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Activation of mGluR5 induces spike afterdepolarization
and enhanced excitability in medium spiny neurons of the
nucleus accumbens by modulating persistent Na+ currents

Marcello D’Ascenzo1, Maria Vittoria Podda1, Tommaso Fellin2, Gian Battista Azzena1, Philip Haydon3

and Claudio Grassi1

1Institute of Human Physiology, Medical School, Catholic University ‘S. Cuore’, Rome, Italy
2Italian Institute of Technology, Genoa, Italy
3Department of Neuroscience, Tufts University, Boston, MA, USA

The involvement of metabotropic glutamate receptors type 5 (mGluR5) in drug-induced
behaviours is well-established but limited information is available on their functional roles
in addiction-relevant brain areas like the nucleus accumbens (NAc). This study demonstrates
that pharmacological and synaptic activation of mGluR5 increases the spike discharge of
medium spiny neurons (MSNs) in the NAc. This effect was associated with the appearance
of a slow afterdepolarization (ADP) which, in voltage-clamp experiments, was recorded as
a slowly inactivating inward current. Pharmacological studies showed that ADP was elicited
by mGluR5 stimulation via G-protein-dependent activation of phospholipase C and elevation
of intracellular Ca2+ levels. Both ADP and spike aftercurrents were significantly inhibited by
the Na+ channel-blocker, tetrodotoxin (TTX). Moreover, the selective blockade of persistent
Na+ currents (I NaP), achieved by NAc slice pre-incubation with 20 nm TTX or 10 μm riluzole,
significantly reduced the ADP amplitude, indicating that this type of Na+ current is responsible
for the mGluR5-dependent ADP. mGluR5 activation also produced significant increases in I NaP,
and the pharmacological blockade of this current prevented the mGluR5-induced enhancement
of spike discharge. Collectively, these data suggest that mGluR5 activation upregulates I NaP

in MSNs of the NAc, thereby inducing an ADP that results in enhanced MSN excitability.
Activation of mGluR5 will significantly alter spike firing in MSNs in vivo, and this effect could
be an important mechanism by which these receptors mediate certain aspects of drug-induced
behaviours.
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The nucleus accumbens (NAc), part of the ventral
striatum in the basal ganglia, plays a critical role
in translating emotional, motivational and rewarding
stimuli into behaviour (Nestler, 2001; Goto & Grace,
2008). Together with the ventral tegmental area and
associated limbic structures, the NAc is the site of
the long-lasting, drug-induced neuroadaptations under-
lying addiction (Kauer & Malenka, 2007). Dopamine
is traditionally considered the key neurotransmitter
in these processes, but glutamate involvement is also
solidly supported by evidence from animal models of

addiction (McFarland et al. 2003; LaLumiere & Kalivas,
2008). Although many forms of glutamate-dependent
neuroplasticity in the NAc are manifested by changes
in ionotropic glutamate receptor signalling (Thomas
et al. 2001; Everitt & Wolf, 2002; Kauer & Malenka,
2007), increasing evidence points to type 5 metabotropic
glutamate receptors (mGluR5) as important mediators of
effects produced by addictive drugs. These group I mGluRs
are coupled to Gq/11 proteins, and their stimulation
triggers phospholipase C (PLC) activation, mobilization of
intracellular Ca2+, and ultimately modulation of various
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ion channels (Pin & Duvoisin, 1995). mGluR5-knockout
prevents cocaine self-administration in mice (Chiamulera
et al. 2001) and, in wild-type mice, the mGluR5
antagonist 2-methyl-6-(phenylethynyl)pyridine hydro-
chloride (MPEP) decreases cocaine, morphine and
nicotine self-administration, and drug-seeking behaviour
(Popik & Wróbel, 2002; Aoki et al. 2004; Tessari et al.
2004).

In medium spiny neurons (MSNs), the predominant
neuronal type in the NAc, mGluR5 is largely located
postsynaptically in dendrites (Mitrano & Smith, 2007).
Functional studies of mGluR5 in the NAc have shown that
their activation depresses glutamatergic synaptic trans-
mission and mediates a form of cannabinoid-dependent
long-term synaptic depression (Robbe et al. 2002). We
recently demonstrated that activation of mGluR5 located
on astrocytes leads to Ca2+-dependent glutamate release
from these glial cells, which, in turn, causes a powerful
excitation driving trains of action potentials (APs) in
MSNs (D’Ascenzo et al. 2007). Little is known, however,
about the effects of mGluR5 activation on MSN spike
firing – a major mechanism by which these cells process
information.

In situ, MSNs oscillate between two distinct membrane
states (Wilson & Kawaguchi, 1996; Goto & O’Donnell,
2001). The so-called down-state is characterized by relative
hyperpolarization (ca −85 mV) and the absence of APs,
while the up-state is triggered by temporally coherent and
convergent excitatory synaptic input bringing membrane
potential to values of approximately −55 mV that are
much closer to the AP firing threshold. The duration of this
state and the AP-discharge rate both seem to be influenced
by intrinsic voltage-dependent currents (Galarraga et al.
1994; Shen et al. 2004).

In this study, we found that activation of postsynaptic
mGluR5 in NAc MSNs increases the AP firing rates
induced by depolarizing current injection mimicking
the up-state. This enhanced excitability is associated
with a spike afterdepolarization (ADP) that is mediated
primarily by the augmentation of persistent Na+ currents.
Activation of Na+/Ca2+ exchanger also contributes to the
mGluR5-mediated enhancement of MSN excitability by
eliciting membrane depolarization.

Methods

Ethical approval

All animal procedures were approved by the Ethical
Committee of the Catholic University and complied with
Italian Ministry of Health guidelines and with national
laws (Legislative decree 116/1992) and European Union
guidelines on animal research (No. 86/609/EEC).

Slice preparation. Coronal slices (300 μm thick)
containing the NAc were prepared from C57BL/6 mice
(13–17-days old) with standard procedures (D’Ascenzo
et al. 2007). Briefly, the animals were anaesthetized
with halothane (Sigma, Milan, Italy) and decapitated.
The brain was rapidly removed and placed in ice-cold
cutting solution containing (in mM): 120 NaCl, 3.2
KCl, 1 KH2PO4, 26 NaHCO3, 2 MgCl2, 1 CaCl2, 10
glucose, 2 sodium pyruvate, and 0.6 ascorbic acid (pH
7.4, 95% O2–5% CO2). Slices were cut with a vibrating
microtome (VT1000S, Leica Microsystems, GmbH,
Wetzlar, Germany) and incubated in cutting solution at
34◦C for 60 min and then at room temperature until
use.

Patch-clamp recordings. Slices were transferred to a
submerged recording chamber and continuously perfused
with artificial cerebrospinal fluid (aCSF) bubbled with
95% O2–5% CO2 (pH 7.4). The aCSF contained (in
mM): 120 NaCl, 3.2 KCl, 1 NaH2PO4, 1 MgCl2, 2
CaCl2, 26 NaHCO3, 10 glucose. The flow rate was
kept at 1.5 ml min−1 with a peristaltic pump (Minipuls
3, Gilson, Villiers, France), and bath temperature was
maintained at 30–32◦C by an inline solution heater and
temperature controller (TC-344B, Warner Instruments,
Hamden, CT, USA). MSNs were identified with a
40× water-immersion objective on an upright micro-
scope equipped with differential interface contrast
optics under infrared illumination (BX5IWI, Olympus,
Tokyo, Japan) and video observation (C3077-71 CCD
camera, Hamamatsu Photonics, Japan). Current- and
voltage-clamp recordings were made from MSNs in the
NAc core with a MultiClamp 700A amplifier (Molecular
Devices, Sunnyvale, CA, USA). Only MSNs having a
resting membrane potential more negative than −65 mV
and spike amplitude higher than 55 mV were used for
experiments. Electrodes were made using borosilicate glass
micropipettes (Warner Instruments) prepared with a P-97
Flaming–Brown micropipette puller (Sutter Instruments,
Novato, CA, USA). Pipettes filled with internal solution
(containing, mM: 145 potassium gluconate, 2 MgCl2,
0.1 EGTA, 2 Na2ATP, and 10 Hepes; pH 7.2 with
KOH; 290 mosmol l−1 adjusted with sucrose) displayed
resistance of 3–5 M�. Access resistance was monitored
throughout the recording and was typically <15 M�.
Data were not corrected for the liquid junction potential
(−16 mV).

In a set of experiments aimed at studying the excitability
of MSNs the perforated-patch configuration was used.
For these recordings, gramicidin (Sigma) was added
to the pipette solution (the same as in whole-cell
recordings) at 10 μg ml−1. Gramicidin was first dissolved
in dimethylsulphoxide (DMSO) to a concentration of
10 mg ml−1 and it was freshly made every 2 h. Stock

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.13 mGluR5-dependent modulation of INaP in the NAc 3235

solutions were then diluted in the pipette solution
just before use. Before backfilling the pipette with
the gramicidin-containing solution, the pipette tip was
filled with gramicidin-free pipette solution by brief
immersion. Gigaseals were formed with little or no suction
to avoid break-in; perforation began within 5–10 min,
developing steadily for the following 10–20 min. The
progress of perforation was evaluated by monitoring
the access resistance. When it had reached a steady
level around 30 M� or lower, the recording was started.
Access resistance was carefully monitored throughout the
experiment, and any neurons in which a sudden drop
in this parameter occurred were discarded. Only cells
exhibiting stable firing discharge for at least 5–10 min
under control condition were used for this set of
experiments.

In some experiments membrane input resistance was
evaluated in current-clamp mode using series of 600 ms
hyperpolarizing steps (from −60 to 0 pA in 20 pA
increments). Input resistance was calculated from the
peak voltage achieved at each step. The input resistance
values were derived from the linear portion of the
intensity-to-voltage (I–V ) relationship as the slope of
the linear regression fitting line calculated by using
the Clampfit program (pCLAMP9 software, Molecular
Devices).

Data acquisition and stimulation protocols were
performed by Digidata 1200 Series interface and pCLAMP
9 software. Data were filtered at 1 kHz and digitized at
10 kHz.

In the experiments presented in Fig. 9, a bipolar
tungsten electrode (Warner Instruments) was used to
stimulate excitatory afferents projecting onto MSNs
(10 Hz). The stimulating electrodes were positioned
200–300 μm rostral to the recording electrode.

To isolate persistent Na+ current (I NaP) in whole-cell
voltage-clamp recordings, we used a modified aCSF
containing 20 mM tetraethylammonium chloride (TEA)
and 0.2 mM CdCl2. The voltage dependence of I NaP was
determined using standard protocols (Yue et al. 2005). The
following equation was used to convert the ramp current
to conductance G(V ):

G (V) = I (V)/(V − VNa) (1)

where V Na is the Na+ reversal potential, V the ramp
potential, and I(V ) the peak current amplitude. Gmax was
extrapolated as the maximal Na+ conductance; V 50 was
also extrapolated as the membrane voltage (V ) at which
G(V ) is 50% of Gmax.

Statistical analysis. Data are expressed as means ± S.E.M.
Statistical significance was assessed with Student’s
paired t test. For experiments involving fewer than 12
observations, Wilcoxon’s signed-rank test (for paired

data) and the Mann–Whitney test (for unpaired
data) were used. Chi-square test was used to
determine if the proportion of cells affected by
DHPG differed under different conditions. For all
statistical evaluations a P value < 0.05 was considered
significant.

Drugs. Drugs were diluted to working concentrations
in oxygenated aCSF before use or applied intra-
cellularly through the recording pipette. A three-way
stop-cock connected to the perfusion inlet tube
was used to introduce test-drug solutions into the
chamber containing the brain slice. The following
drugs were purchased from Tocris Bioscience (Bristol,
UK): (RS)-3,5-dihydroxyphenylglycine (DHPG), 2-
methyl-6-(phenylethynyl)pyridine hydrochloride
(MPEP), 1-[6-[[(17b)-3-methoxyestra-1,3,5(10)-trien-17-
yl]amino]hexyl]-1H-pyrrole-2,5-dione (U-73122), 2-[2-
[4-(4-nitrobenzyloxy)phenyl]ethyl] isothiourea mesylate
(KB-R7943), 2-amino-6-trifluoromethoxybenzothiazole
hydrochloride (riluzole), 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium
salt (NBQX), and D-(–)-2-amino-5-phosphonopentanoic
acid (D-AP5). The following drugs were purchased from
Sigma: kynurenic acid, picrotoxin, TEA, guanosine
5′-[β-thio]diphosphate trilithium salt (GDPβS),
L-β-threo-benzyl-aspartate (TBOA), 1-O-octadecyl-
2-O-methyl-sn-glycero-3-phosphorylcholine (ET-18-
OCH3), ethylenedioxybis(o-phenylenenitrilo)tetraacetic
acid (BAPTA), DL-fluorocitric acid. Tetrodotoxin was
purchased from Alomone Laboratories (Jerusalem,
Israel). [N-(4-Chlorobenzyl)]2,4-dimethylbenzamyl
(CB-DMB), was a gift from Prof. L. Annunziato (Federico
II University of Naples, Italy). All stock solutions were
made with distilled water except for riluzole, KB-R7943,
U-73122, MPEP, CB-DMB and picrotoxin, which were
dissolved in DMSO.

DL-Fluorocitric acid was prepared as described
previously by Martı́n et al. (2007). Briefly, the barium
salt of DL-fluorocitric acid was first dissolved in 0.1 M HCl,
and the barium was precipitated from the solution with the
addition of 0.1 M Na2SO4. This solution was then buffered
(0.1 M NaH2PO4) and centrifuged at 800 g for 10 min.
The supernatant containing fluorocitrate was removed
and added to aCSF to a final concentration of 1 mM. The
slices were incubated in gassed aCSF plus fluorocitrate for
1 h and then continuously perfused thereafter during the
experiment with the same solution.

Alexa Fluor 568 (Invitrogen, Carlsbad, CA, USA)
(100 μM) was added to the intracellular solution to
morphologically identify recorded neurons. Z-stacks of
confocal images were acquired after dye excitation at
543 nm with a Prairie confocal microscope (Prairie
Technologies, Middleton, WI, USA).
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Results

mGluR5 activation enhances MSN excitability

Patch-clamp recordings were performed from GABAergic
MSNs, which represent >90% of the neurons in the
NAc. These cells, whose general properties are shown
in Fig. 1A, displayed a resting membrane potential of
−70.4 ± 1.1 mV (n = 68), inward rectification at a hyper-
polarized membrane potential, ramp depolarization at
subthreshold levels, and regular AP firing when stimulated
with over-threshold voltages. The electrophysiological and
morphological features of the recorded cells (Fig. 1B) are
consistent with those reported for MSNs (Hopf et al. 2003;
Dong et al. 2006). A few cells (∼2%) exhibited large, fast
afterhyperpolarizations and higher discharge rates than
those of most cells – features that are typical of fast-spiking
GABAergic interneurons (Plenz & Kitai, 1998). They were
excluded from further investigation.

Group I mGluR activation has been shown to cause
membrane depolarization in different brain regions
(Sekizawa & Bonham, 2006; Huang & van den Pol, 2007).
Before investigating the impact of mGluR5 activation on
MSN firing, we therefore studied the effects of class I
mGluR activation on the resting conductances of these
neurons. Slice superfusion with DHPG (20–40 μM) caused
mild depolarization (3.2 ± 0.8 mV, n = 6; P < 0.05) from
a resting membrane potential of −70 ± 0.4 mV. In
voltage-clamp recordings performed at a holding potential
of −70 mV, bath application of 40 μM DHPG elicited
slow, tonic, inward currents (−22.6 ± 1.3 pA; n = 40;
Fig. 1C) that were associated with increased noise levels.
To pharmacologically characterize this current the effects
of DHPG were studied before and after application of
different compounds. However, before testing the effects
of the different pharmacological agents the possible
occurrence of receptor desensitization was assessed in
control experiments in which a single cell was exposed
to two consecutive applications of DHPG at 10–15 min
intervals. The currents elicited by the two drug
applications had similar amplitudes (−20.7 ± 2.1 and
−20.8 ± 2.6 pA, respectively; n = 6; P > 0.3). We then
tested the effects of the selective mGluR5 antagonist
MPEP (50 μM) that reduced the DHPG-induced
current amplitude by 84 ± 4% (from −21.1 ± 2.8 to
−3.2 ± 0.6 pA; n = 6; P < 0.001; Fig. 1D).

In hippocampal neurons, Fellin et al. (2006) described
a tonic NMDA-receptor-mediated current caused by
glutamate release from astrocytes following P2X-receptor
activation. However, the DHPG-induced tonic current
in NAc MSNs was unaffected by slice exposure to
either the NMDA-receptor antagonist D-AP5 (50 μM), or
Mg2+-free aCSF (Fig. 1C). To further assess the possible
contribution of astrocytic mGluR5 activation in triggering
tonic current in MSNs, we used the glia-specific metabolic
inhibitor, fluorocitrate (Largo et al. 1996; Martin et al.

2007). We found that slice pre-incubation with 1 mM

fluorocitrate did not prevent the tonic inward current
elicited by DHPG (−20.3 ± 3.7 pA, n = 7), thus indicating
that glial cells are not involved in our effects. In
contrast, the tonic current was significantly reduced to
−12.2 ± 2.2 pA (n = 5; P < 0.05) following dialysis of
MSNs with the G-protein blocker GDPβS (1 mM).

All these data indicate that DHPG effects are likely to
be mediated by activation of neuronal mGluR5.

Current-clamp experiments were performed to
determine whether the tonic inward current was associated
with changes in membrane input resistance. When
the DHPG effects had fully developed, hyperpolarizing
currents were injected to bring the membrane potential
to −70 mV. Starting from this holding current level,
600 ms hyperpolarizing steps (from −60 to 0 pA in
20 pA increments) were applied and the peak voltage
achieved at each step was measured. The results of
these experiments showed that, at membrane potentials
subthreshold for Na+ current activation (ranging
from −70 to −85 mV), there were no changes in
membrane input resistance (270.5 ± 13.5 M� during
DHPG application vs. 268.5 ± 13.7 M� in controls), thus
suggesting that the recorded current is not due to ion
channel opening or closure.

A recent study has shown that in second-order
baroreceptor neurons, DHPG-induced membrane
depolarization associated with increased recording-noise
is mediated by the activation of inward currents flowing
through the Na+/Ca2+ exchanger (Sekizawa & Bonham,
2006). Our findings are consistent with these observations.
As shown in Fig. 1E (lower trace), the DHPG-induced
tonic current in our NAc slices was clearly attenuated
(−4.0 ± 1.4 pA vs. −20.6 ± 2.9 pA in controls; n = 8;
P < 0.001) by exposure to the Na+/Ca2+ exchanger
blocker, KB-R7943 (100 μM, 5–10 min).

In another set of experiments slices were pre-incubated
with a different Na+/Ca2+-exchanger blocker, the
amiloride derivative CB-DMB (5 μM for 10–15 min;
Bkaily et al. 1998; Annunziato et al. 2004; Jeffs et al.
2007; Tortiglione et al. 2007), which also significantly
reduced the DHPG-induced tonic current (−8.6 ± 1.3 vs.
−24.4 ± 2.3 pA in controls; n = 10; P < 0.001; Fig. 1E).

In the presence of KB-R7943, DHPG also increased
the frequency and the amplitude of mEPSCs without
significantly affecting their shape. These effects were never
observed when DHPG was applied alone or in the presence
of CB-DMB.

At this point, we were ready to assess the impact of
mGluR5 activation on MSN spike firing – the primary
aim of our study. To test the firing properties of
MSNs during continuous depolarization, we exposed
these cells to a series of 800 ms current pulses (one
every 60 s) during whole-cell perforated-patch recordings.
The amplitude of current pulse was increased from
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Figure 1. mGluR5 activation induces a small tonic current in MSNs
A, current-to-voltage relationship. Membrane potential at steady-state was plotted against the injected current
amplitude (n = 12). Note inward rectification at hyperpolarized potentials. Inset, representative traces of an MSN
response to hyperpolarizing and depolarizing current steps (bottom traces). Inset scale bars: 40 mV; 200 ms;
300 pA. B, morphology of an MSN revealed by dialysing the fluorescent dye Alexa 568 through the patch pipette.
The image is the Z-projection of 27 planes. Scale bar: 15 μm. C, left, representative trace recorded in the
voltage-clamp configuration showing the inward current elicited by 40 μM DHPG. Right, bar graph summarizing
the effects of NMDA receptor blockade on DHPG-induced inward current. Each tested neuron was exposed first
to DHPG in aCSF containing 0 mM Mg2+ and then to DHPG in aCSF containing either D-AP5 (50 μM; n = 5) or
1 mM Mg2+ (n = 4). D, left, blockade of mGluR5 activity by exposure to 50 μM MPEP inhibited the DHPG-induced
inward current in MSNs. Right, bar graph showing the mean amplitudes of currents evoked by DHPG applied
alone and in the presence of MPEP (n = 6). Each tested neuron was exposed first to DHPG (to verify its sensitivity
to this agonist) and then to DHPG plus MPEP. After whole-cell dialysis with GDPβS (1 mM), the amplitude of
the DHPG-induced tonic current was significantly reduced (n = 7). E, the DHPG-induced current in MSNs was
attenuated by inhibition of Na+/Ca2+-exchanger with KB-R7943 (100 μM; n = 8) and CB-DMB (5 μM; n = 10).
Each tested neuron was exposed first to DHPG and then to DHPG plus KB-R7943 or CB-DMB. Error bars indicate
S.E.M., ∗P < 0.05, ∗∗P < 0.001 in this as well as in the following figures.
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−50 pA (hyperpolarizing) to 150 pA (depolarizing, both
subthreshold and suprathreshold for APs) in 50 pA steps.
The DHPG-induced membrane depolarization mediated
by the Na+/Ca2+ exchanger obviously increases the spike
firing of MSNs as it brings their membrane potential closer
to the threshold for action potential firing. To determine
whether DHPG has the potential to affect spike firing
independently of this effect, during these experiments
we counteracted the Na+/Ca2+-exchanger-dependent
depolarization by injecting hyperpolarizing currents
that kept the membrane potential at −70 mV during
interpulse intervals. Under these experimental conditions,
bath application of 40 μM DHPG significantly increased
the number of APs compared with that observed under
control conditions (+25.3 ± 10.1%; n = 5; P < 0.001;
Fig. 2). The spike-firing enhancement developed quite
slowly and peaked ∼5–6 min after application of DHPG.
Thirty minutes after DHPG washout, the MSNs retained
some degree of hyperexcitability reflected by a small
increase (+6.4 ± 9.0%) in the number of spikes compared
with that seen at baseline. Increased spike firing was
associated with a modest but significant decrease in the
latency of the first AP (from 150 ± 3 to 130 ± 3 ms;
P < 0.05).

Slice pre-treatment with the selective mGluR5
antagonist MPEP (50 μM for 5 min; n = 4) completely
abolished the DHPG-induced increase in spike firing,
suggesting that this effect is mediated by activation of
mGluR5.

mGluR5 activation induces afterdepolarization
in MSNs

The next set of experiments was designed to identify
the mechanisms underlying the mGluR5-mediated effects
on spike firing. In many neurons APs are followed by

Figure 2. Selective mGluR5 activation increases the excitability of MSNs
A, normalized changes in the number of APs before, during, and after 5 min cell exposure to 40 μM DHPG
(n = 5). Insets, perforated patch-clamp recordings from an MSN in the current-clamp configuration showing the
increase in number of APs elicited by DHPG. The AP trains were evoked by an 800 ms depolarizing current injection
(0.1 nA). To avoid increased excitability due to membrane depolarization resulting from the activation of Na+/Ca2+
exchanger, we used a hyperpolarizing current injection to keep the membrane potential at −70 mV during the
interpulse intervals. B, mGluR5 blockade with 50 μM MPEP prevented the DHPG-induced increase in the number
of APs (n = 4).

hyperpolarizing or depolarizing afterpotentials, which
regulate cell excitability for periods ranging from a
few milliseconds to several seconds. Afterpotentials
following a single spike or spike train can mediate
different forms of feedback-based regulation of excitability
(Bean, 2007; Beck & Yaari, 2008). In hippocampal CA1
pyramidal neurons and layer V cortical neurons, group
I mGluR agonists cause long-lasting hyperexcitability
by suppressing afterhyperpolarizations (AHP) (Ireland
& Abraham, 2002; Sourdet et al. 2003). We wondered
whether this mechanism might be involved in the
DHPG-induced changes in excitability we observed in
MSNs. In accordance with standard protocols, a train
of four APs were elicited in MSNs by the application
of four 2 ms depolarizing current pulses (1 nA; 10 ms
pulse interval). At voltages between −70 and −60 mV,
AHPs were never recorded under control conditions, but
in the presence of DHPG an afterdepolarization (ADP)
appeared in 23 of the 25 cells tested (Fig. 3). In 12 of
these 23 MSNs, the ADP appeared as a slow phase of
repolarization at the end of the spike train (Fig. 3A). In the
other 11 cells, the trajectory of the post-AP voltage trace
had a clear rising phase (Fig. 3B). The average ADP decay
time was 658 ± 78 ms (n = 23), and the time-to-peak was
149 ± 26 ms (n = 11). The latter variable was measured
only when there was a clear rising phase between the end
of repolarization and the ADP peak.

At membrane potentials ranging between −70
and −60 mV, we calculated the amplitude of the
DHPG-induced ADP, relative to the membrane potential
before the current injections, by averaging the membrane
potential values 15 ms before and after the ADP peak.
The mean amplitude was 7.7 ± 0.6 mV (n = 23; P < 0.001;
Fig. 3E), and effects were fully reversed by a 5–10 min drug
washout.
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Next, to evaluate the voltage dependence of the
DHPG-induced ADPs, we injected negative or positive
currents into MSNs to produce membrane potentials
ranging from −90 to −50 mV (at ∼10 mV intervals).
Figure 3C shows examples of the ADPs recorded at
different potentials in one of these cells. The ADP
amplitude was clearly voltage dependent, with maximum
effects at prespike potentials ranging from −55 to −70 mV
(Fig. 3D). The ADP was absent at more negative potentials
near EK. At membrane potentials less negative than

Figure 3. mGluR5 activation induces
afterdepolarizations in MSNs
A and B, two representative whole-cell,
current-clamp recordings showing ADPs
induced by exposure to 40 μM DHPG. In A, the
ADP appears as slow phase of repolarization
whereas the ADP in B has a clear rising phase.
A train of four APs (100 Hz) was elicited by
current injection (1 nA for 2 ms) to evoke
afterpotentials. C, representative examples of
ADPs recorded in MSNs maintained at different
membrane potentials by current injection. D,
relation of ADP amplitude to membrane
potentials for each of the 7 cells tested. E,
mean ADP amplitude (n = 23) under control
conditions, in the presence of DHPG, and
following DHPG washout. F, mean amplitude
of the DHPG-induced ADP in the presence of
MPEP (50 μM; n = 6) and KB-R7943 (100 μM;
n = 4).

−50 mV, ADPs could not be measured because of the
appearance of AP firing.

The DHPG-induced ADP was markedly inhibited by
slice pre-incubation with MPEP (1.1 ± 0.4 mV; n = 8;
P < 0.001; Fig. 3F), so – like the DHPG-induced increase
in spike firing – this effect seems to be mediated by mGluR5
activation.

DHPG also activated the Na+/Ca2+ exchanger, and
we wondered whether this mechanism was involved in
its ability to induce ADP. Slice incubation for 5–10 min
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with the Na+/Ca2+ exchanger inhibitor KB-R7943
(100 μM) had no significant effect on the amplitude
of the ADP elicited by DHPG (6.1 ± 2.0 mV; n = 4;
Fig. 3F), suggesting that the tonic inward current and
ADP are independent effects of mGluR5 activation in
MSNs.

Our next objective was to identify the intracellular
pathway by which mGluR5 activation induces ADP. In
particular, we determined whether G-protein-dependent
PLC activation and Ca2+ signalling are responsible for
the DHPG-induced ADP. The effects of DHPG were thus
tested in MSNs dialysed for 5–10 min with GDPβS (1 mM),
which blocks G-protein-signalling; the PLC inhibitor
U-73122 (1 μM); or the calcium chelator EGTA (5 mM).
All these treatments markedly reduced the size of the ADP
(to 1.5 ± 0.4, n = 6; 1.7 ± 0.5, n = 5; and 0.5 ± 0.2 mV,
n = 7, respectively) (Fig. 4). Because U-73122 is a potent
but not highly selective PLC inhibitor, in another set of
experiments slices were pre-incubated with a different
PLC-inhibitor, ET-18-OCH3 (10 μM, Horowitz et al.
2005), for 15–30 min prior to DHPG administration. ADP
amplitude was significantly reduced by this treatment
to 1.5 ± 0.3 mV (n = 5; Fig. 4B), similarly to what we
observed with U-73122. Taken together, these data suggest
that mGluR5-dependent ADPs in MSNs are mediated by
G-protein/PLC/Ca2+ signalling.

Although intracellular calcium is required for ADP
generation, Ca2+ influx during APs does not seem to
play a role. Indeed, DHPG still induced ADP during cell
perfusion with low-Ca2+ aCSF and after the blockade of
voltage-gated Ca2+ channels with 0.2 mM CdCl2 (data not
shown).

Figure 4. G-protein, PLC and intracellular Ca2+ are required for the DHPG-induced ADP
A, representative DHPG-induced ADPs recorded under the following experimental conditions: blockade of
G-protein by GDPβS (1 mM; n = 6); blockade of phospholipase C by U73122 (1 μM; n = 5); and reduction of
intracellular Ca2+ by EGTA (5 mM; n = 7). GDPβS, U73122 and EGTA were applied intracellularly through the
recording pipette. B, mean amplitude of ADP in the different experimental conditions.

Persistent Na+ current (INaP) contributes
to mGluR5-dependent ADP

Voltage-clamp recordings were performed to explore the
nature of the current underlying the DHPG-induced
ADP. The protocol was designed to reproduce the
stimulus used in current-clamp experiments (four short,
square-wave depolarizing steps from −65 to +20 mV;
2 ms duration, 10 ms pulse interval). As shown in Fig. 5A
in a representative MSN held at −65 mV, when this
stimulation protocol was applied in the presence of
DHPG, an inward current with kinetics compatible with
ADP was recorded. This current had a mean amplitude
of −22.1 ± 2.7 pA (n = 13) and a mean decay time of
125 ± 51 ms. The latter value is lower than that observed
in current-clamp recordings but this discrepancy is not
surprising because ADP decay time is shaped by the time
constant of the cell membrane. Moreover, the stimulation
protocol used in the voltage-clamp recordings does not
reproduce exactly the voltage excursion experienced by
the cell in current-clamp conditions.

Current-to-voltage curves based on data collected
before and during exposure to DHPG were analysed to
determine whether these currents were voltage dependent.
Membrane potential was increased in 10 mV steps from
a holding potential of −65 mV to voltages between −85
and −55 mV. The net current activated by DHPG was
measured by subtracting the current recorded under
control conditions from that recorded in the presence
of the drug (Fig. 5B, n = 8). As previously observed in
our current-clamp recordings, the net inward current was
absent at very hyperpolarized potentials.
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To determine whether the observed inward currents
were due to activation or inhibition of ionic conductances
in MSNs, we applied a voltage step of −5 mV
before and during the DHPG-induced effects. In
the latter condition, currents induced by the voltage
step command were increased from 16.0 ± 2.4 to
22.4 ± 2.3 pA (+44.5 ± 7.8%; n = 5). The conductance

Figure 5. ADP is mediated by an inward Na+ current
A, representative traces showing the DHPG-induced inward current. The voltage-clamp protocol was designed
to reproduce the stimulus used in current-clamp experiments (i.e. four short, square-wave depolarizing steps
from −65 to +20 mV, 2 ms pulse duration). B, current-to-voltage relationships based on data collected from
slices perfused with DHPG. Net currents activated by DHPG at the various voltages were obtained by subtracting
currents recorded under control conditions from those recorded in the presence of DHPG. Voltage steps (from −85
to −45 mV in 10 mV increments) were applied from holding potential of −65 mV. C, representative traces from
two different set of experiments showing that the DHPG-induced inward current (left) is almost abolished in the
presence of TTX (right). D, mean amplitude of the DHPG-induced inward currents in the two different conditions.
E, bar graph showing the mean amplitude of currents induced by two consecutive applications of DHPG (alone
and in the presence of TTX) in the same MSN (n = 4). F, mean amplitude of inward currents induced by two
consecutive DHPG applications. Note the absence of significant receptor desensitization during the second DHPG
application (n = 4).

increase documented in these experiments indicates that
the DHPG-induced inward current is mediated by ion
channel opening.

The possible involvement of voltage-gated Na+

channels in the inward currents induced by DHPG was
then assessed. When slices were preincubated with a
selective blocker of these channels, TTX (0.5 μM), the
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DHPG-induced inward currents were almost completely
abolished (−3.4 ± 0.9 pA; n = 9 vs. −22.1 ± 2.7 pA in
controls; n = 13; Fig. 5C and D). In other experiments,
we compared the amplitudes of DHPG-induced currents
recorded from the same cell before and after application
of 0.5 μM TTX. The results (Fig. 5E) confirmed TTX’s
marked inhibitory effects on the current elicited by
DHPG (−2.0 ± 2.3 vs. −15.1 ± 2.1 pA; n = 4; P < 0.001).
The possible role of receptor desensitization in these
findings was excluded in control experiments, in which
a single cell was exposed to two consecutive applications
of DHPG in the absence of TTX. As shown in Fig. 5F , the
currents elicited by the two drug applications had similar
amplitudes (n = 4).

The effects of TTX on DHPG-induced ADP were also
investigated in current-clamp experiments. Control ADP
responses were first elicited in normal aCSF. The cell
was then allowed to recover from DHPG exposure in
the presence of TTX; after 5 min DHPG was re-applied.
Because TTX prevented AP firing, the amplitude of the
injected current pulses used during the second exposure
was increased to 2 nA producing capacitive changes
in the membrane potential that mimicked APs. Under
these conditions, TTX reduced the ADP amplitude to
0.6 ± 0.2 mV (n = 5; Fig. 6). Collectively, these data
suggest that recruitment of TTX-sensitive Na+ spike after-
currents plays an essential role in the DHPG-induced
ADPs we observed in MSNs.

In addition to the classical transient Na+ current (I NaT)
responsible for AP generation, the voltage-dependent Na+

currents also include persistent and resurgent types (I NaP

Figure 6. ADP is abolished by selective blockade of
sodium conductances
A, in current-clamp recordings, application of the
protocol described in Fig. 3 (four brief depolarizing
current pulses, 1 nA, 2 ms) was associated with the
usual response to DHPG (left). After DHPG washout
(middle), a second DHPG application elicited no
response in the presence of TTX (0.5 μM) even when we
used higher-amplitude current pulses (2 nA) to
compensate changes in membrane potential (right). B,
summary of data on ADP amplitudes observed under
the conditions described in A.

and I NaR, respectively). These currents, which are active
in the sub- and near-threshold ranges, have different
kinetics, and they exert major effects on the excitability
and signal processing of central neurons (Bean, 2007).
Either or both of these currents could contribute to the
DHPG-induced TTX-sensitive Na+ spike aftercurrent. We
choose to evaluate the involvement of the I NaP because the
I NaR is characterized by fast inactivation kinetics, and it
seems unlikely that a current of this type is responsible
for membrane depolarization lasting hundreds of
milliseconds.

The I NaP in MSNs of the NAc has never been
investigated. Therefore, before exploring its responses
to mGluR5 activation, we attempted to identify the
biophysical and pharmacological properties of this
currents. When the I NaT were inactivated by application
of slow (50 mV s−1) depolarizing voltage ramps from −70
to 0 mV, a net inward current was elicited in the MSNs
at potentials ranging from −50 to 0 mV. The fact that
this current was completely abolished by TTX (Fig. 7Aa)
allowed us to identify it as I NaP (French et al. 1990).
Subtraction of the current traces obtained before and
after TTX application yielded the current’s ‘pure’ I NaP

component (Fig. 7Ab). The activation threshold of the
I NaP was approximately −50 mV, and current amplitude
increased with depolarization, reaching maximal values at
∼ −20 mV.

I NaP current-to-voltage relationships were converted to
conductance-to-voltage plots (Yue et al. 2005; eqn (1);
Fig. 7Ac) from which Gmax and V 50 were extrapolated
(0.8 ± 0.1 nS; −33.6 ± 1.0 mV; respectively; n = 12).
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Because riluzole and 20 nM TTX have been shown to
block I NaP in many central neurons (Pace et al. 2007;
Koizumi & Smith, 2008), we tested their effects on
the inward current elicited in MSNs by depolarizing
voltage ramps. As shown in Fig. 7B, I NaP was almost
completely abolished by both blockers: peak I NaP current

Figure 7. DHPG increases persistent sodium current (INaP) in MSNs
A and B, biophysical and pharmacological properties of INaP elicited in MSNs. Slices were perfused with aCSF
containing 0.2 mM CdCl2 (to block Ca2+ channels) and 20 mM TEA (to reduce K+ current). Aa, instantaneous
current–voltage curve during application of slow voltage ramps (50 mV s−1; inset) before and during exposure to
0.5 μM TTX. Ab, INaP was isolated by digital subtraction of responses obtained in the presence of TTX from those
recorded under control conditions. Ac, the subtracted current traces were converted to conductance (see Methods)
and plotted against ramp voltage to obtain the INaP conductance–voltage relationship (n = 14). Ba, representative
traces showing the effects of riluzole (10 μM) on INaP. Pooled results showing INaP evoked at different ramp
potentials before and during riluzole exposure (n = 5), and before and during 20 nM TTX exposure (Bc, n = 5).
C, representative traces (left) showing the INaP increase induced by DHPG application. D, bar graph showing the
mean current amplitudes, measured at the peak of INaP, before and after DHPG application (left; n = 5). Slice
pre-incubation for 5–10 min with MPEP prevented the DHPG-induced increases in INaP (right; n = 4).

was inhibited by 86.2 ± 5.2% (n = 5; P < 0.001) and
89.6 ± 2.7% (n = 5; P < 0.001) after riluzole (Fig. 7Bb)
and TTX treatments (Fig. 7B-c), respectively.

After characterizing the I NaP in NAc MSNs, we tested
the possible effects of DHPG on this current. First, we
examined the influence of bath-application of DHPG

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



3244 M. D’Ascenzo and others J Physiol 587.13

on I NaP at membrane potentials associated with ADP.
As shown in Fig. 7C, the drug significantly augmented
I NaP at potentials between −60 and 0 mV. The peak
I NaP increased by 37.4 ± 15.2% (from −103 ± 10 to
−140 ± 12 pA, n = 5; P < 0.05). It is noteworthy that
the activation threshold of I NaP (∼ −50 mV in controls)
was left-shifted in the presence of DHPG to ∼ –60 mV, a
voltage quite similar to that recorded at the end of the spike
downstroke and the beginning of ADP (−58.3 ± 0.8 mV;
n = 23). The effects of DHPG were virtually abolished by

Figure 8. Selective blockade of INaP reduces the ADP and the increases in excitability induced by DHPG
A, representative traces of DHPG-induced ADP recorded in two different sets of experiments in which INaP was
blocked by 20 nM TTX (n = 5) or riluzole (n = 6). ADP induced by DHPG in the absence of Na+ channel blockers
is shown for comparison on the left. B, mean amplitude of ADP under the experimental conditions shown in
A. C, representative traces showing the increase in AP number induced by DHPG under the same experimental
conditions shown in Fig. 2A. D, mean increase in AP number induced by DHPG in 5 cells. E, representative traces
showing the absence of DHPG-induced increases in AP number when INaP was blocked by 20 nM TTX. F, mean
number of APs in the presence of 20 nM TTX before (control) and after DHPG application (n = 5).

MPEP (n = 4, Fig. 7D), confirming that they are due to
mGluR5 activation.

The finding that mGluR5 activation increases
I NaP and induces TTX-sensitive ADP suggests that
mGluR5-dependent ADPs are the result of I NaP

modulation. To verify this hypothesis, we studied
DHPG-induced ADPs during selective I NaP blockade.
As shown in Fig. 8A and B, slice pre-exposure
for 10 min to either 10 μM riluzole or 20 nM TTX
significantly diminished the amplitude of these ADPs
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(1.1 ± 0.3 mV, n = 7; and 1.1 ± 0.2 mV, n = 5, respectively
vs. 7.3 ± 3.1 mV in controls, n = 23).

We had now demonstrated that mGluR5 activation
(1) increases MSN excitability, (2) elicits ADP, and (3)
enhances the I NaP suspected to cause ADP. Our next
goal was to determine whether these effects were causally
related. We reasoned that if mGluR5-dependent increases
in I NaP are the mechanism underlying ADP, and if ADP is
responsible for the enhanced MSN excitability produced
by mGluR5, I NaP blockade should prevent DHPG from
increasing MSN excitability. As shown in Fig. 8C–F ,
DHPG’s effects on MSN firing were indeed annulled
when the cells were exposed to 20 nM TTX (n = 5). We
limited our investigation to the effects of TTX block of
I NaP because at the concentration used this drug has
no significant effect on the I NaT (Koizumi & Smith,
2008). Riluzole, in contrast, affects multiple types of
K+ channels, including the small- and large-conductance
Ca2+-activated K+ channels (Wu & Li, 1999; Grunnet
et al. 2001), which are known to influence AP shape and
interspike potential.

Stimulation of glutamatergic afferents triggers
mGluR5-dependent increase in excitability

Next, we focused on the role of mGluR5 activation
in regulating the excitability of NAc MSNs under
more physiological conditions. We hypothesized that
glutamate released from glutamatergic terminals activates
mGluR5 and triggers ADP thereby increasing MSN
excitability. To test this hypothesis we first monitored the
spike firing rate of MSNs during electrical stimulation
of the prefrontal cortex glutamatergic afferents which
represent the main excitatory pathway innervating the
NAc together with projections arising from hippocampus
and basolateral amygdala (Groenewegen et al. 1980).
As in experiments shown in Fig. 2, we counter-
acted the Na+/Ca2+-exchanger-dependent membrane
depolarization by injecting hyperpolarizing currents
that kept the membrane potential at −70 mV during
interpulse intervals. During these experiments, the slices
were perfused with the ionotropic GABA-receptor blocker
picrotoxin (100 μM), the AMPA-receptor antagonist
NBQX (30 μM), and the NMDA-receptor antagonist
D-AP5 (50 μM). Under these conditions, stimulation of
the glutamatergic afferents (10 Hz, 100 s) significantly
enhanced the excitability of 5 of the 6 MSNs tested, as
shown by the increase in AP number from 6.4 ± 1.3 (in
controls) to 10.2 ± 1.8 (P < 0.05). When 50 μM MPEP
(n = 4) or 20 nM TTX (n = 6) was present in the aCSF,
this increase was no longer seen (Fig. 9B). We also tested
whether glutamate released following afferent stimulation
was able to trigger ADPs. In 4 out of the 8 tested neurons
ADP was recorded though its amplitude was much smaller

than that induced by DHPG (1.2 ± 0.2 mV; Fig. 9C,D).
To limit the reduction of glutamate concentrations at
the synaptic level due to the activity of glutamate trans-
porters located on both glial cells and neurons, we repeated
these experiments in the presence of the non-specific
glutamate transporter blocker TBOA (100 μM). Under
these experimental conditions greater ADPs were observed
(2.3 ± 0.5 mV, in 6 out of 13 neurons tested; Fig. 9C and
D).

These data suggest that glutamatergic fibre stimulation
induces ADP and enhances the neuronal excitability of
MSNs via the synaptic activation of mGluR5.

Figure 9. Glutamatergic afferent stimulation induces
mGluR5-dependent increases in MSN excitability
A, representative traces showing the increase in the number of APs
following glutamatergic afferent stimulation. Afferents were
stimulated with a train of stimuli delivered at 10 Hz for 100 s. This
experiment was performed in the presence of the glutamate ionotropic
receptor antagonists NBQX (30 μM) and D-AP5 (50 μM), and picrotoxin
(100 μM), which blocks GABAA receptors. B, mean number of APs
before and after glutamatergic afferent stimulation (n = 5) in normal
aCSF and in aCSF containing MPEP (50 μM; n = 4) or TTX (20 nM;
n = 6). C, representative ADPs induced by glutamatergic afferent
stimulation in the absence and in the presence of the non-selective
glutamate transporter blocker TBOA (100 μM). D, bar graph showing
the mean ADP amplitudes under conditions described in C.
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Discussion

Expression of mGluR5 in the NAc has been demonstrated
by immunohistochemistry (Shigemoto et al. 1993), mRNA
in situ hybridization (Testa et al. 1994), and electron
microscopy (Mitrano & Smith, 2007). The mechanisms
underlying mGluR5 signalling in this brain area are
of high interest given these receptors’ involvement in
self-administration of cocaine and the locomotor effects
of this drug (Chiamulera et al. 2001). The functional
relevance of mGluR5 signalling in brain structures
involved in addiction is also stressed by a recent
report showing that mGluR5-mediated slow afterpotential
underlies persistent firing increase in the prefrontal cortex
(Sidiropoulou et al. 2009). These authors proposed that
the effects they observed represent a form of short-term
cellular memory that is modulated by dopamine and
cocaine experience.

Here we describe a cellular mechanism dependent
on mGluR5 activation which has a strong impact on
the excitability of MSNs by enhancing AP firing and,
consequently, influencing the ability of these neurons
to process information. In particular, we provide novel
evidence that mGluR5 activation in MSNs produces I NaP

increases that lead to ADP.
Several mechanisms could contribute to the

mGluR-dependent increases in excitability, but
modulation of spike afterpotentials (AHP and ADP)
is one of the strongest candidates. DHPG is known to
increase the excitability of CA1 pyramidal neurons by
suppressing slow and medium-duration AHPs. This effect
is mediated by mGluR5 and mGluR1 via mechanisms that
are PLC, PKC, and IP3 independent (Ireland & Abraham,
2002). Persistent reduction of AHP by DHPG has been
also described in layer V pyramidal neurons in the rat
sensorimotor cortex (Sourdet et al. 2003) and in CA3
hippocampal pyramidal neurons (Young et al. 2004). In
our experimental model, the stimulation protocol used to
elicit afterpotentials never evoked AHP, and this finding
is consistent with the absence of AHP in MSNs reported
by other groups (Kawaguchi et al. 1989; Ade et al. 2008).
We found instead that DHPG triggers ADP in MSNs of
the NAc. This phenomenon was rarely observed under
basal conditions and, when present, its amplitude was
very small, but during exposure to DHPG ‘de novo’ ADP
was observed in almost all the tested cells.

ADPs have been described in many central and peri-
pheral neurons (Connors et al. 1982; Li & Hatton, 1997;
Staff et al. 2000). Although ADP has been recorded under
basal conditions, it can also appear de novo following
stimulation of numerous G-protein-coupled receptors,
including muscarinic acetylcholine, α1-noradrenergic,
5-HT2, dopamine D1, and metabotropic glutamate
receptors (Constanti et al. 1993; Greene et al. 1994;
Haj-Dahmane & Andrade, 1999; McQuiston & Madison,

1999; Young et al. 2004; Zhang & Arsenault, 2005;
Yamamoto et al. 2007).

Pharmacological dissection of DHPG’s effects in our
experimental model revealed that ADP depends on
mGluR5 activation and that the pathway primarily
responsible for its development is G-protein/PLC/Ca2+

dependent.
In different experimental models ADP has been

attributed to low- and high-voltage-activated calcium
currents (Li & Hatton, 1997; Metz et al. 2005),
hyperpolarization-activated currents (Lüthi et al. 1998),
calcium-activated non-selective cation currents (Greene
et al. 1994), and outward potassium currents (Li &
Hatton, 1997; Yue & Yaari, 2004). Our data indicate that
Na+ currents are the major driver of ADP development
in NAc MSNs. The inward afterspike currents elicited
by voltage commands decreased markedly during TTX
exposure, which also prevented ADP in current-clamp
recordings. ADP was also unaffected by Cd2+ and low
extracellular Ca2+ levels, thus excluding the involvement
of voltage-gated calcium channels and calcium-activated
potassium channels.

Here we provide novel evidence on I NaP-dependent
ADP triggered by mGluR5 activation. This conclusion is
based on the following observations: (1) I NaP amplitude
is increased by DHPG, and this effect was never observed
in the presence of MPEP; (2) ADP amplitude is reduced
in the presence of the selective I NaP blockers riluzole
and TTX (20 nM). These observations are in agreement
with previous studies showing the involvement of I NaP

in mediating spontaneous ADP in the absence of neuro-
transmitter receptor activation (Yue et al. 2005; Chu &
Moenter, 2006).

Ours is the first attempt to characterize I NaP in
NAc MSNs. This current seems to have the biophysical
and pharmacological properties attributed to I NaP in
other mammalian neurons, including: (1) an activation
threshold between −55 and −60 mV and a peak
between −20 and −30 mV; and (2) sensitivity to both
TTX and riluzole (Del Negro et al. 2002; Taddese
& Bean, 2002; Koizumi & Smith, 2008). In addition,
our study provides novel evidence that this current is
modulated by mGluR5 activation. To our knowledge,
glutamate-mediated modulation of I NaP has previously
been reported only in rat neocortical pyramidal neurons
but in this model it was related to mGluR1 activation
(Carlier et al. 2006). In this study the authors
reported a mGluR1-dependent decrease of transient Na+

current (I NaT) associated with a leftward shift of the
current-to-voltage relationship of I NaP. However these
authors suggested that the combination of the two effects
of mGluR1 activation on Na+ currents resulted in a
decreased neuronal excitability.

The involvement of I NaP might explain why ADP
does not occur under basal conditions. The membrane
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potentials associated with the initiation and development
of I NaP in the absence of DHPG (from −50 to 0 mV) fall
within the range of potentials at which outward potassium
currents mediating repolarization prevail. In contrast,
in the presence of DHPG, I NaP appears at membrane
potentials of ∼ −60 mV, and at this level, it might result
in a significant inward aftercurrent that generates ADP.
Moreover, I NaP have been recorded in the presence of
0.2 mM Cd2+, which blocks voltage-gated Ca2+ channels
and shifts the Na+ current-to-voltage relationship toward
more hyperpolarized potentials (Hille et al. 1975; Yue et al.
2005). It is thus conceivable that in Cd2+-free aCSF, the
amplitude of I NaP within the voltage range associated with
spike ADP development is large enough to prevail over
hyperpolarizing outward potassium currents and produce
a net depolarization.

In several neuronal types, I NaP is involved in the control
of membrane excitability within the voltage range just
below the threshold for spike production (Boehmer et al.
2000). In tuberomammillary, subthalamic, and supra-
chiasmatic nucleus neurons, subthreshold Na+ currents
drive spontaneous spike discharge (Pennartz et al. 1997;
Taddese & Bean, 2002; Do & Bean, 2004).

Here we show that the increased MSN excitability
caused by mGluR5 activation is markedly attenuated
by 20 nM TTX, which selectively affects I NaP. We
suggest, therefore, that mGluR5 activation upregulates
I NaP, thereby inducing an ADP that results in
enhanced MSN excitability. Interestingly, stimulation of
glutamatergic afferents to the NAc under ionotropic
receptor blockade led to a I NaP-dependent increased
spike firing and appearance of ADP suggesting that the
mechanism we documented operates under physiological
conditions. ADP amplitude following glutamatergic
afferent stimulation was smaller than that induced by
DHPG whereas the increases in MSN spike firing elicited
by afferent stimulation were similar to those produced
pharmacologically. While it is not surprising that the
pharmacological activation of mGluR5 produces effects
greater than those of the receptor synaptic activation, the
reason why either ADP requires larger amounts of neuro-
transmitter to reach its maximum or smaller ADPs are
sufficient to produce maximum firing increases remains
to be elucidated.

Our study also shows that mGluR5 activation in MSNs
causes membrane depolarization likely to be through
stimulation of Na+/Ca2+ exchanger activity. Although this
effect certainly contributes to increase MSN excitability, it
is not primarily responsible for the enhanced spike firing
and ADP we reported because these effects were recorded
after injection of hyperpolarized currents compensating
for membrane potential changes induced by the Na+/Ca2+

exchanger activation. Moreover, ADP was unaffected by
the blockade of Na+/Ca2+ exchanger.

As for the functional impact of mGluR5 activation on
NAc MNS excitability in vivo, it is important to recall
that excitatory synaptic inputs to the dendritic regions
of these cells trigger transitions between hyperpolarized
down-states and depolarized up-states associated with
spiking (Wilson & Kawaguchi, 1996; Goto & O’Donnell,
2001). By increasing the amplitude of I NaP and shifting
its activation threshold to a more hyperpolarized
voltage range, mGluR5 activation would increase
subthreshold currents in the up-state potentials
and thereby enhance spike firing. In addition the
mGluR5-dependent enhancement of Na+/Ca2+ exchanger
activity and the consequent membrane depolarization
affect the resting membrane potential, which is the
foundation upon which up- and down-states originate.
In this way, mGluR5 activation could increase the output
signals of up-state MSNs in response to synchronized
excitatory inputs.

With regard to the potential implications of our findings
within the context of drug-induced behaviours, it is
noteworthy that changes in glutamate neurotransmission
within the NAc play a significant role in neuroadaptive
responses to acute or chronic cocaine exposure (Robinson
& Berridge, 2003). In vivo microdialysis experiments have
documented marked increases of extracellular glutamate
levels in the NAc after acute cocaine administration
(Smith et al. 1995; Reid et al. 1997). These increases have
been attributed to enhanced synaptic release of neuro-
transmitters from prefrontal cortex afferents (McFarland
et al. 2003). The mGluR5-dependent enhancement of
MSN excitability we observed could conceivably represent
one of the mechanisms by which elevated extracellular
glutamate levels following acute cocaine use induce
drug-seeking behaviour. Moreover, in mice treated with
cocaine for 1 week, extracellular glutamate levels are
significantly reduced 3 weeks after drug withdrawal (Pierce
et al. 1996; Baker et al. 2003), suggesting that diminished
activation of mGluR5 could contribute to cocaine
relapse.

Collectively, our results provide novel evidence of
important mGluR5 functions in MSNs of the NAc, which
are fundamental for defining the mechanisms underlying
mGluR5-dependent drug-induced behaviours.
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