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Abstract
In the R6/2 mouse model of Huntington’s disease (HD) we examined the effects of a number of behavioral and 
pharmacological manipulations aimed at rescuing the progressive loss of synaptic communication between 
cerebral cortex and striatum. Two cohorts of transgenic mice with ~110 and 210 CAG repeats were utilized. 
Exercise prevented the reduction in striatal medium-sized spiny neuron membrane capacitance but did not 
reestablish synaptic communication. Activation of adenosine A2A type receptors renormalized postsynaptic 
activity to some extent. Finally, the ampakine Cx614, which has been shown to prevent α-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate (AMPA) receptor desensitization, slow deactivation, and facilitate glutamate 
release, induced significant increases in synaptic activity, albeit the effect was somewhat reduced in fully 
symptomatic, compared to control mice. With some limitations, each of these strategies can be used to delay 
and partially rescue phenotypic progression of HD in this model.
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Introduction
Huntington’s disease (HD) is an insidious, progressive and fatal neurodegenerative disorder caused by a 
mutation that expands the number of CAG (glutamine) repeats [1] . Neuropathologically, HD is characterized by 
loss of striatal medium-sized spiny neurons (MSSNs), as well as more discrete cell loss in other brain areas [2] . 
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The symptoms include motor abnormalities, the more prominent being chorea, as well as cognitive and 
psychiatric disturbances [3] .

Genetic mouse models of HD recapitulate some, but not all, of the phenotypic alterations found in human HD [4]
. In particular, the R6/2 model with ~150 CAG repeats has provided a wealth of information about mechanisms 
of disease progression and represents a useful tool for drug screening as the progression of the phenotype 
occurs rapidly [5] and motor, histopathological, and neuronal functional changes are reliable markers of the 
disease.

Our laboratory has characterized a number of morphological and electrophysiological alterations in striatum and 
cortex of these mice [6][7] . We demonstrated reduced membrane capacitance and increased input resistance 
in neurons from symptomatic R6/2 mice, along with decreases in somatic size, dendritic field, and number of 
spines of striatal MSSNs and cortical pyramidal neurons [8] .

In addition, synaptic changes along the corticostriatal pathway occur [8][9][10] . An early and a late synaptic 
phenotype can be characterized in striatal MSSNs. Early, synaptic dysregulation of glutamate release is 
manifested by the occurrence of large-amplitude spontaneous excitatory postsynaptic currents (EPSCs) that 
reflect cortical hyperexcitability. Such increased excitability could explain the propensity to seize and the lower 
convulsive threshold to systemic administration of epileptogenic agents in R6/2 mice [11] . Large synaptic 
events in MSSNs can be reduced by riluzole and valproic acid [9] and cortical hyperexcitability can be 
renormalized by anticonvulsant agents such as rolipram and tiagabine [12][13] . Similarly, reducing 
glutamatergic transmission by decortication around 4-6 weeks of age can be beneficial in R6/2 mice [14] . 
However, at about 5-7 weeks of age, a progressive reduction in the frequency of spontaneous EPSCs in MSSNs 
occurs, leading to a virtual disconnection between cortex and striatum [9] . This disconnection is deleterious as 
it deprives the striatum of essential trophic factors produced by cortical pyramidal neurons, such as brain-
derived neurotrophic factor (BDNF), and could also result in a deficit in survival signaling by synaptic N-methyl-
D-aspartate (NMDA) receptors and preferential activation of proapoptotic extrasynaptic receptors [15][16][17]
[18] .

As the progressive disconnection between cortex and striatum could explain many of the motor and cognitive 
symptoms, re-establishing normal connectivity (i.e., increasing glutamatergic synaptic transmission), may be 
helpful to ameliorate or reduce progression of the disorder. The present series of studies used behavioral and 
pharmacological manipulations known to be effective in slowing the progression of symptoms in HD and other 
neurodegenerative disorders, in attempts to slow or rescue the late synaptic phenotype.

The beneficial effect of voluntary exercise in Parkinson’s (PD) and Alzheimer’s (AD) diseases has been well 
documented [19] . Exercise increases BDNF content and neurogenesis [20][21][22] , which could explain its 
benefits. However, there is little information on the effects of exercise per se on the progression of symptoms of 
HD and, to our knowledge, no data on the effects of exercise on synaptic activity in the corticostriatal pathway. 
Exercise may turn out to be beneficial, as in R6/1 mice, an enriched environment delays the onset of the HD 
phenotype [23] .

We also targeted adenosine A2A receptors as there is evidence that their modulation can ameliorate symptoms 
of PD [24][25] . In the R6/2 mouse, early changes in adenosine receptors and content occur and these changes 
could contribute to the HD phenotype [26] . In addition, recent studies indicate that adenosine receptor 
agonists differentially modulate NMDA receptor-mediated excitotoxicity in R6/2 mice [27] and both A2A receptor 
agonists and antagonists can be used to treat HD symptoms [28][29] . However, little is known about the 
cellular mechanisms underlying A2A receptor dysfunction in HD. Thus, we examined the effects of A2A receptor 
modulators on spontaneous glutamate synaptic currents.

Finally the ampakines, drugs that slow deactivation of a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 
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(AMPA) glutamate receptors [30] , have been suggested as potential therapeutic targets in a number of 
neurological disorders [31] . We tested Cx614, as this compound has been shown to increase BDNF production 
[32] and BDNF rescues synaptic deficits in the hippocampus of a knock-in mouse model of HD [33] .

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 AnimalCare and Use Committee 
at the University of California, Los Angeles (UCLA).

Mice, Ages and Treatments:

R6/2 transgenic mice and wildtype (WT) littermates were obtained from our colony at UCLA. All animals were 
genotyped twice, once after weaning and again after the electrophysiological recordings. In transgenic mice the 
number of CAG repeats also was measured. Mice for the exercise study had 106-114 CAG repeats, while mice 
for the adenosine receptor study had 200-220 CAG repeats. Mice used for the ampakine study had 106-121 CAG 
repeats.

Voluntary Exercise:

Four groups of mice (including both males and females) were examined. Two groups of WT and R6/2 mice (aged 
3 weeks, n=9 in each group) were placed in individual cages equipped with a running wheel as previously 
described [34][35] . Two other groups of WT and R6/2 littermate mice (n=9 in each group) were placed in 
individual cages with running wheels but these were fixed and immobile. Briefly, for running behavior, cages 
were equipped with a running wheel (23 cm diameter, Mini Mitter Company Inc., Bend OR) and rotations of the 
wheel were detected and recorded in 3 min bin intervals (VitalView Data Acquisition Software V 4.0, Mini Mitter 
Company Inc., Bend OR). Wheel running activity during light and dark phases was calculated subsequently 
(ActiView, V 1.2, Mini Mitter Company Inc., Bend OR). After 3-6 weeks in the cages mice were sacrificed for slice 
electrophysiology and BDNF measurements. However, 3 animals (one WT and two transgenic) died and were 
not used for electrophysiological recordings.

BDNF Determination :

We used the BDNF Emax
® Immunoassay System from Promega to quantify BDNF by ELISA in mouse striatum 

obtained from the same groups of WT and R6/2 mice either with or without running wheel as exercise. The 
striatum was dissected out, flash frozen on dry ice and stored at -80 o C until assayed. Prior to each assay, the 
striatum was homogenized in lysis buffer (137mM NaCl, 20mM Tris-HCL at pH 8, 1% NP40, 10% glycerol, 1mM 
PMSF, 10µg/ml aprotinin, 1µg/ml leupeptin, 0.5mM sodium vanadate) by combined douncing and sonication 
followed by microcentrifugation at 16,000 g. The supernatant fraction was saved for ELISA and its protein 
concentration was determined by the Bradford method [36] . A standard BDNF sample and multiple striatal 
supernatant samples were serially diluted in duplicate in 96-well plates and the ELISA was carried out using a 
combination of monoclonal and polyclonal antibodies to BDNF. Striatal BDNF values were determined by 
comparison to a BDNF Standard curve (0-500 pg/ml). Final BDNF concentrations in striatal supernatants were 
calculated as pg/µg total striatal protein.

Adenosine A2A Receptors:

Experiments were conducted in pre- (21-41 days, n=7) or symptomatic (>60 days, n=5) R6/2 mice and WT 
controls (n=7 and 6, respectively). In some additional experiments mice expressing enhanced green fluorescent 
protein (EGFP) in A2A or D2 receptor-containing MSSNs were used to examine adenosine receptor modulation 
specifically in this subpopulation of neurons that originate the indirect striatal output pathway.
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Ampakines:

Experiments were conducted in two age groups of R6/2 and WT controls: a middle-agegroup (5-7 weeks; n=12 
R6/2 and 14 WT) corresponding to theonset of motor symptoms, and an older group (11-12 weeks; n= 7 R6/2 
and 7 WT) displaying the full behavioral phenotype.

Slice Electrophysiology: After sacrifice, the brains were dissected and immediatelyplaced in oxygenated ice-
cold low-Ca 2+ artificial cerebrospinalfluid (ACSF) containing (in mM) NaCl, 130; NaH2 PO4 , 1.25; NaHCO3 ,26; 
MgCl2 , 5; CaCl2 , 1; and glucose, 10. The hemispheres wereseparated and 350 µm coronal slices were cut and 
transferredto an incubating chamber containing ACSF (with 2 mM CaCl2 and2 mM MgCl2 ) oxygenated with 95% 
O 2 -5% CO 2 (pH 7.2-7.4,290-310 mOsm, 25±2°C). After 1 h slices wereplaced on the stage of an upright 
Olympus microscope (BX51),submerged in continuously flowing ACSF (~3 ml/min). Nomarski optics and infrared 
videomicroscopy (IR-DIC) were used to identify MSSNs in slices [37] . A2A receptor expressing EGFP-positive 
cells were excited with UV light and visualized using fluorescence microscopy [38] .

Whole-cellpatch clamp recordings in voltage clamp mode were obtained fromMSSNs using an Axopatch 200B or 
Multiclamp 700B amplifier operated under pClamp (versions 8 and 10, respectively). MSSNs were identified by 
somatic size and typical basic membrane properties (input resistance, membrane capacitance,and time 
constant). The patch pipette (3-5 MO impedance) contained the following solution(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, pH 7.25-7.3 (osmolality, 280-290 mOsm). Series resistance was less than 25 MO and was 
compensated optimally by the automatic compensation function included in the pClamp software.

Spontaneous EPSCs were examined in isolation by holding the membrane at -70 mV and, in most cases, using 
bicuculline (BIC, 10 µM) to block spontaneous activity mediated by activation of GABAA receptors.The 
membrane currentwas filtered at 1 kHz and sampled at 20 kHz. In some experiments, tetrodotoxin (TTX, 1 µM) 
was included in the extracellular solutionto isolate the events that are not dependent on presynaptic 
actionpotentials [miniature EPSCs (mEPSCs)]. Spontaneous synaptic events were analyzed off-line using the 
Mini Analysis 6.0 Program (Jaejin Software, Leonia, NJ). This software was usedto calculate EPSC frequency, 
amplitude for each event, and toconstruct amplitude-frequency and inter-event interval histograms. The 
thresholdamplitude for the detection of an event was adjusted above root-mean-square noise level (~2-3 pA) 
and frequencieswere expressed as number of events per second (inHz). Analysis of EPSC kinetics was done 
using the Mini Analysis Program. Events with peak amplitudes between 5 and 50 pA were grouped, alignedby 
half-rise time, and normalized by peak amplitude. In each cell, all events between5 and 50 pA were averaged to 
obtain rise times, decay times,and half-amplitude durations. Second-order exponentialcurves were fit with a 
maximum of 5000 iterations for computation of decay time.

Drugs:

A 2A receptor agonists (CGS 21680) and antagonists (KW 6002) were obtained from Sigma and the Cure HD 
Initiative, Inc., respectively. They were applied in the bath to examine their effects on spontaneous synaptic 
activity. Cx614 (gift from Cortex Pharmaceutical, Irvine, CA) was dissolved in DMSO (0.1%) at a concentration of 
200 mM and stored at -20°C. Before the experiments, the drug was diluted with ACSF solution to the desired 
concentration.

Statistics:

Values in the figures and text are presented as means±SEs. Differences among group means were assessed 
with appropriate one or two-wayANOVAs followed by Fisher’s post hoc tests (for running wheel analysis) or 
Student’s t test when only two groups were compared. Differenceswere considered statistically significant if p < 
0.05.
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Results
Exercise:

Both WT and R6/2 transgenic mice ran in the wheels and there were no significant differences in total average 
activity between WT or transgenic males and females. Previously, we demonstrated profound deficits in running 
wheel behavior in R6/2 mice by 4.5 weeks of age [34] . Here, mice were exposed to running wheels for a longer 
period of time, and from an earlier age. As expected, most running occurred during the dark cycle. As 
previously shown [34] , during the light cycle there were no significant differences between WT and R6/2 at this 
age. R6/2 mice ran significantly less than WT animals during the dark cycle (Figure 1; effect of genotype 
F(1,16)=28.01, p<0.0001). The difference was significant from the 6th day in the running wheel cage (27 days 
of age) and lasted throughout the duration of the experiment.
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Fig. 1:

A. Examples of actograms from male and female WT (left) and R6/2 (right) mice during the light and dark 
cycles. R6/2 mice displayed reduced activity compared to WTs. Each value represents the number of 
rotations per 3 min. The bars under the actograms show the light and dark 12 h cycles. These actograms 
were obtained during the 3 days preceding the electrophysiological recordings. The number of days in the 
running wheel cage is also indicated. B. Average activity during the dark and light cycles. Throughout the 
duration of the experiment, R6/2 mice displayed lower levels of activity than WTs in the dark. The 
differences were statistically significant (p<0.01) from the sixth day on (indicated by the line and asterisks). 
There were no significant differences during the light cycle.

MSSNs from non-running transgenic mice had reduced membrane capacitance and increased input resistance 
compared to WTs. These changes have been reported previously and probably indicate loss of cell membrane 
area [8][9] as well as reduced density of K + channels [39] . Running alleviated the significant difference in cell 
membrane capacitance between the groups (i.e., the difference between WT and R6/2 mice was no longer 
statistically significant) (Table 1). In contrast, the increase in input resistance in R6/2 mice was only slightly 
alleviated by exercise (i.e., the magnitude of the increase in input resistance was diminished but the difference 
between WT and R6/2 mice was still statistically significant) (Table 1). The membrane time constant (t) was not 
statistically different in the non-running or running groups (Table 1).
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Table 1: Effects of Exercise on Basic Membrane Properties of MSSNs

Cm (pF) Rm (MO) t (ms)
WT Non-Running 83.4±4.1 72±7.2 1.6±0.08
R6/2 Non-Running 70.3±3.6* 126±16* 1.4±0.06
WT Running 74.8±3.7 79±7.7 1.4±0.07
R6/2 Running 84.1±3.6 109±7* 1.6±0.06

MSSNs from non-running transgenic mice had significantly reduced membrane capacitance (Cm) compared to 
WTs. Running alleviated the significant difference in cell membrane capacitance between the groups. In 
contrast, the significant increase in input resistance (Rm) in R6/2 mice was only partially alleviated by exercise. 
Time constant (t) was not significantly different in non-running and running mice. Asterisks indicate the 
differences between WT and R6/2 mice were statistically significant.

Spontaneous EPSCs for all experiments were recorded at -70 mV holding potential. They were mediated by 
AMPA/kainate glutamate receptors as they were almost completely abolished by CNQX, a non-NMDA receptor 
antagonist. Exercise produced a non-significant increase in the frequency of spontaneous synaptic events in WT 
animals in ACSF (Figure 2B, left graphs). After pharmacological isolation of EPSCs with BIC, the difference 
became statistically significant (p<0.05, igure 2B, middle and right graphs). BIC reduced the frequency of 
synaptic currents in MSSNs from non-running WT animals, but in cells from running animals the frequency of 
spontaneous EPSCs was increased. This increase encompassed both small (5-20 pA) and large (>20 pA) 
amplitude synaptic events. In contrast, in R6/2 mice the reduced levels of spontaneous synaptic currents were 
not enhanced by exercise in either condition. There was a trend, however, for BIC to produce a smaller 
decrease in the R6/2 mice in the running wheel (Figure 2B, right graph). It is tempting to speculate that the 
general lack of effectiveness of exercise was due to the fact that R6/2 mice displayed reduced levels of physical 
activity even at a very young age.
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Fig. 2:

A. Traces show spontaneous synaptic currents before (ACSF) and after bicuculline application (BIC, 10 µM) 
to isolate EPSCs in MSSNs from WT and R6/2 mice (Vh=holding voltage). In both conditions, MSSNs from 
running WT mice displayed more spontaneous synaptic currents encompassing both small and large 
amplitude events. B. Graphs show average frequency of spontaneous EPSCs (in Hz) in MSSNs from running 
and non-running WT and R6/2 mice. The frequency of EPSCs was significantly reduced in R6/2 compared to 
WTs. After isolation of EPSCs with BIC, the average frequency of spontaneous events was significantly 
increased in running WT mice. While BIC reduced the number of spontaneous events in the other three 
groups, it significantly increased the frequency of spontaneous events in running WT mice. Significant 
differences (p<0.05) are indicated by asterisks.

Exercise also affected the kinetics of spontaneous EPSCs in MSSNs from running compared to non-running WT 
mice (Figure 3). Although decay times and half-amplitude durations were similar, the rise times were 
significantly faster in cells from WT running mice (Figure 3B). In cells from running R6/2 mice there also was a 
trend towards faster rise times, but the difference did not reach statistical significance (p=0.07). Average event 
amplitudes were not significantly different among groups (data not shown).
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Fig. 3:

A. Traces are averages of spontaneous EPSCs (10-50 pA) in MSSNs from running and non-running WT and 
R6/2 animals. No significant differences in amplitude (not shown), decay time or half-amplitude duration 
were found. However, the rise time was significantly shorter (p=0.005) in running compared to non-running 
WT mice.

BDNF protein content in non-running and running WT and R6/2 mice was determined biochemically using ELISA. 
At the ages examined (average 60 days), no statistically significant differences in BDNF content were found 
among groups. There was a small trend for higher BDNF in WT (9.99±1.2 pg/µg) compared to R6/2 (8.31±1.4 
pg/µg) non-running mice and in WT (9.94±1.5 pg/µg) versus R6/2 (8.69±0.4 pg/µg) running mice but the 
differences were not large enough to reach statistical significance. Exercise did not change BDNF levels in WT or 
R6/2 mice indicating that running per se does not increase striatal BDNF content.

Adenosine:

The first adenosine receptor modulator we tested was KW 6002, a selective A2A receptor-antagonist. The 
effects of this compound on spontaneous synaptic activity were inconsistent with cells displaying both increases 
and decreases in frequency (data not shown), although proportionately more cells (6/10) from R6/2 mice 
showed increases in frequency compared to WT cells (2/9). As A2A receptors are segregated in striatum, it was 
possible that the lack of consistency was due to recording from different cell populations originating the direct 
(non-A2A receptor-expressing) or indirect (A2A or D2 receptor-expressing) pathways. In consequence, we also 
used WT mice expressing EGFP in A2A adenosine or D2 dopamine receptor-containing MSSNs. Again both 
increases and decreases were observed. However, more cells displayed decreases in frequency, in agreement 
with the effects observed in unidentified WT MSSNs.
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pg/µg) non-running mice and in WT (9.94±1.5 pg/µg) versus R6/2 (8.69±0.4 pg/µg) running mice but the 
differences were not large enough to reach statistical significance. Exercise did not change BDNF levels in WT or 
R6/2 mice indicating that running per se does not increase striatal BDNF content.

Adenosine:

The first adenosine receptor modulator we tested was KW 6002, a selective A2A receptor-antagonist. The 
effects of this compound on spontaneous synaptic activity were inconsistent with cells displaying both increases 
and decreases in frequency (data not shown), although proportionately more cells (6/10) from R6/2 mice 
showed increases in frequency compared to WT cells (2/9). As A2A receptors are segregated in striatum, it was 
possible that the lack of consistency was due to recording from different cell populations originating the direct 
(non-A2A receptor-expressing) or indirect (A2A or D2 receptor-expressing) pathways. In consequence, we also 
used WT mice expressing EGFP in A2A adenosine or D2 dopamine receptor-containing MSSNs. Again both 
increases and decreases were observed. However, more cells displayed decreases in frequency, in agreement 
with the effects observed in unidentified WT MSSNs.
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As previous evidence indicated that the same adenosine modulators could have differential effects on NMDA 
receptor-mediated responses in WT and R6/2 mice [26] , we tested the effects of an A2A receptor agonist, CGS 
21680. Indeed, this agonist produced contrasting effects in MSSNs from WT and R6/2 mice. In WT mice the 
agonist produced small decreases in average frequency of events whereas in cells from R6/2 mice it increased 
the frequency of spontaneous EPSCs (Figure 4A, B). Cumulative inter-event histograms showed that CGS 21680 
renormalized EPSC frequency in that there were fewer statistically significant inter-event interval bin differences 
(Figure 4C).

As previous evidence indicated that the same adenosine modulators could have differential effects on NMDA 
receptor-mediated responses in WT and R6/2 mice [26] , we tested the effects of an A2A receptor agonist, CGS 
21680. Indeed, this agonist produced contrasting effects in MSSNs from WT and R6/2 mice. In WT mice the 
agonist produced small decreases in average frequency of events whereas in cells from R6/2 mice it increased 
the frequency of spontaneous EPSCs (Figure 4A, B). Cumulative inter-event histograms showed that CGS 21680 
renormalized EPSC frequency in that there were fewer statistically significant inter-event interval bin differences 
(Figure 4C).
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receptor-mediated responses in WT and R6/2 mice [26] , we tested the effects of an A2A receptor agonist, CGS 
21680. Indeed, this agonist produced contrasting effects in MSSNs from WT and R6/2 mice. In WT mice the 
agonist produced small decreases in average frequency of events whereas in cells from R6/2 mice it increased 
the frequency of spontaneous EPSCs (Figure 4A, B). Cumulative inter-event histograms showed that CGS 21680 
renormalized EPSC frequency in that there were fewer statistically significant inter-event interval bin differences 
(Figure 4C).

10PLOS Currents Huntington Disease



Fig. 4:

A. CGS 21680, a selective A2Areceptor agonist, produced differential effects on spontaneous EPSC 
frequency in WT and R6/2 mice (>60 days old). Traces show that whereas in MSSNs from WT mice the 
agonist produced small decreases in spontaneous synaptic events, in cells from R6/2 mice it increased the 
EPSC frequency. B. Graphs indicate significantly reduced average EPSC frequency in cells from R6/2 
compared to WT mice. In cells from WT mice the agonist produced a small reduction in EPSC frequency 
whereas in cells from R6/2 mice it increased EPSC frequency. C. The cumulative inter-event histograms 
show that CGS 21680 renormalizes EPSC frequency in that there were fewer statistically significant inter-
event bin differences between WT and R6/2 mice.

Ampakines:

At 5-7 and 11-12 weeks, MSSNs from R6/2 mice displayed significantly reduced average frequencies of 
spontaneous EPSCs and mEPSCs compared to cells from WT animals [9] . mEPSC frequencies for WT and R6/2 
cells were 3.5±0.4 and 2.1±0.3 Hz at 5-7 weeks and 2.6±0.3 and 1.3±0.2 Hz at 11-12 weeks, respectively. 
Cx614 increased the frequency and amplitude of spontaneous and mEPSCs in a dose-dependent manner (Figure 
5A). This effect occurred in WT and R6/2 mice at both ages. The change in frequency in spontaneous and 
mEPSCs induced by a series of increasing concentrations of the ampakine is shown in Figure 5B. At 5-7 weeks 
there was a monotonic increase in frequency in both WT and R6/2 cells whereas at 11-12 weeks the increase in 
R6/2 cells was minor and reached a plateau at 100 µM concentration with no further increases at the higher 
concentration.

Examination of amplitude-frequency histograms indicated that, in spite of the increases in frequency of events, 
the difference between MSSNs from WT and R6/2 still remained (Figure 5C). Inter-event interval probability 
distributions showed that addition of Cx614 shifted the distributions to the left, indicating increased release 
probability (Figure 5D). However, while this shift was very pronounced in cells from WT and R6/2 mice at 40 
days, in cells from 80 day R6/2 mice the differences between the distributions of events was not as pronounced.
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show that CGS 21680 renormalizes EPSC frequency in that there were fewer statistically significant inter-
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probability (Figure 5D). However, while this shift was very pronounced in cells from WT and R6/2 mice at 40 
days, in cells from 80 day R6/2 mice the differences between the distributions of events was not as pronounced.
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frequency in WT and R6/2 mice (>60 days old). Traces show that whereas in MSSNs from WT mice the 
agonist produced small decreases in spontaneous synaptic events, in cells from R6/2 mice it increased the 
EPSC frequency. B. Graphs indicate significantly reduced average EPSC frequency in cells from R6/2 
compared to WT mice. In cells from WT mice the agonist produced a small reduction in EPSC frequency 
whereas in cells from R6/2 mice it increased EPSC frequency. C. The cumulative inter-event histograms 
show that CGS 21680 renormalizes EPSC frequency in that there were fewer statistically significant inter-
event bin differences between WT and R6/2 mice.

Ampakines:

At 5-7 and 11-12 weeks, MSSNs from R6/2 mice displayed significantly reduced average frequencies of 
spontaneous EPSCs and mEPSCs compared to cells from WT animals [9] . mEPSC frequencies for WT and R6/2 
cells were 3.5±0.4 and 2.1±0.3 Hz at 5-7 weeks and 2.6±0.3 and 1.3±0.2 Hz at 11-12 weeks, respectively. 
Cx614 increased the frequency and amplitude of spontaneous and mEPSCs in a dose-dependent manner (Figure 
5A). This effect occurred in WT and R6/2 mice at both ages. The change in frequency in spontaneous and 
mEPSCs induced by a series of increasing concentrations of the ampakine is shown in Figure 5B. At 5-7 weeks 
there was a monotonic increase in frequency in both WT and R6/2 cells whereas at 11-12 weeks the increase in 
R6/2 cells was minor and reached a plateau at 100 µM concentration with no further increases at the higher 
concentration.

Examination of amplitude-frequency histograms indicated that, in spite of the increases in frequency of events, 
the difference between MSSNs from WT and R6/2 still remained (Figure 5C). Inter-event interval probability 
distributions showed that addition of Cx614 shifted the distributions to the left, indicating increased release 
probability (Figure 5D). However, while this shift was very pronounced in cells from WT and R6/2 mice at 40 
days, in cells from 80 day R6/2 mice the differences between the distributions of events was not as pronounced.
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Fig. 5:

A. Traces are examples of spontaneous mEPSCs [in the presence of TTX (1 µM)] recorded in WT and R6/2 
mice (11-12 weeks of age) in the absence (left) or presence of a low (20 mM, middle) and a high 
concentration (100 mM, right) of Cx614. B. Graphs show concentration-response relationships of average 
frequencies of spontaneous and mEPSCs between WT and R6/2 mice at 5-7 and 11-12 weeks. Note that the 
increase in frequency produced at 5-7 weeks by Cx614 is less prominent in cells from both WT and R6/2 
mice at 11-12 weeks of age. C. and D. Graphs show amplitude-frequency histograms ( C ) and cumulative 
probability distributions of inter-event intervals ( D ) of mEPSCs in MSSNs from WT and R6/2 mice before 
and after Cx614 (at 11-12 weeks of age). In spite of an increase in frequency of mEPSCs after Cx614, the 
difference between WT and R6/2 cells still remains. Line and asterisk indicate statistically significant 
differences between values for WT and R6/2 mice (p<0.05-0.001).

Cx614 also affected the amplitude and kinetics of spontaneous and mEPSCs. Amplitudes, rise and decay times, 
as well as half-amplitude durations increased after drug application (Figure 6A). These changes in frequency 
and amplitude/kinetics indicate that Cx614 could have both pre- and post-synaptic effects. In addition to the 
observed effects on frequency of spontaneous and mEPSCs, in a population of MSSNs from R6/2 mice Cx614, 
even at low concentrations, induced periodic inward currents accompanied by bursts of high-frequency synaptic 
activity (Figure 6B). These episodes could reflect propagation of burst firing from cortical pyramidal neurons [9]
, as well as increased excitability in cortical neurons in R6/2 mice [11] .
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Fig. 6:

A. Traces are average spontaneous and mEPSCs in TTX and after bath application of increasing 
concentrations of Cx614. The ampakine increased the amplitude and reduced deactivation of AMPA 
receptors as indicated by increases in decay time and half-amplitude duration. B. Arrows show large, 
periodic inward currents were evoked by Cx614 in R6/2 but not WT mice. Representative traces recorded in 
the presence of Cx614 (100 mM) in MSSNs from WT and R6/2 mice at 6-7 and 11-12 weeks.

Discussion
A number of behavioral and pharmacological manipulations known to delay the progression of 
neurodegenerative disorders were tested, with the goal of rescuing the deficits in glutamatergic synaptic 
activity along the corticostriatal pathway in the R6/2 mouse model of HD. Each of these manipulations produced 
some of the desired effects, but only in a partial manner and in some cases with the potential of inducing 
adverse reactions.

Exercise:

Physical activity has shown promising effects in a number of neurodegenerative disorders including PD, AD, as 
well as other pathologies. When associated with an enriched environment, exercise can delay progression of the 
phenotype and reduce the spine loss observed in HD mouse models [23] . In WT mice, we found that exercise 
effectively increased synaptic activity in the striatum, indicating that the cortical flow of information is 
facilitated by physical activity. The fact that both small and large amplitude, action potential-dependent 
synaptic events in MSSNs were increased probably indicates that the firing of cortical pyramidal neurons also 
increases after exercise.
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facilitated by physical activity. The fact that both small and large amplitude, action potential-dependent 
synaptic events in MSSNs were increased probably indicates that the firing of cortical pyramidal neurons also 
increases after exercise.
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receptors as indicated by increases in decay time and half-amplitude duration. B. Arrows show large, 
periodic inward currents were evoked by Cx614 in R6/2 but not WT mice. Representative traces recorded in 
the presence of Cx614 (100 mM) in MSSNs from WT and R6/2 mice at 6-7 and 11-12 weeks.

Discussion
A number of behavioral and pharmacological manipulations known to delay the progression of 
neurodegenerative disorders were tested, with the goal of rescuing the deficits in glutamatergic synaptic 
activity along the corticostriatal pathway in the R6/2 mouse model of HD. Each of these manipulations produced 
some of the desired effects, but only in a partial manner and in some cases with the potential of inducing 
adverse reactions.

Exercise:

Physical activity has shown promising effects in a number of neurodegenerative disorders including PD, AD, as 
well as other pathologies. When associated with an enriched environment, exercise can delay progression of the 
phenotype and reduce the spine loss observed in HD mouse models [23] . In WT mice, we found that exercise 
effectively increased synaptic activity in the striatum, indicating that the cortical flow of information is 
facilitated by physical activity. The fact that both small and large amplitude, action potential-dependent 
synaptic events in MSSNs were increased probably indicates that the firing of cortical pyramidal neurons also 
increases after exercise.
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As glutamate release can also provide trophic factors, we expected that increased physical activity would 
rescue the progressive reduction in glutamate activity in R6/2 mice. In contrast, we found that HD mice 
demonstrated no significant increase in spontaneous synaptic activity. It is possible that this lack of efficacy is 
associated with the fact that R6/2 mice exercised significantly less that their WT counterparts. It is possible that 
forced, instead of voluntary, exercise could produce increased synaptic activity. However, such regimen might 
prove to be stressful and it is known that in R6/2 mice stress can facilitate seizure activity and precipitate death.

Interestingly, running in R6/2 mice rescued some biophysical membrane parameters, in particular cell 
capacitance. The reduced membrane capacitance normally observed in MSSNs from symptomatic R6/2 mice 
probably reflects a loss of dendritic spines, loss of dendrites, and reduction in somatic area. Running prevented 
this loss of membrane. As exercise increases BDNF production [20] and BDNF can reduce the severity of HD 
symptoms [40] , it is possible that in running R6/2 mice BDNF helps to maintain cellular integrity. BDNF 
determination in running and non-running mice did not reveal significant increases in protein content in soluble 
extracts from the striatum of R6/2 mice, consistent with a previous report [41] . However, because the ELISA 
assay does not differentiate between the more abundant pro-isoforms of BDNF and its mature processed form, 
we cannot rule out lower levels of mature BDNF that went undetected. This would be especially true for mature 
BDNF released at corticostriatal synapses [42] , which would require more refined measurements in subcellular 
synaptic fractions. There is also the possibility that exercise can exert protective effects independent of BDNF 
and/or that other trophic factors are involved. We have previously provided evidence that the increase in input 
resistance could be due to a reduction of inwardly rectifying K+ channels [39] combined with the loss of cell 
membrane. The fact that exercise rescued the loss of membrane but only slightly affected input resistance 
could indicate that the increase in input resistance depends less on the loss of membrane than it does on 
reduced expression of inwardly rectifying K+ channels.

Adenosine:

The findings with adenosine emphasize the complexity and multiplicity of effects induced by adenosine receptor 
activation or blockade, as well as the occurrence of differential effects in control and HD mice. Although some 
effects appear to be consistent, particularly when EGFP mice are used to identify MSSNs of the indirect 
pathway, the effects are not very robust and in the case of the antagonist, which has been used as a possible 
adjuvant in neurodegenerative disorders, the effects on synaptic activity were insignificant. The lack of robust 
effects of KW 6002 agrees with recent data demonstrating no change in spontaneous EPSCs using two 
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exacerbate seizure propensity, in other models, such as knock-in mice, this compound would not involve the 
same risk. We have demonstrated that seizure susceptibility after administration of proconvulsant agents such 
as picrotoxin is not increased in knock-in mice [11] . More studies using systemic administration of ampakines 
in vivo are necessary to determine if there are potential negative effects in R6/2 mice. Thus, Cx614 could help 
reverse the progressive disconnection between cortex and striatum observed in HD mouse models and, at low 
concentrations, or in adult-onset HD, could be an effective treatment to ameliorate the motor and cognitive 
phenotype.

One limitation of the present study is that transgenic mice had variable repeat lengths. However, in our hands, 
decreases in spontaneous EPSCs are very similar in R6/2 mice with either ~110 or 150 CAG repeats [44] and 
these animals were used to examine the effects of exercise and A2A receptor modulation. The behavioral and 
electrophysiological phenotypes in mice with ~210 CAG repeats are less severe than in the original mice with 
~150 CAG repeats and are well suited to examine the effects of the ampakines. In contrast, mice with >220 
CAG repeats, which were not used in the present study, display delayed development of the phenotype [45][46]
.

In conclusion, the present studies highlight some of the potential targets and treatments for a specific 
phenotype; the progressive disconnection between cortex and striatum, which may be responsible for late HD 
symptoms. Each manipulation had different success rates depending on the disease stage, suggesting that 
careful monitoring of patient disease stage is necessary for design of treatment regimens. In addition, our data 
suggest that both physical activity and polypharmacy may be indicated in order to slow the progression of HD. 
All of these treatments ameliorated or reversed the electrophysiological abnormalities. However, further 
research is required to reduce potential negative side effects of these agents.

Competing Interests
The authors have declared that no competing interests exist.

Acknowledgements
We would like to acknowledge Irene Yamazaki, Nanping Wu, Joshua L. Plotkin, Behnoud Beroukhim and Xiaoping 
Sun for their help in data gathering and analysis. We also thank Donna Crandall for her help with the figures.

References

1. The Huntington's Disease Collaborative Research Group (1993) A novel gene containing a trinucleotide 
repeat that is expanded and unstable on Huntington's disease chromosomes. Cell 72:971-983.

2. Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol Exp Neurol 57:369-384.

3. Bates G, Harper PS, Jones L (2002) Huntington's disease, 3rd Edition. Oxford ; New York: Oxford University 
Press.

4. Levine MS, Cepeda C, Hickey MA, Fleming SM, Chesselet MF (2004) Genetic mouse models of Huntington's 
and Parkinson's diseases: illuminating but imperfect. Trends Neurosci 27:691-697.

5. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton M, Trottier Y, Lehrach H, 
Davies SW, Bates GP (1996) Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a 
progressive neurological phenotype in transgenic mice. Cell 87:493-506.

exacerbate seizure propensity, in other models, such as knock-in mice, this compound would not involve the 
same risk. We have demonstrated that seizure susceptibility after administration of proconvulsant agents such 
as picrotoxin is not increased in knock-in mice [11] . More studies using systemic administration of ampakines 
in vivo are necessary to determine if there are potential negative effects in R6/2 mice. Thus, Cx614 could help 
reverse the progressive disconnection between cortex and striatum observed in HD mouse models and, at low 
concentrations, or in adult-onset HD, could be an effective treatment to ameliorate the motor and cognitive 
phenotype.

One limitation of the present study is that transgenic mice had variable repeat lengths. However, in our hands, 
decreases in spontaneous EPSCs are very similar in R6/2 mice with either ~110 or 150 CAG repeats [44] and 
these animals were used to examine the effects of exercise and A2A receptor modulation. The behavioral and 
electrophysiological phenotypes in mice with ~210 CAG repeats are less severe than in the original mice with 
~150 CAG repeats and are well suited to examine the effects of the ampakines. In contrast, mice with >220 
CAG repeats, which were not used in the present study, display delayed development of the phenotype [45][46]
.

In conclusion, the present studies highlight some of the potential targets and treatments for a specific 
phenotype; the progressive disconnection between cortex and striatum, which may be responsible for late HD 
symptoms. Each manipulation had different success rates depending on the disease stage, suggesting that 
careful monitoring of patient disease stage is necessary for design of treatment regimens. In addition, our data 
suggest that both physical activity and polypharmacy may be indicated in order to slow the progression of HD. 
All of these treatments ameliorated or reversed the electrophysiological abnormalities. However, further 
research is required to reduce potential negative side effects of these agents.

Competing Interests
The authors have declared that no competing interests exist.

Acknowledgements
We would like to acknowledge Irene Yamazaki, Nanping Wu, Joshua L. Plotkin, Behnoud Beroukhim and Xiaoping 
Sun for their help in data gathering and analysis. We also thank Donna Crandall for her help with the figures.

References

1. The Huntington's Disease Collaborative Research Group (1993) A novel gene containing a trinucleotide 
repeat that is expanded and unstable on Huntington's disease chromosomes. Cell 72:971-983.

2. Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol Exp Neurol 57:369-384.

3. Bates G, Harper PS, Jones L (2002) Huntington's disease, 3rd Edition. Oxford ; New York: Oxford University 
Press.

4. Levine MS, Cepeda C, Hickey MA, Fleming SM, Chesselet MF (2004) Genetic mouse models of Huntington's 
and Parkinson's diseases: illuminating but imperfect. Trends Neurosci 27:691-697.

5. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton M, Trottier Y, Lehrach H, 
Davies SW, Bates GP (1996) Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a 
progressive neurological phenotype in transgenic mice. Cell 87:493-506.

exacerbate seizure propensity, in other models, such as knock-in mice, this compound would not involve the 
same risk. We have demonstrated that seizure susceptibility after administration of proconvulsant agents such 
as picrotoxin is not increased in knock-in mice [11] . More studies using systemic administration of ampakines 
in vivo are necessary to determine if there are potential negative effects in R6/2 mice. Thus, Cx614 could help 
reverse the progressive disconnection between cortex and striatum observed in HD mouse models and, at low 
concentrations, or in adult-onset HD, could be an effective treatment to ameliorate the motor and cognitive 
phenotype.

One limitation of the present study is that transgenic mice had variable repeat lengths. However, in our hands, 
decreases in spontaneous EPSCs are very similar in R6/2 mice with either ~110 or 150 CAG repeats [44] and 
these animals were used to examine the effects of exercise and A2A receptor modulation. The behavioral and 
electrophysiological phenotypes in mice with ~210 CAG repeats are less severe than in the original mice with 
~150 CAG repeats and are well suited to examine the effects of the ampakines. In contrast, mice with >220 
CAG repeats, which were not used in the present study, display delayed development of the phenotype [45][46]
.

In conclusion, the present studies highlight some of the potential targets and treatments for a specific 
phenotype; the progressive disconnection between cortex and striatum, which may be responsible for late HD 
symptoms. Each manipulation had different success rates depending on the disease stage, suggesting that 
careful monitoring of patient disease stage is necessary for design of treatment regimens. In addition, our data 
suggest that both physical activity and polypharmacy may be indicated in order to slow the progression of HD. 
All of these treatments ameliorated or reversed the electrophysiological abnormalities. However, further 
research is required to reduce potential negative side effects of these agents.

Competing Interests
The authors have declared that no competing interests exist.

Acknowledgements
We would like to acknowledge Irene Yamazaki, Nanping Wu, Joshua L. Plotkin, Behnoud Beroukhim and Xiaoping 
Sun for their help in data gathering and analysis. We also thank Donna Crandall for her help with the figures.

References

1. The Huntington's Disease Collaborative Research Group (1993) A novel gene containing a trinucleotide 
repeat that is expanded and unstable on Huntington's disease chromosomes. Cell 72:971-983.

2. Vonsattel JP, DiFiglia M (1998) Huntington disease. J Neuropathol Exp Neurol 57:369-384.

3. Bates G, Harper PS, Jones L (2002) Huntington's disease, 3rd Edition. Oxford ; New York: Oxford University 
Press.

4. Levine MS, Cepeda C, Hickey MA, Fleming SM, Chesselet MF (2004) Genetic mouse models of Huntington's 
and Parkinson's diseases: illuminating but imperfect. Trends Neurosci 27:691-697.

5. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton M, Trottier Y, Lehrach H, 
Davies SW, Bates GP (1996) Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a 
progressive neurological phenotype in transgenic mice. Cell 87:493-506.

15PLOS Currents Huntington Disease



6. Cepeda C, Wu N, André VM, Cummings DM, Levine MS (2007) The corticostriatal pathway in Huntington's 
disease. Prog Neuorbiol 81:253-271.

7. Cepeda C, Cummings DM, Andre VM, Holley SM, Levine MS (2010) Genetic mouse models of Huntington's 
disease: focus on electrophysiological mechanisms. ASN Neuro 2:e00033.

8. Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet MF, Levine MS (2001) Electrophysiological 
and Morphological Changes in Striatal Spiny Neurons in R6/2 Huntington's Disease Transgenic Mice. J 
Neurophysiol 86:2667-2677.

9. Cepeda C, Hurst RS, Calvert CR, Hernandez-Echeagaray E, Nguyen OK, Jocoy E, Christian LJ, Ariano MA, 
Levine MS (2003) Transient and progressive electrophysiological alterations in the corticostriatal pathway in a 
mouse model of Huntington's disease. J Neurosci 23:961-969.

10. Joshi PR, Wu NP, Andre VM, Cummings DM, Cepeda C, Joyce JA, Carroll JB, Leavitt BR, Hayden MR, Levine 
MS, Bamford NS (2009) Age-dependent alterations of corticostriatal activity in the YAC128 mouse model of 
Huntington disease. J Neurosci 29:2414-2427.

11. Cummings DM, Andre VM, Uzgil BO, Gee SM, Fisher YE, Cepeda C, Levine MS (2009) Alterations in cortical 
excitation and inhibition in genetic mouse models of Huntington's disease. J Neurosci 29:10371-10386.

12. Pallier PN, Maywood ES, Zheng Z, Chesham JE, Inyushkin AN, Dyball R, Hastings MH, Morton AJ (2007) 
Pharmacological imposition of sleep slows cognitive decline and reverses dysregulation of circadian gene 
expression in a transgenic mouse model of Huntington's disease. J Neurosci 27:7869-7878.

13. Masuda N, Peng Q, Li Q, Jiang M, Liang Y, Wang X, Zhao M, Wang W, Ross CA, Duan W (2008) Tiagabine is 
neuroprotective in the N171-82Q and R6/2 mouse models of Huntington's disease. Neurobiol Dis 30:293-302.

14. Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov M, Matson WR,Yang L, Jenkins BG, Luthi-
Carter R, Kowall NW, Hersch SM, Beal MF, Ferrante RJ (2007) Neuroprotective effects of synaptic modulation in 
Huntington's disease R6/2 mice. J Neurosci 27:12908-12915.

15. Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES, Carpenter EM, Zanjani H, Hurst 
RS, Efstratiadis A, Zeitlin S, Chesselet MF (1999) Enhanced sensitivity to N-methyl-D-aspartate receptor 
activation in transgenic and knockin mouse models of Huntington's disease. J Neurosci Res 58:515-532.

16. Cepeda C, Ariano MA, Calvert CR, Flores-Hernandez J, Chandler SH, Leavitt BR, Hayden MR, Levine MS 
(2001) NMDA receptor function in mouse models of Huntington disease. J Neurosci Res 66:525-539.

17. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, Ehrnhoefer DE, Zaidi R, Clemente A, Kaul M, Graham RK, 
Zhang D, Vincent Chen HS, Tong G, Hayden MR, Lipton SA (2009) Balance between synaptic versus 
extrasynaptic NMDA receptor activity influences inclusions and neurotoxicity of mutant huntingtin. Nat Med 
15:1407-1413.

18. Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD, Ko RW, Vasuta OC, Graham RK, 
Hayden MR, Murphy TH, Raymond LA (2010) Early increase in extrasynaptic NMDA receptor signaling and 
expression contributes to phenotype onset in Huntington's disease mice. Neuron 65:178-190.

19. Smith AD, Zigmond MJ (2003) Can the brain be protected through exercise? Lessons from an animal model 
of parkinsonism. Exp Neurol 184:31-39.

20. Cotman CW, Berchtold NC (2002) Exercise: a behavioral intervention to enhance brain health and plasticity. 
Trends Neurosci 25:295-301.

6. Cepeda C, Wu N, André VM, Cummings DM, Levine MS (2007) The corticostriatal pathway in Huntington's 
disease. Prog Neuorbiol 81:253-271.

7. Cepeda C, Cummings DM, Andre VM, Holley SM, Levine MS (2010) Genetic mouse models of Huntington's 
disease: focus on electrophysiological mechanisms. ASN Neuro 2:e00033.

8. Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet MF, Levine MS (2001) Electrophysiological 
and Morphological Changes in Striatal Spiny Neurons in R6/2 Huntington's Disease Transgenic Mice. J 
Neurophysiol 86:2667-2677.

9. Cepeda C, Hurst RS, Calvert CR, Hernandez-Echeagaray E, Nguyen OK, Jocoy E, Christian LJ, Ariano MA, 
Levine MS (2003) Transient and progressive electrophysiological alterations in the corticostriatal pathway in a 
mouse model of Huntington's disease. J Neurosci 23:961-969.

10. Joshi PR, Wu NP, Andre VM, Cummings DM, Cepeda C, Joyce JA, Carroll JB, Leavitt BR, Hayden MR, Levine 
MS, Bamford NS (2009) Age-dependent alterations of corticostriatal activity in the YAC128 mouse model of 
Huntington disease. J Neurosci 29:2414-2427.

11. Cummings DM, Andre VM, Uzgil BO, Gee SM, Fisher YE, Cepeda C, Levine MS (2009) Alterations in cortical 
excitation and inhibition in genetic mouse models of Huntington's disease. J Neurosci 29:10371-10386.

12. Pallier PN, Maywood ES, Zheng Z, Chesham JE, Inyushkin AN, Dyball R, Hastings MH, Morton AJ (2007) 
Pharmacological imposition of sleep slows cognitive decline and reverses dysregulation of circadian gene 
expression in a transgenic mouse model of Huntington's disease. J Neurosci 27:7869-7878.

13. Masuda N, Peng Q, Li Q, Jiang M, Liang Y, Wang X, Zhao M, Wang W, Ross CA, Duan W (2008) Tiagabine is 
neuroprotective in the N171-82Q and R6/2 mouse models of Huntington's disease. Neurobiol Dis 30:293-302.

14. Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov M, Matson WR,Yang L, Jenkins BG, Luthi-
Carter R, Kowall NW, Hersch SM, Beal MF, Ferrante RJ (2007) Neuroprotective effects of synaptic modulation in 
Huntington's disease R6/2 mice. J Neurosci 27:12908-12915.

15. Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES, Carpenter EM, Zanjani H, Hurst 
RS, Efstratiadis A, Zeitlin S, Chesselet MF (1999) Enhanced sensitivity to N-methyl-D-aspartate receptor 
activation in transgenic and knockin mouse models of Huntington's disease. J Neurosci Res 58:515-532.

16. Cepeda C, Ariano MA, Calvert CR, Flores-Hernandez J, Chandler SH, Leavitt BR, Hayden MR, Levine MS 
(2001) NMDA receptor function in mouse models of Huntington disease. J Neurosci Res 66:525-539.

17. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, Ehrnhoefer DE, Zaidi R, Clemente A, Kaul M, Graham RK, 
Zhang D, Vincent Chen HS, Tong G, Hayden MR, Lipton SA (2009) Balance between synaptic versus 
extrasynaptic NMDA receptor activity influences inclusions and neurotoxicity of mutant huntingtin. Nat Med 
15:1407-1413.

18. Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD, Ko RW, Vasuta OC, Graham RK, 
Hayden MR, Murphy TH, Raymond LA (2010) Early increase in extrasynaptic NMDA receptor signaling and 
expression contributes to phenotype onset in Huntington's disease mice. Neuron 65:178-190.

19. Smith AD, Zigmond MJ (2003) Can the brain be protected through exercise? Lessons from an animal model 
of parkinsonism. Exp Neurol 184:31-39.

20. Cotman CW, Berchtold NC (2002) Exercise: a behavioral intervention to enhance brain health and plasticity. 
Trends Neurosci 25:295-301.

6. Cepeda C, Wu N, André VM, Cummings DM, Levine MS (2007) The corticostriatal pathway in Huntington's 
disease. Prog Neuorbiol 81:253-271.

7. Cepeda C, Cummings DM, Andre VM, Holley SM, Levine MS (2010) Genetic mouse models of Huntington's 
disease: focus on electrophysiological mechanisms. ASN Neuro 2:e00033.

8. Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet MF, Levine MS (2001) Electrophysiological 
and Morphological Changes in Striatal Spiny Neurons in R6/2 Huntington's Disease Transgenic Mice. J 
Neurophysiol 86:2667-2677.

9. Cepeda C, Hurst RS, Calvert CR, Hernandez-Echeagaray E, Nguyen OK, Jocoy E, Christian LJ, Ariano MA, 
Levine MS (2003) Transient and progressive electrophysiological alterations in the corticostriatal pathway in a 
mouse model of Huntington's disease. J Neurosci 23:961-969.

10. Joshi PR, Wu NP, Andre VM, Cummings DM, Cepeda C, Joyce JA, Carroll JB, Leavitt BR, Hayden MR, Levine 
MS, Bamford NS (2009) Age-dependent alterations of corticostriatal activity in the YAC128 mouse model of 
Huntington disease. J Neurosci 29:2414-2427.

11. Cummings DM, Andre VM, Uzgil BO, Gee SM, Fisher YE, Cepeda C, Levine MS (2009) Alterations in cortical 
excitation and inhibition in genetic mouse models of Huntington's disease. J Neurosci 29:10371-10386.

12. Pallier PN, Maywood ES, Zheng Z, Chesham JE, Inyushkin AN, Dyball R, Hastings MH, Morton AJ (2007) 
Pharmacological imposition of sleep slows cognitive decline and reverses dysregulation of circadian gene 
expression in a transgenic mouse model of Huntington's disease. J Neurosci 27:7869-7878.

13. Masuda N, Peng Q, Li Q, Jiang M, Liang Y, Wang X, Zhao M, Wang W, Ross CA, Duan W (2008) Tiagabine is 
neuroprotective in the N171-82Q and R6/2 mouse models of Huntington's disease. Neurobiol Dis 30:293-302.

14. Stack EC, Dedeoglu A, Smith KM, Cormier K, Kubilus JK, Bogdanov M, Matson WR,Yang L, Jenkins BG, Luthi-
Carter R, Kowall NW, Hersch SM, Beal MF, Ferrante RJ (2007) Neuroprotective effects of synaptic modulation in 
Huntington's disease R6/2 mice. J Neurosci 27:12908-12915.

15. Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES, Carpenter EM, Zanjani H, Hurst 
RS, Efstratiadis A, Zeitlin S, Chesselet MF (1999) Enhanced sensitivity to N-methyl-D-aspartate receptor 
activation in transgenic and knockin mouse models of Huntington's disease. J Neurosci Res 58:515-532.

16. Cepeda C, Ariano MA, Calvert CR, Flores-Hernandez J, Chandler SH, Leavitt BR, Hayden MR, Levine MS 
(2001) NMDA receptor function in mouse models of Huntington disease. J Neurosci Res 66:525-539.

17. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, Ehrnhoefer DE, Zaidi R, Clemente A, Kaul M, Graham RK, 
Zhang D, Vincent Chen HS, Tong G, Hayden MR, Lipton SA (2009) Balance between synaptic versus 
extrasynaptic NMDA receptor activity influences inclusions and neurotoxicity of mutant huntingtin. Nat Med 
15:1407-1413.

18. Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD, Ko RW, Vasuta OC, Graham RK, 
Hayden MR, Murphy TH, Raymond LA (2010) Early increase in extrasynaptic NMDA receptor signaling and 
expression contributes to phenotype onset in Huntington's disease mice. Neuron 65:178-190.

19. Smith AD, Zigmond MJ (2003) Can the brain be protected through exercise? Lessons from an animal model 
of parkinsonism. Exp Neurol 184:31-39.

20. Cotman CW, Berchtold NC (2002) Exercise: a behavioral intervention to enhance brain health and plasticity. 
Trends Neurosci 25:295-301.

16PLOS Currents Huntington Disease



21. Siegenthaler MM, Berchtold NC, Cotman CW, Keirstead HS (2008) Voluntary running attenuates age-related 
deficits following SCI. Exp Neurol 210:207-216.

22. van Praag H (2008) Neurogenesis and exercise: past and future directions. Neuromolecular Med 10:128-
140.

23. van Dellen A, Blakemore C, Deacon R, York D, Hannan AJ (2000) Delaying the onset of Huntington's in mice. 
Nature 404:721-722.

24. Kase H, Aoyama S, Ichimura M, Ikeda K, Ishii A, Kanda T, Koga K, Koike N, Kurokawa M, Kuwana Y, Mori A, 
Nakamura J, Nonaka H, Ochi M, Saki M, Shimada J, Shindou T, Shiozaki S, Suzuki F, Takeda M, Yanagawa K, 
Richardson PJ, Jenner P, Bedard P, Borrelli E, Hauser RA, Chase TN (2003) Progress in pursuit of therapeutic A2A 
antagonists: the adenosine A2A receptor selective antagonist KW6002: research and development toward a 
novel nondopaminergic therapy for Parkinson's disease. Neurology 61:S97-100.

25. Pinna A (2009) Novel investigational adenosine A2A receptor antagonists for Parkinson's disease. Expert 
Opin Investig Drugs 18:1619-1631.

26. Tarditi A, Camurri A, Varani K, Borea PA, Woodman B, Bates G, Cattaneo E, Abbracchio MP (2006) Early and 
transient alteration of adenosine A2A receptor signaling in a mouse model of Huntington disease. Neurobiol Dis 
23:44-53.

27. Martire A, Calamandrei G, Felici F, Scattoni ML, Lastoria G, Domenici MR, Tebano MT, Popoli P (2007) 
Opposite effects of the A2A receptor agonist CGS21680 in the striatum of Huntington's disease versus wild-type 
mice. Neurosci Lett 417:78-83.

28. Chou SY, Lee YC, Chen HM, Chiang MC, Lai HL, Chang HH, Wu YC, Sun CN, Chien CL, Lin YS, Wang SC, Tung 
YY, Chang C, Chern Y (2005) CGS21680 attenuates symptoms of Huntington's disease in a transgenic mouse 
model. J Neurochem 93:310-320.

29. Domenici MR, Scattoni ML, Martire A, Lastoria G, Potenza RL, Borioni A, Venerosi A, Calamandrei G, Popoli P 
(2007) Behavioral and electrophysiological effects of the adenosine A2A receptor antagonist SCH 58261 in R6/2 
Huntington's disease mice. Neurobiol Dis 28:197-205.

30. Jin R, Clark S, Weeks AM, Dudman JT, Gouaux E, Partin KM (2005) Mechanism of positive allosteric 
modulators acting on AMPA receptors. J Neurosci 25:9027-9036.

31. Lynch G (2006) Glutamate-based therapeutic approaches: ampakines. Curr Opin Pharmacol 6:82-88.

32. Lauterborn JC, Truong GS, Baudry M, Bi X, Lynch G, Gall CM (2003) Chronic elevation of brain-derived 
neurotrophic factor by ampakines. J Pharmacol Exp Ther 307:297-305.

33. Simmons DA, Rex CS, Palmer L, Pandyarajan V, Fedulov V, Gall CM, Lynch G (2009) Up-regulating BDNF with 
an ampakine rescues synaptic plasticity and memory in Huntington's disease knockin mice. Proc Natl Acad Sci U 
S A 106:4906-4911.

34. Hickey MA, Gallant K, Gross GG, Levine MS, Chesselet MF (2005) Early behavioral deficits in R6/2 mice 
suitable for use in preclinical drug testing. Neurobiol Dis 20:1-11.

35. Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S, Levine MS, Chesselet MF (2008) Extensive early 
motor and non-motor behavioral deficits are followed by striatal neuronal loss in knock-in Huntington's disease 
mice. Neuroscience 157:280-295.

36. Watson JB, Hatami A, David H, Masliah E, Roberts K, Evans CE, Levine MS (2009) Alterations in 

21. Siegenthaler MM, Berchtold NC, Cotman CW, Keirstead HS (2008) Voluntary running attenuates age-related 
deficits following SCI. Exp Neurol 210:207-216.

22. van Praag H (2008) Neurogenesis and exercise: past and future directions. Neuromolecular Med 10:128-
140.

23. van Dellen A, Blakemore C, Deacon R, York D, Hannan AJ (2000) Delaying the onset of Huntington's in mice. 
Nature 404:721-722.

24. Kase H, Aoyama S, Ichimura M, Ikeda K, Ishii A, Kanda T, Koga K, Koike N, Kurokawa M, Kuwana Y, Mori A, 
Nakamura J, Nonaka H, Ochi M, Saki M, Shimada J, Shindou T, Shiozaki S, Suzuki F, Takeda M, Yanagawa K, 
Richardson PJ, Jenner P, Bedard P, Borrelli E, Hauser RA, Chase TN (2003) Progress in pursuit of therapeutic A2A 
antagonists: the adenosine A2A receptor selective antagonist KW6002: research and development toward a 
novel nondopaminergic therapy for Parkinson's disease. Neurology 61:S97-100.

25. Pinna A (2009) Novel investigational adenosine A2A receptor antagonists for Parkinson's disease. Expert 
Opin Investig Drugs 18:1619-1631.

26. Tarditi A, Camurri A, Varani K, Borea PA, Woodman B, Bates G, Cattaneo E, Abbracchio MP (2006) Early and 
transient alteration of adenosine A2A receptor signaling in a mouse model of Huntington disease. Neurobiol Dis 
23:44-53.

27. Martire A, Calamandrei G, Felici F, Scattoni ML, Lastoria G, Domenici MR, Tebano MT, Popoli P (2007) 
Opposite effects of the A2A receptor agonist CGS21680 in the striatum of Huntington's disease versus wild-type 
mice. Neurosci Lett 417:78-83.

28. Chou SY, Lee YC, Chen HM, Chiang MC, Lai HL, Chang HH, Wu YC, Sun CN, Chien CL, Lin YS, Wang SC, Tung 
YY, Chang C, Chern Y (2005) CGS21680 attenuates symptoms of Huntington's disease in a transgenic mouse 
model. J Neurochem 93:310-320.

29. Domenici MR, Scattoni ML, Martire A, Lastoria G, Potenza RL, Borioni A, Venerosi A, Calamandrei G, Popoli P 
(2007) Behavioral and electrophysiological effects of the adenosine A2A receptor antagonist SCH 58261 in R6/2 
Huntington's disease mice. Neurobiol Dis 28:197-205.

30. Jin R, Clark S, Weeks AM, Dudman JT, Gouaux E, Partin KM (2005) Mechanism of positive allosteric 
modulators acting on AMPA receptors. J Neurosci 25:9027-9036.

31. Lynch G (2006) Glutamate-based therapeutic approaches: ampakines. Curr Opin Pharmacol 6:82-88.

32. Lauterborn JC, Truong GS, Baudry M, Bi X, Lynch G, Gall CM (2003) Chronic elevation of brain-derived 
neurotrophic factor by ampakines. J Pharmacol Exp Ther 307:297-305.

33. Simmons DA, Rex CS, Palmer L, Pandyarajan V, Fedulov V, Gall CM, Lynch G (2009) Up-regulating BDNF with 
an ampakine rescues synaptic plasticity and memory in Huntington's disease knockin mice. Proc Natl Acad Sci U 
S A 106:4906-4911.

34. Hickey MA, Gallant K, Gross GG, Levine MS, Chesselet MF (2005) Early behavioral deficits in R6/2 mice 
suitable for use in preclinical drug testing. Neurobiol Dis 20:1-11.

35. Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S, Levine MS, Chesselet MF (2008) Extensive early 
motor and non-motor behavioral deficits are followed by striatal neuronal loss in knock-in Huntington's disease 
mice. Neuroscience 157:280-295.

36. Watson JB, Hatami A, David H, Masliah E, Roberts K, Evans CE, Levine MS (2009) Alterations in 

21. Siegenthaler MM, Berchtold NC, Cotman CW, Keirstead HS (2008) Voluntary running attenuates age-related 
deficits following SCI. Exp Neurol 210:207-216.

22. van Praag H (2008) Neurogenesis and exercise: past and future directions. Neuromolecular Med 10:128-
140.

23. van Dellen A, Blakemore C, Deacon R, York D, Hannan AJ (2000) Delaying the onset of Huntington's in mice. 
Nature 404:721-722.

24. Kase H, Aoyama S, Ichimura M, Ikeda K, Ishii A, Kanda T, Koga K, Koike N, Kurokawa M, Kuwana Y, Mori A, 
Nakamura J, Nonaka H, Ochi M, Saki M, Shimada J, Shindou T, Shiozaki S, Suzuki F, Takeda M, Yanagawa K, 
Richardson PJ, Jenner P, Bedard P, Borrelli E, Hauser RA, Chase TN (2003) Progress in pursuit of therapeutic A2A 
antagonists: the adenosine A2A receptor selective antagonist KW6002: research and development toward a 
novel nondopaminergic therapy for Parkinson's disease. Neurology 61:S97-100.

25. Pinna A (2009) Novel investigational adenosine A2A receptor antagonists for Parkinson's disease. Expert 
Opin Investig Drugs 18:1619-1631.

26. Tarditi A, Camurri A, Varani K, Borea PA, Woodman B, Bates G, Cattaneo E, Abbracchio MP (2006) Early and 
transient alteration of adenosine A2A receptor signaling in a mouse model of Huntington disease. Neurobiol Dis 
23:44-53.

27. Martire A, Calamandrei G, Felici F, Scattoni ML, Lastoria G, Domenici MR, Tebano MT, Popoli P (2007) 
Opposite effects of the A2A receptor agonist CGS21680 in the striatum of Huntington's disease versus wild-type 
mice. Neurosci Lett 417:78-83.

28. Chou SY, Lee YC, Chen HM, Chiang MC, Lai HL, Chang HH, Wu YC, Sun CN, Chien CL, Lin YS, Wang SC, Tung 
YY, Chang C, Chern Y (2005) CGS21680 attenuates symptoms of Huntington's disease in a transgenic mouse 
model. J Neurochem 93:310-320.

29. Domenici MR, Scattoni ML, Martire A, Lastoria G, Potenza RL, Borioni A, Venerosi A, Calamandrei G, Popoli P 
(2007) Behavioral and electrophysiological effects of the adenosine A2A receptor antagonist SCH 58261 in R6/2 
Huntington's disease mice. Neurobiol Dis 28:197-205.

30. Jin R, Clark S, Weeks AM, Dudman JT, Gouaux E, Partin KM (2005) Mechanism of positive allosteric 
modulators acting on AMPA receptors. J Neurosci 25:9027-9036.

31. Lynch G (2006) Glutamate-based therapeutic approaches: ampakines. Curr Opin Pharmacol 6:82-88.

32. Lauterborn JC, Truong GS, Baudry M, Bi X, Lynch G, Gall CM (2003) Chronic elevation of brain-derived 
neurotrophic factor by ampakines. J Pharmacol Exp Ther 307:297-305.

33. Simmons DA, Rex CS, Palmer L, Pandyarajan V, Fedulov V, Gall CM, Lynch G (2009) Up-regulating BDNF with 
an ampakine rescues synaptic plasticity and memory in Huntington's disease knockin mice. Proc Natl Acad Sci U 
S A 106:4906-4911.

34. Hickey MA, Gallant K, Gross GG, Levine MS, Chesselet MF (2005) Early behavioral deficits in R6/2 mice 
suitable for use in preclinical drug testing. Neurobiol Dis 20:1-11.

35. Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S, Levine MS, Chesselet MF (2008) Extensive early 
motor and non-motor behavioral deficits are followed by striatal neuronal loss in knock-in Huntington's disease 
mice. Neuroscience 157:280-295.

36. Watson JB, Hatami A, David H, Masliah E, Roberts K, Evans CE, Levine MS (2009) Alterations in 

17PLOS Currents Huntington Disease



corticostriatal synaptic plasticity in mice overexpressing human alpha-synuclein. Neuroscience 159:501-513.

37. Cepeda C, Colwell CS, Itri JN, Chandler SH, Levine MS (1998) Dopaminergic modulation of NMDA-induced 
whole cell currents in neostriatal neurons in slices: contribution of calcium conductances. J Neurophysiol 79:82-
94.

38. Cepeda C, Andre VM, Yamazaki I, Wu N, Kleiman-Weiner M, Levine MS (2008) Differential 
electrophysiological properties of dopamine D1 and D2 receptor-containing striatal medium-sized spiny 
neurons. Eur J Neurosci 27:671-682.

39. Ariano MA, Cepeda C, Calvert CR, Flores-Hernandez J, Hernandez-Echeagaray E, Klapstein GJ, Chandler SH, 
Aronin N, DiFiglia M, Levine MS (2005) Striatal potassium channel dysfunction in Huntington's disease 
transgenic mice. J Neurophysiol 93:2565-2574.

40. Canals JM, Pineda JR, Torres-Peraza JF, Bosch M, Martin-Ibanez R, Munoz MT, Mengod G, Ernfors P, Alberch J 
(2004) Brain-derived neurotrophic factor regulates the onset and severity of motor dysfunction associated with 
enkephalinergic neuronal degeneration in Huntington's disease. J Neurosci 24:7727-7739.

41. Pang TY, Stam NC, Nithianantharajah J, Howard ML, Hannan AJ (2006) Differential effects of voluntary 
physical exercise on behavioral and brain-derived neurotrophic factor expression deficits in Huntington’s 
disease transgenic mice. Neuroscience 141:569-584.

42. Zuccato, C, Cattaneo E (2007) Role of brain-derived neurotrophic factor in Huntington’s disease. Prog 
Neurobiol 81:294-330.

43. Tozzi A, Tscherter A, Belcastro V, Tantucci M, Costa C, Picconi B, Centonze D, Calabresi P, Borsini F (2007) 
Interaction of A2A adenosine and D2 dopamine receptors modulates corticostriatal glutamatergic transmission. 
Neuropharmacology 53:783-789.

44. Cummings DM, Yim MM, Alaghband Y, Malvar JS, Tsuruyama K, Joshi PR, Cepeda C, Levine MS (2008) The 
R6/2 phenotype is CAG repeat length-dependent. Abstract Viewer/Itinerary Planner Washington, DC: Society for 
Neuroscience Program No 443.11.

45. Dragatsis I, Goldowitz D, Del Mar N, Deng YP, Meade CA, Liu L, Sun Z, Dietrich P, Yue J, Reiner A (2009) CAG 
repeat lengths > or =335 attenuate the phenotype in the R6/2 Huntington's disease transgenic mouse. 
Neurobiol Dis 33:315-330.

46. Morton AJ, Glynn D, Leavens W, Zheng Z, Faull RL, Skepper JN, Wight JM (2009) Paradoxical delay in the 
onset of disease caused by super-long CAG repeat expansions in R6/2 mice. Neurobiol Dis 33:331-341.

corticostriatal synaptic plasticity in mice overexpressing human alpha-synuclein. Neuroscience 159:501-513.

37. Cepeda C, Colwell CS, Itri JN, Chandler SH, Levine MS (1998) Dopaminergic modulation of NMDA-induced 
whole cell currents in neostriatal neurons in slices: contribution of calcium conductances. J Neurophysiol 79:82-
94.

38. Cepeda C, Andre VM, Yamazaki I, Wu N, Kleiman-Weiner M, Levine MS (2008) Differential 
electrophysiological properties of dopamine D1 and D2 receptor-containing striatal medium-sized spiny 
neurons. Eur J Neurosci 27:671-682.

39. Ariano MA, Cepeda C, Calvert CR, Flores-Hernandez J, Hernandez-Echeagaray E, Klapstein GJ, Chandler SH, 
Aronin N, DiFiglia M, Levine MS (2005) Striatal potassium channel dysfunction in Huntington's disease 
transgenic mice. J Neurophysiol 93:2565-2574.

40. Canals JM, Pineda JR, Torres-Peraza JF, Bosch M, Martin-Ibanez R, Munoz MT, Mengod G, Ernfors P, Alberch J 
(2004) Brain-derived neurotrophic factor regulates the onset and severity of motor dysfunction associated with 
enkephalinergic neuronal degeneration in Huntington's disease. J Neurosci 24:7727-7739.

41. Pang TY, Stam NC, Nithianantharajah J, Howard ML, Hannan AJ (2006) Differential effects of voluntary 
physical exercise on behavioral and brain-derived neurotrophic factor expression deficits in Huntington’s 
disease transgenic mice. Neuroscience 141:569-584.

42. Zuccato, C, Cattaneo E (2007) Role of brain-derived neurotrophic factor in Huntington’s disease. Prog 
Neurobiol 81:294-330.

43. Tozzi A, Tscherter A, Belcastro V, Tantucci M, Costa C, Picconi B, Centonze D, Calabresi P, Borsini F (2007) 
Interaction of A2A adenosine and D2 dopamine receptors modulates corticostriatal glutamatergic transmission. 
Neuropharmacology 53:783-789.

44. Cummings DM, Yim MM, Alaghband Y, Malvar JS, Tsuruyama K, Joshi PR, Cepeda C, Levine MS (2008) The 
R6/2 phenotype is CAG repeat length-dependent. Abstract Viewer/Itinerary Planner Washington, DC: Society for 
Neuroscience Program No 443.11.

45. Dragatsis I, Goldowitz D, Del Mar N, Deng YP, Meade CA, Liu L, Sun Z, Dietrich P, Yue J, Reiner A (2009) CAG 
repeat lengths > or =335 attenuate the phenotype in the R6/2 Huntington's disease transgenic mouse. 
Neurobiol Dis 33:315-330.

46. Morton AJ, Glynn D, Leavens W, Zheng Z, Faull RL, Skepper JN, Wight JM (2009) Paradoxical delay in the 
onset of disease caused by super-long CAG repeat expansions in R6/2 mice. Neurobiol Dis 33:331-341.

corticostriatal synaptic plasticity in mice overexpressing human alpha-synuclein. Neuroscience 159:501-513.

37. Cepeda C, Colwell CS, Itri JN, Chandler SH, Levine MS (1998) Dopaminergic modulation of NMDA-induced 
whole cell currents in neostriatal neurons in slices: contribution of calcium conductances. J Neurophysiol 79:82-
94.

38. Cepeda C, Andre VM, Yamazaki I, Wu N, Kleiman-Weiner M, Levine MS (2008) Differential 
electrophysiological properties of dopamine D1 and D2 receptor-containing striatal medium-sized spiny 
neurons. Eur J Neurosci 27:671-682.

39. Ariano MA, Cepeda C, Calvert CR, Flores-Hernandez J, Hernandez-Echeagaray E, Klapstein GJ, Chandler SH, 
Aronin N, DiFiglia M, Levine MS (2005) Striatal potassium channel dysfunction in Huntington's disease 
transgenic mice. J Neurophysiol 93:2565-2574.

40. Canals JM, Pineda JR, Torres-Peraza JF, Bosch M, Martin-Ibanez R, Munoz MT, Mengod G, Ernfors P, Alberch J 
(2004) Brain-derived neurotrophic factor regulates the onset and severity of motor dysfunction associated with 
enkephalinergic neuronal degeneration in Huntington's disease. J Neurosci 24:7727-7739.

41. Pang TY, Stam NC, Nithianantharajah J, Howard ML, Hannan AJ (2006) Differential effects of voluntary 
physical exercise on behavioral and brain-derived neurotrophic factor expression deficits in Huntington’s 
disease transgenic mice. Neuroscience 141:569-584.

42. Zuccato, C, Cattaneo E (2007) Role of brain-derived neurotrophic factor in Huntington’s disease. Prog 
Neurobiol 81:294-330.

43. Tozzi A, Tscherter A, Belcastro V, Tantucci M, Costa C, Picconi B, Centonze D, Calabresi P, Borsini F (2007) 
Interaction of A2A adenosine and D2 dopamine receptors modulates corticostriatal glutamatergic transmission. 
Neuropharmacology 53:783-789.

44. Cummings DM, Yim MM, Alaghband Y, Malvar JS, Tsuruyama K, Joshi PR, Cepeda C, Levine MS (2008) The 
R6/2 phenotype is CAG repeat length-dependent. Abstract Viewer/Itinerary Planner Washington, DC: Society for 
Neuroscience Program No 443.11.

45. Dragatsis I, Goldowitz D, Del Mar N, Deng YP, Meade CA, Liu L, Sun Z, Dietrich P, Yue J, Reiner A (2009) CAG 
repeat lengths > or =335 attenuate the phenotype in the R6/2 Huntington's disease transgenic mouse. 
Neurobiol Dis 33:315-330.

46. Morton AJ, Glynn D, Leavens W, Zheng Z, Faull RL, Skepper JN, Wight JM (2009) Paradoxical delay in the 
onset of disease caused by super-long CAG repeat expansions in R6/2 mice. Neurobiol Dis 33:331-341.

18PLOS Currents Huntington Disease


