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Abstract
Previously, we identified progressive alterations in spontaneous excitatory (EPSCs) and inhibitory
(IPSCs) postsynaptic currents in the striatum of the R6/2 mouse model of Huntington’s disease (HD).
Medium-sized spiny neurons (MSNs) from these mice displayed a lower frequency of EPSCs and a
population of cells exhibited an increased frequency of IPSCs beginning at about 40 days, a time
point when the overt behavioral phenotype begins. The cortex provides the major excitatory drive
to the striatum and is affected during disease progression. We examined spontaneous EPSCs and
IPSCs of somatosensory cortical pyramidal neurons in layers II/III in slices from three different
mouse models of HD, the R6/2, the YAC128 and the CAG140 knock-in. Results revealed that
spontaneous EPSCs occurred at a higher frequency and evoked EPSCs were larger in behaviorally
phenotypic mice while spontaneous IPSCs were initially increased in frequency in all models and
subsequently decreased in R6/2 mice after they displayed the typical R6/2 overt behavioral
phenotype. Changes in miniature IPSCs and evoked IPSC paired-pulse ratios suggested altered
probability of GABA release. Also, in R6/2 mice, blockade of GABAA receptors induced complex
discharges in slices and seizures in vivo at all ages. In conclusion, altered excitatory and inhibitory
inputs to pyramidal neurons in the cortex in HD appear to be a prevailing deficit throughout the
development of the disease. Furthermore, the differences between synaptic phenotypes in cortex and
striatum are important for the development of future therapeutic approaches, which may need to be
targeted early in the development of the phenotype.
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Introduction
Huntington’s disease (HD) is associated with atrophy of the striatum and cerebral cortex, which
leads to a loss of motor control and declines in cognitive function (Bates et al., 2002). The
disease usually manifests in midlife and is due to an expansion in the CAG trinucleotide repeat
within the gene encoding the protein huntingtin (Huntington’s Disease Collaborative Research
Group, 1993). Within the striatum, medium-sized spiny neurons (MSNs) are most susceptible
to dysfunction and degeneration. In the cortex, pyramidal neurons of layers II, III and V
degenerate. While neuronal death may underlie many symptoms in late stage HD (Vonsattel
et al., 1985), early deficits, which are apparent years before cell death or neurological
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symptoms, are more likely associated with cellular and synaptic dysfunction in the cortex
(Bäckman and Farde, 2001; Berrios et al., 2002; Paulsen et al., 2008; Rosas et al., 2005,
2008)

Genetic mouse models of HD have been successful in replicating aspects of the human disorder
(Bates and Murphy, 2002; Levine et al., 2004). One extensively studied model is the R6/2,
which is transgenic for exon 1 of the human huntingtin gene and originally carried ~150 CAG
repeats (Mangiarini et al., 1996). R6/2 mice display motor and cognitive deficits, late-onset
cortical cellular degeneration and striatal cellular morphological changes as well as alterations
in striatal, hippocampal and cortical synaptic transmission (reviewed in Cepeda et al., 2007).
R6/2 mice also are considered a model of the juvenile HD because of the rapid phenotypic
progression, the prominence of intranuclear inclusions throughout the brain and their increased
propensity to seize. Other HD mouse models like the YAC128 mouse (expressing full-length
mutant huntingtin) (Slow et al., 2003) and the CAG140 knock-in (KI) mouse (expressing
chimeric mouse/human huntingtin in the normal context of the mouse genome) (Menalled et
al., 2003) have less aggressive and more protracted phenotypes making them useful models of
adult-onset HD. Interestingly, older KI mice (about 2 years) share most of the molecular
phenotypes of 12 week R6/2 mice including widespread aggregate pathology which supports
the continued use of fragment models to identify mechanisms of pathogenesis and preclinical
screening (Woodman et al., 2007).

We demonstrated a progressive reduction in the frequency of spontaneous excitatory
postsynaptic currents (EPSCs) (Cepeda et al., 2003) and increased frequencies of inhibitory
postsynaptic currents (IPSCs) (Cepeda et al., 2004) in striatal MSNs from behaviorally
phenotypic R6/2 mice. The main focus of the present experiments was to examine spontaneous
and evoked synaptic currents in cortical pyramidal neurons to better understand how these
neurons are altered in the R6/2 mouse model of HD. We compared the results with two other
models of HD, the YAC128 and CAG140 KI mice. Previously, we showed that glutamate
receptor function in striatal and cortical neurons is altered in an opposite manner in the R6/2
mouse model (Cepeda et al., 2001; Starling et al., 2005; André et al., 2006). Here we show that
synaptic excitatory and inhibitory inputs onto cortical pyramidal neurons are differentially and
opposite to those of striatal MSNs.

Methods
Animals

R6/2 mice and their wildtype (WT) littermate controls were obtained from our colony at the
University of California at Los Angeles (UCLA). These mice are maintained by crossing WT
male C57/BL6xCBA mice with WT females that have transplanted R6/2 ovaries (both male
and females purchased from Jackson Laboratories, USA). All procedures were performed in
accordance with the USPHS Guide for Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at UCLA. Animals were used at three
ages: 21–25 days (before an overt behavioral phenotype; 21 day group); 35–45 days (when the
overt behavioral phenotype begins; 40 day group); and 78–90 days (fully behaviorally
phenotypic; 80 day group). Mice were genotyped twice, once at weaning and again after
experimentation, to verify genotype. Although the original R6/2 mice had approximately 150
CAG repeats (Mangiarini et al., 1996), because of the method of breeding at Jackson
Laboratories using normal females with transplanted ovaries from R6/2 females, most colonies
of R6/2 mice which use Jackson Laboratories to re-supply breeders now have between 110–
120 CAG repeats. Mean CAG repeat lengths for R6/2 mice (111.8±0.8 CAG repeats, n=38
animals) were not significantly different among age groups. We have shown that the reduction
from ~150 to ~110 CAG repeats does not markedly change the corticostriatal
electrophysiological or behavioral effects of the HD mutation (Cummings et al., 2008).
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As obtaining suitable patch-clamp recordings gets significantly more difficult in animals over
one month of age, the rapid progression of the HD-like phenotype of the R6/2 mouse was
utilized to perform most experiments. However, to confirm that results were not idiosyncratic
to the R6/2, findings were compared to two other mouse models of HD. The first model carried
full-length mutant human huntingtin, including 128 CAG repeats, on a yeast-artificial
chromosome (YAC128, line 53, FVB/N backgound; Slow et al., 2003). Mice used in this study
were on a mixed C57BL/6Jx129/Sv background. YAC128 and age-matched WT counterparts
were obtained from our colonies at UCLA at 6 and 12 months of age. The second model used
the KI approach to insert a chimeric mouse/human exon 1, originally with 140 CAG repeats,
into the murine huntingtin homologue (Hdh) gene and thereby expresses huntingtin in the
normal murine context (Menalled et al., 2003; Hickey et al., 2008). These mice are on a XX
background and heterozygotic KI mice were bred to generate homozygotic KIs and littermate
WTs. KI and age-matched WT mice were obtained from our colony at UCLA at an age of 12
months. These mice had approximately 120 CAG repeats. A recent analysis indicated that the
reduction in repeat length from 140 to 120 CAG repeats had little effect on phenotypic
progression (Hickey et al., 2008).

Slice preparation
Mice were anesthetized with halothane and then decapitated, the brain rapidly removed to ice-
cold dissection artificial cerebrospinal fluid (ACSF), containing (in mM): NaCl 130; KCl 3;
NaHCO3 26; NaHPO4 1.25; glucose 10; MgCl2 5; CaCl2 1; (pH 7.2; aerated with 95% O2/5%
CO2; 290–300 mOsm/l). The brain was trimmed using a razor blade, glued to the stage of a
vibrating microtome (Leica, Model VT1000S) and 350 μm coronal slices including cortex and
striatum were cut. Slices then were stored and allowed to recover at room temperature in a
submerged chamber in oxygenated standard ACSF (same composition as dissection ACSF
except MgCl2 and CaCl2 were 2 mM) for at least 1h prior to experimentation.

Whole-cell recordings in slices
Whole-cell patch clamp recordings were obtained from layer II/III pyramidal cells visualized
in coronal slices with the aid of infrared-differential interference contrast (IR-DIC) microscopy
and identified by somatic size, basic membrane properties and post-hoc examination of
recorded neurons filled with biocytin. The patch pipette (4–6 MΩ) was filled with Cesium
methanesulfonate (CsMeth) solution containing in mM: CsMeth 125, NaCl 4, KCl 3, MgCl2
1, EGTA 9, HEPES 8, MgATP 5, TrisGTP 1, disodium phosphocreatine 10 and leupeptin 0.1
(pH 7.2; 270–280 mOsm/l) for recording in voltage clamp mode. Biocytin (0.2%) was also
included in the electrode for some experiments to enable visualization of recorded neurons.
Slices were processed for biocytin by standard techniques (Horikawa and Armstrong, 1988).

Both voltage- and current-clamp recordings were performed using an Axopatch 200A patch-
clamp amplifier. Basic membrane properties were ascertained from cells perfused in standard
ACSF at room temperature using the membrane properties function within Clampex 8.2.
Briefly, a depolarizing square pulse of 10 mV was injected into the cell at a frequency of 0.7
Hz. The current decay values following the onset of the pulse and the steady-state values at
the end of the pulse were used to calculate membrane capacitance, membrane resistance, access
resistance, time constant and holding current. The means of 50 pulses were averaged per sample
and at least 20 samples were collected per cell allowing the calculation of an average value per
cell. Series resistance was subsequently compensated (70–80%). Spontaneous postsynaptic
currents were then recorded. The membrane current was filtered at 1 kHz and digitized at 100–
200 μs using Clampex 8.2 (gap-free mode). Cells were voltage clamped at −70 mV to assess
basic membrane properties and to examine glutamate receptor-mediated EPSCs. Bicuculline
methiodide (BIC) was applied in order to block GABAA receptor-mediated currents. To assess
GABAA receptor-mediated IPSCs, membranes were stepped to a holding potential of +10 mV
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and ionotropic glutamate receptor-mediated currents blocked with 10 μM 6-Cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and 50 μM DL-2-Amino-5-phosphonovaleric acid (AP5).

To record miniature currents, 1 μM tetrodotoxin (TTX) was bath applied to slices. As TTX
reduced the mean amplitude of events, for this set of experiments a smaller bin size was used.
To maximize data obtained from individual cells, the ionotropic glutamate and GABAA
receptor antagonists CNQX, AP5 and BIC were not used in this analysis. All drugs were
obtained from Sigma-Aldrich (USA). Stock solutions were prepared in distilled water and
dissolved in standard ACSF to required concentrations.

When recordings were made in current clamp mode, a K-Gluconate solution, containing in
mM: K-Gluconate 112.5, NaCl 4, KCl 17.5, CaCl2 0.5, MgCl2 1, ATP (potassium salt) 5,
NaGTP 1, EGTA 5, HEPES 10, (pH 7.2 270–280 mOsm/l) was used. Action potential threshold
was determined by applying a ramped depolarizing current until an action potential was evoked.

Spontaneous synaptic currents
Spontaneous synaptic currents were analyzed offline using the automatic detection protocol
within the Mini Analysis Program (Justin Lee, Synaptosoft, 1999) and subsequently checked
manually for accuracy. Event counts were done blind to genotype. The threshold amplitude
for the detection of an event (5 pA for glutamatergic currents and 10 pA for GABAergic
currents) was set above the root mean square background noise level (1–2pA at Vhold = −70
mV and 2–3pA at Vhold = +10 mV). For both glutamatergic and GABAergic events, criteria
required a peak to occur within 8 ms from the start of the rise time. Amplitude-frequency
histograms were subsequently constructed.

Event kinetic analysis was performed for EPSCs with peak amplitudes between 7 and 50 pA
and IPSCs with peak amplitudes between 10 and 70 pA, using the Mini Analysis Program. For
these analyses events were aligned by half-rise time and normalized by peak amplitude. Events
displaying complex peaks were excluded from analysis. The decays of both EPSC and IPSC
average traces could be fit with either first or second order exponential curves and these were
used to determine rise time, decay time and half-amplitude durations.

Synaptic stimulation
To evoke synaptic currents in layer II/III pyramidal cells, a monopolar glass stimulating
electrode (patch-pipette filled with ACSF, impedance ~1 MΩ) was placed 200–300 μm from
the recorded cell. To evoke EPSCs, stimulation electrodes were placed in layer I, which will
activate thalamocortical and corticocortical glutamatergic afferents. To isolate EPSCs,
membranes were voltage clamped at −70 mV and GABAA receptors were blocked using
picrotoxin (10 μM). Alternatively, to evoke IPSCs, stimulating electrodes were positioned
within layer II/III in order to recruit afferents of local GABAergic interneurons. Cell
membranes were voltage clamped at −70 mV and, prior to stimulation ramped to a holding
potential of +10 mV for 5 s. Ionotropic glutamate receptors were blocked using CNQX and
AP5. Test-stimuli (500 μs duration) were applied every 20 s and averaged over three
consecutive trials at increasing stimulus intensities (0.01–0.14 mA) to assess input-output
functions. Subsequently, stimulation intensities were set to evoke responses at 50% maximal
amplitude. Paired-pulse stimuli were used to assess probability of release and were applied at
intervals between 25 and 400 ms. Paired-pulse facilitation (PPF) was defined as ratios of 1.1
or greater and paired-pulse depression (PPD) as ratios of 0.9 or less. Coefficients of variation
(CV) were calculated from 20–40 evoked (0.067 Hz) IPSCs and defined as σ/μ, where σ is the
standard deviation and μ is the mean IPSC amplitude.
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Preparation of dissociated neurons
Mice were anesthetized and brain slices obtained as described above. Coronal (Bregma 1.5-0.4
mm) slices (350 μm) were incubated in NaHCO3-buffered Earl’s balanced salt solution (EBSS,
Sigma Chemical Co. St Louis, MO; pH 7.4, 300–310 mOsm) bubbled with 95% O2-5% CO2
and supplemented with (in mM) 1 pyruvic acid,0.005 glutathione, 0.1 NG-nitro-L-arginine,
and 1 kynurenic acid until dissociation. After 1 h incubation, layers I–IV of the somatosensory
and motor areas of the cortex were dissected, placed in an oxygenated cell-stir chamber
(Wheaton, Millville, NJ) and enzymatically treated for 25–30 min with papain (0.625 mg/ml,
Calbiochem) at 35°C in a HEPES buffered Hank’s balanced salt solution (HBSS, Sigma; pH
7.4, 300–310 mOsm). After enzymatic digestion, the tissue was rinsed with a low Ca2+ HEPES-
buffered Na-isethionate solution containing (in mM): 140 Na+ isethionate, 2 KCl, 2 MgCl2,
0.1 CaCl2, 23 glucose, and 15 HEPES (pH 7.4, 300–310 mOsm) and mechanically dissociated
with a graded series of fire-polished Pasteur pipettes. The cell suspension was plated into a
Petri dish containing a HEPES-buffered salt solution (in mM): 140 NaCl, 23 glucose, 15
HEPES, 2 KCl, 2 MgCl2 and 1 CaCl2 (pH 7.4, 300–310 mOsm).

Whole-cell voltage clamp recordings of dissociated neurons
The internal pipette solution contained (in mM): 175 N-methyl-D-glucamine (NMDG), 40
HEPES, 2 MgCl2, 10 ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
(EGTA), 12 phosphocreatine, 2 Na2ATP, 0.2 Na2GTP and 0.1 leupeptin (pH 7.2–7.3, 265–
270 mOsm). The Mg2+ free external solution consisted of (in mM): 135 NaCl, 20 CsCl, 3
CaCl2 2 BaCl2, 10 glucose, 10 HEPES and 0.0003 TTX (pH 7.4, 300–310 mOsm). The
presence of Cs+ and TTX in the external solution blocked some voltage-gated K+ and all
Na+ channels, respectively. Electrode resistance was typically 4–5 MΩ in the bath. After seal
rupture, series resistance was compensated (70–90%) and periodically monitored. Signals were
detected with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA).

Only data from pyramidal-shaped cells with clear apical andbasilar dendrites were included in
the present study. To measure the desensitization time constants, GABA current decay rates
were fit using a single exponential. Drugs were applied through an array of application
capillaries positioned 500–600 μm from the cell using a pressure-driven fast perfusion system.
Solution changes were performed by changing the position of the array with a DC drive system
controlled by a SF-77B perfusion system (Warner Instruments, Hamden, CT) synchronized by
pClamp. Solution changes were complete within <100 ms. GABA was applied for 3 s every
60 s to avoid run-down. Responsiveness of cells to a series of GABA applications (1–1000
μM) was examined at a holding potential of −40 mV. The type I benzodiazepine zolpidem was
bath applied at 0.1 μM and tested on currents induced by 10 μM GABA.

Seizure induction
In order to assess the susceptibility of R6/2 mice to seizures, the GABAA receptor antagonist
picrotoxin (PTX) was injected intraperitoneally and latency to seize recorded. Preliminary
experiments indicated that the youngest group of mice was more sensitive to PTX than older
mice. Therefore, for the 40 and 80 day groups, 4 mg/kg PTX was used, while a dose of 2 mg/
kg was used in the 21 day group. Preliminary experiments also produced inconsistent data
when female mice were tested and subsequently only males were evaluated. For each
experiment, a pair of mice (a mutant and its appropriate WT littermate) was placed into a
transparent vinyl cage (15″×8″ ×7″, separated into two equal compartments) and allowed to
habituate for >10 min. PTX (prepared fresh daily in physiological saline) was injected by an
experimenter blind to genotype. Experiments were video taped for re-scoring of the latency to
key stages of seizures according to the Racine scale (Racine et al. 1972). Upon onset of a tonic-
clonic seizure, mice were euthanized with halothane followed by decapitation. If a tonic-clonic
seizure was not displayed by 45 min, the experiment was terminated and the mouse euthanized.
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Statistical analyses
Values in figures and text are presented as means ± standard errors of the mean. Differences
between group means were assessed with appropriate t-tests (paired or unpaired with or without
Welch’s correction for unequal variance) or appropriately designed analyses of variance
followed by Bonferroni’s post-hoc tests. Differences in proportions and distributions were
assessed using either z-tests or Fisher exact tests as appropriate. Differences were considered
significant if p<0.05. Microsoft Excel and SigmaStat 2.03 (SPSS, Inc) were used to perform
all statistical analyses.

Results
Basic membrane properties

Basic membrane properties (Table 1) of pyramidal neurons were examined at each age using
CsMeth as electrolyte. Although there was an age-dependent increase in membrane resistance
and decreases in membrane time constant and cell capacitance, no significant differences were
observed between the genotypes at any age. When K-Gluconate was used as the internal
electrolyte to record in current clamp mode, significant differences were observed in basic
membrane properties in neurons from the 80 day group (Table 1), including an increase in
membrane input resistance (p=0.0038) and a decrease in membrane capacitance (p=0.0024) in
R6/2 pyramidal neurons. The difference between membrane time constants failed to reach
significance (p=0.15). At this age the resting membrane potential (RMP) was significantly
depolarized in cells from R6/2 mice compared to cells from WT mice (p=0.025; Table 1).
Action potential firing threshold was unaltered. The differences between values obtained using
CsMeth and K-Gluconate were probably due to the Cs+ blocks voltage-dependent inwardly-
rectifying K+ currents (Uchimura et al., 1989;Nisenbaum and Wilson, 1995;Reyes et al.,
1998).

Excitatory synaptic transmission
Spontaneous EPSCs were recorded in voltage clamp mode at −70 mV. The majority of currents
were <30 pA amplitude (Fig. 1A, D) and were almost entirely blocked by co-application of
the ionotropic glutamate receptor antagonists CNQX (10 μM) and DL-AP5 (50 μM) (Fig. 1B),
indicating that the majority of these currents were due to activation of ionotropic glutamate
receptors (n=5). The few remaining events were likely to be GABAergic in origin as application
of BIC reduced the frequency of spontaneous currents by approximately 5% in slices from
animals aged 40 and 80 days (see section ‘Effects of BIC’ below, and Fig. 3C). In cells from
WTs, there was a significant age-dependent decrease in mean frequency of spontaneous EPSCs
from 21 to 40 days (p=0.039), which remained decreased at 80 days (p<0.001 compared to 21
days; p>0.5 compared to 40 days) (Fig. 1A, C, D, E). In contrast, R6/2 cells showed
approximately the same mean frequency across all ages. At 21 days R6/2 neurons appeared to
have a lower mean frequency of EPSCs than WTs but this difference failed to reach statistical
significance (p=0.11). At 40 days there was no difference between WTs and R6/2s (p>0.4). At
80 days, the difference between these means was statistically significant, reflecting a greater
frequency of spontaneous EPSCs in cells from R6/2 mice (p=0.031). Amplitude-frequency
histograms (Fig. 1D) revealed that, at 21 days in cells from R6/2 mice, mid-amplitude events
showed a significant reduction (p<0.05) in frequency compared to WTs, but this only reached
significance for events between 10–15 pA. No significant differences were obtained at 40 days.
At 80 days, a significant increase in the frequency of small amplitude (<10 pA) events occurred
(p<0.05) and this was reflected as an increase in the cumulative probability plot for inter-event
intervals in R6/2s (Fig. 1E).
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EPSC kinetics
The kinetics of EPSCs were analyzed by averaging events between 7 and 50 pA for each cell
(Fig. 2A&B). No differences in mean rise times, decay times or half-amplitude durations were
observed at 21 days. At 40 days, the reductions in the decay-time (p=0.085) and half-amplitude
duration (p=0.097) in cells from R6/2 mice did not reach significance. By 80 days, both decay
time (p=0.037) and half-amplitude duration (p=0.02) were significantly reduced and this was
accompanied by a reduction in area (p=0.045) (WT: 200.4±25.9 pA × ms, n=12; R6/2: 153.2
±8.5 pA × ms, n=18; p=0.045). There were no consistent differences between mean EPSC
amplitudes at any age. Although there were more excitatory events in cells from 80 day R6/2
mice, they were of shorter duration and smaller overall area.

Effects of BIC
At a holding potential of −70 mV, and in the absence of GABA receptor blockers, a proportion
of currents could be mediated by GABAA receptors. Also, inhibition by interneurons within
the cortex could be suppressing excitatory synaptic activity. We therefore applied the
GABAA receptor antagonist BIC (20 μM) to eliminate GABAA receptor-mediated
transmission and subsequently recorded in gap-free mode at −70 mV to determine the
frequency of pure EPSCs (Fig. 3). At 21 days, BIC increased EPSC frequency in 90% of cells
from both genotypes. However, there was a significantly larger increase in frequency from
cells of R6/2 than those from of WT mice (p=0.035) (Fig. 3C). At both 40 and 80 days, most
cells (75%) responded with a small decrease in EPSC frequency in response to BIC. At these
ages, there was no differential effect of BIC. Importantly, in the presence of BIC, the higher
frequency of EPSCs in R6/2 cells from 80 day animals remained and was more evident in the
small amplitude (<10 pA) events (Fig. 3D). Again, this was reflected as an increase in the
cumulative frequency plots (Fig. 3E).

Effect of TTX on EPSCs
To determine whether the higher frequency of EPSCs in cells from R6/2 mice at 80 days is
dependent upon presynaptic action potentials, TTX (1 μM) was applied to a subset of slices
(Fig. 4). To maximize the data obtained from these slices and permit recordings at a holding
potential of +10 mV (see below), BIC was not applied. While BIC was not used for this subset
of slices, the application of BIC in the absence of TTX suggested that the majority of events
(>80%) at this holding potential are EPSCs. TTX reduced the frequency of EPSCs in all cells
from both WT and R6/2 mice (Fig. 4A). Moreover, the higher frequency of EPSCs was
maintained in cells from R6/2s (3.4±1.0 Hz, n=6) compared to WTs (0.9±0.3 Hz, n=6; p=0.025;
Fig. 4B). This was particularly evident for the smallest amplitude events (<11 pA), as shown
in the amplitude-frequency histograms (Fig. 4B right graph). Cumulative amplitude plots
showed no difference between the genotypes, while cumulative frequency plots were altered
in R6/2s (Fig. 4C).

Evoked EPSCs
The altered frequencies of spontaneous and miniature EPSCs suggest presynaptic modification.
Two presynaptic alterations could be a reduction in the number of release sites (n) or the
probability of release (Pr). A classical method to assess changes in Pr is to examine paired-
pulse ratios, which are independent of n (Zucker, 1989; Choi & Lovinger, 1997). Increases in
paired-pulse ratio are associated with a reduced Pr, or vice-versa.

EPSCs were isolated by voltage clamping membranes at −70 mV and blocking GABAA
receptors using 10 μM PTX (see ‘Evoked IPSCs” below and Fig. 10B, which demonstrates
complete IPSC blockade by this concentration of PTX). Initially the input-output function was
assessed using stimulation intensities between 0.05 and 0.14 mA. At 21 days, no significant
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differences were identified in amplitude at any intensity, although larger EPSC amplitudes
occurred in R6/2 neurons (p=0.086 at 0.14 mA stimulation intensity, Fig. 5A). By 80 days,
there was an age-dependent reduction in the amplitude of evoked EPSCs in both genotypes.
Moreover, EPSC amplitudes were significantly larger in neurons from R6/2 mice than in age-
matched WTs and this reached significance at stimulation intensities between 0.04 and 0.14
mA (p<0.05-p<0.003; Fig. 5C).

Paired-pulse stimuli were then applied at intervals between 25 and 400 ms to assess probability
of release. At 21 days, the paired-pulse profiles were identical between the genotypes and were
characterized by paired-pulse facilitation at intervals of 25, 50 and 100 ms, no difference at
200 ms and paired-pulse depression at 400 ms (Fig. 5B). At 80 days, a similar profile was
identified in WTs, while ratios were reduced in neurons from R6/2s (Fig. 5D). At 25 and 100
ms, there was no difference between the second and first response in R6/2 cells. At 200 and
400 ms, paired-pulse depression occurred. At the 50 ms interval, the ratio remained the same
as WTs. The differences between the genotypes were statistically significant (25 ms: p=0.0011;
100 ms: p=0.043; 200 ms: p=0.00059; 400 ms: p=0.0016), indicating an increase in probability
of glutamate release in R6/2 cells.

Large-amplitude discharges
Bath application of 20 μM BIC induced large-amplitude discharges in cells from both
genotypes and at all ages (Fig. 6). These discharges consisted of a large amplitude (>1 nA) fast
inward current that included a prolonged decay (Fig 6A). No difference was observed between
the two genotypes in the proportion of cells displaying these discharges at any age (21 days:
WT 76%, R6/2: 85%; 40 days: WT: 78%, R6/2 91%; 80 days: WT: 69%, R6/2: 67%; p>0.7
at all ages, z-test). There was a decrease in the frequency of these discharges with age in both
genotypes but no differences were observed between cells from WT and R6/2 mice at each age
(Fig. 6B). There was, however, a progressive change in the complexity of discharges in cells
from R6/2 mice (Fig. 6B). In cells from WTs, discharges were restricted to large inward
currents occurring as singlets or doublets (Fig. 6A, left column), while in R6/2 cells more
complex discharges were apparent, with between 2 and 6 discharges occurring in a train, or
cells showing high-frequency activity following the initial inward deflections (Fig. 6A, right
column). In WT slices, the percentage of cells displaying complex discharges decreased with
age and complex discharges were never seen in the 80 day group. In contrast, the percentage
of R6/2 cells showing complex discharges increased with age. The increase in complex
discharges in cells from R6/2 mice and the decrease in cells from WTs is reflected in the
histograms showing duration of events (Fig. 6C). While durations of events tended to be longer
in cells from R6/2 mice than in those from WT mice at all ages, this difference only reached
significance at 80 days (p<0.001, Fisher exact test).

As differences were observed in EPSC frequency only at 80 days of age, current clamp
recordings were obtained from another population of pyramidal cells at this age using K-
Gluconate as the electrolyte. Initially, we recorded in gap free mode under voltage-clamp (−70
mV) and found a similar higher frequency of EPSCs in R6/2s (10.2±2.2 Hz, n=7) compared
to WTs (5.8±0.8 Hz, n=9; p<0.05) as observed in voltage-clamp using CsMeth as the internal
solution. When cells were recorded in current-clamp mode, discharges were again observed
following the application of BIC for extended periods of time (5–20 min) (Fig. 6D). Again,
the voltage deflections recorded in cells from R6/2 mice were more complex than those in
WTs. WTs showed repetitive membrane depolarizations, while cells from R6/2 mice also
showed high-frequency discharges. Complex discharges occurred in 67% of R6/2 cells (n=12)
and in 10% of WT cells (n=10; p=0.02, z-test).
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Progressive changes in inhibitory cortical neurotransmission
The differential increase in EPSC frequency following BIC application to slices from 21 day
mice suggests that an alteration in inhibitory inputs to the pyramidal cells may have occurred.
Therefore, in a separate population of cells, voltage clamp recordings were made at a holding
potential of +10 mV and in the presence of CNQX and AP5 in order to isolate GABAA receptor-
mediated spontaneous IPSCs. Differences were observed from the earliest age recorded and a
progressive, biphasic electrophysiological phenotype emerged in R6/2 cells (Fig. 7). At 21
days, two populations of cells were identified in WTs. One displayed IPSCs of low-frequency
(LF; range 4.5–8.9 Hz), while the other displayed IPSCs of high-frequency (HF; range 14.1–
19.9 Hz; Fig. 7B). No differences were found in the basic membrane properties between these
two groups of cells for either genotype and therefore all cells were pooled in the 21 day group
for Table 1. Pyramidal neurons from R6/2 mice could also be divided into LF (range 4.9–11.8
Hz) and HF (range 15.0–27.6 Hz) groups, but these groups were markedly different from the
corresponding WT groups. Both populations of cells showed significantly greater IPSC
frequencies (LF: p=0.038; HF: p=0.0012; Fig. 7B insets). The increased frequency in both
groups of cells from R6/2 mice is also shown by an increase in cumulative frequency plots
(Fig. 7B), while no differences were observed in cumulative amplitude plots (Fig. 7C). In the
R6/2 HF group, events no longer occurred randomly, but showed a bursting pattern consisting
of large amplitude (>50pA) currents (Fig. 7A). The increase in frequency was not due to an
increased glutamatergic drive onto interneurons, as ionotropic glutamate receptors were
blocked using CNQX and AP5.

At 40 days, only one population of cells was present in both genotypes. The increase in
frequency was maintained (p=0.032; Fig. 7B inset). Cumulative frequency plots were
significantly different (Fig. 7B), while no differences were obtained when cumulative
amplitudes were assessed (Fig. 7C).

At 80 days the effect was reversed and R6/2 cells showed a statistically significant reduction
in frequency of IPSCs (p=0.00078). Significant differences were obtained when both
cumulative frequency (Fig. 7B) and cumulative amplitude (Fig. 7C) were assessed.

IPSC kinetics
The kinetics of individual GABAA receptor-mediated currents were altered distinctly in cells
from R6/2 mice (Fig. 8). Most notable was a distinct change in the form of the currents in the
21day HF cells. Events from all other groups showed typical fast rise times followed by an
exponential decay, while currents of the R6/2 HF group displayed a fast rise time followed by
an initial decay, a plateau phase and then a rapid decay (Fig. 8A, inset). As this group of cells
had such markedly different kinetics, exponential fits to the decay time were not performed
and no difference was found in mean rise times between cells from WT and R6/2 mice. At 21
days, the LF group of cells from R6/2 mice showed the typical exponential decay but displayed
a slower decay time (p=0.027) and a longer half-amplitude duration (p=0.059). No differences
were observed in the kinetics at 40 days. At 80 days, the decay of R6/2 IPSCs was significantly
slower (p=0.029) while the longer half-amplitude duration did not reach significance
(p=0.072). This was accompanied by a significant reduction in area-under-the-curve of the
IPSC from 925±71 pA×ms in cells from WTs to 682±64 pA×ms in those from R6/2s (p=0.016).
There was no difference in mean amplitude at each age.

Effects of TTX on IPSCs
Miniature IPSCs were examined in an additional population of cells by applying TTX in the
presence of CNQX and AP5 to slices from 21 days R6/2 mice. In this population of cells, TTX
reduced the frequency of IPSCs in all groups (Figs. 7A and 9A insets). Moreover, the

Cummings et al. Page 9

J Neurosci. Author manuscript; available in PMC 2010 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



differences between WT and R6/2 were eliminated in the presence of TTX in both the low-
and high-frequency populations of cells (compare Figs. 7 and 9)

Following the recording at −70 mV in the presence of TTX to determine the action potential-
dependency of EPSCs in slices from mice at 80 days, the holding potential was stepped up to
+10 mV to isolate miniature IPSCs. CNQX and AP5 were not present at 80 days in experiments
assessing the effect of TTX (Figs. 7A and 9A, B). TTX reduced the frequency of IPSCs in both
genotypes but the difference in frequency was maintained (p=0.010; Fig. 9A). Cumulative
probability plots revealed significant differences for both amplitudes and inter-event intervals
(Fig. 9A, B), suggesting contributions of both pre- and postsynaptic components.

Sensitivity of spontaneous IPSCs to GABAA receptor blockade
The prolonged kinetics of spontaneous IPSCs, the alterations in amplitudes of both spontaneous
and miniature IPSCs and the prolonged kinetics of GABA-evoked currents and differential
sensitivity to zolpidem in dissociated neurons (see below), suggests that postsynaptic
alterations of GABAA receptors may have occurred. As no change in the total expression levels
of GABA receptors has been identified in HD cortex (Yorling, IV and Cha, 2002), an alternative
possibility is that the subunit composition of GABAA receptors is altered. GABAA receptor
subunits are known to have varying sensitivities to GABAA receptor antagonists, including
BIC (Zhang et al., 1995; Hansen et al., 1999). The sensitivity of spontaneous IPSCs to a low
concentration (1 and 2 μM) of BIC was therefore examined in slices. At 21 (both LF and HF
groups of cells) and 40 days, there was no significant difference between genotypes in the
percent block observed between cells from WT and R6/2 mice (data not shown). At 80 days,
however, the sensitivity of IPSCs to blockade by BIC was reduced in cells from WT mice
compared to earlier ages, while R6/2 mice showed a response similar to that at 21 and 40 days.
When 1 μM BIC was applied, cells from R6/2 mice showed a greater reduction in IPSC
frequency (−77.2±10.0%, n=11) than cells from WTs (−34.4±14.2%, n=9; p=0.015).
Subsequent application of 2 μM BIC further reduced IPSC frequencies and the difference in
percent change between the genotypes was still evident (WT: −66.6±10.1%; R6/2: −97.3
±1.3%; p=0.0023). Application of 5μM BIC completely blocked all IPSCs in both genotypes
and at each age.

Evoked IPSCs
The differences in the frequencies of spontaneous and miniature IPSCs suggest altered
presynaptic function. At 21 days, the increased frequency of IPSCs was dependent on action
potentials, while at 80 days, the reduction in IPSC frequency was insensitive to TTX,
suggesting independence of action potentials. Two other presynaptic alterations could be a
reduction in n or Pr. Similar to glutamatergic synapses, Pr can be assessed at GABAergic
synapses by examining paired-pulse ratios. A second predictor of presynaptic function is the
coefficient of variation (CV), which is dependent on both n and Pr (Malinow & Tsien, 1990;
Bekkers & Stevens, 1990; Choi & Lovinger 1997). Increases in CV are associated with a
decrease in either n or Pr.

Evoked IPSCs were isolated by voltage clamping membranes at +10 mV and by blocking
ionotropic glutamatergic currents with CNQX and AP5. Evoked IPSCs were completely
blocked by the application of either 5 μM BIC or 10 μM PTX (n=4; Fig. 10B). Initially we
studied the relationship between stimulation intensity and amplitude of evoked IPSCs in WT
and R6/2 pyramidal neurons. A typical sigmoidal relationship was obtained from all cells
studied. At 21 days, no difference was observed in the relationships between stimulation
intensity and evoked IPSC amplitude between WT and R6/2 neurons (Fig. 10B). Separating
cells into those that displayed low- and high-frequency spontaneous IPSCs had no effect on
experimental outcome and therefore data were pooled. At 80 days (Fig. 10D), however, WTs
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showed an increase in evoked IPSC amplitude while R6/2s showed a decrease compared to
amplitudes obtained from their respective genotypes at 21 days. Thus, evoked IPSCs in R6/2
neurons were smaller than in WTs at 80 days and this reached significance at intensities greater
than 0.04 mA (p<0.01-p<0.001).

Paired-pulse ratio—Stimulation intensities were subsequently set to evoke responses ~50%
of the maximal amplitude and paired stimuli were applied at intervals between 25 and 400 ms.
To demonstrate the specificity of this approach in determining presynaptic function, we
initially made a number of manipulations known to alter synaptic transmission. We showed
that when Pr was reduced by halving extracellular calcium concentration from 2 to 1 mM, PPF
at 25 ms was increased (a single example is shown in Fig 10A, which was repeated in two other
cells, data not shown). Conversely, increasing Pr by doubling the extracellular calcium
concentration to 4 mM reduced PPF. In contrast, reducing n by recruiting fewer afferent fibers
at a lower stimulation intensity had no effect on PPF ratio. Postsynaptic manipulations also
had no effect on experimental outcome. Altering postsynaptic electrochemical drive by
changing the membrane holding potential from +10 mV to −70 mV (in the presence of CNQX
and AP5), or partially blocking GABAA receptors with 2 μM BIC, had no effect on paired-
pulse ratios. Thus, these data demonstrate that only alterations in Pr are expected to alter paired-
pulse ratio (but see Clark et al., 1994).

At 21 days, a biphasic function was observed between inter-pulse interval and paired-pulse
ratio (Fig. 10C). At an interval of 25 ms, PPF was consistently seen at WT synapses; no change
was seen at an interval of 50 ms; while at 100–400 ms, PPD was observed. No difference in
paired-pulse ratio was identified for R6/2 synapses at 21 days compared to WTs. Separating
neurons into those displaying low-and high-frequency spontaneous IPSCs did not alter the
outcome of this experiment and data have been pooled. At 80 days, the biphasic function was
maintained at cortical synapses in WTs. PPF at the 25 ms interval was enhanced over that seen
at 21 days, and PPF was now observed at 50 ms intervals, indicating a lower probability of
release in WTs at older ages. PPD was maintained at intervals of 100–400 ms (Fig. 10E). In
contrast, 80 day R6/2 pyramidal cells did not display PPF but rather no difference and PPD at
intervals of 25 and 50 ms, respectively (p<0.001 and p=0.007 with respect to WT). No
significant differences were observed in the degree of PPD in WT and R6/2 neurons at intervals
of 100–400 ms (p>0.2) at 80 days.

Coefficient of variance—A second measure of presynaptic function, CV, was also
calculated from successively evoked IPSCs. CV is dependent on both Pr and n. To demonstrate
the ability to identify changes in presynaptic function at GABAergic synapses using this
technique, manipulations of pre- and postsynaptic function were again employed in 3 cells.
Reducing Pr by reducing extracellular calcium increased the CV value (123±18%), whereas
increasing Pr with a high extracelluar calcium reduced the CV (−50±2%). Also, reducing n
using a lower stimulation intensity increased CV (406±118%), while increasing n using a
higher stimulation intensity reduced CV (−28±2%). In contrast, postsynaptic manipulations
had little effect on CV. Voltage clamping cells at −70 mV (7±1%) or reducing postsynaptic
receptor number by partially blocking GABAA receptors with 2 μM BIC (7±8%) had no effect
on CV. Thus, changes in both Pr and n would be expected to alter CV values in R6/2 neurons.
Furthermore, a change in CV while paired-pulse ratio remained constant would indicate a
change in n in the absence of a change in Pr.

At 21 days CV was statistically (p>0.6) identical in WT (0.19±0.02, n=13) and R6/2 (0.20
±0.03, n=13) cells. Separating cells into those that displayed low- and high-frequency
spontaneous IPSCs had no effect on the experimental outcome and data were pooled. CV was
similar in WTs at 21 and 80 days (0.22±0.03, n=7, p>0.3). In contrast, CV was reduced at 80
days in R6/2 (0.15±0.05, n=7) compared to WT neurons (p=0.047).
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GABA-evoked currents in dissociated pyramidal neurons
To assess purely postsynaptic function, we studied currents evoked by the application of GABA
to dissociated cortical pyramidal neurons. GABA currents were evoked by application of
GABA at increasing concentrations between 1 and 1000 μM (Fig. 11). At 21 and 40 days, no
difference was observed in the amplitudes or current densities of evoked currents (Fig. 11A,
B). At 80 days, mean amplitude of evoked currents were significantly smaller in R6/2 neurons
at GABA concentrations of 10 μM and higher. However, when current densities were
calculated, these differences were normalized (Fig 11A, B).

Desensitization of GABA currents was also assessed at GABA concentrations between 10 and
1000 μM. Similar results were obtained at each of these concentrations and are presented at
1000 μM GABA in Fig. 11C. At 21 days, desensitization times were statistically identical in
WT And R6/2 neurons. At 40 days, two populations of cells were detected in R6/2s: one had
‘fast’ desensitization times and were similar to WTs (p>0.2; n=8), while a second group had
significantly slower desensitization times (p=0.045 vs WT and p=0.0016 vs R6/2 cells with
‘fast’ desensitization times; n=6). At 80 days, only one population of cells were identified and
mean desensitization times were significantly slower than WT (p=0.044). Finally, as the
presence or absence of certain GABAA receptor subunits impacts on GABA current kinetics,
we tested zolpidem, a type I benzodiazepine that binds more specifically to GABAA receptors
containing α1 subunits (Martinez-Torres et al., 2000;Sanna et al., 2002) in neurons from 40
day old mice. Potentiation of GABA (10 μM) peak by zolpidem (0.1 μM) was significantly
larger (p=0.018) in WT (28.2±3.4%, n=9) pyramidal neurons compared to R6/2 (18.1±2.1%,
n=11; Fig. 11D).

Increased susceptibility to seizures
The presence in R6/2 pyramidal neurons of complex discharges following the application of
BIC and the relative changes in EPSC and IPSC frequencies suggest that these mice may be
more susceptible to seizures. Indeed, seizures have been reported in R6/2 mice upon handling
and may have been the cause of death in some mice (Mangiarini et al., 1996). Furthermore,
seizures are a prominent symptom of juvenile HD, which is caused by CAG repeat lengths
greater than ~80 (for example see Gambardella et al., 2001; Seneca et al., 2004). To investigate
the susceptibility to seizures in these mice, systemic administration of the GABAA receptor
antagonist PTX was employed. PTX was administered and latencies to seizure were recorded
in R6/2 mice and their age-matched WT littermates. At all three ages, R6/2 mice showed
significantly shorter latencies to onset of all stages of seizure activity compared to their WT
counterparts (Fig. 12).

Spontaneous postsynaptic currents in YAC128 and CAG 140 mice
We performed electrophysiological recordings from layer II/III pyramidal cells in slices from
YAC128 and CAG140 KI mice (Fig. 13). The slow progression of the HD phenotype in these
models requires recording from older animals and we therefore opted not to perform an
extensive longitudinal study similar to the one in the R6/2, but rather to restrict our analysis to
6 and 12 months in the YAC128 mice and to 12 months in CAG140 KI mice. At 6 months of
age, YAC128 mice begin to show deficits on Rotarod performance and become hypoactive.
Reductions in brain weight or volume are not detected until 9 or 12 months (Slow et al.,
2003). At 12 months, CAG140 KI mice display extensive motor and non-motor deficits, a
reduction in brain weight and a reduction in DARPP-32 positive neurons (Menalled et al.,
2003;Hickey et al., 2008).

Initially, cells were voltage clamped at −70mV and basic membrane properties were recorded
(Table 2). In pyramidal cells from both YAC128 (6 and 12 months) and CAG140 KI (12
months) mice, input resistance was significantly greater in mutants than in their respective WT
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controls. No significant differences were observed in membrane time constant or membrane
capacitance. At a holding potential of −70mV spontaneous EPSC frequency was similar to
WTs in pyramidal neurons from the 6 month old YAC128 mice (p>0.4) (Fig. 13A, left panel).
In WTs, there was a reduction in frequency with age, such that, by twelve months a significantly
higher frequency of spontaneous EPSCs in YAC128 compared to WTs was evident (p=0.0097)
(Fig. 13A, middle panel). Similarly, pyramidal neurons of 12 month CAG140 KI mice
displayed a significantly greater frequency of EPSCs than their respective WTs (p=0.037) (Fig.
13A, right panel).

Subsequently, the membrane potential was stepped to +10mV and the ionotropic glutamate
receptor antagonists CNQX and AP5 were applied to isolate spontaneous IPSCs (Fig. 13B).
At both ages studied, neurons from YAC128 mice displayed IPSCs of higher frequencies than
their respective WTs (6 months: p=0.024; 12 months: p=0.00029). Pyramidal neurons of the
12 month CAG140 KIs also had a significantly greater frequency of IPSCs (p=0.0049).

Discussion
The findings demonstrate alterations in excitatory and inhibitory inputs to cortical pyramidal
neurons in three mouse models of HD. These changes produce a hyperexcitable cortex and a
greater susceptibility to seizures. Differences in the R6/2 mouse were detected as early as three
weeks, about two weeks before the onset of the overt behavioral phenotype in the R6/2 and
months before the detection of neuronal cell loss but at the same age range as the onset of
cognitive deficits (Carter et al., 1999; Lione et al., 1999; Turmaine et al., 2000; Stack et al.,
2005). Similar changes were reflected in the YAC128 and CAG140 models, demonstrating
that these modifications are not particular to the R6/2 and are likely to translate to the human
condition.

Basic membrane properties
Differences in basic membrane properties of pyramidal neurons are similar to results from R6/1
cortex (Cummings et al., 2006). We previously reported depolarized RMPs in striatal MSNs
and reductions in inward and outward rectifying K+ currents (Levine et al., 1999; Klapstein et
al., 2001; Ariano et al., 2005). Similar changes in K+ channel conductance may occur in HD
cortical pyramidal neurons. Alternatively, the increased input resistance could be due to
dendritic thinning and loss of spines, which was reported previously using the Golgi technique
and appear to be characteristic of R6/2 cortical neurons (Klapstein et al., 2001).

Cortical excitation
An increased excitatory drive was observed in all three models. The greater frequency of EPSCs
was maintained in TTX, pointing to a presynaptic influence and indicating independence from
action potential-evoked release. A number of presynaptic proteins that regulate
neurotransmitter release are known to be altered in models of HD (Metzler et al., 2001; Morton
et al., 2001; Lievens et al., 2002; Li et al., 2003; Huang et al., 2004) and these could effect a
change in EPSC frequency. The increase in EPSC frequency does not appear to be a result of
the reduced IPSC frequency in the R6/2 mouse as the increase in EPSCs was also evident in
YAC128 and CAG140 KI mice which maintained an increase in IPSCs at each age examined.
The increase in spontaneous EPSC frequency was paralleled by an increase in evoked EPSC
amplitude and a decrease in paired pulse ratio, indicating an increase in probability of release
(Zucker, 1989). At 80 days VGLUT1 expression was increased providing morphological
evidence for increased excitatory neurotransmission in R6/2 mice. Previously, we showed that
AMPA receptor-mediated currents are smaller and possess faster decay kinetics in dissociated
R6/2 pyramidal neurons (André et al., 2006). In those experiments, AMPA responses
desensitized faster, suggesting that R6/2 cortical pyramidal neurons express more FLOP
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subunits. This difference in receptor subtype may also underlie the faster decay kinetics
observed in the slice.

Cortical inhibition
The fact that blockade of GABAA receptors led to a greater increase in frequency of EPSCs
in R6/2 cells than in WT cells supports the idea that cortical pyramidal neurons are inhibited
to a greater degree in 21 day R6/2 mice compared to WTs. Inhibitory currents were also altered
early in the progression of the phenotype. When action potential-driven GABA release was
eliminated using TTX, the differences in IPSC pattern and frequency were removed. Two
alternative presynaptic alterations that could result in an increased frequency of spontaneous
IPSCs are an increased probability of neurotransmitter release or number of release sites.
However, at 21 days no differences were identified in paired-pulse ratios or CV. Thus, it would
appear that the intrinsic firing properties of GABAergic interneurons are altered in mouse
models of HD resulting in an increased inhibitory drive onto pyramidal neurons. While an
alteration in postsynaptic receptor numbers could also affect frequency, this is unlikely as
cumulative amplitude plots for miniature IPSCs, and amplitude and current densities of GABA-
evoked currents in dissociated neurons, were unaltered. Conversely, kinetics of spontaneous
IPSCs and evoked GABA currents in dissociated neurons were prolonged. Alterations in
subunit composition are known to affect kinetics (Okada et al., 2000; Vicini et al., 2001) and,
decreases in mRNA for the GABAA subunits α5 and γ2 have been demonstrated in the motor
cortex of HD patients (Hodges et al., 2006). Furthermore, at 40 days of age, a subpopulation
of neurons also showed delayed GABA current desensitization times and differed in their
modulation by zolpidem, a benzodiazepine that prefers α1 subunit containing GABAA
receptors. At 80 days, GAT1 expression was reduced, suggesting that clearance from the
synaptic cleft could also be altered, albeit at a later stage in the phenotype.

The reduced IPSC frequency at 80 days was insensitive to TTX and thus independent of action
potentials. Paired-pulse facilitation of IPSCs was no longer expressed, indicating an increased
probability of release. However, paired-pulse depression at short intervals (as we show at 50
ms), indicates depletion of neurotransmitter from the presynaptic terminal (Zucker, 1989).
Thus, while there is an increased probability of release, this is confounded by a reduction in
primed, readily releasable GABA vesicles within interneuronal synaptic terminals, and this
may underlie the reduced frequency of spontaneous IPSCs. The current data do not rule out
the possibility that a reduction in the number of release sites also could occur. The most
parsimonious interpretation of the reduction of GAT1 at this age is a correspondence with a
reduction in synapse number. However, since the paired-pulse ratio is independent of number
of release sites, the changes we observed are likely due to altered probability of release.
Postsynaptic alterations could also interact to change synaptic function at cortical synapses at
80 days, as demonstrated by changes in amplitudes of mIPSCs, amplitudes of GABA-evoked
currents in dissociated cells and a differential sensitivity of spontaneous IPSCs to blockade by
BIC.

GABAergic interneurons provide the inhibitory drive onto cortical pyramidal neurons
(Markram et al., 2004). Interneurons are believed to be relatively spared from
neurodegenerative changes in HD (Ferrante et al., 1985; Vonsattel et al., 1985) and have not
received extensive investigation. Recent studies however, have begun to provide evidence that
cortical interneurons play an important role in the development of the HD phenotype (Gu et
al., 2005; Spampanato et al., 2008).

Hyperexcitability in the R6/2
Evidence for hyperexcitability within R6/2 cortical pyramidal cells occurred at all ages.
Cortical hyperexcitability may explain the large amplitude events within the striatum (Cepeda
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et al., 2003) and may lead to excitotoxicity in both regions. Large influxes of calcium mediated
by abnormal depolarizations can activate cell-death cascades (Garthwaite, 1994). Depolarized
RMP in cortical pyramidal neurons (current data; Cummings et al., 2006) and MSNs (Levine
et al., 1999; Klapstein et al., 2001) could increase calcium entry, as the Mg2+ block of NMDA
receptors will be partially alleviated, and may be exacerbated further by the enhanced NMDA
receptor function present in a population of MSNs (Levine et al., 1999; Cepeda et al., 2001;
Zeron et al., 2002; 2004; Starling et al., 2005). Hyperexcitability of the cortex may also explain
why R6/2 mice and individuals with juvenile HD display seizures. Interestingly, a short-acting
anesthetic with antiepileptic properties as well as being a GABA uptake inhibitor ameliorates
the R6/2 phenotype (Pallier et al., 2007; Masuda et al., 2008).

Cortex and striatum
The observation that, in cells from 80 day R6/2 mice, excitatory input to pyramidal neurons is
enhanced, while inhibitory inputs are reduced, is in the opposite direction to alterations
observed in the striatum. MSNs display reductions in excitatory inputs (Cepeda et al., 2003;
Rossi et al., 2006) and increases in inhibitory inputs (Cepeda et al., 2004). Since mutant
huntingtin is expressed ubiquitously throughout the body, one may predict that all regions of
the brain would show similar electrophysiological dysfunctions. However, previous studies
also have highlighted opposite changes in different brain regions. In striatum, NMDA currents
were larger in a population of MSNs and less sensitive to Mg2+ blockade (Cepeda et al.,
2001; Starling et al., 2005), while in cortex the opposite occurred (André et al., 2006). R6/2
(Murphy et al., 2000) and R6/1 mice (Milnerwood et al., 2006) express aberrant long-term
depression (LTD) in CA1 of the hippocampus, a region where LTD is normally down-regulated
in the adult mouse (Milner et al., 2004). In contrast, the perirhinal cortex, which normally
expresses LTD, fails to express LTD in R6/1 mice (Cummings et al., 2006; 2007b). It therefore
appears that neuronal dysfunction occurs not only in a cell-autonomous nature but that the
cellular environment may determine the type of dysfunction. The striatum is more affected in
HD not because MSNs are more inherently susceptible than cortical neurons per se, but rather
because the highly integrative nature of the striatum places it in the unique position of receiving
a wide range of aberrant inputs from cortex and other regions.

In summary, the present findings demonstrate alterations in the physiology of cortical
pyramidal neurons across several mouse models of HD. Some of the changes precede the onset
of an overt behavioral phenotype. These changes differ from striatal alterations suggesting that
therapies may need to be regionally-oriented as well as delivered early in the time course of
disease progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A: Typical voltage clamp traces are shown for both WT and R6/2 cells from mice in each age
group. B: CNQX/AP5 application completely blocked all synaptic currents at a membrane
holding potential of −70 mV. Insets show traces on a magnified time scale to more clearly
show the effect of blocking ionotropic glutamate receptors. C: Mean frequencies (±S.E.M.) of
EPSCs recorded in ACSF for each age group. Note the significant decrease in frequency with
age in cells from WTs that does not occur in cells from R6/2 mice. D: Amplitude-frequency
histograms for EPSCs recorded in ACSF for each age group. E: Cumulative probability curves
for inter-event interval showing a significant increase in release probability at 80 days. In this
and subsequent figures, sample sizes are in parentheses and significant differences are denoted
by * p<0.05; ** p<0.01; *** p<0.001; † p<0.05-p<0.001.
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Figure 2.
A: Traces show examples of average EPSCs with an exponential fit for WT (black) and R6/2
(grey) cells at each age (n>100 per trace). B: Bar graphs show rise times, decay times and half-
amplitude durations of spontaneous EPSCs at each age. Note the progressive decrease in decay
times and half-amplitude durations of spontaneous EPSCs of R6/2 groups at 40 and 80 days.
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Figure 3.
A: Example traces showing EPSCs recorded in the presence of BIC (20 μM) for each age group.
B: Mean frequency of EPSCs (±S.E.M.) for each group. C: Mean percent change in frequency
from ACSF to BIC for each group. D: Amplitude-frequency histograms revealed a greater
frequency of small amplitude (5–10 pA) currents at 80 days. E: Cumulative inter-event interval
plots for each group, showing an increased probability of release in cells from R6/2 mice at 80
days.
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Figure 4.
Miniature EPSCs in slices from 80 day mice were isolated with TTX. A: Typical traces from
cells from WT and R6/2 mice, prior to and following the application of TTX. B: Amplitude-
frequency histograms revealed that the increases in spontaneous EPSC frequency were
maintained in TTX and were therefore independent of action potentials. C: No change in
cumulative amplitude plots but a greater probability of release was apparent in cumulative
frequency probability plots in the presence of TTX.
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Figure 5.
Evoked EPSCs were isolated by voltage clamp at −70 mV and application of PTX (10 μM) A.
Left: The relationship between stimulus intensity and EPSC amplitude was identical in WT
and R6/2 mice at 21 days. Right: Typical traces from WT and R6/2 neurons at 21 days. Stimulus
artifacts have been attenuated for clarity. B: Left: Paired-pulse ratios for intervals between 25
and 400 ms were unaltered at 21 days. Right: Typical paired-pulse responses at 25, 50 and 100
ms intervals in neurons from mice at 21 days. C: Left: Relationship between stimulus intensity
and evoked EPSC amplitude at 80 days. Right: Typical EPSCs evoked at 0.04 and 0.08 mA
stimulus intensities in WT and R6/2 neurons. D: Left: Paired-pulse profiles from WT and R6/2
neurons. Right: Typical paired-pulse responses at 25, 50 and 100 ms intervals from both WT
and R6/2 pyramidal neurons. Note: All x-axes for stimulus intensity plotted on a log-scale.
Dashed lines indicate levels for PPF (ratio greater than 1.1) and PPD (ratio less than 0.9).
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Figure 6.
A: Voltage clamp recordings show that application of BIC induced large amplitude discharges
in both genotypes. R6/2 cells showed more complex wave forms than cells from WT mice at
each age. B: Proportion of cells displaying large amplitude discharges (left). Mean frequencies
of large amplitude discharges for both genotypes at the three ages (middle). The percentage of
cells showing complex discharges was greater in R6/2 mice and became more frequent with
age (right). C: Distribution histograms for the duration of complex discharges. D. Current
clamp recordings of cells from 80 day mice also showed more complex discharges in cells
from R6/2 mice compared to those from WTs.
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Figure 7.
A: Typical recordings of spontaneous (s) and miniature (m) IPSCs in cells voltage clamped at
+10 mV. CNQX and AP5 were present throughout the recordings, except at 80 days in the
presence of TTX. At 21 days, two populations of cells were evident: a low frequency (LF)
group and high frequency (HF) group. Note the bursting pattern of activity in the HF group of
cells from R6/2 mice. At 40 and 80 days, only one population could be identified. B: Cumulative
frequency probability plots of sIPSCs. Insets: Mean frequency of IPSCs (±S.E.M.) for each
age group. C: Cumulative amplitude probability plots. Note: Abscissa in panel B is plotted on
different time scales in order to better illustrate the differences between genotypes.
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Figure 8.
A: Traces show examples of average IPSCs with an exponential fit for WT and R6/2 cells at
each age (n>100 per trace). Inset shows the different kinetics of IPSCs recorded in the HF
group of R6/2 cells at 21 days. As the decay kinetics do not fit an exponential function, analyses
for this group were not performed. B: Bar graphs show rise times, decay times and half-
amplitude durations of spontaneous EPSCs at each age. Note the increase in decay times and
half-amplitude durations of spontaneous IPSCs of R6/2 groups at 80 days.
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Figure 9.
A: Cumulative frequency probability plots showing that TTX abolishes differences in
frequency at 21 days, but not 80 days. B: No differences were identified in cumulative
amplitude probability plots at 21 days, but differences were maintained at 80 days. Traces in
the presence of TTX are shown in Fig. 6.
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Figure 10.
Evoked IPSCs were isolated by voltage clamp at +10 mV and application of the ionotropic
glutamate receptor antagonists CNQX and AP5. A: i) Altering (Δ) probability of release (Pr)
affected paired-pulse ratio. Decreasing extracellular calcium ion concentration from 2 to 1 mM
increased PPF. Increasing extracellular calcium ion concentration from 2 to 4 mM decreased
PPF. ii). Increasing the number of release sites (n) by increasing stimulation intensity had no
effect on paired-pulse ratio. iii) Manipulating postsynaptic electrochemical driving force by
altering membrane holding potential from +10 mV to −70 mV had no effect on paired-pulse
ratio. Inset shows the same traces on a magnified amplitude scale. iv) Altering postsynaptic
responsiveness by partially blocking GABAA receptors had no effect on paired-pulse ratio. B:
Left: The relationship between stimulus intensity and IPSC amplitude was identical in WT and
R6/2 mice at 21 days. Right: Typical traces from WT and R6/2 neurons at 21 days evoked at
0.04 and 0.08 mA stimulus intensities. The addition of 10 μM PTX completely abolished the
evoked current. Stimulus artifacts have been attenuated for clarity. C: Left: Paired-pulse ratios
for intervals between 25 and 400 ms were unaltered at 21 days. Right: Typical paired-pulse
responses at 25, 50 and 100 ms intervals in neurons from mice aged 21 days. D: Left:
Relationship between stimulus intensity and evoked IPSC amplitude at 80 days. Right: Typical
IPSCs in WT and R6/2 neurons. E: Left: Paired-pulse profiles from WT and R6/2 neurons at
80 days. Right: Typical paired-pulse responses at 25, 50 and 100 ms intervals from both WT
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and R6/2 pyramidal neurons. All x-axes for stimulus intensity plotted on a log-scale. Dashed
lines indicate levels for PPF (ratio greater than 1.1) and PPD (ratio less than 0.9).
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Figure 11.
A: Typical GABA-evoked responses in dissociated pyramidal neurons from WT (black) and
R6/2 (grey) mice at each age and at 10 and 1000 μM GABA. Note that at 80 days, amplitudes
are reduced in neurons from R6/2s. B: Peak current densities at each age. Note that normalizing
cells to capacitance eliminates the difference in current amplitude. C: GABA desensitization
times in neurons from 40 day animals. D: Zolpidem modulation at 40 days. Typical traces from
WT and R6/2 cells before and after zolpidem application.
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Figure 12.
R6/2 mice were more susceptible to seizures induced by systemic administration of the
GABAA receptor antagonist picrotoxin. Significant deceases in latencies occurred at all ages
for both clonic and tonic-clonic seizures.
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Figure 13.
Cortical spontaneous synaptic currents in 6 (left) and 12 (middle) month YAC128 (white bars)
and 12 month CAG140 KI mice (right; grey bars) and their respective WTs littermates (black
bars in all graphs). A: Spontaneous EPSCs were recorded at a membrane potential of −70mV.
Distributions show amplitude-frequency histograms for EPSCs recorded in ACSF for each
group. Insets show average frequencies. B: Cell membranes were voltage clamped at +10mV
and spontaneous IPSCs isolated using CNQX and AP5. Distributions show amplitude-
frequency histograms for IPSCs for each group. Insets show average frequencies.
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