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Neurobiology of Disease

Striatal Direct and Indirect Pathway Output Structures Are
Differentially Altered in Mouse Models of Huntington’s
Disease

Joshua Barry, Garnik Akopian,* X Carlos Cepeda, and X Michael S. Levine
Intellectual and Developmental Disabilities Research Center, Semel Institute for Neuroscience and Human Behavior, Brain Research Institute, University of
California–Los Angeles, Los Angeles, California 90095

The present study examined synaptic communication between direct and indirect output pathway striatal medium-sized spiny neurons
(MSNs) and their target structures, the substantia nigra pars reticulata (SNr) and the external globus pallidus (GPe) in two mouse models
of Huntington’s disease (HD). Cre recombination, optogenetics, and whole-cell patch-clamp recordings were used to determine altera-
tions in intrinsic and synaptic properties of SNr and GPe neurons from both male and female symptomatic R6/2 (�60 d) and presymp-
tomatic (2 months) or symptomatic (10 –12 months) YAC128 mice. Cell membrane capacitance was decreased, whereas input resistance
was increased in SNr neurons from R6/2, but not YAC128 mice. The amplitude of GABAergic responses evoked by optogenetic stimula-
tion of direct pathway terminals was reduced in SNr neurons of symptomatic mice of both models. A decrease in spontaneous GABA
synaptic activity, in particular large-amplitude events, in SNr neurons also was observed. Passive membrane properties of GPe neurons
were not different between R6/2 or YAC128 mice and their control littermates. Similarly, the amplitude of GABA responses evoked by
activation of indirect pathway MSN terminals and the frequency of spontaneous GABA synaptic activity were similar in HD and control
animals. In contrast, the decay time of the evoked GABA response was significantly longer in cells from HD mice. Interestingly, activation
of indirect pathway MSNs within the striatum evoked larger-amplitude responses in direct pathway MSNs. Together, these results demonstrate
differential alterations in responses evoked by direct and indirect pathway terminals in SNr and GPe leading to striatal output imbalance and
motor dysfunction.
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Introduction
Huntington’s disease (HD) is a progressive autosomal dominant
neurodegenerative disorder characterized by motor, cognitive, and

psychiatric symptoms (Haddad and Cummings, 1997; Harper and
Jones, 2002). It is caused by an abnormal expansion of CAG re-
peats in exon 1 of the huntingtin (Htt) gene (Huntington’s Dis-
ease Collaborative Research Group, 1993). In HD, the principal
neuropathology is the loss of medium-sized spiny neurons (MSNs)
in the striatum (Vonsattel and DiFiglia, 1998). Prominent lami-Received Feb. 15, 2018; revised April 2, 2018; accepted April 18, 2018.
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Significance Statement

Previous work on Huntington’s disease (HD) focused on striatal medium-sized spiny neurons (MSNs) almost exclusively. Little is
known about the effects that alterations in the striatum have on output structures of the direct and indirect pathways, the
substantia nigra pars reticulata (SNr) and the external segment of the globus pallidus (GPe), respectively. We combined electro-
physiological and optogenetic methods to examine responses evoked by selective activation of terminals of direct and indirect
pathway MSNs in SNr and GPe neurons in two mouse models of HD. We show a differential disruption of synaptic communication
between the direct and indirect output pathways of the striatum with their target regions leading to an imbalance of striatal output,
which will contribute to motor dysfunction.
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nar thinning and white matter/neuronal loss in the cerebral
cortex also occur as the disease progresses (Rosas et al., 2006).
Although significant strides have been made since the discovery
of the gene, most studies have focused on examination of mech-
anistic changes that occur in the striatum and cerebral cortex
(Rebec et al., 2006; Miller et al., 2008; Walker et al., 2008; Cum-
mings et al., 2009; Cepeda et al., 2010). In particular, altered
intrinsic and synaptic properties observed in striatal neurons are
likely to affect information processing along the entire cortico-
basal ganglia-thalamo-cortical loop (Cepeda et al., 2007).

MSNs are striatal output neurons that give rise to two distinct
pathways: the direct and the indirect. Direct pathway MSNs proj-
ect to the substantia nigra pars reticulata (SNr), whereas indirect
pathway MSNs project to the external segment of the globus pallidus
(GPe). MSNs of the indirect pathway appear to be affected earlier
in HD than the direct pathway MSNs, and this is thought to cause
chorea (Reiner et al., 1988; Albin et al., 1992). However, little is
known about how MSN dysfunction affects the target neurons of
the two output regions. Limitations have been caused by our
inability to tease apart the influence of the two pathways using
traditional techniques, such as electrical stimulation. This limita-
tion has been overcome by the introduction of genetically engi-
neered mice expressing Cre in specific neuronal populations, that
is, dopamine (DA) D1 (for the direct pathway), D2 or adenosine
2A (A2A) (for the indirect pathway) receptor-expressing MSNs,
combined with optogenetic techniques that allow selective acti-
vation of each population (Zhang et al., 2006; Gong et al., 2007;
Durieux et al., 2009).

In the present study, we used in vitro electrophysiology and
optogenetics to examine how the communication between MSNs
of the direct and indirect pathways with their respective targets
and among each subgroup in the striatum are affected with dis-
ease progression in two mouse models of HD: the R6/2 and the
YAC128. The R6/2 was the first and most widely used transgenic
mouse model. It contains exon 1 of the mutant HD gene and pro-
duces an aggressive phenotype similar to juvenile HD. R6/2 mice
become fully symptomatic by 2 months of age (Mangiarini et al.,
1996). The second model we used, the YAC128, consists of full-
length human mutant Htt in a yeast artificial chromosome con-
taining 128 CAG repeats (Slow et al., 2003). The YAC128 model
displays a less severe phenotype than the R6/2, similar to adult-
onset HD, and it takes �1 year to fully develop the phenotype.
Symptomatic R6/2 mice (�2 months of age) and both presymp-
tomatic (2 months) and symptomatic (12 months) YAC128 mice
were examined. For all groups, the membrane and synaptic prop-
erties of both GPe and SNr were examined.

Materials and Methods
Animals. All experimental procedures were performed in accordance
with the Public Health Service Guide for the care and use of laboratory
animals and were approved by the Institutional Animal Care and Use
Committee at the University of California–Los Angeles. DA D1-Cre
(RRID:MMRRC_030989-UCD), D2-Cre (RRID:MMRRC_032108-UCD),
A2A-Cre (RRID:MMRRC_036158-UCD), and YAC128 mice were ob-
tained from our colony at the University of California–Los Angeles. R6/2
mice were obtained from The Jackson Laboratory and our own colony.
D1-, D2-, and A2A-Cre mice were crossed with wild-type (WT) female
C57BL/6xCBA mice transplanted with R6/2 ovaries or with YAC128
mice to generate R6/2, YAC128, and WT littermates expressing D1-, D2-,
or A2A-Cre. All mice were genotyped twice: once at weaning and again
after electrophysiological recordings. CAG repeat lengths for R6/2 mice
averaged �155 repeats. Every effort was made to minimize pain, discom-
fort, and the number of mice used. Both male and female mice were used.

There were no consistent differences between sexes on all measures ex-
amined and data were pooled.

Cell visualization and electrophysiology. Detailed procedures for slice
preparation and cell visualization have been published previously (Ce-
peda et al., 2013; Holley et al., 2015). Briefly, mice were deeply anesthe-
tized with isoflurane and killed. The brain was rapidly removed and
placed in either ice-cold high sucrose slice solution (D1-Cre mice) con-
taining the following (in mM): 208 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 1.3 MgCl2, 8 MgSO4, and 10 glucose or ice-cold NMDG solu-
tion (D2-Cre mice) containing the following (in mM): 102 NMDG, 3
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 0.5 CaCl2, 10 MgSO4, 85
HCl, and 40 glucose. In our hands, high sucrose slice solution produced
a higher yield of SNr neurons, whereas NMDG-based solution was better
suited for GPe recordings. Either coronal (D1-Cre) or sagittal (D2-Cre)
slices were cut (300 �m) with a microslicer (VT1000S; Leica Microsys-
tems) and transferred to an incubating chamber with ACSF containing
the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2
CaCl2, 2 MgCl2, and 10 glucose, oxygenated with 95% O2-5% CO2, pH
7.2–7.4, 290 –310 mOsm. Recordings began after at least 1 h incubation
at room temperature. The microscope (Carl Zeiss Axioskop) was equipped
with differential interference contrast optics and infrared illumination. Cells
werevisualizedwithaninfrared-sensitiveCCDcamera (Hamamatsu C2400).
Cell-attached and whole-cell patch-clamp recordings in voltage-clamp
mode were obtained with a MultiClamp 700B Amplifier (Molecular De-
vices) and pClamp (version 10.2). Patch pipettes (3–5 M�) contained a
Cs-methanesulfonate-based internal solution with the following salt
concentrations (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 1
MgCl2, 5 MgATP, 5 EGTA, 10 HEPES, 5 GTP, 10 phosphocreatine, and
0.1 leupeptin, pH 7.2 with CsOH, 270 mOsm. The internal solution also
contained biocytin (0.2%) for subsequent morphological cell character-
ization. Pipette access resistances were �25 M�. Burst activity was deter-
mined visually in cell-attached mode. The criterion to identify a burst
was a firing rate of 4 – 6 spikes in 1 s, followed by a variable period of
silence (Akopian et al., 2016).

Basic membrane properties of SNr and GPe neurons were determined
in whole-cell voltage-clamp mode with a depolarizing step voltage com-
mand (5 mV) and using the membrane test function integrated in the
pClamp software. Neurons were initially voltage-clamped at �70 mV,
then the holding potential (Vhold) was stepped to 10 mV to record sIPSCs
in gap-free mode (filtered at 1 kHz using Clampex 10.2 software). sIPSCs
were analyzed off-line with the automated detection protocol within the
Mini-Analysis program (Justin Lee, Synaptosoft, version 6.0) and subse-
quently checked manually for accuracy. Event analyses were performed
blind to genotype. The threshold amplitude for the detection of an event
(10 pA for sIPSCs) was set above the root mean square noise (�4 pA at
Vhold � 10 mV). sIPSCs with peak amplitudes between 10 and 100 pA
were grouped, aligned by half-rise time, and normalized by peak ampli-
tude to calculate event kinetics. For each cell, grouped events were aver-
aged to calculate mean amplitudes, rise times, and decay times.

Optogenetic stimulation of direct and indirect pathway striatal neurons.
We used optical stimulation to activate selectively MSNs to determine
their relative contribution to GABA synaptic activity in SNr and GPe
neurons. The excitatory opsin, channelrhodopsin-2 (ChR2), and its re-
porter gene enhanced yellow fluorescent protein (EYFP) were inserted in
a double-floxed inverted open reading frame viral vector (AAV2-DIO-
ChR2-EYFP) (Gene Transfer Vector Core, University of Iowa, Iowa City,
IA). AAV2-DIO-ChR2-EYFP was stereotaxically injected into the stria-
tum of 1-month-old WT and R6/2 mice, 1-month-old WT and YAC128
(presymptomatic) mice, or 11-month-old WT and YAC128 (symptom-
atic) mice crossed with D1-Cre and D2- or A2A-Cre mice (C57BL/6J
background) (1 �l/site, 3.0 � 10 9 vg/�l, 0.2 �l/min) using the following
coordinates: 1.0 mm anterior and 2.0 mm lateral to bregma, at a depth of
3.1 mm from the dura. After Cre recombination, ChR2-EYFP was selec-
tively expressed in D1-Cre, D2- or A2A-Cre neurons. The expression of
these proteins was visualized by EYFP fluorescence. A slow ramp proto-
col (�70 to 10 mV, then holding at 10 mV) was used to examine evoked
GABA responses in SNr or GPe neurons. A brief LED (CoolLED) pulse
(470 nm) consistently stimulated the terminals of MSNs expressing
ChR2-EYFP surrounding the patched SNr or GPe neurons. All experi-
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ments comparing SNr or GPe neuronal responses from WT, R6/2, and
YAC128 mice used the same intensity and duration of the light stimulus
(1 mW, 0.5 ms, 1/30 s frequency).

Immunohistochemistry. After recordings, slices containing biocytin-
filled neurons were fixed in PFA for 8 h before being placed in 30%
sucrose in 1� PBS until processed for immunostaining. Slices were pro-
cessed immunohistochemically for TH in the SN to help determine
whether responses of DA and non-DA neurons were different. Similarly,
in the GPe, slices were processed immunohistochemically for parvalbu-
min (PV) to determine whether responses of neurons that expressed this
protein were different. The slices were washed 3� with 1� PBS, perme-
abilized with 1� PBS/0.7% Triton, then transferred to a blocking solu-
tion (1� PBS/0.5% Triton/5% normal goat serum; Sigma-Aldrich) for
4 h at room temperature. Slices were then incubated overnight at 4°C
with either a chicken-anti-TH antibody (1:1500, catalog #TYH, Aves
Labs, Oregon, RRID:AB_10013440) or rabbit-anti-PV antibody (1:1500,
catalog # PV27, Swant, RRID:AB_2631173) in blocking solution for SNr

or GPe neurons, respectively. Slices were washed 5� in 1� PBS followed
by incubation in blocking solution containing either goat-anti-chicken-
594 (1:1000, catalog #A-11042, Invitrogen, RRID:AB_142803) or goat-
anti-rabbit-594 (1:1000, catalog #A-11037, Invitrogen, RRID:AB_2534095)
and the fluorophore AlexaFluor streptavidin-Marina blue (1:1000, cata-
log #S11221, Invitrogen). The samples were mounted on glass slides and
examined on an ApoTome confocal microscope (Carl Zeiss). Neurons
were imaged at �20 and �40 magnification. Colocalization of strepta-
vidin blue with either the TH or PV antibody was used to help character-
ize recorded cells.

Statistical analyses. Unless otherwise noted, values reported are mean 	
SE. Differences between group means were assessed with appropriate statis-
tical tests for two groups (Student’s t test). Amplitude-frequency and cu-
mulative interevent interval (IEI) or amplitude distributions were
compared with two-way repeated-measures ANOVAs with one repeated
and one independent measure followed by Bonferroni post hoc t tests.
Differences in proportions were assessed with � 2 or Fisher Exact tests

Figure 1. Striatal viral injection/expression and recorded cell types in SNr and GPe. A, Coronal section (bregma, anteroposterior 0.98 mm) (Franklin and Paxinos, 1997) showing the injection site
of AAV2-DIO-ChR2-EYFP in the dorsolateral striatum (green oval). B, EYFP expression in SNr of a D1-Cre mouse. C, EYFP expression in striatum (injection site) and GPe (recording site) of D2-Cre mouse.
D, Left, Biocytin-filled cell recorded in the SNr (blue cell). Middle, Immunofluorescence with TH antibody shows several stained cells. Right, Overlay shows the absence of TH fluorescence in the
biocytin-filled cell, indicating that it was not DA-producing. Right, Green EYFP fluorescence indicates the site of termination of direct pathway axons. E, Left, Cell recorded in the GPe and filled
with biocytin (blue cell). Middle, Immunostaining using anti-PV antibody demonstrates many neurons in GPe express PV, including the recorded neuron (arrowhead). Right, Overlay shows the
biocytin-filled neuron expressing PV. Light green EYFP fluorescence from indirect pathway MSN terminals is also shown. Calibration applies to all panels in D, E.
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depending on sample size. Differences were considered statistically sig-
nificant when p � 0.05. All statistical analyses were performed with Mi-
crosoft Excel or Sigma Plot 12.0.

Results
Striatal viral injections and cell types recorded in SNr
and GPe
The AAV2-DIO-ChR2-EYFP viral vector was injected in the dor-
solateral striatum (Fig. 1A). Injections covered primarily the
lateral extent of the striatum in the dorsoventral direction and
extended for 3 or 4 slices or �1.2 mm in the anteroposterior
direction. Three to 4 weeks after the injection, EYFP fluorescence
was detected in the SNr of D1-Cre mice and in the GPe of D2/
A2A-Cre mice (Fig. 1B,C). The distribution of direct and indirect
pathway terminals was homogeneous and restricted to SNr or
GPe.

Diverse classes of neurons coexist in the SNr, with GABAergic
and DAergic cells being the most abundant. In rats, both cell
types display a compartmental and complementary distribution
within the SNr (González-Hernández and Rodríguez, 2000). To
determine which type of neuron was primarily recorded, in a
subset of neurons from WT and R6/2 animals, we used double
immunostaining for the cell marker biocytin and for TH, which
characteristically labels DAergic neurons (Fig. 1D). Based on IHC
detection, the majority of recorded neurons double-labeled in the
SNr were TH-negative (73%, 14 of 19), indicating that most of
the neurons recorded were putative GABAergic cells and a smaller
population were likely DAergic. We did not find significant differ-
ences in responses of neurons that did or did not express TH, and
data were pooled. IHC detection of biocytin and PV indicated
that slightly more than half of recorded double-labeled neurons
in GPe (54%, 7 of 13) were PV-positive, the so-called prototypical
cells (Fig. 1E). The rest were probably the archypallidal, striatal-
projecting GPe neurons expressing Lim homeobox 6 (Lhx6),
Neuronal PAS domain (Npas), or Forkhead box protein P2
(FoxP2) (Mastro et al., 2014; Abdi et al., 2015; Glajch et al., 2016).
Overall, we did not find consistent differences in responses of
GPe neurons which did or did not express PV, and data were
pooled.

Passive membrane properties of SNr neurons are altered in
R6/2 mice
First, we examined changes in passive membrane properties of
SNr neurons from symptomatic R6/2 mice (�2 months of age)
compared with WT littermates. SNr neurons in R6/2 mice showed a
significant decrease in cell membrane capacitance (t(84) � 2.488, p �
0.015) and a significant increase in membrane input resistance
(t(84) � �2.29, p � 0.025) but no change in decay time constant
(Table 1). These findings probably indicate decreases in somatic
size and of dendritic processes and spines, which led to a decrease
in cell membrane area and channels, as has been observed in
striatum and cortex of symptomatic R6/2 mice (Klapstein et al.,
2001).

Firing properties of SNr neurons
Firing properties of SNr neurons were determined in cell-attached
mode. Most cells fired spontaneously, but a few did not display
any action potentials for the length of the recording (2–3 min).
The proportion of silent neurons was slightly greater in WT (6 of
30, 20%) compared with R6/2 mice (5 of 33, 15.5%), but the
difference was not statistically significant (p � 0.43, Fisher exact).
The vast majority of cells displayed rhythmic firing (Fig. 2A) with
low (�2 and �4 Hz), medium (�6 and �8 Hz), and high (�8

Hz) frequencies. Only rarely SNr cells fired in bursts (1 in WT and
2 in R6/2 mice). Rhythmic firing was not altered in SNr neurons
from R6/2 mice, as demonstrated by similar coefficients of variation
(0.32 	 0.05 for WT and 0.31 	 0.07 for R6/2, t(50) � 0.0691, p �
0.95). The average firing frequency was not significantly different in
cells from WT compared with R6/2 mice (5.5 	 1.0 Hz, n � 24 vs
3.7 	 0.7 Hz, n � 28, respectively; t(50) � 1.475, p � 0.15) (Fig. 2B).
However, a higher percentage of low-frequency firing neurons was
seen in R6/2 compared with WT mice (Fig. 2C).

The amplitude of synaptic responses evoked by optical
stimulation of direct pathway MSN terminals is reduced in
SNr neurons
Use of the Cre-recombinase system to express ChR2 in direct path-
way MSNs (D1 receptor-expressing) allowed for selective photoac-
tivation of their terminals in the SNr. As MSN projections are
GABAergic, it is expected that stimulation of MSN terminals would
induce inhibitory responses in SNr neurons (i.e., reduce sponta-
neous firing rates). As a proof of concept, we tested the effect of
photoactivation of direct pathway on spontaneous firing in a
subset of SNr neurons from a WT mouse (n � 2). In cell-attached
mode, long-duration pulses of blue light (470 nm, 5 s, 1 mW)
completely inhibited neuron firing of SNr cells (Fig. 3A). Firing
resumed several seconds after the light pulse.

In whole-cell voltage-clamp mode, optogenetic activation of
direct pathway MSN terminals reliably evoked responses medi-
ated by activation of GABAA receptors in SNr neurons. To isolate
these responses, the slice was bathed with a combination of AMPA
and NMDA receptor antagonists (NBQX, 10 �M; AP-5, 50 �M,
respectively), and the cell was slowly depolarized using a ramp
voltage command from �70 to 10 mV (Fig. 3B). As the intensity
of the light increased (from 0.5 to 4 mW), the amplitude of the
response increased accordingly (Fig. 3C). As a verification that
responses evoked by light were primarily due to activation of
GABAA receptors, bicuculline, a GABAA receptor antagonist (10
�M), blocked �93% of the response (n � 5 cells) (Fig. 4A1).

For genotype comparisons, we chose a single light intensity
(�60% of maximum, 1 mW, 1/30 s). At this intensity, there was
a significant decrease in the amplitude of GABAA receptor-mediated
responses in SNr neurons from R6/2 mice compared with WTs
(n � 29 WT and n � 38 R6/2, t(65) � 3.747, p � 0.0004) (Fig.
4A,B). The area under the curve also was reduced, but the differ-
ence did not reach statistical significance (t(65) � 1.867, p �

Table 1. Passive membrane properties

Capacitance (pF) Input resistance (M�) Tau (ms)

SNr neurons in WT and R6/2 mice
WT (n � 41) 79.05 	 4.97 571.09 	 52.20 1.49 	 0.11
R6/2 (n � 45) 64.83 	 3.16* 800.29 	 84.10* 1.40 	 0.09

GPe neurons in WT and R6/2 mice
WT (n � 32) 73.78 	 6.07 865.09 	 77.98 1.70 	 0.15
R6/2 (n � 33) 65.30 	 5.75 889.27 	 87.48 1.32 	 0.13

SNr neurons in WT and YAC128 mice
WT (2 mo, n � 12) 79.25 	 10.20 645.42 	 70.12 1.21 	 0.13
YAC128 (2 mo, n � 12) 77.83 	 8.00 723.50 	 87.09 1.37 	 0.17
WT (12 mo, n � 17) 75.76 	 7.99 756.35 	 93.65 1.41 	 0.21
YAC128 (12 mo, n � 25) 66.28 	 5.66 689.16 	 64.89 1.34 	 0.17

GPe neurons in WT and YAC128 mice
WT (2 mo, n � 12) 61.92 	 8.36 1014.75 	 144.99 0.95 	 0.12
YAC128 (2 mo, n � 6) 62.17 	 12.16 1140.00 	 89.44 1.19 	 0.22
WT (12 mo, n � 27) 73.44 	 5.27 1022.41 	 117.89 1.46 	 0.15
YAC128 (12 mo, n � 23) 66.52 	 4.32 1042.39 	 98.27 1.19 	 0.14

*p � 0.05 difference from WTs.
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0.066). Interestingly, these effects were more pronounced in the
low-frequency firing units (putative DA neurons). Decay times
were similar. However, the latency of the response and its rise
time (10%–90%) were significantly increased in cells from R6/2
mice (t(63) � �3.516, p � 0.0004 and t(61) � �2.771, p � 0.007,
respectively) (Fig. 4B). The increase in latency coupled with the
increase in rise times suggest perturbations in GABA release from
direct pathway MSN terminals in R6/2 mice.

The frequency and amplitude of sIPSCs in SNr neurons are
reduced in HD mice
We also examined sIPSCs in SNr neurons (Vh � 10 mV) in the
presence of glutamate receptor blockers where all spontaneous
synaptic currents are mediated by GABAA receptors, as these cur-
rents are completely blocked with GABAA receptor antagonists,
such as bicuculline or picrotoxin (data not shown). The average
frequency of sIPSCs was significantly decreased in SNr neurons

Figure 2. Firing rates of SNr neurons. A, SNr neurons were recorded in cell-attached mode. Most neurons displayed rhythmic firing at low, medium, and high frequencies. B, Box-and-whisker
plots represent the median frequency (Hz) of SNr neurons from WT and R6/2 mice. The frequencies were not significantly different. C, Histogram of percentage of cells firing at different frequencies.
In R6/2 mice, more cells with lower firing rates were encountered. However, the difference was not statistically significant.
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from R6/2 mice compared with WTs (t(80) � 2.042, p � 0.04)
(Fig. 4C,D, inset). Although there was a trend for a significant
genotype and amplitude-frequency interaction, the difference
did not reach statistical significance (F(9,720) � 1.407, p � 0.181).
However, Bonferroni post hoc tests demonstrated a significant
decrease in frequency occurred at the 50 –100 pA bin (t � 3.839,
p � 0.001) (Fig. 4D). SNr neurons from WT mice showed a
significant increase in the proportion of short-duration IEIs com-
pared with those of R6/2 mice, which supports reduced GABA re-
lease probability in the R6/2 (F(24,1944) � 9.020, p � 0.001) (Fig.
4E). We also examined the amplitude and kinetics of spontane-
ous synaptic currents in SNr neurons from WT and R6/2 mice.
There was a significant reduction in average amplitude of events
in neurons from R6/2 compared with WTs (19.8 	 0.9 vs 23.4 	
1.2 pA, respectively; t(80) � 2.479, p � 0.02), which supports the
optogenetic results. The cumulative amplitude distributions also
demonstrated significant differences in the 15–35 pA amplitude
bins (F(9,720) � 4.953, p � 0.001) (for individual Bonferroni post
hoc test values, see Fig. 4E). There was also an increase in rise time
(2.2 	 0.1 vs 2.6 	 0.2 ms for WT and R6/2, respectively; t(79) �
�2.088, p � 0.04) consistent with increased rise time of evoked
responses. In contrast, decay time and half-amplitude duration
were not significantly different (data not shown).

The frequency and amplitude of mIPSCs in SNr cells are
similar in R6/2 and WT mice
mIPSCs were examined by applying TTX, in the presence of
NBQX and AP-5, to slices from symptomatic R6/2 and WT mice.
TTX reduced the frequency of sIPSCs in both WT and R6/2 mice
(38 	 13% in WT, n � 9; and 54 	 8% in R6/2, n � 10). There
was still a slight reduction in frequency in R6/2 versus WT SNr
neurons, but the difference was no longer significant (8.52 	 2.76
vs 6.54 	 1.65 Hz WT and R6/2, respectively; t(17) � 0.669, p �
0.52). The rightward shift in the IEI distribution, indicating reduced
frequency, did not occur after application of TTX, suggesting that
reduced sIPSC frequencies are action potential-dependent and not
due to spontaneous (quantal) GABA release. Although a small
percentage of sIPSCs in SNr neurons may depend on striatal
activity, a major contribution to synaptic inputs is from intrinsic
GABAergic cells in SNr and SNc (Deniau et al., 2007). This is
consistent with the fact that the firing frequency of SNr neurons
was slightly reduced in R6/2 mice compared with WTs. However,
GABA release from other sources, including MSNs and GPe neu-
rons, cannot be ruled out. GPe neurons project to the SNr and
can exert inhibitory control (Smith and Bolam, 1989). In a pre-
vious study of GPe neurons in R6/2 mice, we found that, although
the overall spontaneous firing frequency of these neurons was not

Figure 3. Optogenetic activation of direct pathway terminals disrupts firing of SNr neurons. A, Top, SNr neuron firing rhythmically was recorded in cell-attached mode. Bottom, A 5 s blue light
pulse (470 nm, 1 mW) completely inhibited firing. Firing resumed several seconds after the light pulse was discontinued. B, A ramp voltage command (from �70 to 10 mV, bottom) was used to
increase the driving force of activation of GABAA receptors. To completely isolate GABA responses, the external solution also contained glutamate receptor antagonists (NBQX and AP-5). A blue light
pulse (470 nm, 0.5 ms, 1 mW) evoked a large GABA response at 10 mV. C, The amplitude of the GABA response increased proportionally as light intensity increased (from 0.5 to 5 mW, 1/30 s
frequency).
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Figure 4. Optically evoked and spontaneous GABA synaptic currents in SNr neurons. A, GABA responses were evoked by optical stimulation of terminals of direct pathway neurons in WT and R6/2
mice. A1, Inset, The response was almost completely blocked by bicuculline (10 �M), demonstrating that it was specifically mediated by activation of GABAA receptors. Right, Traces show that the
amplitude of the GABA response in an SNr neuron from an R6/2 mouse was decreased compared with the response of an SNr neuron from a WT mouse. B, Bar graphs represent significant differences
in mean response amplitude (decreased), mean rise time (increased), and mean latency (increased) in SNr neurons from R6/2 compared with WT mice. Although mean response area was decreased,
the difference did not reach statistical significance, possibly due to a small, nonsignificant mean increase in decay time. C, Sample traces of sIPSCs in cells from WT and R6/2 mice. Both frequency and
amplitude were decreased in the R6/2 neuron. D, Amplitude-frequency histogram showing that the sIPSC frequency in SNr cells from R6/2 mice was significantly reduced across multiple amplitude
bins. Inset, The average frequency of sIPSCs in R6/2 cells was significantly decreased. E, Cumulative IEI distributions of sIPSCs (top) show significantly higher percentage of short intervals (i.e., higher
frequency) in WT compared with R6/2 neurons. In contrast, a higher percentage of low-amplitude sIPSCs (15–35 pA) occurred in R6/2 compared with WT neurons (bottom). *p � 0.05.
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different compared with littermate controls, the number of ac-
tion potentials evoked by depolarizing current pulses was re-
duced (Akopian et al., 2016).

Passive membrane properties of GPe neurons in R6/2 mice
Different types of neurons can be found in the GPe (Kita and
Kitai, 1991). The most common, Type A, is GABAergic, expresses
PV, projects to the subthalamic nucleus, and displays delayed
rectification caused by a prominent hyperpolarization-activated
current (Ih). One-third of neurons (Type B) have no Ih and dis-
play a fast monophasic action potential afterhyperpolarization. A
smaller percentage of neurons, Type C, are probably cholinergic,
have no Ih, and display prolonged biphasic afterhyperpolariza-
tions (Cooper and Stanford, 2000). In a previous study, we char-
acterized the basic passive and active membrane properties of
both Type A and Type B neurons in the GPe of R6/2 mice (Ako-
pian et al., 2016). In the present study, consistent with our previ-
ous results, passive cell membrane properties of GPe neurons
from symptomatic R6/2 mice showed no significant differences
in membrane capacitance, input resistance, or decay time con-
stant (Table 1) compared with those of WT mice when all cell
types were combined. As our recordings were in voltage-clamp
mode, using Cs-methanesulfonate as the internal solution, no
attempt was made to separate cell types based on typical electro-
physiological properties observed in current-clamp mode and
using K-gluconate as the internal solution.

Synaptic inputs from indirect pathway MSNs are increased in
duration in GPe neurons
AAV-ChR2-EYFP was injected into D2-Cre mice. EYFP expres-
sion projected from the striatum to the GPe (Fig. 1C). Optically
evoked GABA responses in GPe neurons were similar in ampli-
tude (Fig. 5A,B). However, a significant increase in decay time
and area occurred in cells from R6/2 mice compared with those of
WTs (t(42) � �2.399, p � 0.02 and t(42) � �2.745, p � 0.01,
respectively) (Fig. 5A,B). R6/2 cells with longer decay times gen-
erally did not express PV (PV-positive cells had an average decay
time of 27 	 10 ms, n � 4; and PV-negative cells had an average
decay time of 96 	 19 ms, n � 5; t(7) � �2.994, p � 0.02) and
fired at slower rates than cells with decay times comparable with
those of WTs. This suggests that cells with long decay times rep-
resent a particular subset of GPe neurons (i.e., PV-negative).

Because D2 receptors also are expressed by striatal interneu-
rons that could affect the findings, we used the A2A-Cre line,
which only expresses Cre in indirect pathway MSNs to further
validate outcomes. Similar findings occurred as the amplitude of
evoked GABA responses was not significantly different (973 	
134 vs 1215 	 77 pA for WT, n � 10; and R6/2, n � 12; respec-
tively; t(20) � �1.625, p � 0.12), although there was a significant
increase in decay time (60 	 10 vs 127 	 27 ms for WT and R6/2,
respectively; t(20) � �2.151, p � 0.044) and area (39,912 	
10,252 vs 77,387 	 13,841 pA � ms for WT and R6/2, respec-
tively; t(20) � �2.10, p � 0.048).

Spontaneous synaptic activity in GPe neurons
There was no change in overall frequency of sIPSCs of GPe neu-
rons in R6/2 compared with those of WTs (Fig. 5C,D, inset). The
amplitude-frequency histogram showed no significant differences
(Fig. 5D). Similarly, no significant differences in cumulative dis-
tributions of IEIs (Fig. 5E, top) or amplitudes (Fig. 5E, bottom) in
GPe neurons from R6/2 mice were observed. Although the kinet-
ics of the sIPSCs showed no significant differences, there was a
nonsignificant increase in decay time in neurons from R6/2 mice

compared with those of WTs (18.63 	 2.1 vs 25.5 	 3.5 ms for WT
and R6/2, respectively; t(50) � �1.623, p � 0.11), which is consis-
tent with the longer decay of optically evoked responses. Further
analysis of average sIPSC amplitude distributions of GPe neurons
from both R6/2 and WT mice demonstrated that these neurons
displayed two different patterns of activity. One population of
cells (Type 1) displayed amplitude-frequency histograms with
one peak (unimodal) and had relatively small average amplitudes
of events (Fig. 6A), whereas the second population (Type 2) ex-
hibited two peaks (bimodal): one peak associated with relatively
small average amplitudes and the second peak associated with
larger average amplitude of events (Fig. 6C). In addition, events
in Type 1 cells appeared random, whereas events in Type 2 cells
appeared more rhythmic or semirhythmic. In both WT and R6/2
mice, the percentage of Type 2 cells was lower than Type 1 cells.
Type 2 cells in WT mice made up 27.6% (8 of 29), and in R6/2
mice the percentage of Type 2 cells was 34.6% (9 of 26). In R6/2
mice, sIPSC frequency of Type 1 cells was significantly higher
compared with those of WTs (Fig. 6B). In contrast, the average
frequency of Type 2 cells was significantly lower for R6/2 com-
pared with those of WTs (Fig. 6D). There were no significant
differences in average sIPSC amplitudes when Type 1 and Type 2
cells in R6/2 mice were compared with Type 1 and Type 2 neu-
rons of WTs, respectively.

The frequency and amplitude of mIPSCs in GPe neurons are
similar in R6/2 and WT mice
mIPSCs were examined by applying TTX in the presence of NBQX
and AP-5 to slices from R6/2 mice. TTX reduced the frequency of
IPSCs equivalently in both WT and R6/2 mice (�54.44 	 6.78%
WT, n � 13 vs �48.36 	 7.88% R6/2, n � 11). There also were no
changes in cumulative mIPSC IEIs, amplitudes, or event kinetics
when genotypes were compared.

Similar and contrasting alterations occur in YAC128 mice
Whereas basic membrane properties of SNr neurons were altered
in R6/2 mice, in the YAC128 mice at both stages, there were no
significant changes in cell membrane capacitance, input resistance,
or decay time constant (Table 1), suggesting a milder phenotype in
this mouse model. In YAC128 symptomatic mice, most SNr neu-
rons fired spontaneously (WT, n � 14; YAC128, n � 21). Only 3
cells in each group were silent. Similar to R6/2 mice, there was a
nonsignificant reduction in mean firing rates of SNr neurons
from YAC128 mice (6.9 	 1.4 vs 4.1 	 0.9 Hz in WT and
YAC128, respectively; t(33) � 1.885, p � 0.07). The coefficient of
variation also was not significantly altered in YAC128 mice (0.27 	
0.07 vs 0.39 in WT and YAC128, respectively; t(33) � �1.050, p �
0.28). Together, these findings indicate that although some similar-
ities between R6/2 and YAC128 mice were observed, other changes
only occurred in R6/2 mice. Such an outcome could be due to the
more aggressive phenotype in the R6/2 mice.

Synaptic alterations in SNr and GPe neurons were consistent
in both models. Responses of SNr neurons from YAC128 mice
(12 months) showed a significant decrease in amplitude (t(23) �
2.154, p � 0.04) and a decrease in area, but no change in decay
time (Fig. 7A,B). In addition, the rise time of the response was
significantly increased in cells from YAC128 mice (t(23) � �2.597,
p � 0.016) (Fig. 7B). In contrast, the presymptomatic YAC128
group (2 months) showed no significant changes in any of these
measures compared with WT littermates [amplitude: 1167 	 221
vs 1037 	 150 pA; area: 49,745 	 10,295 vs 48,498 	 7580 pA �
ms; decay time: 82 	 12.4 vs 100.2 	 7.2 ms in WT (n � 10) vs
YAC128 (n � 11), respectively]. Similarly, and consistent with
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Figure 5. Optically evoked and spontaneous GABA synaptic currents in GPe neurons. A, GABA responses were evoked by optical stimulation of terminals of indirect pathway neurons in WT and
R6/2 mice. A1, Inset, The response was completely blocked by bicuculline (10 �M), demonstrating that it was specifically mediated by activation of GABAA receptors. Right, Traces show that the
duration of the GABA response in a GPe neuron from an R6/2 mouse was markedly increased compared with the response of a GPe neuron from a WT mouse. B, Bar graphs show that the mean areas
and decay times of the responses were significantly increased in GPe neurons from R6/2 mice. Mean amplitudes, rise times, and latencies were unchanged. C, Samples of sIPSC traces recorded in WT
and R6/2 mice. D, Although the amplitude-frequency histogram (left) showed significant reduction in frequency in the 30 – 45 pA amplitude bins, this reduction was offset by an increased frequency
of small-amplitude synaptic events. Inset, No difference in mean IPSC frequency between R6/2 and WT GPe neurons. E, The cumulative IEI and amplitude distributions were similar. *p � 0.05.
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data from R6/2 mice, the average frequency of sIPSCs was signif-
icantly decreased in SNr neurons from YAC128 mice compared
with WTs (t(40) � 2.970, p � 0.005) (Fig. 7C,D, inset). The
amplitude-frequency distributions showed that decreased fre-
quencies occurred at the 10 –30 pA bins (F(9,360) � 6.808, p �
0.001) (Fig. 7D). In contrast, mean amplitudes were not signifi-
cantly different (21.6 	 1.6 pA for WTs, n � 17 and 23.3 	 1.7 pA
for YAC128, n � 25). Also similar to data from R6/2 mice, SNr
neurons from WT mice showed a significant increase in the propor-
tion of short-duration IEIs compared with those from YAC128 mice
(F(24,960) � 3.782, p � 0.001) (Fig. 7E). In contrast, the cumulative
amplitude distributions were not significantly different (Fig. 7E).

Consistent with no changes in passive membrane properties
of GPe neurons in R6/2 mice, cells from GPe in YAC128 mice
showed no significant changes at either stage (Table 1). Responses of
GPe neurons to optical stimulation of indirect pathway MSN
terminals in YAC128 (12 months) showed a significant increase
in decay time as well as area (t(32) � �2.323, p � 0.03 and t(32) �
�2.588, p � 0.014, respectively) (Fig. 8A,B). In contrast, pres-
ymptomatic YAC128 mice (2 months) showed no change in am-
plitude, area, or decay time [amplitude: 852.9 	 202.1 vs 801.1 	
181.5 pA; area 32,365 	 8828 vs 26,334 	 9571 pA � ms; decay

time 41.2 	 6.4 vs 54.3 	 14.9 ms in WT (n � 11) vs YAC128
(n � 6), respectively]. Similarly, there was no change in overall
frequency of sIPSCs in YAC128 12 months (Fig. 8C,D) or
YAC128 2 months group compared with the corresponding WT
groups or in the cumulative distributions of IEIs (Fig. 8E, top) or
amplitudes (Fig. 8E, bottom). However, in 12 month YAC128,
the Bonferroni post hoc test showed an increase in frequency of
10 –15 pA amplitude events (t � 2.262, p � 0.024) (Fig. 8D).

Intrastriatal communication between direct and indirect
MSNs is altered in R6/2 mice
To explore whether synaptic communication between direct and
indirect pathway MSNs within the striatum also occurs, in only
R6/2 and WT littermates we recorded from indirect pathway
MSNs (D2 neurons) in D1-Cre mice and vice versa (direct path-
way MSNs recorded in D2- or A2A-Cre mice). These recordings
showed that the evoked response of direct pathway MSNs on
indirect pathway MSNs showed no significant differences in am-
plitude, area, or decay (Fig. 9A,B). In contrast, responses evoked
by activation of indirect pathway MSNs (recording direct path-
way MSNs) showed a significant increase in amplitude (t(15) �
�2.885, p � 0.01) and a nonsignificant increase in area, but no

Figure 6. GPe neurons displayed two patterns of sIPSCs. A, Type 1 cells displayed unimodal amplitude-frequency histograms with low-amplitude, randomly occurring synaptic events.
B, Cumulative IEI distributions of Type 1 cells from R6/2 mice have significantly more short-interval events (higher frequency) compared with those of WT cells. Inset, Mean frequencies of sIPSCs in
R6/2 Type 1 neurons were significantly greater than those of Type 1 WT cells. C, Type 2 cells displayed bimodal amplitude-frequency histograms with small and semirhythmic large-amplitude events.
D, Cumulative IEI distributions show that cells from WT mice have significantly more short-interval events compared with R6/2 cells. Inset, Mean sIPSC frequency of Type 2 cells was significantly
decreased in R6/2 compared with WT cells. Thus, the two types of sIPSCs in GPe neurons changed in opposite directions in R6/2 mice. *p � 0.05.
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Figure 7. Optically evoked and spontaneous GABA synaptic currents in SNr neurons from WT and symptomatic YAC128 mice. A, GABA responses were evoked by optical stimulation of terminals
of direct pathway neurons in WT and symptomatic YAC128 mice. Right, Traces show that the amplitude of the GABA response in a SNr neuron from a YAC128 mouse was decreased compared with
the response of a SNr neuron from a WT mouse, similar to results obtained in R6/2 mice. B, Bar graphs represent significant differences in mean response (Figure legend continues.)
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change in decay time (Fig. 9C,D). This finding suggests increased
decay time of responses evoked in GPe neurons may be partially
caused by a postsynaptic mechanism. Interestingly, the latency of
the response was significantly decreased in R6/2 mice (t(15) �
2.475, p � 0.026).

Discussion
The present results demonstrate, for the first time, that striatal
synaptic communication with direct and indirect pathway out-
put structures is significantly altered in symptomatic HD mice,
albeit in different ways. Optical stimulation of direct pathway
terminals produced lower-amplitude GABAA receptor-mediated
responses in SNr neurons from symptomatic R6/2 and YAC128
mice. In contrast, optical stimulation of indirect pathway terminals
induced longer-duration GABAA receptor-mediated responses in
GPe neurons. In addition, the average frequency of sIPSCs was sig-
nificantly reduced in SNr neurons, whereas no changes were found
in GPe neurons. Interestingly, responses induced by activation of
indirect pathway MSNs displayed larger amplitudes in direct path-
way MSNs from R6/2 compared with WT mice, whereas responses
induced by activation of direct pathway MSNs were similar in indi-
rect pathway MSNs in R6/2 and WT mice.

Intrinsic membrane properties of SNr and GPe neurons
In R6/2 mice, cell membrane capacitance of SNr neurons was
reduced and membrane input resistance was increased. These changes
are similar to previous results in striatum and cerebral cortex (Klap-
stein et al., 2001; Laforet et al., 2001; Cummings et al., 2006). Altered
membrane properties in SNr neurons could be associated with
morphological changes, such as reduced somatic area or den-
dritic segment loss. In YAC128 mice, however, such changes in
the SNr did not occur, suggesting that the phenotype could be
milder. GPe neurons showed no differences in cell membrane
properties in any group, confirming our previous findings (Ako-
pian et al., 2016). However, no attempt was made to separate the
diverse types of neurons within the GPe.

GABA responses in direct and indirect pathway
output structures
The significant decrease in the amplitude of GABA responses in
SNr neurons from symptomatic R6/2 and YAC128 mice could be
due to a reduction in GABA release from presynaptic terminals or
a reduction of postsynaptic SNr GABAA receptors. GABA release
also may be delayed in the SNr as mean latencies were consis-
tently greater. In addition, the frequency of sIPSCs of SNr neu-
rons was significantly reduced, and this reduction appeared to be
activity-dependent, at least in the R6/2 model, as the frequency of
mIPSCs was not significantly altered. Also, similar to optically
evoked IPSCs, the mean amplitude of sIPSCs was reduced. If we

assume that changes in frequency are dependent on presynaptic
mechanisms and changes in amplitude are more dependent on
postsynaptic mechanisms, the most parsimonious explanation of
the reduction in GABAergic responses in SNr neurons is that
there are contributions from a combination of presynaptic and
postsynaptic mechanisms (reduced GABA inputs, reduced re-
lease probability, and/or reduced density of GABAA receptors
in the postsynaptic membrane). Although the source of reduced
synaptic activity is not possible to determine when recording spon-
taneous synaptic events, there are several possibilities. One possibil-
ity is that the decrease is caused by reduced GABA release. However,
in our recording conditions, MSNs are not present. Another po-
tential source is from within the SNr, via intrinsic axon collaterals
releasing GABA (Mailly et al., 2003; Cebrián et al., 2005). Our
cell-attached recordings indicated considerable pacemaker activ-
ity, and a slight reduction in firing rates of SNr neurons partially
supports such a conclusion. A third source emanates from the
GPe, which sends a dense projection to SNr cells and exerts a
strong inhibitory control (Smith and Bolam, 1989).

The major change in indirect pathway GPe neurons in both
symptomatic R6/2 and YAC128 mice was a significant increase in
decay time and area of the evoked GABAergic response. The in-
creased decay time could be due to reduced reuptake of GABA at
the synapse as a result of altered GABA transporters or could be
due to changes in GABAA receptor subunits expressed in the post-
synaptic GPe neurons. In general, GPe neurons with long decay times
did not express PV and fired at slower rates than PV-expressing neu-
rons, raising the possibility that such cells could be the recently
characterized archypallidal neurons, which express Lhx6, Npas,
or FoxP2 (Mastro et al., 2014; Abdi et al., 2015; Glajch et al., 2016)
and preferentially send projections to the striatum and the SN
pars compacta.

Evidence for potential changes in GABA transport in GPe of
HD models is still lacking. A study in normal rodents found that
GAT-1 is mainly localized in unmyelinated axons, whereas GAT-3 is
almost exclusively found in glial processes in the GPe (Jin et al.,
2011). As a deficit in astrocytic glutamate transporters (e.g.,
GLT-1) has been consistently observed in HD striatum (Behrens
et al., 2002; Faideau et al., 2010), one may assume that GABA
transporters could also be altered in the GPe of HD mice. How-
ever, there is considerable evidence for alterations in postsynaptic
GABA receptors in mouse models as well as in human HD. Such
changes appear to be regionally specific as GABAA receptor subunits
in striatum are increased (Cepeda et al., 2004; Du et al., 2017),
whereas in mouse models of HD, the density of GABAA receptor
subunits in the GPe is significantly decreased (Du et al., 2016). A
reduction in GABAA receptor �1 subunits in GPe could explain
the slower kinetics of optically evoked responses as well as in-
creased decay time of mIPSCs in R6/2 mice, at least during the
presymptomatic stage (Du et al., 2016). In contrast to changes
observed in mouse models, studies in human HD tissue have
reported that there is a major increase in GABAA and GABAB

receptors (along with increased expression of GABAA �, �, �
subunits) in both direct and indirect pathway output regions,
findings that were interpreted as compensation triggered by the
loss of striatal GABA input (Thompson-Vest et al., 2003; Allen et
al., 2009; Waldvogel and Faull, 2015; Waldvogel et al., 2015). One
possibility for the difference between human and mouse findings
is that subunit expression examined in postmortem human tissue
is contaminated by years of medication (Du et al., 2016). Another
possibility is the degree of degeneration as in very symptomatic
patients there is extensive degeneration of striatal output neu-

4

(Figure legend continued.) amplitude (decreased) and mean rise time (increased) in SNr neurons
from YAC128 compared with WT mice. Mean latency was increased, but the difference was not
significant. Although mean response area was decreased, the difference did not reach statistical
significance. C, Sample traces of sIPSCs in cells from WT and YAC128 mice. Frequency was
decreased in the YAC128 neuron. D, Amplitude-frequency histogram showing that the sIPSC
frequency in SNr cells from YAC128 mice was significantly reduced across multiple amplitude
bins (Bonferroni post hoc tests yielded p values of �0.001, �0.001, 0.011, and 0.04 for 10 –15,
15–20, 20 –25, and 25–30 pA, respectively). Inset, Mean frequency of sIPSCs in YAC128 cells
was significantly decreased. E, Cumulative IEI distributions of sIPSCs (top histograms) show
significantly higher percentage of short intervals (i.e., higher frequency) in WT compared with
YAC128 neurons. Cumulative amplitude histograms were similar in WT and YAC128 SNr neu-
rons (bottom histograms). *p � 0.05.
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Figure 8. Optically evoked and spontaneous GABA synaptic currents in GPe neurons from WT and symptomatic YAC128 mice. A, GABA responses were evoked by optical stimulation of terminals
of indirect pathway neurons in WT and YAC128 mice. Right, Traces show that the duration of the GABA response in a GPe neuron from a YAC128 mouse was increased compared with the response
of a GPe neuron from a WT mouse. B, Bar graphs show that area and decay time were significantly increased in GPe cells from symptomatic YAC128 mice. There also was a significant decrease in
latency. C, Sample traces of sIPSCs in GPe neurons from WT and YAC128 mice. D, The amplitude-frequency histogram shows that, although there is a significant increase in small-amplitude sIPSCs,
this increase is offset by a reduction in large-amplitude events. In consequence, the mean frequencies were similar (inset). E, Top, Cumulative interevent histograms were similar. Bottom, there was
only one amplitude bin (10 –15 pA) that was significantly increased. *p � 0.05.
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rons, whereas in the mouse models the degeneration is markedly
reduced.

Direct and indirect pathway communication in striatum
Although the striatum has been studied extensively in HD, little
has been done to examine whether internal direct and indirect

pathway communication is altered. The present results show that
whereas direct pathway communication with the indirect path-
way appears unchanged in R6/2 mice, indirect pathway commu-
nication with the direct pathway displays evidence of an increase.
In a previous study, using dual-patch recordings, we found that
the percentage of connected MSN pairs was reduced in R6/2

Figure 9. Intrastriatal communication between direct and indirect pathway MSNs. A, GABA responses evoked by optical stimulation of intrastriatal direct pathway terminals were recorded in
nonfluorescent, putative indirect pathway MSNs from WT and R6/2 mice. B, Bar graphs represent that no significant differences in mean amplitude, area, rise times, decay times, or latency occurred.
C, GABA responses evoked by optical activation of intrastriatal indirect pathway terminals were recorded in nonfluorescent, putative direct pathway MSNs from WT and R6/2 mice. D, Bar graphs
represent that the amplitude of the response was significantly increased in direct pathway MSNs from R6/2 mice. The area also was increased, but the difference did not reach statistical significance
( p � 0.07). The increase in rise time was almost statistically significant, whereas the latency was significantly reduced. The decay times were similar. *p � 0.05.
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mice, whereas the success rate between indirect pathway and di-
rect pathway cells was increased (Cepeda et al., 2013), providing
supporting evidence for the present findings. The difference be-
tween GABAergic responses evoked by activation of the same
pathways in the striatum and in the output target nuclei empha-
sizes the specificity and complexities of the presynaptic and post-
synaptic changes induced in the HD mouse models.

Limitations
The present results have typical limitations inherent to the use of
mouse models as well as the viral tools and optogenetics. With
currently available models, it is difficult to assess translational
aspects, particularly in terms of potential therapies (Beaumont et
al., 2016). Most mouse models do not replicate chorea, the hall-
mark of manifest HD (Levine et al., 2004). Instead, they display
motor deficits and bradykinesia. One also may argue that there
was differential viral expression of the optogenetic constructs in
the genetic models and their WT littermates, which led to the
present outcomes. This is unlikely because results differed for
direct and indirect pathways and were generally similar in two
markedly differing models. In addition, our previous studies us-
ing viral injection of opsin constructs do not support differential
expression or transport between genotypes (Cepeda et al., 2013;
Parievsky et al., 2017). Finally, we need to emphasize that currently
it is very difficult to determine which changes occur as a consequence
of circuit alterations versus cell autonomous changes. Most likely
both mechanisms are involved (Veldman and Yang, 2018).

Conclusions and implications
Reduced inhibition onto neurons in the SNr, possibly including a
subpopulation of DA neurons, indicates that these cells may be-
come hyperactive during HD progression. Importantly, neuro-
pathologic studies in human HD determined that, during the early
stages discrete islands of neuronal loss and astrocytosis appear in the
striosomes almost exclusively, whereas in the late stages, cell loss
increasingly occurs in the matrix compartment (Hedreen and Fol-
stein, 1995). As MSNs from the striosomes project to the DA cells

in the SNc and presumably also to the subset of DA neurons in the
SNr, it is possible to speculate that early degeneration of these
inhibitory neurons produces hyperactivity of the DA pathway,
contributing to chorea and other early clinical manifestations of
HD (Cepeda et al., 2014). However, evidence from human and
animal models supports biphasic changes in DA release, high DA
in early stages, and low DA in late stages (Cepeda et al., 2014). A
recent study, however, shed some light on this seemingly para-
doxical finding (Dallérac et al., 2015). This study reported an
early and sustained downregulation of SK3 channels, which reg-
ulate the slow hyperpolarization, in DA neurons leading to
hyperexcitability and increased DA release. Remarkably, down-
regulation of SK3 channels persisted even in the presence of a
significant reduction of DA release in the late stages of the disease,
arguing that hyperexcitability of DA neurons and the release of
DA can be dissociated in HD, due to the fact that mutant Htt can
directly affect release mechanisms.

The role of the indirect pathway in HD progression is more
complex. While the commonly accepted assumption is that loss
of indirect pathway MSNs is an early event in HD and could explain
manifest motor symptoms, including chorea (Reiner et al., 1988;
Albin et al., 1992; Sapp et al., 1995), the mechanism whereby loss of
indirect pathway MSNs leads to GPe disinhibition remains un-
known. At least in animal models, increased firing rates of GPe
neurons do not occur (Akopian et al., 2016; Beaumont et al., 2016).
Instead, reduced pacemaking ability, increased coefficients of
variation, and a greater tendency to burst firing occur (Akopian
et al., 2016). The present findings show that the decay phase of
IPSCs evoked by activation of indirect pathway terminals is signif-
icantly increased in a population of GPe neurons. One speculation is
that increased decay times contribute to disrupted pacemaking, in-
creased coefficients of variation and prolonged pauses in firing
(Akopian et al., 2016; Beaumont et al., 2016), as well as disrupted
feedback to the striatum.

Based on the present results, we hypothesize that the normal
balance between direct and indirect pathways is disrupted in HD
mouse models. Under normal conditions, the balance in tilted

Figure 10. Relative charge in SNr and GPe. The relative charge carried by chloride ions through GABAA receptors (expressed as area under the curve) after activation of direct and indirect pathway
terminals in SNr and GPe neurons was compared in WT and HD mice. In WTs, the relative charge in SNr was �2 times greater than in GPe, which is more conducive to movement. In contrast, in HD
mice, this relationship was disrupted so that the relative charges were more similar, which could decrease the potential for movement and lead to bradykinesia. *p � 0.05.
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toward the direct pathway (i.e., more charge, expressed as area
under the curve, flows to the SNr), whereas in HD this balance is
lost (Fig. 10). This imbalance could explain some phenotypic
changes in HD mouse models. More electrical charge in SNr neu-
rons could facilitate movement, whereas more charge in the GPe
would produce bradykinesia, a typical symptom during late stages
of the disease. If this is the case, we propose that pharmacological
or optogenetic manipulation of direct or indirect pathway neu-
rons would improve movement. Interestingly, selective activa-
tion or inhibition of specific subgroups of GPe neurons restores
movement in a model of Parkinson’s disease (Mastro et al., 2017).
Similar manipulations could be proposed in HD mice to restore
the direct and indirect pathway normal balance.
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et al. (2016) Phosphodiesterase 10A inhibition improves cortico-basal
ganglia function in Huntington’s disease models. Neuron 92:1220 –1237.
CrossRef Medline

Behrens PF, Franz P, Woodman B, Lindenberg KS, Landwehrmeyer GB
(2002) Impaired glutamate transport and glutamate-glutamine cycling:
downstream effects of the Huntington mutation. Brain 125:1908 –1922.
CrossRef Medline

Cebrián C, Parent A, Prensa L (2005) Patterns of axonal branching of neu-
rons of the substantia nigra pars reticulata and pars lateralis in the rat.
J Comp Neurol 492:349 –369. CrossRef Medline

Cepeda C, Starling AJ, Wu N, Nguyen OK, Uzgil B, Soda T, André VM,
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Cummings DM, Milnerwood AJ, Dallérac GM, Waights V, Brown JY, Vat-
savayai SC, Hirst MC, Murphy KP (2006) Aberrant cortical synaptic
plasticity and dopaminergic dysfunction in a mouse model of Hunting-
ton’s disease. Hum Mol Genet 15:2856 –2868. CrossRef Medline
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