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Abstract

In mouse models of Huntington’s disease (HD), striatal neuron properties are significantly altered. 

These alterations predict changes in striatal output regions. However, little is known about 

alterations in those regions. In the present study we examined changes in passive and active 

membrane properties of neurons in the external globus pallidus (GPe), the first relay station of the 

indirect pathway, in the R6/2 mouse model of juvenile HD at pre- (1 mo) and symptomatic (2 mo) 

stages. In GPe, two principal types of neurons can be distinguished based on firing properties and 

the presence (type A) or absence (type B) of Ih currents. In symptomatic animals (2 mo), cell 

membrane capacitance and input resistance of type A neurons were increased compared to 

controls. In addition, action potential after-hyperpolarization amplitude was reduced. Although the 

spontaneous firing rate of GPe neurons was not different between control and R6/2 mice, the 

number of spikes evoked by depolarizing current pulses was significantly reduced in symptomatic 

R6/2 animals. In addition, these changes were accompanied by altered firing patterns evidenced by 

increased inter-spike interval variation and increased number of bursts. Blockade of GABAA 

receptors facilitated bursting activity in R6/2 mice but not in control littermates. Thus, alterations 

in firing patterns could be caused by changes in intrinsic membrane conductances and modulated 

by synaptic inputs.
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In Huntington’s disease (HD) striatal neurons are lost. How this affects output structures is 

unknown. Here we studied alterations in the external globus pallidus (GPe), the first relay station 

of the indirect pathway, in the R6/2 mouse model of juvenile HD. Although the spontaneous firing 

rate of GPe neurons was not different between control and R6/2 mice, the firing patterns were 

altered as evidenced by increased inter-spike interval variation and increased number of bursts.
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Introduction

A massive loss of striatal medium-sized spiny neurons (MSNs) occurs in Huntington’s 

disease (HD) (Vonsattel and DiFiglia, 1998). As MSNs from the dorsal striatum give rise to 

two distinct output pathways, direct and indirect, it can be predicted that changes in striatal 

neurons should alter the properties of cells in output regions, external globus pallidus (GPe) 

for the indirect pathway and substantia nigra pars reticulata (SNr) for the direct pathway. It 

is believed that MSNs of the indirect pathway are more vulnerable than MSNs giving rise to 

the direct pathway (Reiner et al., 1988; Albin et al., 1992). Cells in the first relay nucleus of 

the indirect pathway, the GPe, receive GABAergic inputs from dopamine (DA) D2 receptor- 

and enkephalin-containing MSNs, as well as glutamatergic projections from the thalamus 

and the subthalamic nucleus (STN) (Kita, 2010). Cells in the GPe, in turn, send a major 
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GABAergic projection to the STN and a minor but significant projection to the dorsal 

striatum (Voorn, 2010).

Several types of neurons have been characterized in the GPe of rodents (Kita and Kitai, 

1991; Cooper and Stanford, 2000; Chan et al., 2004; Bugaysen et al., 2010; Hegeman et al., 

2016). The most prevalent (type A) is GABAergic, expresses parvalbumin (PV), projects to 

the STN, and displays delayed rectification (sag) caused by a prominent hyperpolarization-

activated current (Ih). One third of neurons (type B) have no Ih and display a fast 

monophasic action potential (AP) after-hyperpolarization (AHP). A smaller percentage of 

neurons (type C), probably cholinergic, have no Ih and display prolonged biphasic AHPs 

(Cooper and Stanford, 2000). Based on projection patterns, GPe neurons are also classified 

as prototypical (projecting to STN) or arkypallidal (projecting to the striatum) (Mallet et al., 

2012; Abdi et al., 2015).

In HD, the preferential loss of D2-MSN inhibitory input to GPe is hypothesized to induce a 

disinhibition of PV-expressing neurons that project to the STN. Reduced output from 

glutamatergic STN neurons would then reduce SNr output, leading to disinhibition of 

thalamocortical pathways and ultimately abnormal, choreic movements (Reiner et al., 1988; 

Albin et al., 1992). Thus, GPe lesions or inhibitory deep brain stimulation (DBS) have been 

used to restore the balance of basal ganglia structures to ameliorate chorea (Reiner, 2004; 

Temel et al., 2006; Ligot et al., 2011; Nagel et al., 2015). Although reduced volume of the 

GPe is a pathological sequela of MSN input loss (van den Bogaard et al., 2011; Waldvogel et 

al., 2015), whether or not GPe neurons are actually lost remains unknown. While some 

studies reported cell loss (Lange et al., 1976; Vonsattel and DiFiglia, 1998), another study 

found no change in cell numbers (Wakai et al., 1993).

Although in most HD models striatal cell loss is mild, MSNs undergo important 

morphological and electrophysiological alterations. In particular, striatal MSNs become 

more excitable and fire more frequently with disease progression due to reduced K+ 

conductances, depolarized resting membrane potentials (RMP), and increased input 

resistances (Levine et al., 1999; Klapstein et al., 2001; Ariano et al., 2005; Rebec et al., 

2006; Cepeda et al., 2007; Miller et al., 2008). However, MSNs, in particular D2 receptor-

containing, also are subjected to increased inhibitory inputs from multiple sources, which 

could hamper striatal output to the GPe (Cepeda et al., 2004; Cepeda et al., 2013). How 

changes in striatal output affect structures in the indirect or direct pathways is presently 

unknown. Here, we used electrophysiological and morphological tools to examine 

alterations of GPe neurons in the R6/2 mouse model of HD. The data obtained in the present 

study point to time-dependent disturbances in passive and active membrane properties of 

GPe neurons in HD mice.

Methods

Animals

All procedures were performed in accordance with the U.S. Public Health Service Guide for 

Care and Use of Laboratory Animals and were approved by the Institutional Animal Care 

and Use Committee at the University of California Los Angeles. Mice were obtained from 
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our R6/2 breeding colony. Experimental mice were housed on a 12 h light-dark cycle with 

lights on from 7:00-19:00. Food and water were available ad libitum. Genotyping was 

performed using PCR of DNA obtained from tail samples, once at weaning and again 

following the completion of electrophysiological experiments to confirm the genotype. CAG 

repeat lengths for R6/2 mice were determined by Laragen Inc. (Culver City, CA) and found 

to be 151±2 (mean±SEM, n=19). Two groups of R6/2 mice were examined: a 

presymptomatic group (1 mo) and a symptomatic group (2 mo).

Electrophysiology

Mice were deeply anesthetized with isoflurane and intracardially perfused with 10 ml of ice-

cold N-methyl-D-glucamine (NMDG)-based slice solution containing (in mM): 92 NMDG, 

85 HCl, 20 HEPES, 2.5 KCl, 30 NaHCO3, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2. They 

were then decapitated and the brains rapidly removed and placed in the same solution. 

Sagittal slices (300 μm) were cut and incubated in regular artificial cerebrospinal fluid 

(ACSF) containing (in mM): 130 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 3 KCl, 2 MgCl2, 2 

CaCl2, and 10 glucose (pH 7.2-7.35, 290-310 mOsm), and oxygenated with 95% O2 - 5% 

CO2. Slices were allowed to recover for 30 min in warm (32°C) ACSF and then at room 

temperature for at least 1h before recordings. Whole-cell patch-clamp recordings were 

obtained in voltage or current clamp mode using a MultiClamp 700B amplifier (Molecular 

Devices) and pClamp (version 10.2) software. For voltage and current clamp recordings 

(used to determine passive and active membrane properties and firing patterns) the pipette 

was filled with a K-gluconate-based internal solution containing (in mM): 112.5 K-

gluconate, 17.5 KCl, 10 HEPES, 5 EGTA, 4 NaCl, 0.5 CaCl2, 1 MgCl2, 5 Na2ATP, 1 GTP. 

Electrode access resistances were <25 MΩ. Biocytin (2%) was added for cell identification 

and morphology. Somatic areas were calculated from digital images of biocytin-filled 

neurons by manually outlining the cell body and area was estimated using ImageJ software 

(NIH).

Passive cell membrane properties were determined in voltage clamp mode (Vh=−70 mV) by 

applying a depolarizing step voltage command (10 mV) and using the membrane test 

function integrated in the pClamp software. This function reports cell membrane capacitance 

(in pF), input resistance (in MΩ) and decay time constant (in ms). Spontaneous firing was 

recorded in current clamp mode. Current-voltage (I-V) relationships were generated by 

applying 500 ms current pulses starting at −300 pA, with 50 pA increments. The RMP and 

AP properties of GPe neurons were measured using the Clampfit software. In addition, the 

threshold membrane potential for AP generation, AHP amplitude, spike adaptation and sag 

amplitude and ratios also were calculated. Spike frequency, inter-spike intervals, coefficients 

of variation (CV) and burst numbers per recording period were calculated using the 

threshold search method. By testing the combination of specified intervals and number of 

spikes in a burst we found that a 500 ms interval with 3 spikes in the burst provided the best 

estimate to examine the number of bursts in the spike trains. Cells were considered as 

spiking with bursts if in a 90 sec interval at least 2 bursts occurred.
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Statistical Analyses

All values in figures and text are presented as mean±SEM. Differences between group 

means were assessed with Student’s t-tests and, when comparing more than two groups, 

with appropriately designed one- or two-way ANOVAs with Bonferroni post-hoc correction. 

Differences in proportions were estimated using Chi-square test. Differences were 

considered statistically significant if p<0.05. SigmaStat 3.5 (Systat Software, San Jose, CA) 

was used to perform all statistical analyses.

Results

Cell types in GPe of WT and R6/2 mice

In agreement with earlier reports (Kita and Kitai, 1991; Cooper and Stanford, 2000; 

Bugaysen et al., 2010) we observed two principal types of GPe cells which could be 

identified by distinct current-voltage (I-V) relationships (Fig. 1A, B). Typically, a population 

of cells (type A) displayed a pronounced time- and voltage-dependent rectification (Ih or 

sag) at hyperpolarized membrane potentials due to activation of hyperpolarization-activated, 

cyclic nucleotide-gated cation (HCN) channels. A second population of GPe cells did not 

have this prominent sag (type B). Eight cells (3 of 15 cells in young WT mice, 1 of 24 cells 

in older WT mice and 4 of 34 cells in older R6/2 mice) were characterized by the absence of 

sag potentials and rebound depolarizations, as well as the presence of prolonged AHPs and 

could correspond to the scarce type C cells, putative cholinergic interneurons (Cooper and 

Stanford, 2000). These cells were excluded from further analysis. The proportions of type A 

(58.3% in 1 mo and 56.5% in 2 mo old) and type B (41.7% in 1 mo and 43.5% in 2 mo old) 

cells in WT mice were almost identical at 1 mo and 2 mo (p=0.918, Chi-square test). 

Although more type A (66.6%) and less type B (33.3%) cells were recorded in R6/2 mice at 

1 mo, the difference was not statistically significant (p=0.643, Chisquare test). In 2 mo R6/2 

mice the proportions of type A and B cells were identical (50%). This indicates that, overall, 

we were sampling similar cell populations in WT and R6/2 mice.

Passive membrane properties of GPe neurons

Basic membrane properties were measured in voltage clamp mode. Cell membrane 

capacitance (Cm), input resistance (Rm) and decay time constant (tau) were not different 

between WT (n=12 cells) and R6/2 mice (n=18 cells) at 1 mo (Table 1). Similarly, at 2 mo 

these membrane properties in R6/2 mice were not significantly different from those in WT 

mice when all cells (n=23 in WT and n=30 in R6/2) were pooled together, except for tau 

which was increased (Table 1). However, more differences emerged when the two main 

neuronal subtypes were separated (statistical tests used two-way ANOVAs with Bonferroni 

post-hoc t-tests). Type A neurons from R6/2 mice had increased Cm (n=15 and 13 

respectively, p=0.032) and Rm (p=0.006) compared to type A cells in WT mice. These cells 

also had significantly longer tau values, consistent with increased cell capacitance. As cell 

capacitance reflects membrane area, to further investigate the differences found in type A 

cells at 2 mo we measured cell body areas from WT (n=9) and R6/2 (n=5) mice after 

biocytin staining. Compared to WT mice the average somatic area in R6/2 mice was 

significantly larger (R6/2; 216.7±8.9 μm2 vs. WT; 152.7±14.1 μm2, p=0.003, Student’s t-
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test), supporting changes in cell membrane capacitance. No significant differences in passive 

membrane properties were found in type B cells at 2 mo (n=10 WT and n=15 R6/2).

Active Membrane Properties and Excitability of GPe Neurons

In 1 mo mice the RMP of GPe neurons (pooled) was more depolarized than in WTs (R6/2 

n=18 and WT n=12, p<0.05). This difference was mainly due to changes in type B neurons 

(p=0.053, Table 1). One potential caveat with this finding is that, although the difference in 

RMP was statistically significant, the number of type B cells encountered at this age was 

relatively low (R6/2; n=6 and WT; n=5). In addition, the RMP in symptomatic R6/2 mice 

was not significantly different when cells were grouped together nor when separated into 

types A and B. Another parameter that was different in presymptomatic R6/2 mice was the 

half-amplitude duration of APs, which affected selectively type A neurons (p=0.002) (Table 
1). However, in symptomatic animals half-amplitude duration of APs was not significantly 

altered. In contrast, the AHP amplitude of APs was decreased in R6/2 type A neurons 

compared with WTs (p=0.036). No significant differences were observed in active 

membrane properties in type B neurons.

Changes in Spontaneous Firing Patterns and Loss of Pacemaking Ability in R6/2 mice

First we recorded a subset of GPe neurons from 2 mo WT and R6/2 mice in cell attached 

mode. Consistent with previous studies, firing rates among GPe neurons vary widely 

(Bugaysen et al., 2010; Deister et al., 2013). In our population, the range was 1-64 Hz in WT 

and 1-46 Hz in R6/2 cells. The average firing rates were not significantly different between 

WT and symptomatic R6/2 mice (21.3±5.8 Hz, n=12 cells in WT and 16.4±3.3 Hz n=14 

cells in R6/2, p=0.453, Student’s t-test,).

To examine spontaneous firing properties in relation to the two principal types of GPe 

neurons in R6/2 and WT mice we recorded the cells in the whole-cell configuration in 

current clamp mode. Most but not all of the cells were spontaneously active. In 1 mo WT 

mice 10/12 cells (83.3%) were spontaneously active, while in 2 mo WT mice 16/23 cells 

(69.6%) showed spontaneous activity. In R6/2 mice, the percent of firing neurons was 

identical, 83.3% (15/18 cells) at 1 mo and 83.3% (25/30 cells) at 2 mo. No significant 

differences in spontaneous firing rates were found in both 1 and 2 mo R6/2 mice compared 

to age-matched WTs when all cells were pooled nor when separated into the two types (Fig. 

2B and 3B).

Both WT and R6/2 neurons displayed bursts of APs (Figs. 2A and 3A). Compared with 

WTs, the percent of bursting cells was reduced in 1 and 2 mo R6/2 mice. However, the 

difference was not statistically significant. Thus, in 1 mo R6/2 mice the percent of bursting 

cells made up 55.3% (8 of 15 spiking cells) compared with 70% (7 of 10 spiking cells) in 

WT mice (p=0.41, Chi-square test), and in 2 mo R6/2 mice bursting cells comprised 60% 

(15/25 spiking cells) compared with 81.3% (13/16 spiking cells) in WTs (p=0.15, Chi 

square). Interestingly, in bursting neurons from both 1 and 2 mo R6/2 mice the average 

number of bursts increased significantly compared to WT mice (p=0.04, Student’s t-test) 

(Fig. 2B and 3B). To further estimate the regularity of spontaneous spiking, CV of inter-

spike intervals also was calculated. As expected, in the 1 mo group the mean CV of R6/2 
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mice was significantly higher than that of WT mice (Fig. 2B, p=0.02, Student’s t-test). In 

contrast, there was no difference in CV of inter-spike intervals between R6/2 and WT mice 

in the symptomatic group (Fig. 3C, p=0.69, Student’s t-test). However, histograms of CV 

from R6/2 mice revealed a clear separation of cells into two groups; one with small and 

another with high CV values. Taking 0.8 as the cutoff value, 27% of WT cells had high CV, 

whereas 54% of R6/2 cells had high CV (p=0.092, Chi square). The most parsimonious 

explanation is that there are two populations of cells in 2 mo R6/2 mice; a population of 

cells firing regularly and another population firing predominantly in bursts. Overall R6/2 

neurons in both age groups displayed more bursting activity and about 10-20% of bursting 

neurons displayed membrane oscillations consisting of rhythmic depolarizations and bursts 

followed by long hyper-polarizations (Figs. 2A and 3A). This unique firing pattern was not 

observed in cells from WT mice.

Changes in Evoked Firing

To examine differences in GPe neuronal excitability in R6/2 and WT mice we recorded 

responses to a small depolarizing current step (25 pA) of relatively long duration (1500 ms). 

This method allows estimation of spiking properties not only in spontaneously active 

neurons, but also in cells with low or no spontaneous spiking. The number of APs, the firing 

rate and the CV of inter-spike intervals were estimated. If data were separated by cell type 

strong trends were found but did not reach statistical significance. However, there were age- 

and genotype-dependent differences in AP numbers and firing patterns in 1 and 2 mo mice 

when all cells were pooled (Fig. 4C, one-way ANOVA, p<0.001). Compared with 2 mo WT 

mice the 1 mo WT mice had a significantly higher number of APs per step duration (Fig. 
4C, 1 mo WT; 30.2±4.1 vs. 2 mo WT; 17.9±2.3, p=0.02), higher firing rate (1 mo WT: 

20.2±2.7 Hz vs. 2 mo WT: 12.2±1.5 Hz, p=0.02) and had more regular firing based on the 

values of CV of inter-spike intervals (p=0.03) (Fig. 4D). The induced firing rate in 1 mo 

R6/2 mice was not significantly different from that in WTs (R6/2; 19.4±1.7 Hz vs. WT; 

20.2±2.7 Hz, p=0.81), nor was the regularity of spiking (CV, p=0.59). In contrast, compared 

to WTs the 2 mo R6/2 animals showed significantly reduced number of spikes (p=0.04), 

increased CV (p=0.03) due to more variable firing in type B neurons, and a strong trend for 

reduced firing rate (R6/2; 8.1±1.4 Hz vs. WT; 12.2±1.5 Hz, p=0.07).

Effects of GABAA Receptor Blockade on Spontaneous Firing

To examine the potential contribution of inhibitory inputs on firing pattern alterations in GPe 

neurons, we bath applied the selective GABAA receptor antagonist bicuculline (BIC, 10-20 

μM) to slices from WT and R6/2 mice. In this experiment all but one of the recorded 

neurons (n=21) were type A (i.e., displayed prominent Ih current). BIC produced differential 

effects in GPe neurons. In cells from WT animals, BIC had no effect (n=4) or reduced 

spontaneous firing (n=7). In contrast, in cells from R6/2 mice, BIC produced no change 

(n=1), reduced spontaneous firing (n=4), or induced/ exacerbated bursting activity (n=5) 

(Fig. 5). The difference in distributions was statistically significantly (Table 2, p=0.008, 

Chi-square). This indicates that antagonism of GABAA receptors facilitates the occurrence 

of bursts specifically in GPe type A neurons from R6/2 mice. Incidentally, glutamate 

receptor blockers did not affect firing rates or patterns (not shown).
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Discussion

The present results reveal unique alterations of GPe neurons in the R6/2 mouse model of 

HD. Overall more changes were observed in type A neurons. At 1 mo, type A neurons 

showed reduced AP half-amplitude duration and AHP time to peak. At 2 mo, type A 

neurons in R6/2 mice displayed increased membrane capacitance and input resistance but 

reduced AHP amplitude of APs. Alterations in the firing properties of the GPe neurons were 

found in both 1 mo and 2 mo R6/2 mice. Although spontaneous firing rates were not 

significantly altered, evoked firing was decreased at 2 mo. Increases in burst number and CV 

of inter-spike intervals also were observed, indicating more irregularity of spontaneous 

firing. In addition, some cells at both ages displayed aberrant rhythmic membrane 

oscillations. This firing pattern was only observed in cells from R6/2 mice.

Cell capacitance was increased in type A neurons from symptomatic R6/2 animals. This 

change was unexpected and contrasts with findings in striatal and cortical output neurons, 

which display significant decreases in membrane capacitance, reflecting loss of dendritic 

spines and reduced somatic areas. One of the reasons for increased cell capacitance in type 

A cells of the symptomatic group could be that the population of type A cells may not be as 

homogeneous as previously thought. Recently, using (Lhx6)-Cre and (PV)-Cre mice, two 

populations of cells were described in GPe (Mastro et al., 2014). These cells were not 

distinguished by the sag at hyperpolarized potentials, but had significantly different 

membrane input resistance and capacitance. Interestingly, the cells were also significantly 

different with respect to AP half-amplitude duration and AHP amplitude, the cell parameters 

affected in type A neurons of symptomatic R6/2 mice. Despite increased cell membrane 

capacitance, Rm also was increased in type A GPe neurons. This increase has been observed 

in striatal and cortical projection neurons, suggesting this is a general phenomenon probably 

due to loss of K+ channels more than a loss of membrane area (Klapstein et al., 2001; Ariano 

et al., 2005).

One of the more important findings stemming from the present study is the alteration of 

firing patterns and the loss of pacemaking ability of GPe neurons. The cause of this 

disruption remains unknown but there are a number of possibilities. Reductions in AP AHP 

amplitude point to changes in Ca2+ activated K+ conductances. It also is possible that HCN 

channels, which participate in GPe cell pacemaking (Chan et al., 2004), become altered by 

the mutation. Although in the present study we did not find significant differences in sag 

ratios between WT and R6/2 type A neurons, additional studies in voltage clamp mode, 

which allow a better estimate of changes in current amplitude and kinetics, are necessary. 

Whichever the intimate mechanism of cell firing disruption, our observations warrant further 

studies on K+ channel dysfunction in the GPe of HD mice. Interestingly, we recently 

reported that the regular firing of striatal cholinergic interneurons also is disrupted in R6/2 

mice (Holley et al., 2015) and this might be a more general property of basal ganglia 

neurons that are spontaneously active in slice preparations.

Single-unit recordings from GPe neurons in human patients with HD are scarce. In one early 

stage HD patient with 41 CAG repeats and chorea, spontaneous firing of GPe neurons was 

increased compared with a large cohort of Parkinsonian patients, an effect in line with early 
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loss of indirect pathway MSNs (Starr et al., 2008). In HD animal models the results have 

been inconsistent. While ablation of the caudate nucleus leads to decreased firing rates in 

GP-entopeduncular nucleus (Levine et al., 1982), ibotenic or quinolinic acid lesions that 

better replicate neuronal loss in HD, induced increases in discharge rate and reduced CV, 

supporting the disinhibition hypothesis (Sachdev et al., 1989; Nakao et al., 1999). However, 

in transgenic HD rats, regular firing units showed decreased frequencies while those in the 

subthalamic nucleus displayed increased frequencies (Vlamings et al., 2012). This study, as 

well as ours, suggests that the classical assumption that reduced GABA output from D2 

MSNs produces disinhibition of GPe neurons (Reiner et al., 1988) needs to be reconsidered, 

at least in rodent models (Calabresi et al., 2014). In the present study no significant 

differences in spontaneous firing rates were observed and, if anything, evoked firing was 

reduced in 2 mo R6/2 mice.

Clearly, an important caveat is that current mouse models of HD do not replicate faithfully 

the motor symptoms, including chorea, observed in HD patients (Levine et al., 2004). 

However, with disease progression, akinesia is observed in both mice and humans. 

Importantly, instead of an indiscriminate increase in firing, we found a change in firing 

patterns along with increased CV and bursting, even in the presence of BIC. This alteration 

is similar to that occurring in Parkinson’s disease, with a progressive decline in autonomous 

GPe pacemaking and the emergence of rhythmic spiking due to downregulation of HCN 

channels (Chan et al., 2004). This downregulation is due to alterations in both transcriptional 

and trafficking mechanisms (Chan et al., 2011). How these two seemingly disparate 

pathologies lead to similar alterations in GPe neurons remains unknown. However, it is 

important to indicate that, with disease progression, the levels of dopamine also are 

significantly reduced in HD mice (Johnson et al., 2006; Ortiz et al., 2012), which could 

affect discharge patterns of GPe neurons. As with animal models of Parkinson’s disease, it 

may be possible that viral delivery of HCN2 subunits can restore pacemaking ability and 

suppress rhythmic burst spiking in GPe neurons from HD mice (He et al., 2014).
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Significance Statement

Huntington’s disease (HD) is a devastating hereditary neurological disorder manifested 

by motor, cognitive and psychiatric disturbances. Currently there is no cure and patients 

succumb to the disease 10-20 years after diagnosis. The principal pathology in the brain 

is the loss of neurons in the striatum, a centrally located region that regulates motor 

behaviors. However, other areas also are affected. In this study we characterized changes 

in the external globus pallidus, which receives inputs from the striatum. Using a mouse 

model of HD we found significant alterations in intrinsic cell membrane properties and 

firing patterns.
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Fig. 1. 
Traces show typical I-V relationships (500 ms current pulses starting at −300 pA, with 50 

pA increments) of GPe neurons in WT and R6/2 mice. Based on the presence or absence of 

hyperpolarization-activated cation currents (Ih or sag), GPe neurons from both WT and R6/2 

mice could be divided into two main groups, one (A) with prominent Ih (type A) and one (B) 
without prominent Ih (type B). Images on top of the traces show examples of biocytin-filled 

type A and type B cells in WT and R6/2 mice (2 mo). Notice decreased firing regularity in 

cells from R6/2 animals.
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Fig. 2. 
A. Spontaneous firing patterns of type A and type B GPe neurons in presymptomatic (1 mo) 

R6/2 mice and age-matched WT mice. B. Graphs illustrate average firing rates and burst 

numbers between WT and R6/2 mice. Compared to WTs, R6/2 mice showed a significant 

increase in burst numbers when both cell types were pooled. C. Coefficients of variation 

(CV) of inter-spike intervals also were significantly increased due to more firing irregularity 

of R6/2 neurons.
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Fig. 3. 
A. Spontaneous firing patterns of type A and type B GPe neurons in symptomatic (2 mo) 

R6/2 mice and age-matched WT mice. B. At 2 mo the burst numbers were increased, similar 

to presymptomatic animals. Spontaneous firing rates were not different. C. The average CVs 

were not different between WT and R62 mice. This was due to the fact that two populations 

of cells could be distinguished in R6/2 mice, some with low CV values and some with high 

CV values. Proportionately, more R6/2 neurons had high CV values. In addition, about 20% 

of neurons displayed membrane oscillations consisting of rhythmic depolarizations and 

bursts followed by hyperpolarizations. This unique firing pattern was not observed in cells 

from WT mice.
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Fig. 4. 
GPe neurons in R6/2 and WT mice respond differently to small, prolonged depolarizing 

current injections. The traces show responses of GPe neurons to 25 pA depolarizing current 

steps of 1500 ms duration in 1 mo (A) and 2 mo (B) mice. (C) Bar graphs summarize the 

number of spikes per step and the CV (D) of inter-spike intervals in R6/2 mice and age-

matched WTs. Asterisks above the bars indicate p<0.05.
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Fig. 5. 
GPe neurons in slices from symptomatic R6/2 and WT mice respond differently to BIC (20 

μM). Panels in A show the recorded cells filled with biocytin. B. Spontaneous firing of WT 

and R6/2 neurons during control (ACSF) conditions. C. In the WT cell BIC reduced the 

firing frequency of the GPe neuron. In contrast, in the cell from the R6/2 mouse BIC 

induced rhythmic bursts of APs.
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