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Abstract

Huntington’s disease (HD) is a neurodegenerative disorder caused by a polyglutamine repeat
expansion in huntingtin. A newly developed BAC transgenic mouse model (BACHD) reproduces
phenotypic features of HD including predominantly neuropil associated protein aggregation and
progressive motor dysfunction with selective neurodegeneration. Motor dysfunction has been shown
to precede neuropathology in BACHD mice. We therefore investigated the progression of synaptic
pathology in pyramidal cells and interneurons of the superficial motor cortex of BACHD mice.
Whole-cell patch clamp recordings were performed on layer 2/3 primary motor cortical pyramidal
cells and PV interneurons from BACHD mice at 3 months, when the mice begin to demonstrate mild
motor dysfunction, and at 6 months, when the motor dysfunction is more severe. Changes in synaptic
variances were detectable at 3 months and at 6 months BACHD mice display progressive synaptic
pathology in the form of reduced cortical excitation and loss of inhibition onto pyramidal cells. These
results suggest that progressive alterations of the superficial cortical circuitry may contribute to the
decline of motor function in BACHD mice. The synaptic pathology occurs prior to neuronal
degeneration and may therefore prove useful as a target for future therapeutic design.
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Huntington’s Disease (HD) is an autosomal dominant neurodegenerative disorder resulting
from a mutant huntingtin (htt) gene that contains a CAG (glutamine) repeat expansion beyond
36 at its N-terminal coding region. Huntingtin normally contains a cassette of less than 34
consecutive glutamines. Age of onset and disease severity are inversely correlated to the
magnitude of the CAG repeat expansion such that HD patients present with symptoms from 2
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years to 80 years of cognitive impairments and progressive motor dysfunction such as
bradykinesia and chorea (The Huntington’s Disease Collaborative Research Group, 1993;
Andrew et al., 1993; Brinkman et al., 1997; Vonsattel and DiFiglia, 1998). Though mutant htt
is ubiquitously expressed throughout the body and the CNS (Strong et al., 1993),
neuropathology of HD brains shows specific striatal and cortical degeneration marked by a
loss of medium spiny neurons (MSN) and pyramidal cells, respectively (Vonsattel and
DiFiglia, 1998); however, early diagnosis and animal models of HD have suggested that
synaptic pathology precedes motor dysfunction (Vonsattel et al., 1985; Levine et al., 2004;
Reading et al., 2004; Paulsen et al., 2006; Cepeda et al., 2007; Aylward, 2007).

A newly developed HD mouse model (BACHD) was generated by microinjection of amodified
BAC containing the full length human htt genomic DNA with 97 mixed CAA-CAG repeats
(Gray et al., 2008). The BACHD mice demonstrate anatomical and physiological similarities
consistent with adult onset HD and display motor deficits on the Rotarod test as early as 2
months of age that progressively decline by 6 and 12 months. Motor dysfunction occurs earlier
than detectable neuropathological changes: striatal and cortical volume loss, protein
aggregation and neuronal degeneration beyond 12 months (Gray et al., 2008). This model adds
further evidence in support of the hypothesis that the progression of motor dysfunction in HD
results from functional changes in the corticostriatal circuitry that precede significant neuronal
atrophy in either region (Laforet et al., 2001; Cepeda et al., 2003; Li et al., 2003b; Starling et
al., 2005; Andre et al., 2006; Milnerwood and Raymond, 2007). In contrast to an enormous
wealth of research into the molecular, cellular and physiological changes associated with HD
the critical early functional changes that precede the onset of motor dysfunction and
neurodegeneration are still unknown (Cepeda et al., 2007).

Initial electrophysiological analysis of MSNs of 6 month old BACHD mice demonstrated a
selective reduction of large amplitude (>20 pA) spontaneous excitatory post-synaptic currents
(sEPSC) with no changes in passive membrane properties or action potential firing (Gray et
al., 2008). This selective difference combined with the lack of pathological degeneration of
striatal neurons suggests a possible role of cortical dysfunction in the progression of motor
dysfunction in BACHD mice. Analysis of an independent animal model of HD has previously
demonstrated a specific deficit of spontaneous inhibitory post-synaptic currents (sIPSC) onto
superficial cortical pyramidal cells (Gu et al., 2005). To investigate the cortical circuitry of
BACHD mice they were first crossed with G42 mice which were shown to express green-
fluorescent protein (GFP) in a subset of parvalbumin (PV) interneurons in the cortex
(Chattopadhyaya et al., 2004). PV interneurons were specifically investigated because they
account for approximately 50% of the total number of cortical interneurons and are known to
be a critical component of synchronized neuronal activity (Gonchar and Burkhalter, 1997;
Klausberger et al., 2003; Hajos et al., 2004; Gu et al., 2005; Fuchs et al., 2007).

Experimental Procedures

Breeding and Genotyping

All surgical, sampling protocols were approved by UCLA Chancellor’s Animal Research
Committee and are in accordance with the Guide for the Care and Use of Laboratory
Animals by the National Institutes of Health. Animals were maintained in climate-controlled
housing with a 12 h light/dark cycle and were given food and water ad libitum. BACHD mice
were generated and maintained on an FvB/NJ background. G42 mice were originally generated
on C57BL/6 background (Chattopadhyaya et al., 2004) and backcrossed onto the FvB/NJ for
10 generations. Breeding pairs consisted of 2 female heterozygous BACHD mice and 1 male
heterozygous G42 mouse per cage. Genotyping was done as previously described
(Chattopadhyaya et al., 2004; Gray et al., 2008). BACHD +/— and G42 +/— double transgenic
mice as well as their BACHD —/— and G42 +/— littermates were used for the recordings.
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Slice Preparation

Coronal slices were cut from 3 or 6 month old BACHD or BACHDxG42 mice and WT or
WTxG42 littermates; a total of 31 animals. Brains were quickly removed and placed into ice-
cold normal artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 2.5 KCl, 2
CaCly, 2 MgCly, 1.25 NaHPOy4, 26 NaHCOg3, 10 D-Glucose, 1.5 Glutamine, 1.5 Na-Pyruvate
with pH 7.3-7.4 when bubbled with 95% 0O,-5% CO,. Normal aCSF was supplemented with
3 mM kynurenic acid (Sigma-Aldrich, St. Louis, MO) for the duration of the cutting procedure.
350 um thick slices containing primary motor cortex and/or striatum were cut in the coronal
orientation using a Leica VT1000S Vibratome, (Leica Microsystems, Wetzlar, Germany). The
slices were then transferred to an interface style holding chamber containing normal aCSF
aerated with 95% O, and 5% CO» at 32°C and allowed to recover for at least one hour prior
to experimentation.

Electrophysiology

Slices were placed in a submerged recording chamber modified to promote laminar flow and
perfused at >8 ml/min with an extracellular recording solution containing (in mM): 126 NaCl,
2.5 KCl, 2 CaCl,, 2 MgCly, 1.25 NaHPOy4, 26 NaHCO3, 10 D-Glucose, 1.5 Glutamine, 1.5
Na-Pyruvate. The recording solution was aerated with 95% O, and 5% CO, and the bath
temperature was maintained at 33-34°C. Microelectrodes (3—-6 MQ when filled) were pulled
from 7740 glass (Garner Glass Company, Claremont, CA) and filled with an internal recording
solution containing (in mM): 140 Cs-Methane Sulfonate, 5 NaCl, 10 HEPES, 0.2 EGTA, 2
Mg-ATP, 0.2 Na-GTP and 5 QX-314 (pH=7.3, 280-290 mOsmol). Whole-cell recordings were
performed in voltage clamp mode on visually identified primary motor cortex layer 2/3
pyramidal cells and GFP containing PV interneurons of the same region. In most cases both
SEPSC and sIPSC were recorded in the same cell by first holding at the reversal potential for
sIPSC (—60 mV) and then depolarizing and holding at the reversal potential for SEPSC (+20
mV). Under these recording conditions the Nernst equation predicts a reversal potential for
SIPSC of —60 mV and a reversal potential for SEPSC of 0 mV. The recording potential of +20
mV for SEPSC in our experiments was empirically determined by first depolarizing the cells
to the predicted Nernst potential and then gradually increasing the holding potential to more
positive voltages until SEPSC were no longer detectable. The more positive than predicted
reversal for SEPSC is likely due to the difficulty in space clamping the extended dendrites
(where excitatory synapses are found) complicated by the high frequency of synaptic activity
in our tissue. The accuracy of our empirical determination of SEPSC reversal potential was
confirmed in post-hoc analysis of decay kinetics. As SEPSC decay is much faster than sIPSC
decay, a contamination of our sIPSC recordings by SEPSC would have produced a population
of events with much faster kinetics, which was not observed in our recordings. Whole cell
capacitance and series resistance were monitored and recordings were made with >70% series
resistance compensation using the Axon Instruments MultiClamp 700A or Axopatch 200B
(Molecular Devices Corp., Sunnyvale, CA) at 10 kHz sampling frequency through a 3 kHz
low pass filter with EVAN data collection software (LabVIEW-based in house software).
Recordings were terminated if the series resistance exceeded 25 MQ. Events were detected
from 30 to 60 s of raw data low pass filtered at 1 kHz (Bessel). Events smaller in amplitude
than three times the baseline standard deviation (approximately 3-5 pA after low pass filtered)
were eliminated prior to analysis. Frequencies, amplitudes and rise-times were measured from
the batched data typically containing more than one thousand events. Kinetics of decay were
measured by fitting the unitary averaged traces from isolated single events with an exponential
function. SEPSC onto PV interneurons were best fit with a double exponential, however even
with extensive attempts to eliminate overlapping events due to the high frequency of activity
in these cells the g, COmponent was considered to be an inaccurate representation of the
kinetics of channel inactivation and was therefore discarded. In each case the average ratio of
current inactivated with the tf,5; component was greater than 80% and was therefore considered
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to be a more accurate measure. Passive membrane properties were measured in response to a
sequential 5 mV square pulse which was averaged over multiple trials to eliminate
contamination of active ongoing synaptic activity. Non-stationary noise analysis was
conducted using the EVAN analysis software as previously described (De Koninck and Mody,
1994; Dalby and Mody, 2003).

For a more global analysis of synaptic activity that eliminates the complications of detecting
single events we also calculated the I-Mean for each cell as previously reported (Glykys and
Mody, 2007). In brief, I-Mean is calculated by averaging the value of all the digitized points
of a given epoch (1 s) that fall outside the baseline Gaussian noise. This calculation was
performed for each second of data and then averaged to produce the I-Mean for each cell,
typically during a period of two to three minutes. This measure is sensitive to subtle
compounded changes in amplitude, frequency and kinetics of synaptic activity and has been
shown to be capable of detecting the combined changes in all three properties that may have
been considered insignificant when analyzed individually (Glykys and Mody, 2007). All values
for I-mean are reported as mean = standard deviation.

Statistical significance was determined using the Student’s t-test function in Microsoft Excel.
The F-test was first used to determine if the variance of the data set differed significantly
between WT and BACHD in each individual comparison. An F-test of p <0.05 was considered
significant. When the variance of the data was significantly different a heteroscedastic t-test
was performed on that data. In all other cases a homoscedastic t-test was performed. Means
were considered significantly different at p < 0.05 and values of p < 0.01 and are indicated as
such.

Experiments were performed blind to genotype which was revealed only after data analyses
were completed. Tail samples were kept for post-hoc genotype confirmation. When calculating
cumulative probabilities for groups of cells that differed by more than one cell, events in the
larger group were randomized and the number of events was reduced to match the size of the
smaller group.

3 Month Old BACHD Mice

The neuroanatomy and pathology of BACHD mice are described extensively by Gray et. al
(Gray et al., 2008). In summary, BACHD mice exhibit selective cortical and striatal atrophy
and mutant htt aggregation patterns reminiscent of adult-onset HD. The progressive motor
deficit is detectable at 2 months of age and becomes robust by 6 months. However, at this time
the animals lack a detectable cellular pathology in either the cortex or the striatum. This model
provides an excellent opportunity to identify the functional changes in neuronal circuitry that
correlate with motor dysfunction but precede the onset of HD-like neuropathology in a full
length mutant human htt mouse model.

We performed whole-cell patch clamp recordings from pyramidal cells and PV interneurons
of layer 2/3 primary motor cortex from 3 month old BACHD and G42 (BACHDxG42) double
transgenic animals and wild-type G42 (WTxG42) littermates. G42 mice express GFP in a
subset (~50%) of cortical PV interneurons allowing for a priori identification of these cells
(Chattopadhyaya et al., 2004). We observed a similar quantity and distribution of GFP cells
between BACHDxG42 and WTxG42 mice in both 3 month and 6 month old animals that was
consistent with the original description of G42 mice (Chattopadhyaya et al., 2004) and the
laminar pattern of PV expression reported for the motor cortex (Porter et al., 2000). In all cases,
recordings were performed in the absence of any pharmacological blockers to specifically
allow for the residual network excitation and inhibition to remain intact while both types of
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synaptic activity were independently measured from each cell. Under these conditions the
majority of the recorded events are action potential independent miniature synaptic currents.
This was confirmed by recording in the presence of 1 uM TTX and 50 uM CdCl5 to block
action potential dependent activity. With action potentials blocked we observed a similar ~30%
reduction of synaptic activity in each cell type and both genotypes (data not shown).

Cortical pyramidal cells are known to degenerate in post-symptomatic HD and a reduced
inhibition on to superficial cortical pyramidal cells has been reported in transgenic mice
expressing mutant htt exon 1 (Gu et al., 2005). We therefore began by recording sEPSC and
sIPSC in pyramidal cells of layer 2/3 primary motor cortex to determine if reduced pyramidal
cell inhibition is a common phenotype of animal models of HD. To address the possibility of
a progressive synaptic pathology we first recorded from 3 month old animals; an age at which
the BACHD mice begin to perform worse than WT on the Rotarod test (Gray et al., 2008).

In 3 month old animals we were unable to identify any significant differences in either the
frequency, amplitude, 10-90% rise-time or decay of sIPSC or SEPSC measured in cortical
pyramidal cells from BACHD mice compared to wild-type littermates (Fig 1A, Fig 2). The
means were remarkably similar and there were no significant differences in the variances in
either of the data sets (Table 1). It is not surprising from these data that we also observed a
similar 1-Mean for sIPSC (WT: 5.35 + 2.54 pA, BACHD: 5.62 + 3.58 pA) and sSEPSC (WT:
1.16 £ 0.33 pA, BACHD: 0.99 + 0.61 pA) for motor cortical layer 2/3 pyramidal cells (Table
1).

Likewise there were no significant differences in mean frequency, amplitude, 10-90% rise-
time or decay of sSIPSC or SEPSC recorded in PV interneurons from the same region (Fig 1B,
Fig 2). For PV interneurons there were however significantly smaller variances in the decay
rates of both SEPSC and sIPSC in the BACHD mice (p < 0.05, F-test). Again however, these
data produced a similar I-Mean for sSIPSC (WT: 2.15 + 2.22 pA, BACHD: 1.89 £ 1.76 pA) and
SEPSC (WT: 1.32 + 0.40 pA, BACHD: 1.60 + 0.74 pA) in motor cortical layer 2/3 PV
interneurons (Table 1). However the I-Mean SEPSC variance was significantly larger for
BACHD PV interneurons (p < 0.05, F-test).

Since this region of the cortex was observed to be normal at this age and the MSN of the striatum
were observed to have a selective deficit of large amplitude SEPSC at 6 months (Gray et al.,
2008), we recorded from MSN in 3 month old mice. Again, there were no significant
differences in the mean data for either sIPSC or SEPSC onto MSN from BACHD mice
compared to wild-type littermates at 3 months (Fig 1C, Fig 2). Despite identical mean SEPSC
10-90% rise-times for MSN from the two genotypes the data from the BACHD mice had a
significantly smaller variance (p < 0.05, F-test), though the opposite was true for the sIPSC
amplitudes (Table 1). These data also resulted in no significant differences in the I-Mean for
SIPSC (WT: 4.04 £ 1.27 pA, BACHD: 2.94 £ 1.07 pA) and SEPSC (WT: 1.02 £ 0.23 pA,
BACHD: 0.78 £ 0.44 pA) in striatal MSN (Table 1). However the I-Mean SEPSC variance was
significantly larger for BACHD MSN (p < 0.05, F-test).

The similarities between both genotypes for each cell type can be seen in the single cell
comparisons of the raw data and normalized average unitary current overlays in Figure 1. These
individual cell comparisons were representative of the group data for all pyramidal cells, PV
interneurons and MSNs recorded from 3 month old animals (Fig 2). The averaged data (mean
+standard deviation) for each cell type is presented in Table 1. All three cell types also exhibited
similar membrane mean input resistances and time-constants when compared within groups
between BACHD mice and wild-type littermates (Table 1). However both the MSN and PV
interneurons from BACHD mice had significantly more variable membrane time-constants
than those from WT mice (p < 0.05, F-test).
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These data indicate that the observed subtle motor dysfunction in 2 month old BACHD mice
is either the result of changes that are below the detection level of our electrophysiological
experiments (Williams and Mitchell, 2008) or take place in an entirely different cell type or
circuit. Though, we cannot rule out the possibility that the observed changes in the variances
of the data sets may play some role in the developing motor dysfunction of the BACHD animals
(Aradi and Soltesz, 2002; Santhakumar and Soltesz, 2004; Aradi et al., 2004).

6 Month Old BACHD Mice

The motor deficit of BACHD mice becomes very robust by 6 months of age. Due to the
progressive severity of the motor dysfunction at this age, the selective change reported in MSNs
at 6 months (Gray et al., 2008), and the implication of cortical inhibition in a different mouse
model of HD (Gu et al., 2005) we investigated the possibility that the BACHD mice would
have more robust functional changes in cortical circuitry manifest as either larger variances or
significant differences in mean synaptic activity.

Whole cell patch clamp recordings from layer 2/3 primary motor cortex revealed a significant
reduction in the frequency of sIPSC onto pyramidal cells of 6 month old BACHD mice
compared to wild-type littermates (Fig 3). Figure 3 illustrates that the reduction in the frequency
of sIPSC recorded in a typical pyramidal cell of a 6 month old BACHD animal is noticeable
at the level of the raw trace comparison (Fig 3A). The averaged unitary trace overlay shows
that while the frequency was reduced, there was no change in either the amplitude or the kinetics
of the sIPSC. The cumulative probability and histogram plots of more than 2,600 sequential
events from two pyramidal cells further illustrate the shift towards longer inter-event intervals
with no change in the amplitude of sIPSC in the cortex of the BACHD mice (Fig 3B, C). The
grouped data demonstrate on average a 17% reduction in the frequency of sIPSC onto cortical
pyramidal cells of BACHD mice (p <0.01, Student’s t-Test) with no difference in either the
amplitude or the kinetics of these events (Fig 3D, Table 2). The cumulative probability across
all cells (>8,000 events) further illustrates the consistent and significant shift of the mean
towards longer inter-event intervals with no change in the amplitude of sSIPSC in BACHD mice
(Fig 3E). The I-Mean and variance for inhibition on to layer 2/3 pyramidal cells of the primary
motor cortex of BACHD mice was also significantly smaller than WT (WT: 10.62 + 6.02 pA,
BACHD: 7.34 + 3.29 pA; p <0.05, Student’s t-Test; p < 0.05, F-test; Table 2). Finally, when
pyramidal sIPSC I-Mean was compared within genotypes we found that WT pyramidal cell
SIPSC I-Mean increased significantly in both mean and variance from 3 month to 6 month old
animals (p <0.01, Student’s t-Test; p < 0.05, F-test) while BACHD pyramidal cell sIPSC I-
Mean did not (Table 1, Table 2). The I-Mean increase can be attributed in part to a 26% increase
in sIPSC frequency onto WT pyramidal cells from 3 to 6 months compared to a smaller 14%
increase in the BACHD mice during the same period.

When sEPSC were recorded in cortical pyramidal cells from BACHD mice there were no
immediately obvious differences compared to wild-type littermates. Figure 4 illustrates the
single cell comparison of raw traces as well as the overlay of the average unitary SEPSC from
those two cells (Fig 4A). Cumulative probability and event histograms of more than 2,400
events from each cell show similar amplitude and inter-event interval probabilities (Fig 4B,
C). Finally, the grouped data from all recordings demonstrated no significant changes in the
mean or variances of the frequency, amplitude, 10-90% rise-time and decay time of SEPSC in
cortical pyramidal cells from BACHD mice and wild-type littermates (Fig 4D). The group
averages are displayed in Table 2 as well as the passive membrane properties which were also
not significantly different. Though the changes in the isolated SEPSCs were not significant the
combined I-Mean analysis resulted in a significantly smaller excitation on to pyramidal cells
from BACHD mice (WT: 1.38 £ 0.54 pA, BACHD: 0.75 + 0.30 pA; p <0.01, Student’s t-Test;
Table 2). The significant reduction in I-Mean was produced by the combined, but individually
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non-significant 12% reductions in SEPSC frequency and amplitude in the pyramidal cells of
the BACHD mice compared to WT. BACHD mice also had a significantly smaller variance
of SEPSC I-Mean at 6 months old compared to 3 month old BACHD pyramidal cells (p <0.05,
F-test; Table 1, 2).

The specific deficit of cortical pyramidal cell inhibition in the BACHD mice extends our earlier
findings in a mutant htt fragment model of HD (Gu et al., 2005) to a full length mutant htt
mouse model, thus strengthening the hypothesis that alterations in cortical inhibition contribute
to the functional deficits in HD, and are not just an anomaly of the previous animal model.
Because of the nature of the intra- and interlaminar cortical connectivity one of the primary
candidates for a reciprocal or homeostatic change is PV interneurons which account for 50%
of all neocortical interneurons (Gonchar and Burkhalter, 1997; Porter et al., 2000; Thomson
and Bannister, 2003; Bannister, 2005). We therefore further investigated the possibility that
PV interneurons also display a synaptic pathology correlated with the progressive severity of
motor dysfunction in BACHD mice at 6 months.

In contrast to the pyramidal cells, raw trace comparisons and trace overlays of the average
unitary IPSC between 6 month old BACHD mice and wild-type littermates recorded from PV
interneurons of layer 2/3 primary motor cortex showed no obvious differences (Fig 5A). The
amplitude and frequency cumulative probability plots and event histograms of more than 2,200
sIPSC from each cell confirmed no detectable differences between PV interneurons from the
two genotypes (Fig 5B, C). Grouped data and averages of all recordings demonstrate the
similarities observed between BACHD mice and wild-type littermates for the mean and
variance of the frequency, amplitude, 10-90% rise-time and decay time of sIPSC (Fig 5D,
Table 2). As expected from the aforementioned similarities there was no difference in the I-
Mean of inhibition onto the PV interneurons between WT and BACHD mice (WT: 3.63 £ 2.07
pA, BACHD: 4.02 + 2.28 pA; Table 2).

In contrast to pyramidal cells, raw trace comparisons and average unitary current overlays of
SEPSC onto PV interneurons in BACHD mice revealed a significant reduction (p <0.01,
Student’s t-Test) in both frequency and amplitude and a significantly slower (p < 0.05,
Student’s t-Test) 10-90% rise-time (Fig 6A, Table 2). The comparison of over 2,100 events
from these two representative cells illustrates a shift in the cumulative probability and event
distribution of SEPSC amplitudes towards smaller events in the BACHD mice as well as a shift
in the inter-event intervals towards longer durations (Fig 6B, C). This trend was consistent for
the grouped data and averages which demonstrate both a 30% reduction in the frequency and
18% reduction in the amplitude of SEPSC onto PV interneurons of BACHD mice while the
kinetics of those events remain unchanged (Fig 6D, Table 2). The cumulative probability of
7,000 combined events from all cells demonstrates that the overall reduction in excitatory
synaptic drive onto PV interneurons of BACHD mice manifests as an increase in the probability
of smaller events over the entire range of amplitudes as well as a shift in the inter-event interval
towards longer periods (Fig 6E). Not surprisingly, these significant reductions in the mean
frequency and mean amplitude combine to produce a significant reduction in the 1-Mean and
variance of excitation onto PV interneurons of BACHD mice compared to WT (WT: 1.72 +
0.90 pA, BACHD: 0.92 + 0.44 pA; p <0.01, Student’s t-Test; p < 0.05, F-test; Table 2).
Furthermore, BACHD mice exhibit a significant loss of excitation onto PV interneurons in the
form of reduced SEPSC amplitude and I-Mean from 3 months to 6 months (p <0.01, Student’s
t-Test), while WT mice exhibit an increase in SEPSC frequency and I-Mean variance during
the same period (p< 0.05, Student’s t-Test; p < 0.05, F-test; Table 1, 2).

The reduction in amplitude of SEPSC on to parvalbumin interneurons in BACHD mice could
result from changes in the presynaptic release machinery or from post synaptic changes in
receptor number or channel conductance. Because the synaptic changes we observed appear
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to be cell specific and may be the result of local circuitry changes, it would be difficult to
accurately test this hypothesis using traditional evoked release experiments. We therefore
performed a non-stationary noise analysis (NSNA) on the spontaneous events to determine if
there might be a detectable global change in the spontaneous excitatory activity on to
parvalbumin interneurons in BACHD mice. For accurate determination of single channel
conductances, large amplitude, presumably action potential evoked synaptic events were
eliminated and the remaining events were narrowed to a small population of uncontaminated
single synaptic events (50-100 per cell) with a complete decay to baseline. Figure 7 illustrates
the raw traces from one WT and one BACHD parvalbumin interneuron with the average
overlaid (Fig 7A), example plots demonstrating the three conductance states present in the WT
and two in the BACHD mice (Fig 7B), as well as histograms of the combined data from each
genotype (Fig 7C). Consistent with previously published data demonstrating single channel
conductance states of AMPA-R (Derkach et al., 1999) the WT PV interneuron histogram was
fit with a triple Gaussian corresponding to cell average excitatory synaptic conductances of
12.0 pS, 24.1 pS, and 36.6 pS. In contrast, the BACHD histogram was best fit with a double
Gaussian corresponding only to conductances of 12.1 pS and 23.9 pS. These data suggest that
the reduced excitation onto PV interneurons in BACHD mice can be attributed to a failed post-
synaptic mechanism resulting in cells with excitatory synapses remaining in lower conductance
states.

Discussion

BACHD mice express full length human mutant htt and reproduce several key behavioral and
pathological features reminiscent of those found in HD patients. However, mutant htt
aggregation and selective cortical and striatal atrophy, two HD-like pathological phenotypes
in BACHD mice, are found to follow evidence of neuronal dysfunction in this and other animal
models of HD (Levine et al., 2004; Cepeda et al., 2007; Gray et al., 2008). Motor dysfunction
in BACHD mice is progressive with minor deficits occurring at 2 months followed by more
severe deficits at 6 and 12 months (Gray et al., 2008). This model provides an excellent
opportunity to investigate, in a full length human mutant htt expressing animal, the earliest
detectable functional changes occurring in the corticostriatal circuitry, which is postulated to
be critical to selective neuropathogenesis in HD (Vonsattel et al., 1985; Levine et al., 2004;
Cepeda et al., 2007). Unlike previous electrophysiological studies of other mouse models
addressing cognitive deficits associated with HD (Usdin et al., 1999; Murphy et al., 2000;
Lynch et al., 2007), we focused our study on the motor deficits that define the disorder using
a top-down approach, beginning in the pattern generating, superficial layers of the primary
motor cortex which has been previously implicated in a truncation model of HD (Gu et al.,
2005).

Our data show that even though BACHD mice have motor deficits at 2 months old they have
no detectable changes in mean excitation or inhibition onto layer 2/3 cortical pyramidal cells,
PV interneurons or striatal MSNs at 3 months old. At this time only variance changes in synaptic
activity are detectable. These results suggest that the corticostriatal circuit may develop
normally in young adult BACHD mice, and provide the first electrophysiological evidence that
the deficits in cortical function are truly progressive in a full length mutant htt mouse model.
We detected the first functional changes at 6 months postnatal in the form of a specific reduction
in inhibition onto cortical pyramidal cells and a reduction in excitation onto both PV
interneurons and pyramidal cells of the same region. This occurs at a time when MSNSs are
reported to have a selective reduction in large amplitude (>20 pA) sEPSC (Gray et al., 2008)
suggesting that functional deficits in the cortical circuitry occur concomitant with changes in
the striatum in BACHD brains (for review of the extensive literature regarding changes in
MSNSs and the striatum in HD see (Cepeda et al., 2007)).
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The lack of significant differences at 3 months in the mean synaptic activity onto the three cell
types tested does not immediately exclude the possibility that these cells function abnormally
and contribute to the physiological phenotype of motor dysfunction. Computational modeling
and dynamic-clamp studies in in vitro slice preparations have demonstrated that a significant
change in the variance of a single synaptic property with no concomitant change in the mean
is sufficient to produce major changes in action potential firing rates and neuronal
synchronization (Aradi and Soltesz, 2002; Santhakumar and Soltesz, 2004; Aradi et al.,
2004). At 3 months, when the motor deficit is minor, there are significant changes in the
variance of the kinetics of decay of both sSIPSC and SEPSC in PV interneurons and the amplitude
of sIPSC and kinetics of activation of SEPSC in MSN of BACHD mice. These same cell types
also exhibit a significant increase in the variance of mean excitatory current in the BACHD
mice. Variance changes indicate at the very least that these cells are likely to behave differently
than their WT counterparts during complex network activity and can be interpreted as changes
occurring at the molecular level in these cells at this time.

The data presented here suggest a progressive role of the local cortical circuitry (i.e., the
superficial cortical layers) in the pathogenesis of neuronal dysfunction in HD. At 6 months,
the decreased PV interneuron excitation and decreased pyramidal cell inhibition is consistent
with the longstanding hypothesis of increased cortical excitability in HD. This could in turn
increase excitation onto layer 5 pyramidal cells and subsequently increase the overall excitatory
output onto striatal MSNs. However, an alternate interpretation follows from the primary role
of PV interneurons in neuronal synchronization (Bartos et al., 2007). Network synchronization
is a critical component of proper function within and between cortical and subcortical areas of
the CNS (Jones, 2001; Bruno and Sakmann, 2006; Womelsdorf and Fries, 2007). The
synchrony is created by the activity of interneurons and particularly fast-spiking, perisomatic
targeting PV interneurons (Klausberger et al., 2003; Hajos et al., 2004; Buzsaki and Draguhn,
2004; Mann et al., 2005; Fuchs et al., 2007; Bartos et al., 2007). Reducing the activation of
glutamate receptors specifically in PV interneurons to reduce the synaptic drive onto this
population of interneurons reduced network synchronization in the hippocampus and the weak
synchrony was attributed to imprecise spike-timing of PV interneurons (Fuchs et al., 2007).
Furthermore, the resulting irregular inhibitory drive produced an increase in the frequency of
action potential firing in pyramidal cells during synchronized network activity (Fuchs et al.,
2007). Though the primary motor cortex lacks a granular layer 4 (Castro-Alamancos and
Connors, 1997; Shipp, 2005), in the somatosensory cortex fast-spiking PV interneurons
provide a critical feedforward inhibition of thalamocortical inputs to layer 4 (Daw et al.,
2007; Cruikshank et al., 2007). This circuit is reliant on a well developed fast and large EPSC
from thalamic afferents onto PV interneurons which results in a highly precise window of
opportunity for pyramidal cell firing (Daw et al., 2007; Cruikshank et al., 2007). The primary
motor cortex receives excitation and feed-forward inhibition from the somatosensory cortex
(Ghosh and Porter, 1988) however neither these nor the thalamocortical afferents are well
characterized (Ghosh and Porter, 1988; Porter et al., 1990; Shipp, 2005). It is possible that due
to the reduced excitation of PV interneurons (coupled with the local deficit of inhibition onto
pyramidal cells) the BACHD mice have impaired thalamocortical and corticocortical inputs
and a reduced synchronization of these structures that could subsequently desynchronize the
deeper layers and alter the overall output onto MSNSs. It remains to be seen whether the
corticostriatal pathways require the same level of synchronization for signal transmission as
the thalamocortical pathway in vivo(Bruno and Sakmann, 2006) and whether
desynchronization within and between cortical layers would result in enhanced or decreased
excitation of MSNs. Reduced synchronization between cortical areas has recently been
reported in pre-symptomatic HD patients (Thiruvady et al., 2007) and progressive reduction
of corticostriatal connectivity is one possible mechanism for striatal atrophy and worsening
motor dysfunction in HD (Cepeda et al., 2007).
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We observed similar kinetics of synaptic events as previously described for both pyramidal
cells and PV interneurons (Geiger et al., 1997; Gu et al., 2005). The majority of the events
presented here are minis, suggesting that the observed deficits are the result of a failure of a
synaptic mechanism or synapse maintenance in BACHD mice. Both normal htt and mutant htt
interact with a number of important pre and postsynaptic proteins involved in vesicle transport,
endocytosis, exocytosis and synaptic structure (Li et al., 2003b; Borrell-Pages et al., 2006;
Truantetal., 2006). Li et. al. have previously shown that axon terminals of advanced HD mice
contain fewer synaptic vesicles than WT mice and mutant htt binds more tightly to synaptic
vesicles than WT htt culminating in a global reduction of glutamate release in vitro(Li et al.,
2003a). Our finding of reduced frequency of SEPSC in PV interneurons is consistent with these
reports. However our data initially suggest a cell specific deficit of excitation onto PV
interneurons rather than between cortical pyramidal cells when synaptic excitation is analyzed
using an individual event detection method. When the more global I-Mean method (Glykys
and Mody, 2007) is used there is a near 2-fold reduction of excitation onto both pyramidal cells
and PV interneurons of layer 2/3 of the primary motor cortex of BACHD mice. Our data for
reduced global excitation in cortical pyramidal cells and changes in AMPA mediated synaptic
activity in cortical neurons are consistent with early changes observed in the R6/2 and YAC
mouse models (Andre et al., 2006; Milnerwood and Raymond, 2007). It should also be noted
that the apparent cell specificity of the SEPSC deficit may be an inaccurate conclusion based
on the limitations of the whole-cell voltage clamp technique combined with the differences in
morphology between pyramidal cells and interneurons (Williams and Mitchell, 2008).

It is difficult to ascertain whether the differences reported here result from changes in the local
superficial cortical circuitry or from changes in the corticocortical or thalamocortical afferents
targeting these cells. If the superficial synaptic architecture of the motor cortex bears some
resemblance to that of the somatosensory cortex where both layer 2/3 pyramidal cells and PV
interneurons receive excitatory thalamic afferents and dense reciprocal excitation (Markram
et al., 2004; Bannister, 2005), then according to our data there may be a post-synaptic
mechanism of synaptic maintenance that is differentially affected in HD between pyramidal
cells and PV interneurons. Indeed the NSNA of SEPSC onto PV interneurons suggests that
mutant htt disrupts a post-synaptic mechanism in these cells and that disruption results in a
failure of the cells’ ability to increase AMPA/Kainate receptor conductance to higher states.
GIluR1 containing AMPA receptors are known to change conductance states in response to
phosphorylation by CaZ*/calmodulin-kinase 11 (CaM-KII) (Derkach et al., 1999) and this
mechanism may have some specificity to parvalbumin interneurons (Ba et al., 2006). CaM-
KII expression itself has previously been shown to be reduced in other models of HD (Deckel
et al., 2001; Deckel et al., 2002) and mutant htt is reported to interact with calmodulin and
various other CaM-KII expression regulatory proteins (Bao et al., 1996; Luthi-Carter et al.,
2000).

Another candidate mechanism takes into account the role of BDNF in the cortex and HD
(Cepeda et al., 2004; Lynch et al., 2007). Six month old BACHD mice are reported to have
significantly reduced levels of BDNF (Gray et al., 2008). BDNF loss is a common phenotype
of mouse models of HD and has been linked to the loss of WT htt function (Zuccato and
Cattaneo, 2007). In separate studies, PV interneurons in other regions of the CNS have been
shown to specifically require BDNF for proper electrophysiological and anatomical
maturation, such as extensive dendritic arborization and synapse maintenance (Gorski et al.,
2003; Berghuis et al., 2006; Itami et al., 2007). Coritcal PV interneurons of BACHD mice seem
to develop normally up to 3 months, with the exception of the observed changes in the variances
at this time, however the reduced mean frequency and amplitude of SEPSC compared to WT
at 6 months is consistent with a failure of synaptic maintenance in these cells. This is supported
by the comparison within genotypes from 3 to 6 month old animals. While WT PV interneurons
experience an increase in SEPSC frequency and I-Mean variance, BACHD PV interneurons
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experience a decrease in SEPSC amplitude and mean excitation during this time period. The
decrease in SEPSC frequency suggests that the BACHD PV interneurons fail to continue to
acquire new excitatory synapses and may experience some loss of excitatory drive over this
time.

In conclusion, in a mouse model of HD we have demonstrated specific synaptic changes that
occur in pyramidal cells and PV interneurons that occur concomitant with progressive decline
of mator function but precede cellular atrophy and protein aggregation. The progressive
synaptic dysfunction resulting in reduced cortical excitation and reduced inhibition of layer
2/3 pyramidal cells occurs in unison with a reduction of excitation onto striatal MSNs (Gray
et al., 2008) suggesting a participatory role for cortical circuit dysfunction in HD.
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Figure 1. Spontaneous IPSC and EPSC are similar in individual cells of 3 month old WT and
BACHD mice

Typical sIPSC (upward deflections) and sEPSC (downward deflections) recorded in the same
cell from WT or BACHD mice for each group and the normalized average unitary currents
(far right, WT=grey, BACHD=black): A. Raw traces recorded from visually identified primary
motor cortex layer 2/3 pyramidal cells. B. Raw traces recorded from GFP-expressing primary
motor cortex layer 2/3 parvalbumin interneurons. C. Raw traced recorded from visually
identified striatal medium spiny neurons.
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Figure 2. Group averages of spontaneous IPSC and EPSC show no differences between 3 month

old WT and BACHD mice

No difference was observed in the frequency, amplitude, 10-90% rise time or decay time of
SIPSC or sEPSC between BACHD (black symbols) and WT (white symbols) mice in either
primary motor cortex layer 2/3 pyramidal cells (PYR, triangles), parvalbumin interneurons
(PV, circles) or striatal medium spiny neurons (MSN, diamonds). In each plot symbols
represent data from individually recorded cells and black bars indicate the group mean.
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Figure 3. Reduced frequency of sIPSC onto pyramidal cells in 6 month old BACHD mice

A. Raw sIPSC recorded from a typical pyramidal cell from either WT or BACHD mice at 6
months of age demonstrating a reduction in the frequency of sIPSC in BACHD mice with no
change in the average unitary current (right, WT=grey, BACHD=Dblack). B. Cumulative
probability and event distribution histogram of more than 2,600 sequential events illustrate no
change in the amplitude of sIPSC between BACHD and WT mice. The mean for each
distribution is indicated (WT=grey, BACHD=black). C. Cumulative probability and event
distribution histogram of the same sequential events in B demonstrate a shift toward longer
inter-event intervals (IEI) between sIPSC in BACHD mice compared to WT. D. Comparison
of the average frequency, amplitude, 10-90% rise time and decay (t) of SIPSC from all recorded
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primary motor cortex layer 2/3 pyramidal cells (black bars indicate group averages, asterisk
indicates significant difference, p < 0.01). E. Combined cumulative probabilities of SIPSC
amplitude and frequency of more than 8,000 events from all cells illustrates the significant
shift towards longer inter-event intervals (right) between sIPSC in BACHD mice compared to
WT littermates with no change in the amplitudes of those events (left).
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Figure 4. No change in SEPSC onto pyramidal cells in 6 month old BACHD mice

A. Raw sEPSC recorded from a typical pyramidal cell from either WT or BACHD mice at 6
months postnatal (right, WT=grey, BACHD=black). B & C. Cumulative probability and event
distribution histogram of more than 2,400 sequential events illustrate no change in the
amplitude or inter-event interval of SEPSC between BACHD and WT mice. Histogram means
are indicated (WT=grey, BACHD=black). D. Comparison of the average frequency, amplitude,
10-90% rise time and decay (t) of SEPSC from all recorded primary motor cortex layer 2/3
pyramidal cells illustrating no differences between WT and BACHD mice. Symbols represent
data from individually recorded cells and black bars indicate the group mean.
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Figure 5. No change in sIPSC onto parvalbumin interneurons in 6 month old BACHD mice

A. Raw sEPSC recorded from a typical parvalbumin interneuron from either WT or BACHD
mice at 6 months of age (right, WT=grey, BACHD=black). B & C. Cumulative probability
and event distribution histogram of approximately 2,300 sequential events illustrate no change
in the amplitude or inter-event interval of SIPSC between representative PV interneurons from
BACHD and WT mice. Histogram means are indicated (WT=grey, BACHD=black). D.
Comparison of the average frequency, amplitude, 10-90% rise time and decay (t) of sIPSC
from all recorded primary motor cortex layer 2/3 parvalbumin interneurons illustrating no
differences between WT and BACHD mice. Symbols represent data from individually
recorded cells and black bars indicate the group mean.
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Figure 6. Reduced frequency and amplitude of SEPSC onto parvalbumin interneurons in 6 month
old BACHD mice

A. Raw sEPSC recorded from typical parvalbumin interneurons from either WT or BACHD
mice at 6 months postnatal demonstrating a reduction in the frequency and amplitude of SEPSC
in BACHD mice with no change in the kinetics of the average unitary current (right,
WT=grey, BACHD=black). B. Cumulative probability and event distribution histogram of
more than 2,100 sequential events illustrates a shift towards smaller amplitude events in
BACHD mice compared to WT. The mean for each distribution is indicated (WT=grey,
BACHD=black). C. Cumulative probability and event distribution histogram of the same
sequential events in B demonstrate a shift toward longer inter-event intervals (IEI) between
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SEPSC in BACHD mice compared to WT. D. Comparison of the average frequency, amplitude,
10-90% rise time, fast decay (tras) and ratio of current decayed with tgag 0f SEPSC from all
recorded primary motor cortex layer 2/3 parvalbumin interneurons (black bars indicate group
means, asterisk indicates significant difference, p <0.01). E. Combined cumulative
probabilities of SEPSC amplitude and frequency of 7,000 events from all cells illustrates the
significant shift towards smaller amplitude events (left) and longer inter-event intervals
(right) between sEPSC in BACHD mice compared to WT littermates.
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Figure 7. Non-stationary noise analysis of SEPSC onto parvalbumin interneurons in 6 month old
BACHD mice

A Sample spontaneous events that were used to determine the average excitatory global single
channel conductance of a given cell are displayed with the raw traces shown in grey and the
average in black. B: Sample mean vs. variance plots and parabolic fits demonstrating the three
different conductance states observed in WT PV interneurons and the two conductance states
observed in BACHD PV interneurons. C: Histograms of the average excitatory global single
channel conductance of each WT parvalbumin interneuron illustrating that the cells fall into
three primary conductance states corresponding to the peaks of the triple Gaussian fit at 12.0
pS, 24.1 pS, and 36.6 pS; while the BACHD cells were better fit with two Gaussians centered
at 12.1 pS and 23.9 pS.
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