA-induced bursting
activity could be reduced or stopped by a hyperpolariz-
ation of the membrane below $65 mV (not shown). The
characteristics of the bursts induced by the two drugs
are shown in Table 1. The number of bursts, burst dur-
ation, the period of the plateau without spikes and wash-
out were different for the two classes of drugs. However,
the mean number of spikes per burst was almost similar
during DHPG or NMDA application.
It should be also mentioned that a constant hyperpola-

rizing current injection ($30, $120 pA) was required to
facilitate the NMDA-induced bursts (Johnson et al.,
1992) while no hyperpolarizing current had to be
injected into the cells during the effects of DHPG to
sustain membrane oscillations. Finally, we also searched
for a possible synergistic action of DHPG and NMDA
in the induction of bursts. When applied to the bathing
solution containing no d-TC, DHPG (30 µM) plus
NMDA (30 µM) depolarized the membrane and
increased the firing rate that inactivated. The intracellular
injection of a hyperpolarizing current reestablished lin-
ear firing and did not induce bursts [Fig. 4(c)] (n # 4)
when the membrane was held between $35 and $57
mV.

4. Discussion

The present in vitro study shows that the activation
of group I mGluRs, as well as NMDA receptors, can
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Fig. 4. DHPG in the absence of d-TC plus NMDA is unable to induce
burst firing in dopaminergic neurons. (a) Control: the trace shows indi-
vidual spontaneous action potentials. (b) DHPG (30 µM) generates a
linear increase in firing activity. (c) DHPG plus NMDA (20 µM) did
not change firing pattern. Note that, during the effect of NMDA, 180
pA of hyperpolarizing current had to be injected in order to block an
excessive membrane depolarization.

induce a switch of the spontaneous firing activity from
a single-spike to a bursting mode in midbrain dopami-
nergic neurons. These data are in line with the current
hypothesis that the glutamatergic synaptic inputs activat-
ing NMDA receptors control the firing pattern of dopam-
inergic neurons (Johnson et al., 1992; Overton and Clark,
1997; Wang et al., 1994). In addition, they also suggest
a new role of mGluRs in regulating the firing pattern.
Considering that long-lasting excitatory events (Shen
and Johnson, 1997) are caused by group I mGluRs syn-
aptic stimulation, it is intuitive to speculate that these
excitatory inputs regulate the depolarizing drive sustain-
ing the burst in the dopaminergic cells. On the other
hand, the inhibitory potentials induced by mGluR1 acti-
vation have been shown to be highly desensitizing
(Fiorillo et al., 1998) therefore it is unclear what their
role in bursting activity might be. This remains to be
explored in future experiments. An increase of bursting

Fig. 5. Apamin enables the DHPG-induced bursts. (a) The trace
shows intracellular voltage recording of a dopaminergic cell spon-
taneously firing in a regular pacemaker-like mode. (b) apamin (100
nM), during 6 min of treatment, causes a small increase in firing rate
but does not modify the firing pattern. (c) The superfusion of DHPG
(30 µM, 4–6 min) induces the activation of a bursting discharge in
this apamin-treated cell.

frequency is also caused by the application of the group
I–II agonist trans-D,L-1-amino-1,3-cyclopentanedicar-
boxylic acid (t-ACPD) on the dopaminergic neurons in
in vivo preparations (Meltzer et al., 1997). Interestingly,
mGluRs activation has been shown to induce membrane
potential oscillations and bursting in dorsal septal neu-
rons (Zheng and Gallagher, 1991).
In agreement with the recent in vitro data of Brodie

et al. (1999), we have also reported that a treatment with
d-TC causes a small but significant increase in the firing
rate of dopaminergic neurons while it does not induce
burst pattern. Similar effects were also caused by apa-
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Fig. 6. Blockade the DHPG-induced bursts by CPCCOEt in dopami-
nergic cells. (a) The trace shows voltage recording of a spontaneously
firing dopaminergic cell in control condition (ctrl). (b) The subsequent
application of DHPG (30 µM) induces burst firing in this cell pre-
treated with d-TC (500 µM, for 6 min). (c) The addition of the mGluR
1 antagonist, CPCCOEt (100 µM, for 10 min), abolishes burst firing
in spite of the continuous treatment with d-TC plus DHPG.

min, a more potent and selective antagonist of SK chan-
nels. Therefore, the reduction of SK current by high con-
centration of d-TC or apamin is an essential prerequisite
for the DHPG-induced bursts in in vitro conditions. This
is consistent with previous studies (Seutin et al., 1993)
indicating that apamin facilitates the NMDA-induced
bursting activity in dopaminergic cells. The possible
existence of neurotransmitters modulating the SK cur-
rent has been already postulated (Kitai et al., 1999), in
order to account for the different pattern of firing in the
dopaminergic cells. Remarkably, in a recent paper Pala-
dini et al. (2001) have demonstrated that α1 receptors
stimulation reduces an SK-dependent hyperpolarization
and this could certainly participate to the mGluR1-
induced burst firing. In addition, as already reported by
Brodie et al. (1999) the ethanol-induced reduction of the
post-spike AHP in the dopaminergic cells could facilitate
burst firing when associated to mGluRs stimulation.
Moreover, the observations that a simple depolarization

Fig. 7. Both NMDA and DHPG induce bursting activity on d-TC
treated neurons. (a) Top: time course of the changes of the ISI along
with time caused by NMDA in the cell shown below. Before appli-
cation of the drugs to a Ringer solution containing d-TC, the neuron
fired in a pacemaker-like pattern as indicated by the linearity of
interspike intervals. Note the presence of a large peak evoked by an
initial condition of NMDA-application+injection of hyperpolarizing
current until when a bursting cycle was reached. Bottom: the trace
shows regular bursts in the presence of NMDA (20 µM). (b) Top: time
course of the changes of the ISI along time caused by DHPG in the
same cell shown in a. Before application of the drug to a Ringer sol-
ution containing d-TC and after the wash-out of NMDA, the neuron
fired in a pacemaker-like pattern as indicated by the linearity of
interspike intervals. Note the different distribution of the ISIs among
the NMDA- and DHPG-induced bursts. Bottom: the trace shows regu-
larly occurring bursts in the presence of DHPG (30 µM).

Table 1
Characteristics of the burstsa

DHPG+dTC NMDA+d-TC
(n # 9) (n # 11)

Bursts (min$1) 7.38±2.70* 46.59±15.00
Burst duration (s) 3.72±0.14* 0.10±0.04
Plateau period without Spikes (s) 0.34±0.14* 0.10±0.04
Spikes per burst 16.00±6.00 17.10±6.00
Wash-out 10.80±2.40* 2.04±0.15

a The dopaminergic cells were treated for 6 min with d-TC and
subsequently exposed to NMDA (20 µM) or DHPG (30 µM). All the
values were calculated during the first 3 min of burst induction, The
asterisks indicate significant differences between values (Student’ t
test, P " 0.01). During the effects of DHPG the membrane potential
oscillated between $57 and $35 mV. This range of membrane poten-
tial was also maintained by current injection during the NMDA-
induced bursts.

of the cell membrane is not sufficient to induce bursting
even when the SK channels are blocked and the DHPG-
and NMDA-induced bursting are blocked by hyperpolar-
ization suggest that a receptor-activated voltage-depen-
dent negative slope conductance (Guatteo et al., 1999
Mercuri et al. 1992, 1993; Wu and Johnson, 1996) sus-
tains the bursting behaviour. On the basis of the antagon-
ism obtained with CPCCOEt and the lack of effects of
MPEP (Tozzi et al., 2001) is very likely that the receptor
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subtype involved in the DHPG-induced bursting is the
mGluR1, whose activation induces an inward current
mainly carried by sodium ions in the dopaminergic cells
(Guatteo et al., 1999; Mercuri et al., 1993). The slow
time course of the effects of CPCCOEt suggests that the
prolonged wash-out of DHPG might depend on the per-
sistent intracellular metabolic events induced by the
agonist rather than a sustained occupancy of the
mGluRs. On the basis of the distinct characteristics of
the DHPG- and NMDA-induced bursts we suggest a
peculiar role for the group I mGluRs. It is interesting to
note that: (a) DHPG, but not NMDA, leads to prolonged
changes in the firing pattern of dopaminergic neurons
which can persist for several minutes after the end of the
perfusion of the drug; (b) DHPG-burst does not require
continuous hyperpolarizing current injection to develop.
This might depend on the fact that the depolarizing drive
caused by DHPG does not move the membrane potential
out a critical window necessary for the development of
voltage-dependent plateau potentials (Kitai et al., 1999).
Thus, unless hyperpolarized by intracellular current
injection we were not able to evoke NMDA-induced
burst firing because the cells went in depolarization
block. This might have a significance in the regulation
the dopaminergic system rendering the NMDA-induced
stimulus transient because inactivating. On the other
hand, the oscillatory activity generated by a mGluR 1
stimulation can be an enduring signal having a longer
time course than the NMDA-induced one.
Thus, both types of bursts may have importance in the

information coding which results from glutamate trans-
mission on dopaminergic neurons. The resultant changes
in the temporal organization of neuronal spike trains
within the bursts might represent different mechanisms
used by the dopaminergic neurons to alter their influence
on target cells in the forebrain.
It is also interesting to note that the simultaneous acti-

vation of ionotropic NMDA receptors and group I
mGluRs does not induce bursting again suggesting that
the blockade of SK channels is an important requirement
for burst generation.

5. Conclusions

The present study provides the first evidence for a role
of mGluRs 1 in the activation of bursting behavior in
midbrain DA-containing neurons. This effect is observed
in the majority of cells exposed to the mGluR 1 agonist
DHPG and require the closure of the SK channels. Since
bursts are more effective than single-spike firing to
increase DA release in the brain, the involvement of met-
abotropic glutamate receptors in this phenomenon
further strengthen the role of this amino acid in trans-
forming the tonic release of the catecholamine in phasic
release. Interestingly, a modification in bursting activity

might have importance in the sensitization to drugs of
abuse (Vezina and Kim, 1999) and could cause disorders
(schizophrenia and drug dependence), which are linked
to a deranged function of both DA and glutamate Carls-
son and Carlsson, 1990).
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