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Alterations in the corticostriatal pathway may precede symptomatology and striatal cell death in Huntington’s disease (HD) patients.
Here we examined spontaneous EPSCs in striatal medium-sized spiny neurons in slices from a mouse model of HD (R6/2). Spontaneous
EPSC frequency was similar in young (3– 4 weeks) transgenics and controls but decreased significantly in transgenics when overt
behavioral symptoms began (5–7 weeks) and was most pronounced in severely impaired transgenics (11–15 weeks). These differences
were maintained after bicuculline or tetrodotoxin, indicating they were specific to glutamatergic input and likely presynaptic in origin.
Decreases in presynaptic and postsynaptic protein markers, synaptophysin and postsynaptic density-95, occurred in 11–15 week R6/2
mice, supporting the electrophysiological results. Furthermore, isolated, large-amplitude synaptic events (�100 pA) occurred more
frequently in transgenic animals, particularly at 5–7 weeks, suggesting additional dysregulation of cortical inputs. Large events were
blocked by tetrodotoxin, indicating a possible cortical origin. Addition of bicuculline and 4-aminopyridine facilitated the occurrence of
large events. Riluzole, a compound that decreases glutamate release, reduced these events. Together, these observations indicate that
both progressive and transient alterations occur along the corticostriatal pathway in experimental HD. These alterations are likely to
contribute to the selective vulnerability of striatal medium-sized spiny neurons.
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Introduction
Huntington’s disease (HD) is an autosomal dominant neurode-
generative disorder caused by expanded polyglutamine repeats in
the coding region of the HD gene. It is characterized by wide-
spread neurodegeneration with preferential deterioration of
medium-sized spiny neurons (MSSNs) in the striatum (DiFiglia,
1990) and substantial neuropathology and loss of cortical neu-
rons as the disease progresses (DiFiglia et al., 1997; Sapp et al.,
1999). The major excitatory input to MSSNs comes from cortex
and thalamus, and it has been hypothesized that cell dysfunction
and death of MSSNs in HD is attributable to altered presynaptic
and/or postsynaptic activity in this pathway because of the ge-
netic mutation. The development of mouse models of HD per-
mits direct examination of this hypothesis and elucidation of the
mechanisms responsible for MSSN and cortical cellular
malfunction.

Morphological alterations in the cortex observed in mouse
models of HD may produce concomitant alterations in synaptic
function of the corticostriatal pathway (Klapstein et al., 2001;
Laforet et al., 2001). One fundamental issue is whether or not

cortically released glutamate is altered in HD. A possibility is that
neurotransmitter release from cortical terminals has increased,
exposing MSSNs to excessive glutamate. However, recent micro-
dialysis studies measuring glutamate in HD mutant mice have
been inconclusive (Liévens et al., 2001; NicNiocaill et al., 2001;
Behrens et al., 2002).

We examined the time course of changes in spontaneous syn-
aptic currents in MSSNs in the R6/2 transgenic model of HD as an
indicator of corticostriatal integrity. These currents primarily
represent the effects of spontaneous excitatory neurotransmitter
release in the striatum. The R6/2 transgenic mouse contains exon
1 of the human huntingtin gene with �150 CAG repeats (Mang-
iarini et al., 1996) and has been used extensively as a model of
experimental HD. Affected animals display impairments that can
be detected as early as 5 weeks of age (Carter et al., 1999; Lione et
al., 1999; Murphy et al., 2000). Nonapoptotic neuronal cell death
is a late event (Turmaine et al., 2000), but neuronal atrophy al-
ready is apparent at 5 weeks (Davies et al., 1997). These animals
die of unknown causes between 3 and 4 months of age.

Our results demonstrated a temporally complex set of alterations
along the corticostriatal pathway of the R6/2 model. Early changes in
striatal glutamatergic inputs were manifested by a transient occur-
rence of large synaptic inward currents. Concomitantly, there was a
significant reduction in low-amplitude synaptic currents that
progressed as the symptoms worsened. Furthermore, parallel
decrements in key presynaptic (synaptophysin) and postsynaptic
[postsynaptic density-95 (PSD95)] markers supported the phys-
iological findings. Together, our results suggest that these alter-
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ations are likely presynaptic and may produce changes in the
postsynaptic striatal neurons.

Materials and Methods
All experimental procedures were performed in accordance with the
United States Public Health Service Guide for Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee at University of California, Los Angeles. Experiments were
conducted in three groups of R6/2 and age-matched littermate controls
[wild-type (WT)] defined according to the development of motor symp-
toms: a young group (3– 4 weeks; n � 8 R6/2 and 7 WT) showing no
evidence of abnormal behaviors, a middle-aged group (5–7 weeks; n � 21
R6/2 and 21 WT) corresponding to the onset of motor symptoms, and an
older group (11–15 weeks; n � 16 R6/2 and 8 WT) displaying the full
behavioral phenotype. Whole-cell patch-clamp recordings in voltage-
clamp mode were obtained from MSSNs visualized in slices with the aid
of infrared video microscopy (Cepeda et al., 1998). MSSNs were identi-
fied by somatic size, basic membrane properties (input resistance, mem-
brane capacitance, and time constant), and addition of biocytin (0.2%)
to the internal solution. Series resistance was �25 M� and was compen-
sated 70 – 80%. The patch pipette (3–5 M�) contained one of the follow-
ing solutions (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 1
MgCl2, 5 MgATP, 5 EGTA, 10 HEPES, 0.5 GTP, 10 phosphocreatine, and
0.1 leupeptin or 140 K-gluconate, 10 HEPES, 2 MgCl2, 0.1 CaCl2, 1.1
EGTA, and 2 K2ATP, pH 7.25–7.3 (osmolality, 280 –290 mOsm/l).

Spontaneous postsynaptic currents were recorded in standard artifi-
cial CSF (ACSF) composed of the following (in mM): 130 NaCl, 26
NaHCO3, 3 KCl, 2 MgCl2, 1.25 NaHPO4, 2 CaCl2, and 10 glucose, pH 7.4.
In specific experiments, bicuculline (BIC) (20 �M) also was added to
abolish the contribution of spontaneous currents mediated by activation
of GABAA receptors. In addition, cells were held at �70 mV to minimize
their contribution and that of voltage-gated conductances. After charac-
terizing the basic membrane properties of the neuron, spontaneous
EPSCs were recorded for variable periods of time (usually 3– 6 min). The
membrane current was filtered at 1 kHz and digitized at 100 –200 �sec
using Clampex (gap-free mode) or Fetchex (Axon Instruments, Foster
City, CA). In addition, in some cells, tetrodotoxin (TTX) (1 �M) was
added to isolate the events that are not dependent on presynaptic action
potentials [miniature EPSCs (mEPSCs)].

Spontaneous synaptic events were analyzed off-line using the Mini
Analysis Program (Jaejin Software, Leonia, NJ). The threshold amplitude
for the detection of an event was adjusted above root mean square noise
level (generally �5 pA). This software was used to calculate EPSC fre-
quency, amplitude for each event, and to construct frequency–time and
amplitude–frequency histograms. Frequencies were expressed as num-
ber of events per second (in Hertz).

EPSC kinetic analysis used the Mini Analysis Program. Events with
peak amplitudes between 10 and 50 pA were grouped, aligned by half-rise
time, and normalized by peak amplitude. Events with complex peaks
were eliminated. In each cell, all events between 10 and 50 pA were
averaged to obtain rise times, decay times, and half-amplitude durations.
First- and second-order exponential curves were fit with a maximum of
5000 iterations, and SDs between first- and second-order fits were
compared.

For immunofluorescence histochemistry, a mouse monoclonal anti-
body against synaptophysin (Sigma, St. Louis, MO) and affinity-purified
rabbit anti-PSD95 antisera (Zymed, South San Francisco, CA), directed
against the C terminus of the postsynaptic density protein, were obtained
commercially. Tissue sections from age-matched WT and R6/2 transgen-
ics were processed for indirect immunofluorescence as described previ-
ously (Ariano et al., 2002). At least three different pairs of animals were
analyzed in two age groups (3– 4 and 11–15 weeks), and a minimum of
six images per animal were evaluated. The antisera were diluted in PBS,
pH 7.2 (synaptophysin at 1:100 and PSD95 at 1:250) and then detected
using secondary, fluorescently labeled antisera (donkey anti-rabbit or
donkey anti-mouse, conjugated to either Cy2 or Cy3; Jackson Immu-
noResearch, West Grove, PA). Brain sections were examined, and images
were digitized using standard epifluorescence microscopy. Image acqui-
sition parameters for each experiment were optimized to use the entire

gray-scale range (0 –255) in WT striatum. Identical settings then were
used to evaluate the paired R6/2 transgenic tissues, thus normalizing the
data to the WT sections. Acquisition followed a specific sequence from
dorsolateral, dorsomedial, ventrolateral, to ventromedial sections of the
striatum. Images were stored without enhancement and analyzed off-
line. For quantification, immunofluorescent staining reactions in paired
images from equivalent striatal regions in the WT and R6/2 transgenics
were converted to histogram luminosity values using Adobe Photoshop
(Adobe Systems, San Jose, CA) to assign numerical values to the gray
level of the overall staining intensity.

Values in the figures and text are presented as means � SEs. Differ-
ences among group means were assessed with appropriate t tests or ap-
propriately designed ANOVAs for independent and/or repeated mea-
sures. For post hoc evaluations using ANOVAs, the Bonferroni t test was
used because this test is one of the more conservative approaches using
multiple comparisons. Differences were considered statistically signifi-
cant if p � 0.05.

Results
Spontaneous EPSCs in standard ACSF
In MSSNs from WTs, spontaneous EPSCs averaged �6 Hz and
did not differ in frequency of occurrence or amplitude across age
(Figs. 1a, 2a,b). Most events had amplitudes between 5 and 30 pA
(Fig. 2b). Spontaneous EPSCs could be blocked almost com-
pletely in all groups by the non-NMDA receptor antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (5–10 �M), in-
dicating that they were mediated principally by activation of
AMPA– kainate receptors (Fig. 1b). Application of AP-5, an
NMDA receptor antagonist, did not affect EPSC frequency
(n � 3).

The frequency of events was indistinguishable between R6/2
and WTs at 3– 4 weeks (Figs. 1a, 2a,b). R6/2 MSSNs showed
progressive and statistically significant reductions in the fre-
quency of spontaneous EPSCs beginning at 5–7 weeks ( p �
0.001) that became more pronounced by 11–15 weeks ( p �
0.001) (Figs. 1a, 2a,b). Amplitude–frequency histograms indi-

Figure 1. a, Changes in spontaneous synaptic currents in WT and R6/2 mice from 3– 4 weeks
to 11–15 weeks. Note the occurrence of the large event in the transgenic at 5–7 weeks (arrow).
b, CNQX (applied at arrow) almost completely abolished spontaneous synaptic activity (WT,
81 d). Traces below and above solid and dashed lines are magnified to more clearly see the
effects of CNQX. In this and other figures, all neurons were held at �70 mV.
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cated that the primary decreases in frequency were attributable to
a significant reduction in currents in the 5–20 pA range (Fig. 2b).

Effects of bicuculline
Because the holding potential of the MSSNs was set at �70 mV,
spontaneous synaptic currents mediated by activation of GABAA

receptors were minimized (in our recording conditions, the
GABA reversal potential was approximately �60 mV). However,
a number of events were GABAergic. Thus, in a subset of neu-
rons, BIC (20 �M), a GABAA receptor antagonist, was added to
isolate events mediated by activation of glutamate receptors. BIC
produced either no change or small reductions (10 –20%) in the
frequency of events in most groups compared with standard
ACSF (Fig. 2a). However, the significant decreases in spontane-
ous EPSC frequencies in 5–7 ( p � 0.005) and 11–15 ( p � 0.001)
week MSSNs remained (Fig. 2a). Amplitude–frequency histo-
grams verified that the significant reductions in frequency still
occurred in the 5–20 pA range at 5–7 and 11–15 weeks in R6/2
mice (Fig. 2b).

Kinetic analysis of spontaneous EPSCs (in the 10 –50 pA
range) was performed in a number of cells (three to five) from
each age group. There were no significant differences in EPSC
topography across age and genotype (Fig. 3a). Decay times of the
EPSCs could be fit with a single exponential (Fig. 3b).

Effects of TTX
TTX (1 �M) was used to isolate spontaneous activity that was
independent of action potentials (mEPSCs) in a subset of MSSNs.
It decreased the frequency of spontaneous EPSCs in all cells from
R6/2 and WTs (20 – 40% reduction) in each age group. The dif-
ferences in the average frequencies of mEPSCs between trans-
genic and WT MSSNs was maintained (Fig. 4b). At 3– 4 weeks,
there was again no difference in the frequency. At 5–7 and 11–15
weeks, significant decreases in EPSC frequency remained ( p �
0.005 and p � 0.001, respectively). Amplitude–frequency histo-
grams revealed that the major reduction occurred in events with
amplitudes ranging from 7 to 15 pA and was greatest at 11–15
weeks (Fig. 4c). Cumulative normalized amplitude–frequency

Figure 2. a, Changes in mean frequency of occurrence of total events from WT and R6/2 transgenics in ACSF (left) and in the presence of BIC (right). In this and other figures, error bars are SE, and
n values for each group are above bars or in parentheses. b, Amplitude–frequency histograms for ACSF and BIC indicated that the primary differences in frequency were attributable to a reduction
in currents in the 5–20 pA range. Asterisks in this and other figures indicate that differences between WT and R6/2 means were statistically significant.
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histograms showed no difference in the distribution of mEPSC
amplitudes between groups, indicating that the decreases were
likely mediated by presynaptic alterations (Fig. 4d).

Large synaptic events
R6/2 MSSNs recorded in standard ACSF or in the presence of BIC
displayed isolated, large-amplitude (�100 pA) events, particu-
larly in the 5- to 7-week-old group (Figs. 5a,b). These events were
infrequent in control mice (7.7%, 5 of 65 cells across all age
groups) but occurred maximally at 5–7 weeks in R6/2 MSSNs
(16.7%, 3 of 18 cells at 3– 4 weeks; 32%, 11 of 34 cells at 5–7 weeks;
and 4.8%, 1 of 21 cells at 11–15 weeks). Thus, large events oc-
curred transiently, peaking in the age group when overt behav-
ioral symptoms became evident and the frequency of the smaller-
amplitude events decreased. Not only did more cells display large
events in 5- to 7-week-old transgenic animals, but the frequency
of these events was increased significantly ( p � 0.001) (Fig. 5b).
When WT MSSNs displayed large events, they rarely exceeded
100 pA and had a simple topography (data not shown). Such
events in R6/2 cells had a complex topography (multiple compo-
nents and high-frequency bursts, sometimes occurring in clus-
ters), and often their amplitude was �200 pA (Fig. 5a). The low
frequency of occurrence of the large events and their complex
nature precluded a quantitative analysis of their kinetic proper-
ties. Qualitatively, in R6/2 MSSNs, half-amplitude duration of
large events was greater than in WTs, and decay times were slower
and could not be fit with a single exponential. The large events
were absent in transgenic animals in the presence of TTX. This
result provided additional evidence that the large events origi-
nated in the cortex and propagated to the striatum.

Effects of BIC and 4-aminopyridine
Because the large events occurred so infrequently in our standard
recording conditions, we altered the composition of the ACSF by
the addition of BIC (20 �M) and 4-aminopyridine (4-AP) (100
�M; a K� channel blocker that enhances neurotransmitter re-
lease) (Flores-Hernández et al., 1994; Cepeda et al., 2001b). These

drugs increase glutamate release and may also induce cortical
epileptiform activity (Cepeda et al., 2001b). In slices from 5- to
7-week-old mice, BIC and 4-AP markedly increased the fre-
quency of spontaneous EPSCs and large events in both R6/2 and
WT (Fig. 6a). When all events were analyzed, there was still a
significant reduction in the R6/2 event frequencies compared
with the WT ( p � 0.05 and p � 0.005 for control and BIC and
4-AP, respectively). The frequency of large events (�100 pA) was
significantly greater in R6/2 in ACSF ( p � 0.05). In BIC and
4-AP, the frequency of large events was slightly greater in WTs,
but the difference was not statistically significant because of the
high cell-to-cell variation in their occurrence. Epileptiform activ-
ity (�1 nA) was induced in some MSSNs derived from both R6/2
and WT mice.

Effects of riluzole
Riluzole, a drug that decreases glutamate release (Chéramy et al.,
1992) and the persistent Na� current (Urbani and Belluzzi,
2000), has been used as a therapeutic agent for a variety of neu-
rodegenerative diseases, including HD (Rosas et al., 1999). We
performed a series of experiments using riluzole to assess its ef-
fects on the physiological expression of functional corticostriatal
abnormalities. In the presence of BIC and 4-AP, riluzole (10 �M,
5–10 min) markedly reduced the frequency of spontaneous
EPSCs in cells from 5- to 7-week-old transgenics and WTs ( p �
0.025) (Fig. 6a,b). In addition, there was a significant interaction
between genotype and treatment, indicating a differential effect
of BIC and 4-AP and riluzole on WT and transgenic mice ( p �
0.005). Riluzole reduced the number of large events in both
groups (Fig. 6b). The reduction was greater in the R6/2 transgenic
in terms of proportion of cells showing events �100 pA. In the
R6/2, 29% (two of seven) MSSNs showed these large events in
standard ACSF. This increased to 86% (six of seven) in BIC and
4-AP and was reduced to 29% when riluzole was added. No WT
MSSNs (zero of five) showed events �100 pA in standard ACSF.
In BIC and 4-AP, 60% (three of five) of WT MSSNs displayed

Figure 3. a, Bar graphs showing no differences in kinetic analyses of the average rise times, decay time constants, and half-amplitude durations of spontaneous EPSCs. b, Examples of averaged
EPSCs (n � 200 per trace) from WT and R6/2 animals and superimposed decay time exponential fits (thicker black lines).
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events �100 pA, and this proportion was reduced to zero when
riluzole was added.

Spontaneous EPSCs in other mouse models
Spontaneous synaptic activity also was examined in another
mouse model, the R6/1 transgenic mouse. This mouse has �115
CAG repeats and a much more protracted behavioral phenotype,
surviving over 1 year of age (Mangiarini et al., 1996). MSSNs
from R6/1 transgenics displayed similar reductions in spontane-
ous EPSCs as the R6/2. In standard ACSF, EPSC frequency in WT
(n � 7 cells, 2 mice; 260 and 352 d old) was 6.4 � 1.9 Hz, and, in
symptomatic transgenics (n � 7 cells, 3 mice; 257, 310, and 354 d
old), it was 2.8 � 0.6 Hz.

Immunohistochemistry
Synaptophysin and PSD95 were evaluated immunohistochemi-
cally as markers for alterations in synaptic proteins in age-
matched R6/2 and WT at 3– 4 and 11–15 weeks, to distinguish
early and late correlates for the physiological changes detected in
MSSNs. Synaptophysin is a component of synaptic vesicles
present in almost all neurons (Jahn et al., 1985). Synaptophysin
levels were equivalent between the WT and R6/2 striatum at 3– 4
weeks (data not shown), but expression levels decreased signifi-

cantly at 11–15 weeks ( p � 0.005; paired t test) (Fig. 7). PSD95
was used as an index of postsynaptic structures in the striatum
because it is enriched in the postsynaptic density (Ziff, 1997).
Analogous to the findings with the presynaptic marker synapto-
physin, PSD95 staining was equivalent in WT and R6/2 at 3– 4
weeks (data not shown), whereas at 11–15 weeks it was reduced
dramatically ( p � 0.001; paired t test) (Fig. 7). These findings
strongly suggest that striatal glutamatergic inputs, which are pri-
marily derived from the cortex and thalamus, and the corre-
sponding postsynaptic targets are decreased markedly in the later
stages of experimental HD.

Discussion
These results demonstrated that complex alterations occurred in
corticostriatal communication in experimental HD. There was
progressive reduction in the frequency of spontaneous EPSCs
that began �5–7 weeks of age and coincided with the emergence
of an overt behavioral phenotype. The reduction became more
pronounced in older mice (11–15 weeks), when the behavioral
phenotype was severe. This decrease in EPSC frequency was ac-
companied by decreases in key presynaptic and postsynaptic
marker proteins, synaptophysin and PSD95. In addition, there

Figure 4. a, TTX (1 �M; top trace at arrow) isolated the mEPSCs. Bottom two traces show comparison of the frequency of mEPSCs between a 79 d WT and R6/2 and demonstrate the marked
reduction in frequency of events in the transgenic. b, Significant decreases in mean frequency of mEPSCs occurred in R6/2 transgenics compared with WT at 5–7 and 11–15 weeks. c, Amplitude–
frequency histograms show that the reduction in mEPSCs occurred primarily in events of 7–15 pA at 5–7 and 11–15 weeks. d, Cumulative normalized amplitude–frequency histograms show that
the relative amplitude distribution was not altered at any age.
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was transient expression of complex, large synaptic events that
peaked �5–7 weeks of age in the R6/2 MSSNs.

The progressive reduction in spontaneous synaptic activity in
late-stage HD agrees with our recent data that more intense elec-
trical stimulation of the corticostriatal pathway is required to
induce EPSPs (Klapstein et al., 2001; Laforet et al., 2001). Our
current findings also support the hypothesis that alterations in
cortical neurons and/or the corticostriatal projection system may
precede or coincide with postsynaptic changes in MSSNs targeted
by the HD mutation (DiFiglia et al., 1997; Sapp et al., 1999).

Whereas the excitotoxicity theory of striatal cell degeneration
in HD assumes that excessive glutamate release may underlie the
abnormal activation and degeneration of MSSNs, the present
data suggest that more complex mechanisms initiate cellular dys-
functions in experimental HD in the R6/2 model. Glutamatergic
synaptic activity was reduced with the insidious progression of
HD. This reduction was still evident in the presence of TTX and
correlated with decreased expression of the presynaptic marker
protein synaptophysin. Together, these findings strongly suggest
presynaptic alterations of the corticostriatal system. We showed
previously that there are changes in paired-pulse facilitation in
the symptomatic R6/2 transgenic (Klapstein et al., 2001), a test
frequently used as an indicator of presynaptic alterations in trans-
mitter release. However, microdialysis investigations of gluta-
mate release have not provided definitive results (NicNiocaill et
al., 2001; Behrens et al., 2002). Recent work has shown decre-
ments in ascorbate in the striatum of the R6/2, which may be
associated with changes in glutamate release (Rebec et al., 2002).
Although there is clear evidence for presynaptic alterations, our

findings argue that postsynaptic mechanisms also are involved.
The reduction in PSD95 in combination with significant reduc-
tions in dendritic thickness and spine density in 11–15 week old
R6/2 mice (Klapstein et al., 2001) clearly indicate that striatal
neuronal damage is present. These findings are corroborated fur-
ther by reductions in AMPA and kainate receptor markers in
symptomatic R6/2 mice (Cha et al., 1998; Cepeda et al., 2001a).

The observation that spontaneous EPSCs are not altered in
3– 4 week transgenics indicates that striatal synapse formation
may proceed normally until that age, but then a slow imminent
decrease in functional connections occurs. This may reflect up-
regulation of the mechanisms involved in synapse elimination
and remodeling or a reduction in the adequate substrates for
synapse consolidation and function. Interestingly, downregula-
tion of BDNF gene expression was reported in HD patients and in
mouse models (Zuccato et al., 2001). Furthermore, as we showed
here, significant reductions in presynaptic and postsynaptic com-
partment proteins occurred. Additionally, decreases in com-
plexin II, another presynaptic protein occur in R6/2 mice (Mor-
ton and Edwardson, 2001; Luthi-Carter et al., 2002), and
abnormal phosphorylation of synapsin I predicts impairment in
vesicle trafficking and neurotransmission (Liévens et al., 2002).

The presence of large-amplitude synaptic events, although
with a low frequency of occurrence, is of major importance.
These events occur most frequently at the age when the overt
behavioral phenotype begins in the R6/2. It is likely that, in vivo,
where corticostriatal inputs are intact, these events occur more
frequently and will have a significant functional role. These
events are presynaptic to MSSNs in origin because they are
blocked after TTX and by riluzole. It is possible that highly syn-
chronized cortical activity converges on striatal neurons to pro-
duce these large events. In dopamine D2 receptor knock-out
mice, we observed large-amplitude postsynaptic potentials that
were tightly correlated with synchronous, epileptiform cortical
discharges (Cepeda et al., 2001b), findings we interpreted as at-
tributable to loss of inhibitory presynaptic D2 receptors. Early
reductions in dopamine D2 and group II metabotropic glutamate
receptors occur in R6/2 mice and precede the behavioral pheno-
type (Cha et al., 1998; Ariano et al., 2002). Because these receptors
occur on presynaptic terminals of the corticostriatal pathway
(Petralia et al., 1996; Testa et al., 1998; Wang and Pickel, 2002),
these alterations may induce dysregulation of glutamate release,
precipitating the occurrence of unusually large synaptic events.
This hypothesis agrees with studies showing that a major role for
dopamine and D2 dopamine receptors in developing striatum
may be to limit the efficacy of glutamatergic inputs to MSSNs
(Tang et al., 2001). Preliminary observations from our laboratory
indicate that the large synaptic events can be reduced or elimi-
nated by decortication in the slice. Furthermore, recent studies in
R6/2 mice indicate that calcium current density is enhanced sig-
nificantly in corticostriatal projection neurons, and this may af-
fect transmitter release (Cherry et al., 2001). If large events in
R6/2 animals reflect enhanced cortical synchronization, one
might expect cortical epileptogenicity to be increased in R6/2
animals. Indeed, symptomatic R6/2 mice have a greater propen-
sity to develop seizures (Mangiarini et al., 1996). In infants with
HD, the symptomatology almost invariably includes epileptic
seizures (Rasmussen et al., 2000), and it is believed that the R6/2
model better mimics juvenile-onset HD.

The large synaptic events were most frequently observed at
5–7 weeks. The fact that some of these events can also be seen in
the younger group (3– 4 weeks), before significant reduction in
EPSCs frequency, suggests that large events may have an early

Figure 5. a, Large spontaneous events occurred in a proportion of cells from transgenic
animals most frequently at 5–7 weeks. b, Bar graphs show that significantly more large events
occurred in the R6/2 transgenics at 5–7 weeks.
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pathological role. Large, synchronized glutamatergic input could
trigger alterations in postsynaptic neurons, which then attempt
to compensate for the massive glutamate release in vivo, e.g.,
downregulation of AMPA– kainate receptors and numbers of
dendritic spines. Whether or not these events produce excito-
toxic cellular effects has yet to be determined. Studies in hip-
pocampal neurons showed that exposure to glutamate or NMDA
for short periods of time can produce a rapid loss of dendritic
spines (Halpain et al., 1998). However, a decrease in synaptic
activity could also cause elimination of spines (Segal, 1995).
Whatever the mechanism of spine elimination in R6/2 transgen-
ics, one consequence of spine loss is that neurons become more
vulnerable to subsequent excitotoxic stimuli (Segal, 1995; Hal-
pain et al., 1998).

The present data may help explain the surprising observation
that MSSNs from R6/1 and R6/2 transgenics become resistant to
excitotoxicity induced by exogenous application of glutamate re-
ceptor agonists (Hansson et al., 1999; Morton and Leavens,
2000). Excitotoxic lesions in vivo depend on intact glutamatergic
inputs to the target structure. For example, kainate or NMDA
receptor agonist-induced degeneration of striatal neurons is de-
pendent on the integrity of the corticostriatal pathway (McGeer
et al., 1978; Biziere and Coyle, 1979; Orlando et al., 2001), and
kainic acid lesions of the hippocampus require an intact per-

forant pathway (Köhler et al., 1978). It is
possible that reduced glutamatergic in-
puts, and the decreases in AMPA– kainate
receptors in R6/2 transgenics (Cha et al.,
1998), combine to diminish or prevent
glutamate receptor-dependent damage in
HD transgenic animals in vivo. The fact
that young transgenic animals are not
protected against excitotoxic lesions indi-
cates that the HD mutation per se is not
neuroprotective and other mechanisms
are involved in the generation of resis-
tance in older animals. The present study
supports the hypothesis that the mecha-
nism of protection is the reduction of ex-
citatory inputs from the cortex in the
older transgenics. Interestingly, other
transgenic mouse models of HD do not
show protection after quinolinic acid in-
jections (Petersén et al., 2001; Zeron et al.,
2002).

Several strategies for HD treatment are
based on blocking glutamatergic trans-
mission (e.g., lamotrigine and riluzole).
However, clinical trials have been rather
disappointing (Kremer et al., 1999), and
studies have shown that neuroprotective
effects may not be related to the ability of
the compound to reduce glutamatergic
transmission (Calabresi et al., 2000).
However, these trials may not have used
the best strategy. On the basis of the re-
sults of the present study, if the large
events have pathological significance in
vivo and they signal increased cortical syn-
chronization and release of glutamate,
their elimination before or during the
presymptomatic stages may be more ben-
eficial. In fact, riluzole treatment of R6/2

transgenics early in life appears to prolong the life of the mice
(Schiefer et al., 2002).

In conclusion, on the basis of the study of spontaneous syn-
aptic activity in R6/2 transgenics, we are confronted with two
types of alterations: a transient, phasic increase in glutamate re-
lease in the presymptomatic and early symptomatic stage and a
progressive deafferentation that continues until the death of the
animal that is associated with a loss of presynaptic and postsyn-
aptic marker proteins. Both alterations have the potential of de-
creasing the density of postsynaptic spines of MSSNs. At the func-
tional level, this progressive loss of synaptic inputs might produce
changes in postsynaptic glutamate receptor density, distribution,
and/or subunit composition, potentially leading to denervation
supersensitivity (Wüllner et al., 1994). Our previous studies and
work in other laboratories indicate that a subset of MSSNs in the
R6/2 and other HD transgenics, as well as in the 3-nitropropionic
acid rat model, are hypersensitive to NMDA receptor stimula-
tion, and alterations in NMDA receptor subunit composition
occur in transgenic mice (Levine et al., 1999; Calabresi et al.,
2001; Cepeda et al., 2001a; Zeron et al., 2002). Thus, progressive
deafferentation and its consequent decrease in BDNF (Zuccato et
al., 2001), in conjunction with NMDA receptor supersensitivity,
may initiate a cascade of downstream effects that lead to cell
death in HD.

Figure 6. a, Addition of BIC and 4-AP to the ACSF solution increased the frequency and amplitudes of the EPSCs, including the
large events in both WT and R6/2 (compare middle and top traces). Riluzole reduced the frequency of EPSCs and blocked almost
completely the large events (bottom traces). b, Mean frequency of total (left) and large (right) events in ACSF (Control ) in BIC and
4-AP and the decrease produced by riluzole. There were statistically significant decreases in the frequency of total events in all age
groups of R6/2 transgenics compared with controls. Although BIC and 4-AP also increased the frequency of large events (�100 pA)
and riluzole decreased the frequency of these events, only the difference in the control condition was statistically significant.
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