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Abstract
Huntington’s disease (HD) is an inherited neurodegenerative disorder that causes neurological
pathology in the basal ganglia and related circuitry. A key site of HD pathology is striatum, the
principal basal ganglia input structure; striatal pathology likely changes basal ganglia output but
no existing studies address this issue. In this report, we characterize single-neuron activity in the
substantia nigra reticulata (SNr) of awake, freely-behaving 140 CAG knock-in (KI) mice at 16 to
40 weeks. KI mice are a well characterized model of adult HD and are mildly symptomatic in this
age range. As the primary basal ganglia output nucleus in rodents, the SNr receives direct
innervation from striatum, as well as indirect influence via polysynaptic inputs. We analyzed 32
single neurons recorded from KI animals and 44 from wild-type (WT) controls. We found
increased burst rates, without a concordant change in spike discharge rate, in KI animals relative
to WTs. Furthermore, although metrics of burst structure, such as the inter-spike interval in bursts,
do not differ between groups, burst rate increases with age in KI, but not WT, animals. Our
findings suggest that altered basal ganglia output is a physiological feature of early HD pathology.
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Introduction
Huntington’s disease (HD) arises from an autosomal dominant mutation in the huntingtin
(htt) gene and causes severe neurological pathology and eventual death [15]. The hallmark
pathology of HD is striatal atrophy [35]. As the principal input center for the basal ganglia,
striatum receives input from throughout the cortical mantle, which is then routed through a
series of parallel circuits for behavioral output [2].
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Among the most well-characterized HD models are R6/2 mice, which carry a transgenic
copy of the mutant human htt gene [19] and display an aggressive symptom profile that
mirrors juvenile HD [5, 19, 31], and 140 CAG knock-in (KI) mice [21], which carry a
chimeric mouse/human gene [21] and show a relatively mild behavioral phenotype [9, 20,
21, 29]. Studies of these and other HD models show that behavioral symptoms emerge
before the onset of neuronal atrophy [13, 14, 20, 21, 29, 31], suggesting that neuronal
dysfunction, but not cell death, underlies early HD. Striatal neurons from HD animals show
altered cellular properties in vitro [4, 6, 18] and in vivo recordings from R6/2 mice revealed
increased mean action potential discharge rates relative to wild-type (WT) animals [27], as
well as increased temporal variability in the spike trains as measured by the coefficient of
variation of the ISI [23]. Conversely, striatal neurons in behaving KI animals do not display
altered spike rates; however, they show aberrant collective activity as measured by
decreased spike synchrony and tandem bursting [23]. Altered functionality of basal ganglia
input neurons is thus a key component of HD in multiple genetic constructs.

It is likely that altered striatal activity leads to abnormal activity in the substantia nigra
reticulata (SNr) via descending striatofugal pathways. As a major basal ganglia output
center, SNr provides tonic inhibition of thalamic output neurons [1, 10]. Disruption of this
inhibitory regulation could contribute to the motor and cognitive symptoms observed in HD
patients. To test the hypothesis that dysregulated SNr activity plays a role in HD, we
analyzed the firing patterns of single neurons isolated in the SNr of KI animals and WT
controls. We use KI animals because they carry a non-truncated version of the mutant gene
and their slow symptom progressions mimics the development of adult HD in humans.

Materials and Methods
Homozygous WT (129sv) mice and KI animals were produced in-house using lines
descended from heterozygous breeding pairs obtained with permission [21]. Homozygous
KI animals and WT littermate controls were identified by standard polymerase chain
reaction and gel assays. Heterozygotes were not used as experimental animals. We
confirmed the presence of an expanded Hdh gene (the murine analog of htt) (~120 CAG
repeats) in KI animals using our in-house genotyping procedure [23]. Animals were housed
in individual cages under standard conditions (12 hr light/dark cycle, lights on at 7:30 AM)
and provided with food and water ad libitum. All procedures were carried out in accordance
with animal care and use guidelines of the National Institutes of Health and were approved
by the Institutional Animal Care and Use Committee.

In preparation for surgery, animals were anesthetized with chloropent (0.04 ml/kg body
weight i.p.). Holes were made bilaterally over SNr (Bregma: 3.4 mm posterior, ±1.3 mm
medial/lateral). Electrode bundles, consisting of three Formvar® insulated microwires and
an uninsulated stainless steel ground wire (California Fine Wire Company, CA) built in-
house, were positioned over SNr, lowered −4.5 mm relative to skull surface and secured in
place using dental acrylic and two small screws inserted into the skull. Animals were
grounded using two uninsulated stainless steel wires implanted along with the microwire
bundles. Both wires lead to a common ground via the Faraday cage and also served as the
reference electrodes. After at least one week of recovery animals were habituated to an open
field (Plexiglas® cage with standard bedding, 48 cm L×26 cm W×20 cm H) for at least 10
min to minimize effects of a novel environment.

Recording sessions occurred between 10:00 AM and 5:00 PM during the light phase. The
technical details of our recording procedures are described elsewhere [23]. Spike activity
was recorded for 30 min. An observer blind to genotype monitored the animals periodically
and noted spontaneous behaviors (resting, rearing, digging and locomotion) during the
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recording session. In previous studies, our group has analyzed videotaped behavior of WT
and KI mice under similar experimental conditions, including a subsample of mice from this
study [36], and found no significant effects of genotype on general behavioral activity
patterns [23, 36].

Following data collection, animals were placed under deep anesthesia and transcardially
perfused with 10% neutral buffered formalin. Brains were extracted, cryoprotected for at
least 24 h and then sectioned on a microtome. Coronal sections were inspected to confirm
electrode implantation in SNr. Data recorded from electrodes placed outside SNr were
discarded. See Fig. 1A for a representative histological slice showing successful electrode
implantation in SNr.

Spike data were stored, and burst analysis performed, using Neuroexplorer (Plexon Inc.,
Dallas, TX). Burst patterns were assessed using the Poisson surprise method [17]. Bursts
were defined as clusters of spikes in which the mean inter-spike interval (ISI) exceeds a
“surprise” value that quantifies the degree to which the ISI deviates from the expected ISI
for an ideal Poisson process. The burst surprise value was set at 5, meaning that all spike
clusters counted as bursts would be observed less than 1 percent of the time if the ISI
followed a Poisson distribution. Here we present only burst metrics for which there was a
significant difference between WT and KI neurons. Differences between the KI and WT
groups were assessed using an independent samples t-test, or the nonparametric equivalent
Mann-Whitney rank-sum test, where appropriate. Effects of age on burst rate were assessed
using linear regression analysis with age as the independent variable and the natural
logarithm of burst rate as the dependent variable. We applied a logarithmic transformation to
remove the floor effect at zero bursts/min.

Results
We recorded a total of 76 neurons (44 WT, 32 KI) from 19 KI and 22 WT animals. When
possible, we recorded from the same mouse during multiple sessions. Although the same
neuron may appear on a given electrode over multiple recording sessions, we do not make
such an assumption because in most cases waveform templates change over sessions and it
is impossible to know how factors such as disease progress or aging affect extracellular
signals. This procedure is in keeping with prior reports [23, 27, 36]. Age ranged from 16 to
40 weeks in the KI group and 16 to 41 weeks in the WT group. The mean (+/− SEM) age at
recording was 24.8 +/−1.264 weeks in the KI group and 27.5 +/− 1.064 weeks in the WT
group. An independent samples t-test confirmed that the difference in age between the
groups is non-significant (t39 = −1.676, p = 0.102). Recorded waveforms displayed the
characteristic amplitude and biphasic signature of SNr output neurons [12, 37].
Representative waveforms recorded from a WT and KI animal are shown in Fig. 1B.

During recording, the animals spent a considerable amount of time resting, and also
displayed bouts of motor activity that included locomotion and grooming. KI animals did
not display pronounced HD neurological signs such as tremor or gait abnormalities.

Median spike discharge rates were lower in KI than WT neurons, but this difference was not
significant (Fig. 2A). We did, however, observe a significantly greater occurrence of spike-
bursts as reflected by a higher burst rate (U = 472.5, p = 0.015), a higher percentage of
spikes participating in bursts (U = 501.5, p = 0.034) and lower inter-burst interval (U =
919.5, p = 0.024) in KI neurons (Fig. 2B-D). We also found that the burst rate increases as a
function of age in KI but not WT neurons (Fig. 3), suggesting that the abnormalities
underlying the observed effects become more pronounced as the mice age. The median
spike rate between bursts was higher in WT animals; however, this difference is non-
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significant (U = 550.5, p = 0.107). Metrics reflecting burst structure, such as the surprise
value and the mean ISI within a burst, did not differ significantly between WT and KI
neurons (data not shown), suggesting that the occurrence of bursting increases in HD
animals without a corresponding change in the clustering of spikes within individual bursts.

Discussion
Our findings indicate that abnormal firing patterns previously reported for HD striatum also
occur in SNr, but with an interesting difference. Whereas striatal neurons in behaving KI
mice tested at roughly the same ages as reported here show a decreased number of spikes
participating in a burst and an increase in burst strength as reflected in a higher burst
surprise score relative to WT [23], SNr neurons trend in the opposite direction with higher
burst rate and a higher percentage of spikes participating in bursts. Furthermore, metrics
such as burst surprise and ISI within a burst do not change, suggesting that burst occurrence
but not burst structure changes in KI animals. The increase in SNr bursting, moreover,
increases with age in KI mice. Thus, although neuronal processing in the basal ganglia
output system is altered in the KI model, the alterations contrast with those reported for the
striatum and appear to intensify with age. Although the mechanism underlying this striato-
nigral difference is unclear, it is interesting that striatal degeneration in HD occurs sooner
among neurons contributing to the indirect projection to SNr than those that comprise the
direct pathway [28]. Exactly how an HD-related change in the balance or interaction
between these pathways could contribute to the change in SNr activity remains to be
determined. Increased bursting also may result from HD-induced changes in individual SNr
neurons, or from system-level interactions brought about by the effects of HD on multiple
nuclei.

In striatum, there are sharp differences in firing rate between behaving R6/2 mice, which
present a robust behavioral phenotype that includes a progressive decline in motor
activation, and the KI model, which shows relatively mild neurological signs [23]. R6/2s
increase striatal activity, whereas KIs do not – presumably a reflection of the clear
behavioral difference. Changes in neuronal activity absent behavioral symptoms have also
been observed in presymptomatic human carriers of the mutant huntingtin gene. Both
cortical and striatal activation levels, as measured by fMRI, are reduced in HD patients
relative to controls before the emergence of a behavioral phenotype [39]. In keeping with the
lack of change in KI striatal activity, we found no change in SNr firing rate. Not only does
this result highlight rate as a relatively insensitive measure of an underlying neurological
dysfunction, but also rules out a change in rate as an explanation for the increase in SNr
burst activity. The temporal structure of spike trains as measured by burst metrics appears to
be a reliable indicator of basal ganglia dysfunction in HD. To our knowledge, this is the first
report describing such pathology in a HD model.

Bursting is uncommon in SNr neurons in WT rodents, and is also associated with a number
of pathological conditions [8, 25, 30]. Neurons of the human internal pallidum, the primate
equivalent of the rodent SNr, show increased burst rates in HD relative to Parkinson’s
disease patients[32]. Interestingly, Tang and colleagues report that the burst rates of pallidal
neurons are equal between HD and Parkinsonian patients[33]. This discrepancy highlights
the heterogeneity of the HD phenotype and the dependence of neuronal and behavioral
symptoms on age and genetic factors such as CAG repeat length.

Increased bursting in SNr neurons could lead to increased thalamic inhibition by elevating
nigro-thalamic GABA release. Increased bursting, however, does not necessarily correspond
to increased GABAergic output of SNr since pathologies such as impaired GABA receptor
trafficking [34] may reduce this effect. It is dangerous, moreover, to speculate on the
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behavioral implications of a change in SNr firing patterns in light of growing evidence that
SNr neurons may maintain simultaneous enhancing and suppressing effects on downstream
structures to facilitate appropriate motor responding [12, 16, 24].

Neuronal dysfunction of the striatum is a likely source of altered SNr activity given the
extensive network of mono and polysynaptic striatonigral connections; however, other
sources, such as the corticosubthalaic hyperdirect pathway, may contribute to changes in
SNr activity. Neuronal pathology in HD extends beyond the basal ganglia as multiple
studies demonstrate cortical dysfunction in HD [3, 7, 11, 22, 36]. Aberrant cortical output
could propagate directly to the STN, bypassing the striatum and influencing SNr via
increased subthalamonigral glutamate release. While our data do not preclude the possibility
that pathology of the hyperdirect pathway influence SNr activity in HD, our data neither
support nor refute this hypothesis. Moreover, it is prudent not to speculate strongly on this
issue, as the role of the STN remains unclear. The STN not only projects to the SNr it loops
back onto the GPe, possibly forming a rhythm-generating feedback system [26].
Furthermore, SNr neurons are reactive to GABA but relatively insensitive to glutamate [38].
The role of the STN and its cortical inputs is thus more nuanced then the simple “push/pull”
dynamics proposed in early work by Albin and colleagues [1].

Although further research is required to identify the mechanisms underlying increased SNr
burst activity in KI mice, our results suggest a role for altered basal ganglia output patterns
in HD. It also is noteworthy that these patterns increase with age even in the absence of a
strong behavioral phenotype. Research informed by these results may reveal new clinical
avenues in treating HD patients, as well as insight into the function of the basal ganglia in
health and pathology.

HIGHLIGHTS

• We analyze single neuron data gathered from knock-in Huntington’s disease
mice

• Knock-in neurons exhibit altered bursting patterns relative to controls

• Knock-in mice show substantial neuronal pathology over a broad age range

• Altered basal ganglia output characterizes early Huntington’s disease

• Our findings offer new insight into the etiology of Huntington’s disease

Abbreviations

HD Huntington’s disease

WT wild-type

KI knock-in

SNr substantia nigra reticulata
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Figure 1.
A representative coronal section from the brain of a KI mouse (A) and representative spike
waveforms (B). (A) A coronal section obtained from the brain of a KI mouse. The arrow
indicates an electrode-marking lesion centered in the SNr. (B) Multiple (~10) traces of spike
waveforms recorded in a WT (top) and KI (bottom) animal.
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Figure 2.
Box plots of the median values of spike discharge rates (A), the mean burst rate (B), the
percentage of spikes participating in bursts (C) and the interburst interval (D) for WT and KI
animals. Vertical bars within boxes denote the sample median. Box borders correspond to
the cutoffs for the 25th and 75th percentiles, and the outermost bars correspond to the highest
and lowest values in each sample. The asterisk denotes a difference in the sum of ranks with
a two-tailed cutoff at p = 0.05. “ns” indicates a non-significant difference.
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Figure 3.
Scatter plots showing the age at recording and the corresponding natural logarithm of the
observed burst rate for single neurons for all WT (A) and KI (B) neurons. Black lines are the
best-fit line generated by the regression model. Adjusted r-squared values and corresponding
p values are shown on the plots.
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