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Studies of animal models of Huntington's disease (HD) have revealed that neocortical and
neostriatal neurons of these animals in vitro exhibit a number of morphological and physiological
changes, including increased input resistance and changes in neocortical synaptic inputs.
We measured the functional effects of polyglutamate accumulation in neocortical neurons in
R6/2 mice (8-14 weeks of age) and their age-matched non-transgenic littermates using in vivo
intracellular recordings. All neurons showed spontaneous membrane potential fluctuations. The
current/voltage and the firing properties of the HD neocortical neurons were significantly altered,
especially in the physiologically relevant current range around and below threshold. As a result,
membrane potential transitions from the Down state to Up state were evoked with smaller
currents in HD neocortical neurons than in controls. The excitation-to-frequency curves of the
HD mice were significantly steeper than those of controls, indicating a smaller input—-output
dynamic range for these neurons. Increased likelihood of Down to Up state transitions could
cause pathological recruitment of corticostriatal assemblies by increasing correlated neuronal
activity. We measured coherence of the in vivo intracellular recordings with simultaneously
recorded electrocorticograms. We found that the peak of the coherence at <5 Hz was significantly
smaller in the HD animals, indicating that the amount of coherence in the state transitions of
single neurons is less correlated with global activity than non-transgenic controls. \We propose
that decreased correlation of neocortical inputs may be a major physiological cause underlying

the errors in sensorimotor pattern generation in HD.
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INTRODUCTION

The corticostriatal pathway is one of the two major inputs to the
basal ganglia, containing inputs from virtually every neocortical
area. The role of this pathway in sensorimotor and cognitive behav-
ior is only beginning to be unraveled. One key to understanding
the corticostriatal neural mechanisms underlying behavior is to
study the changes in neocortical activity when it is disrupted by a
disease. Huntington’s disease (HD) is a neurodegenerative disease
primarily affecting the projection neurons in the neocortex and
neostriatum (Vonsattel et al., 1985). Symptoms of HD include
involuntary movements, but also include sensory and cognitive
disruptions, as would be expected when the neuropathology affects
large telencephalic areas. HD is characterized by accumulation of
abnormal protein (huntingtin) which aggregates in the nucleus
and cytoplasm of neocortical pyramidal neurons and neostriatal
medium spiny neurons (Davies et al., 1997; DiFiglia et al., 1997).
The functional changes in neocortical and neostriatal activity
underlying the symptoms of HD begin prior to neurodegeneration,
and the mechanisms underlying the changes are poorly understood.
Following the discovery of the HD gene (HDCRG, 1993),a number
of animal models of the disease have been used to characterize the
cellular changes in neocortical neurons and neostriatal neurons
prior to degeneration. One of the best known and studied HD
transgenic models is the R6/2 line (Mangiarini et al., 1996, 1997;
Davies et al., 1997; Bates et al., 1998). In these animals, neocortical

and neostriatal projection neurons develop intranuclear inclusions
with a well-established timeline in which all neurons have the inclu-
sions by 8 weeks of age. The animals show behavioral dysfunctions,
and die at about 12—14 weeks of age. The relatively short lifespan
and fast development of pathology makes these mice ideal for study
of pathophysiology, as all of the projection neurons develop inclu-
sions, and no notable neuronal death occurs.

A number of in vitro studies have shown altered neurophysio-
logical and neuroanatomical properties of neocortical and neostri-
atal neurons in the R6/2 mice (Cepeda et al., 2001, 2003a, 2004;
Klapstein et al.,2001; Laforet et al., 2001; Levine et al., 2004; Ariano
et al., 2005; Andre et al., 2006; Cepeda and Levine, 2006). These
studies show significant alterations in neocortical and neostri-
atal electrophysiological properties including both intrinsic con-
ductances and synaptic properties. Changes in the properties of
neostriatal neurons include decreased resting membrane potential,
increased input resistance, and pruning of dendritic branching and
spine patterns. Physiological changes also include reductions in
synaptic currents evoked by stimulation of neocortical white matter
(Cepeda et al., 2003a).

The changes in neuronal properties measured in vitro are cru-
cial to understanding the effects of the neuropathology on cellular
activity. However, in order to understand the changes in the corti-
costriatal network properties caused by HD pathology, it is neces-
sary to measure the activity of these neurons in the intact animal.
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Invivoactivity of neocortical neurons has been well characterized in
rats (Steriade et al., 1993; Cowan and Wilson, 1994; Timofeev et al.,
2000). The membrane potential dynamics of these neurons include
spontaneous membrane potential transitions between the quiescent
resting membrane potential (Down state) and a depolarized Up
state, from which action potential arise. The mechanisms of the
spontaneous membrane potential activity in neocortical neurons
have been described in detail (Stern et al., 1997; Sachdev et al.,
2004). These studies show that the Up states arise from barrages of
neocortical synaptic activity interacting with non-linear membrane
potential conductances. These barrages of synaptic activity are not
present in acute slices, therefore, Up states are not seen in these
preparations. To measure the functional effects of HD pathology on
the activity of the neocortical network, we measured spontaneous
activity and input—output relationships of neocortical neurons in
the R6/2 mouse model of HD at time points when all neocortical
pyramidal neurons show polyglutamine inclusions, and compared
the results to those in age-matched non-transgenic littermates.

MATERIALS AND METHODS

Experiments were approved by the Institutional Animal Care and
Use Committees of Massachusetts General Hospital and Bar-Ilan
University in accordance with regulations approved by the US
National Institutes of Health and the Israeli Ministry of Health.

SURGERY

R6/2 mice and non-transgenic littermate controls were used for this
study (Mangiarini et al., 1996, 1997; Davies et al., 1997; Bates et al.,
1998). The population had a CAG length of ~160 repeat expan-
sions. The ages of the mice ranged from 8 to 14 weeks. Mice were
anesthetized with ketamine/xylazine (150/12 mg/kg) and placed
in a custom-built stereotaxic device. Temperature was maintained
at 37°C. The scalp was removed and the skull cleaned of tissue.
Small holes (1 mm) were drilled for electrocorticogram (ECoG)
electrodes over cortex and cerebellum. ECoG electrodes consisted
of teflon-insulated silver wire with 1 mm insulation removed placed
between dura and skull and cemented in place. ECoG was moni-
tored continuously from the time of electrode placement to moni-
tor depth of anesthesia. A ~4 mm X 4 mm craniotomy was opened
over frontal cortex extending caudally to bregma. A cisternal drain
was opened to reduce brain pulsations.

RECORDING
Recording electrodes (1.5 mm o.d. glass (A-M Systems); resist-
ance 30-80 MC; filled with 1 M potassium acetate (Sigma) were
lowered into agranular cortex. Following insertion of the record-
ing electrode, the brain was covered with either 4% agarose or
low-temperature melting point wax. Recordings were made under
lighter conditions of anesthesia than are commonly used, as the
R6/2line and non-transgenic cohorts are more sensitive to anesthe-
sia than are other mouse lines. The criteria used were evidence of
slow-wave activity in the ECoG and lack of response to foot-pinch.
When a neuron was impaled, several minutes of spontaneous
activity were recorded using a high-impedance amplifier with active
bridge circuitry (IR-283; Cygnus Technology) Data were directly
acquired via A/D board (National Instruments) using custom soft-
ware at 4—10 kHz. For current—voltage and excitation-to-frequency

curves, 200 ms current pulses were injected via the recording
electrodes. Data were acquired using Igor Pro (Wavemetrics) or
Spike 2/Signal (Cambridge) software. Analysis was performed using
Igor Pro, Matlab (MathWorks), and SAS (SAS Institute) software.

RESULTS

All recorded neurons showed spontaneous membrane potential
fluctuations. Figures 1A,B show representative recordings from
non-transgenic littermate and transgenic animals at 11 weeks of
age. We found no significant differences in median membrane
potential (Down state) values between control and HD neurons
(t=1.42;df = 25;NS). No significant differences in the median Up
state value were found between control and HD neurons (¢= 0.98;
df =25; NS). Table 1 shows the median and median average devia-
tion of the membrane potential values and input resistances of the
neurons measured in this study.

To test if the pattern of fluctuations differed between control
and HD neurons, we measured the distribution of durations of
the Up and Down states. These distributions are plotted in the
average dwell-time histograms shown in Figure 2 for Up states
(Figure 2A) and Down states (Figure 2B). We found significant
differences between the dwell-time distributions of the Down states
between control and HD neurons, with the HD neurons having
significantly more short down states (y? = 25.13; df = 15; p<0.05).
This result indicates that the R6/2 neurons transition to the Up state
more readily than do control neurons. No significant differences
between the distributions of the Up state durations were found
(x? = 41.29; df = 51; NS).

To test for serial dependence in the patterns of state durations,
we measured the state durations as a function of the preceding state.
Up and Down states were quantified using the method described in
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FIGURE 1 | Neocortical neurons in control and R6/2 model mice show
spontaneous membrane potential fluctuations. /n vivo intracellular
recordings (blue traces) were taken from 10-week-old non-transgenic
litermate control (A) and R6/2 (B) agranular neocortical neurons. All recorded
neurons showed subthreshold fluctuations. The red traces are the
electrocorticogram (ECoG) recorded simultaneously.
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Sternetal. (1997). Briefly, the all-points histogram of a 10-s sample
of the membrane potential was plotted and fitted to a bimodal
curve, separated by a single trough. A state transition was calculated
as when the membrane voltage passed halfway from the trough to
the state modal value. This method eliminates false state transitions.
We measured the durations of the Down states as a function of the
preceding Up state durations, the Up states as a function of the

Table 1| Membrane potential and input resistance properties of mouse
neocortical neuronal membrane potential and input resistance.

Parameter Control R6/2
V,, down -74+9mV (13) -78+12mV (13)
Up state depolarization 11.5+4.5mV (13) 13+6.5mV (13)

R 89.6 +8.4 MQ (13)

in

65.1+9.2 MQ (13)

Numbers denote median = median absolute deviation. The numbers in
parentheses denote the numbers of neurons in the group.
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FIGURE 2 | Dwell-time histograms of Up and Down state durations of
neocortical neurons. Durations of Up and Down states were measured from
spontaneous recordings from non-transgenic littermate controls (black) and
R6/2 (red) neocortical neurons. Average (median) histograms were
constructed of Up States (A) and Down States (B). Error bars represent
between-neuron median absolute deviations. For both Up and Down states,
the HD distribution is shifted to the left; however, the differences between
control and HD histograms are only significant for the Down states.

preceding Down state durations, the Down states as a function of
the preceding Down state durations, and the Up states as a function
of the preceding Up state durations. Using the serial correlation test
for renewal processes to test independence of successive intervals,
no significant serial correlations were found between any successive
state types of either population of neurons.

A logical place to expect changes in HD neocortical neurons is
in the electrical properties of the neurons themselves, as a major
neuropathological feature associated with the disease, the polyglu-
tamine inclusions, are intracellular. One of the major changes in
R6/2 neostriatal neurons found in acute slice neurons was a signifi-
cant change in input resistance (Klapstein et al., 2001). We injected
current pulses via the intracellular recording electrode to measure
the membrane voltage changes and the excitation-to-frequency
curves. Taken together, these are a measure of the input—output
properties of the neurons. We injected 200 ms duration positive
and negative current pulses of up to £1 nA, in steps of 100 pA.
Each current step was repeated eight times. The average responses
to such series are plotted in Figures 3A,B, for a control and HD
neuron, respectively.

It can be seen that the responses to current in the HD neurons
are larger, indicating higher input resistance overall in these cells.
Averages 1/V plots for the neurons are shown in Figure 3C. The
slopes of the curves are significantly different (F=2.63; df = 25, 25;
p<0.05) indicating that the input resistances of the HD (red) mice
are significantly greater than those of the controls (blue). Similar
results were found in measurements in acute in vitro preparations
of R6/2 neostriatal neurons (Klapstein et al., 2001; Ariano et al,,
2005). However, because of the large differences in the amount of
input between the in vivo and in vitro preparations, it was neces-
sary to make this comparison in the intact brain to measure the
functional consequences of the changes. The average excitation-to-
frequency curves for the control (blue) and HD (red) neurons are
plotted in Figure 3D. The most noticeable difference between the
curves is the increased average responses to current pulses in the
lower amplitude range of the HD neurons. In addition, it is clear
that the average dynamic range of the neurons is reduced.

Given the hyperexcitability of the HD neocortical neurons
shown by the average I/V and /I plots in Figure 3, we hypoth-
esized that their activity could be less synchronous with that of
the neocortical network. The global coherence of the neocortical
network is dependent on the envelope of input synchrony, as
well as membrane properties of the neurons (Stern et al., 1997,
1998; Timofeev et al., 2000; Leger et al., 2005). We measured
the global synchrony of the network by measuring coherence
between the membrane potentials and the ECoG, using Hanning
windows of 5 s with 50% overlap, following spike removal and
downsampling to 1 kHz, giving a resolution of 0.2 Hz. The
Hanning window is an amplitude weighting of the time signal
with the form w= 0.5 x (1 — cos(2 x pi x (1:M)"/(M + 1))); it is
generally used for analysis of continuous signals to reduce the
generation of side lobes in the frequency spectrum.

Harmonic means were taken of the coherences in each category
Examples of single 5 s traces are shown in Figures 4A,B for control
and HD neurons, respectively. The intracellular traces are plotted in
blue, while the ECoG is plotted in red. The coherence averages are
shown in Figure 4C for the control (black) and HD (red) neurons.
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FIGURE 3 | Input-output characteristics of control and HD neurons. (A,B): higher response frequency. (C): Average current-voltage plots of control (blue) and
Representative responses of neocortical neurons to intracellular current pulses. HD (red) neurons. Error bars represent between-neuron SD. Note the increased
Each trace shown is an average response to eight stimuli. Pulses ranged from slope of the HD IV curve. (D). Average excitation-to-frequency (f/l) plots for control
+100 to 1000 pA in amplitude, and 200 ms duration. (A): non-transgenic littermate (blue) and HD (red) neurons. Error bars represent between-neuron SD. The lines
control neuron; (B): R6/2 neuron. In the examples shown, the animals were are smoothed between the measured points. Note the increase in the f/l slope in
9 weeks of age. Note the increased voltage responses in the HD neuron, the lower part of the range, indicating that the HD neurons have smaller dynamic
indicating higher input resistance, as well as the increased spiking, indicating response ranges, and tend to respond abnormally to relatively weak stimuli.

The overall 95% confidence intervals for the two spectra are
shown by dashed lines (Rosenberget al., 1989; Moran and Bar-Gad,
2010). We tested for differences in coherence in the low-frequency
range by comparing the size of the peak at <5 Hz over neurons
between control and HD. This peak includes the energy in the range
of the membrane potential state transitions, and was the only peak
outside of the confidence intervals. We found that the coherence
is significantly reduced in the HD animals (permutation test for
independent samples; t=2.71; df = 17; p<0.05), indicating that the
state transitions of these neurons were significantly less correlated
with the global activity than those of controls.

DISCUSSION

This study measured the functional properties of neocortical neu-
rons in the R6/2 model of HD at ages when the polyglutamine
inclusions are present in all such neurons. Although many in vitro
studies of the electrophysiological changes of neostriatal and neo-
cortical neurons have been published (Cepeda et al., 2001, 2003b,
2004, 2007; Klapstein et al., 2001; Laforet et al., 2001; Ariano et al.,
2005; Andre et al., 2006, 2011; Cepeda and Levine, 2006; Joshi et al.,

2009), the functional changes in the corticostriatal input were not
easily extrapolated from these studies, as the functional properties
of neocortical neurons in vivo are different from those in vitro, since
the Up state, dependent on large amounts of neocortical input, is
not seen in acute reduced preparations.

Itis of interest to observe that all neurons showed the subthresh-
old membrane potential dynamics seen in normal pyramidal neu-
rons. This is also true in other disease models, such as Alzheimer’s
Disease (Stern etal., 2004). It is as if this type of activity is important
enough to the neuron to be maintained as long as the neurons are
alive. The principal changes found in the subthreshold membrane
potential dynamics of the HD neurons was the increased number
of shorter-duration Down states, indicating that the membrane
potential of these cells transitioned more easily to the Up state,
consistent with the increased input resistance and lower rectifica-
tion measured in these neurons.

We found that the intrinsic properties of the HD neurons in vivo
mirrored many of those observed in in vitro studies, Consistent with
the results observed in neostriatal neurons, we found increased input
resistance and reduced rectification properties in the neocortical
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FIGURE 4 | Coherence of control and R6/2 neocortical activity. (A,B) potential with the global activity represented by the ECoG is significantly less
Representative intracellular recordings (blue) and ECoG (red) from control and than that of the controls in the low-frequency range (<5 Hz), which represents
R6/2 mouse cortex. (C): average neuronal/neocortical coherence for the control the state transition activity. The dashed lines represent the 95% confidence
(black trace) and HD (red trace) neurons. The coherence of the HD membrane intervals of the spectra.

neurons. Changes in rectification properties of HD neostriatal neurons
(Ariano et al., 2005) and downregulation of potassium channel genes
have been observed in previous studies (Zucker et al., 2005). It may
be that a principal target of the accumulated polyglutamine is one or
more families of potassium channels in the affected neocortical neu-
rons as well, suggesting these channels as a potential therapeutic target.
A major finding of this study is the decreased dynamic range of
the /I curves of the HD neurons. Given the reduced rectification
properties of these neurons, it may be that the cells transition to
the Up state more readily than do controls. This may give rise to
increased activity of these neurons in awake animals (Walker et al.,
2008), and may be the cause of the observed changes in corticostri-
atal post-synaptic currents observed in some studies (Cepeda et al.,
2003a) In addition to changing the neocortical inputs, the functional
consequences of these changes may be that the number of inputs to
these neurons necessary to cause a transition from the Down state
to the Up state is reduced, as are the number of inputs necessary to
generate an action potential. The reduced membrane potential —
ECoG coherence of the HD neurons, shown in Figure 4, is further
evidence that the membrane potentials of these neurons can transi-
tion for the Down to the Up states more easily than can controls.

The relative difficulty in eliciting the state transitions is a major
determinant of neocortical function. Reducing the number of
inputs necessary to evoke a state transition could give rise to
severe functional abnormalities, such as affecting their ability
participate in coordinated activity within neuronal assemblies.
Our results could explain the abnormal correlated activity of
neocortical and neostriatal neurons found in awake behaving
R6/2 animals in which the synchrony of spikes is significantly
reduced (Miller et al., 2008; Walker et al., 2008). In addition, the
results observed could underlie some of the behavioral deficits
observed in these animals such as reduction of coordinated activ-
ity (Carter et al., 1999).

Taken together, the results of this study demonstrate the func-
tional consequences of the neocortical neuronal deficits observed
in HD mouse models. While these deficits may underlie some of the
changes observed in neostriatal neuronal activity in these models,
it remains to be seen how much of those changes are due to the
cellular changes resulting from HD pathology, and how much are
due to the changes in neocortical input. The changes in neocorti-
cal input to neostriatal neurons coupled with differential changes
in dopamine transmission (Andre et al., 2011) could explain the
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stereotypical behavior observed in these animals. This may be a
major neuronal mechanism underlying the sensorimotor and cog-

nitive symptoms of HD.

CONCLUSION

This study demonstrates a possible mechanism of the effect of cel-
lular neuropathology on the properties of the neuronal network as
a whole. Taken in conjunction with studies of the cellular effects
of HD pathologies in in vitro preparations and studies in a wake,
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