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domain) receptor, interacts with VPS35, a core component of retromer, thereby regulating surface trafficking of NR2A in
MSNs. In the zQ175 striatum, SorCS2 is markedly decreased in an age- and allele-dependent manner. Notably, SorCS2
selectively interacts with mutant huntingtin (mtHTT), but not WT huntingtin (wtHTT), and is mislocalized to perinuclear
clusters in striatal neurons of human HD patients and zQ175 mice. Genetic deficiency of SorCS2 accelerates the onset
and exacerbates the motor coordination deficit of zQ175 mice. Together, our results identify SorCS2 as an interacting
protein of mtHTT and demonstrate that impaired SorCS2-mediated NR2A subunit trafficking to dendritic surface of MSNs
is, to our knowledge, a novel mechanism contributing to motor coordination deficits of HD.
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Introduction
Huntington’s disease (HD) is a progressive neurodegenerative disorder caused by an expansion of  CAG 
trinucleotide repeats (>35 repeats) in exon I of  the interesting transcript 15 (IT15) gene, which encodes 
the huntingtin (HTT) protein (1). The CAG triplets result in an elongated stretch of  glutamines in the 
N-terminal portion of  HTT. Motor disorders — including involuntary movements, muscle rigidity (2), 
impaired balance and coordination (3–6), and impaired motor skill learning (7, 8) — are a prominent fea-
ture of  behavioral symptoms of  HD. The disease usually manifests in midlife and is fatal 10–15 years from 
the onset of  symptoms (9, 10). However, the molecular mechanisms underlying the motor dysfunction in 
HD remain incompletely understood.

The striatum, the brain region that degenerates most significantly in HD (11), plays an important role 
in controlling voluntary behavior and motor skill acquisition (12). Medium spiny neurons (MSNs) are the 
projection neurons within the striatum and comprise about 96% of  the total striatal neurons (13). All MSNs 
express NMDA glutamate receptors (NMDARs) (14) and receive excitatory glutamatergic inputs from the 
cortex and the thalamus (15). In the adult striatum, NMDARs form as heterotetramers that are typically 
constituted of  2 NR1 subunits and 2 NR2 (NR2A and/or NR2B) subunits (16). NMDAR subunits play a 
crucial role in regulating striatum-mediated motor function. For example, mice lacking the essential NR1 
subunit specifically in the striatum have disrupted motor learning and deficits in long-term synaptic plastic-
ity (17, 18). In addition, NR2 subunits control the electrophysiological properties of  NMDARs (19). In 
HD patients, genetic variations of  NR2 subunits have been shown to modify the age of  onset of  motor 

Motor dysfunction is a prominent and disabling feature of Huntington’s disease (HD), but the 
molecular mechanisms that dictate its onset and progression are unknown. The N-methyl-D-
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accelerates the onset and exacerbates the motor coordination deficit of zQ175 mice. Together, our 
results identify SorCS2 as an interacting protein of mtHTT and demonstrate that impaired SorCS2-
mediated NR2A subunit trafficking to dendritic surface of MSNs is, to our knowledge, a novel 
mechanism contributing to motor coordination deficits of HD.



2insight.jci.org   https://doi.org/10.1172/jci.insight.88995

R E S E A R C H  A R T I C L E

symptoms in HD patients (20–22), and the function of  NR2 subunits is also significantly reduced in the 
striatum from HD brains compared with normal brains, as assessed by glutamate bindings (23, 24). Fur-
thermore, NR2A and NR2B subunits play distinct roles in striatum-mediated motor functions. Unilateral 
skill training induces an increase of  NR2A and decrease of  NR2B in the ipsilateral striatum in rats (25). 
Consistent with this, selective pharmacological inhibition of  striatal NR2A subunit activity, but not NR2B 
subunit activity, interferes with rotarod performance in mice (26). Collectively, these observations suggest 
that diminished NR2A subunit activity in the striatum may contribute to the impairment of  motor skill 
learning in HD.

The molecular mechanisms that regulate the intracellular trafficking of  NR2 subunits are largely 
unknown. VPS10P-domain receptors consist of  a related family of  proteins (including SorLA, sortilin, 
SorCS1, SorCS2, and SorCS3), which regulate neuronal viability and function (27). Recent studies have 
suggested that the SorCS (sortilin-related CNS expressed) subgroup of  VPS10P receptor family may 
play a key role in glutamate receptor trafficking to the cell surface and impact synaptic plasticity in the 
adult brain (28, 29).

To assess whether trafficking and surface presentation of  NR2A subunits is perturbed in HD MSNs, we 
utilized the zQ175 mouse model of  HD, which includes ~188 CAG repeats contained within a chimeric 
human/mouse exon 1 of  murine HTT gene (30) and has been well established as a robust mouse model to 
study molecular mechanisms and therapeutic interventions of  HD (30–34). Here, using quantitative analy-
sis of  immuno-electron microscopy (EM), we demonstrate that in symptomatic zQ175 mice, NR2A label-
ing is significantly reduced on the dendritic plasma membrane and at the synapses of  MSNs and it becomes 
more restricted to the cytoplasm of  MSNs. We identified SorCS2 as a sorting receptor that interacts with 
NR2A and regulates the surface expression of  NR2A in MSNs dendrites. Importantly, we observed that 
SorCS2 interacts with mutant HTT (mtHTT) but not normal HTT, resulting in the mislocalization of  
SorCS2 in striatal neurons of  both human HD patients and zQ175 mice, as well as a reduction of  SorCS2 
in the zQ175 striatum. Furthermore, SorCS2 haploinsufficiency accelerates the onset and exacerbates the 
motor coordination deficit of  zQ175 mice. Taken together, our results identified SorCS2 as a sorting recep-
tor that regulates NMDAR trafficking and suggest that impaired SorCS2-mediated surface trafficking of  
NR2A in MSNs is a novel molecular mechanism that contributes to the motor skill deficits in HD.

Results
Decreased plasma membrane expression of  NR2A on the dendrites of  MSNs of  zQ175 mice. The relative content of  
NR2A subunits of  NMDA receptors (NMDARs) plays a key role in motor skill performance (25, 26) and is 
genetically associated with HD age of  onset (20–22). Therefore, we tested whether NR2A subunit trafficking 
and surface expression are altered in symptomatic zQ175 mice. Using double-labeling immuno-EM, we iden-
tified dendrites (Figure 1A) and dendritic spines (Figure 1B) of  MSNs by their expression of  dopamine and 
cAMP-regulated phosphoprotein-32 (Darpp-32) and located NR2A in these compartments with silver-inten-
sified immunogold particle (NR2A-SIG). Ultrastructural analysis reveals that there is significant reduction of  
NR2A-SIG present on the plasma membrane of  MSN dendrites in zQ175 homozygous mice compared with 
WT mice at the age of  12 months (Figure 1C), at which time zQ175 homozygous mice exhibit severe motor 
coordination deficits (30). In contrast, density of  NR2A-SIG within the cytoplasm of the dendrites of  MSNs 
is markedly increased in zQ175 homozygous mice, with similar total density of  dendritic NR2A-SIG com-
pared with WT mice (Figure 1D). We also found that the percentage of  NR2A-SIG–labeled MSN dendritic 
spines was not significantly different between genotypes (Figure 1E). However, less NR2A-SIG is present at 
the synapses and more retained in the cytoplasm of MSN dendritic spines in the zQ175 homozygous mice 
compared with WT mice at the age of  12 months (Figure 1F). These results indicate that, in the symptomatic 
stage of  zQ175 mice, significantly fewer NR2A-containing NMDARs are trafficked to the dendritic surface 
and the synaptic region of  MSNs. Since NR2A subunit plays an important role in synaptic plasticity and 
motor skill learning, deficient NR2A subunit surface trafficking in MSNs may underlie impaired motor coor-
dination observed in the zQ175 mouse model of  HD.

SorCS2 interacts with NR2A and regulates its surface expression in dendrites of  MSNs. Recent studies suggest that 
SorCS1 and SorCS3 are both involved in glutamate receptor trafficking (28, 29). Based on extensive homol-
ogy among SorCS receptors in the ectodomain region, we posited that SorCS2 might have similar functions in 
trafficking of  transmembrane receptors. To test this hypothesis, we first assessed whether SorCS2 is expressed 
in the adult mouse striatum utilizing immunofluorescence staining and observed specific immunodetection 
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Figure 1. NR2A density on plasma membrane (PM) and synapses of Darpp-32–labeled MSN dendrites is significantly decreased in symptomatic 
zQ175 homozygous mice. (A) Representative electron micrographs of Darpp-32–containing dendrites (Darpp-32-D) showing that NR2A silver-inten-
sified immunogold (NR2A-SIG) particles were less frequently found on PM of medium spiny neurons in zQ175 homozygous mice (right panel) than 
WT mice (left panel) at the age of 12 months. Unlabeled terminals (uT) are shown for comparison. White arrows, NR2A-SIG particle on PM; white 
arrowhead, NR2A-SIG particle near PM; arrow, NR2A-SIG particle in the cytoplasm. Scale bar: 500 nm. (B) Representative electron micrographs show-
ing that NR2A-SIG particles associate more frequently with synapses in the Darpp-32–labeled spines (sp) of WT mice (left panel) than those of zQ175 
homozygous mice (right panel) at the age of 12 months. The Darpp-32–containing spine in the left panel emanates from the shaft of a Darpp-32–
labeled dendrite. Unlabeled terminals (uT) are shown for comparison. White arrows, NR2A-SIG particle on or near the synapses; white arrowhead, 
NR2A-SIG particle on or near dendritic plasma membrane; arrow, NR2A-SIG particle in the cytoplasm. Scale bar: 500 nm. (C) Ultrastructural analysis 
showed that density of NR2A-SIG particles on PM of MSN dendrites is reduced significantly in zQ175 homozygous mice compared with WT. No dif-
ference was observed in density of NR2A-SIG particles near PM (nr PM) of MSN dendrites. (D) zQ175 homozygous animals show significantly greater 
density of NR2A-SIG particles in the cytoplasm of MSN dendrites than WT. Total density of NR2A-SIG within MSN dendrites is similar between geno-
types. (E) Graph showing that the percentages of Darpp-32–labeled spines that contain NR2A-SIG particles are not statistically different between WT 
and zQ175 homozygous mice. Fifty spines of each animal were analyzed. (F) Contingency plot showing the relative distribution of NR2A-SIG particles 
in Darpp-32–labeled spines. WT mice (total of 28 dual-labeled spines) have more NR2A-SIG particles associated with synapses and less retained 
within the cytoplasm compared with zQ175 homozygous mice (total of 18 dual-labeled spines). Number of NR2A-SIG particles associated with non-
synaptic membrane is similar between genotypes. (C–F) n = 3 animals/genotype; **P < 0.01; unpaired 2-tailed student t test. Data are presented as 
mean ± SEM in dot plots.
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in MSNs (Figure 2A). Next we performed co-IP from striatal 
tissue lysates using an antibody specific for SorCS2 and probed 
for NR2A. We observed that NR2A could be coprecipitated 
with SorCS2 from WT striatal tissue but not from striatal tissue 
with deficient SorCS2 expression (Figure 2B). Coprecipitation 
of  SorCS2 was also observed in a similar experiment using a 
specific antibody against NR2A (Figure 2C). These data dem-
onstrate specific interaction of  the NR2A subunit with SorCS2 
in WT striatum.

To determine whether SorCS2 is involved in NR2A subunit trafficking, we utilized double-labeling 
immuno-EM to quantitate the distribution of  NR2A immunoreactivity in the dendrites (Figure 3A) and 
dendritic spines (Figure 3B) of  MSNs in WT and SorCS2–/– mice. Similar to zQ175 mice, NR2A-SIG on 
the plasma membrane of  MSN dendrites in SorCS2–/– mice is decreased significantly compared with WT 
mice at the age of  12 months (Figure 3C). In contrast, cytoplasmic NR2A-SIG in the MSN dendrites is 
significantly increased in SorCS2–/– mice, although the total density of  dendritic NR2A-SIG in both geno-
types is comparable (Figure 3D). Moreover, we found that SorCS2 deficiency did not alter the percent-
age of  NR2A-SIG–labeled MSN dendritic spines (Figure 3E), but there were fewer NR2A-SIG particles 
labeled at the synapses and more were retained in the cytoplasm of  MSN dendritic spines in SorCS2–/– 
mice compared with WT mice at the age of  12 months (Figure 3F). These results demonstrate that defi-
ciency of  SorCS2 leads to significantly fewer NR2A-containing NMDARs trafficked to the dendritic and 
the synaptic surface of  MSNs. From these observations, we conclude that SorCS2 is a key regulator of  
NR2A dendritic trafficking in MSNs.

To further dissect the underlying molecular mechanism of  SorCS2-mediated NR2A trafficking and 
its impairment in HD, we specifically chose to evaluate components of  the retromer complex, which have 
been identified as interacting partners of  HTT protein (35). We identify that VPS35, a core component of  
retromer complex, interacts with SorCS2 in WT adult striatal lysate (Figure 2D). Importantly, VPS35 is 
also essential for the local recycling of  NMDARs back to dendritic surface (36). Thus, recycling of  NR2A 
by retromer and its interaction with SorCS2 provide a new mechanism for SorCS2-mediated NR2A traf-
ficking, which might be impaired in HD striatal neurons.

We have also mapped the regions of  SorCS2 that are required for coprecipitation of  NR2A. In this struc-
ture-function approach using SorCS2 mutagenesis, we observe that the ectodomain of  SorCS2 is required, 
whereas the intracellular domain is dispensable in a reconstituted cell assay system (Supplemental Figure 
6; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.88995DS1). 
This is consistent with prior studies of  the related SorCS1 receptor, which interacts with its ligand neurexin 
through the SorCS1 ectodomain (28).

Reduction of  SorCS2 in the striatum of  HD mouse models. To evaluate whether mtHTT affects the levels 
of  expression of  SorCS2 in a mouse model of  HD, we first performed Western blot analysis using striatal 
lysates of  symptomatic zQ175 mice (12 months of  age). We observed a 20.8% ± 4.5% (P = 0.0214) and 

Figure 2. SorCS2 is expressed in medium spiny neurons of mouse 
striatum and interacts with NR2A in striatal lysates. (A) Immu-
nofluorescence staining in adult mouse striatum using antibodies 
against SorCS2 (red) and Darpp-32 (green), a marker for medium 
spiny neurons. Immunolabeling of SorCS2 exhibits punctate stain-
ing pattern in the soma of Darpp-3–labeled neurons in WT striatum 
(left panel). SorCS2 immunoreactivity is absent in SorCS2–/– stria-
tum (right panel). n = 3 animals/genotype; scale bar: 10 μm. (B) 
Co-IP of NR2A with SorCS2 in adult mouse striatal lysate using 
antibodies against SorCS2. KO, SorCS2–/–. (C) Co-IP of SorCS2 with 
NR2A in adult mouse striatal lysate using antibodies against NR2A. 
Ab, rabbit antibody against NR2A used in IP; IgG, rabbit IgG used 
in IP as a negative control. (D) Co-IP of VPS35 with SorCS2 in adult 
WT mouse striatal lysate using antibody against SorCS2. The same 
experiments were also run in parallel using SorCS2–/– (KO) tissue as 
a negative control for antibody specificity. (B–D) Three independent 
experiments were conducted.



5insight.jci.org   https://doi.org/10.1172/jci.insight.88995

R E S E A R C H  A R T I C L E

Figure 3. NR2A density on plasma membrane (PM) and synapses of Darpp-32–labeled MSN dendrites is significantly decreased in SorCS2-deficient 
mice. (A) Representative electron micrographs of Darpp-32–containing dendrites (Darpp-32-D) showing that NR2A silver-intensified immunogold 
(NR2A-SIG) particles are less frequently found on PM of medium spiny neurons in SorCS2–/– mice (right panel) than WT mice (left panel) at the age of 
12 months. White arrows, NR2A-SIG particle on PM; white arrowhead, NR2A-SIG particle near PM; arrows, NR2A-SIG particle in the cytoplasm. Scale 
bar: 500 nm. (B) Representative electron micrographs showing that NR2A-SIG particles associate more frequently with synapses in the Darpp-32–
labeled spines (sp) of WT mice (left panel) than those of SorCS2–/– homozygous mice (right panel) at the age of 12 months. Unlabeled terminals (uT) 
are shown for comparison. White arrow, NR2A-SIG particle on or near the synapses; white arrowhead, NR2A-SIG particle on or near dendritic plasma 
membrane; arrows, NR2A-SIG particle in the cytoplasm. Scale bar: 500 nm. (C) Ultrastructural analysis shows that density of NR2A-SIG particles on 
PM of MSN dendrites is reduced significantly in SorCS2–/– mice compared with WT. No difference is observed in density of NR2A-SIG particles near 
PM (nr PM) of MSN dendrites. (D) SorCS2–/– animals show significantly greater density of NR2A-SIG particles in the cytoplasm of MSN dendrites than 
WT. Total density of NR2A-SIG within MSN dendrites is similar between genotypes. (E) Graph showing that the percentages of Darpp-32–labeled 
spines that contain NR2A-SIG particles are not statistically different between WT and SorCS2–/– mice. Fifty spines of each animal were analyzed. (F) 
Contingency plot showing the relative distribution of NR2A-SIG particles in Darpp-32–labeled spines. WT mice (total of 23 dual-labeled spines) have 
more NR2A-SIG particles associated with synapses and less retained within the cytoplasm compared with SorCS2–/– mice (total of 24 dual-labeled 
spines). Number of NR2A-SIG particles associated with nonsynaptic membrane is similar between genotypes. (C–F) n = 3 animals/genotype; *P < 0.05; 
unpaired 2-tailed student t test. Data are presented as mean ± SEM in dot plots.
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37.5% ± 7.6% (P = 0.0025) reduction of  SorCS2 total protein levels in the striatum of  zQ175 heterozygous 
and homozygous animals, respectively, as compared with WT littermate controls (Figure 4, A and C). This 
reduction is allele dependent, given that zQ175 homozygous mice have significantly lower striatal SorCS2 
(21.1% ± 3.6%) than zQ175 heterozygous mice (P = 0.0341) (Figure 4, A and C).

To confirm that this reduction in striatal SorCS2 is not specific to a single HD mouse model, we per-
formed Western blot analysis using striatal lysates from the well-characterized R6/2 HD mouse line (37) 
at the age of  13 weeks of  age, a symptomatic stage. Again, we observed a significant decrease in SorCS2 
protein levels (39.1% ± 7.5%) in the R6/2 striatum compared with WT littermate controls (P = 0.0322) 
(Figure 4, B and  D).

The reduction of  SorCS2 protein is both age dependent and region dependent, as we observed no 
decrease of  SorCS2 in the zQ175 striatum at 2 months of  age, a time when mice are presymptomatic 
(Supplemental Figure 1, A and B), but we observed a significant decrease of  SorCS2 in the striatal lysate 
of  zQ175 homozygous mice at the age of  6 months (Supplemental Figure 1, C and D). Importantly, this 
age-related decline of  SorCS2 protein level reflects a reduction of  Sorcs2 gene transcription in the striatum 
of  12-month-old zQ175 homozygous mice (Supplemental Figure 3). In addition, there is no significant dif-
ference of  SorCS2 protein levels in many other brain regions of  12-month-old zQ175 mice or 13-week-old 
R6/2 mice as compared with WT littermates, including the sensorimotor cortex, the hippocampus, and the 
cerebellum (Supplemental Figure 2 and 4).

Collectively, these results demonstrate that SorCS2 protein levels are significantly reduced in an age- 
and allele-dependent manner in the mouse HD striatum. Since SorCS2 expression regulates appropriate 
localization of  NR2A to the plasma membrane, and SorCS2-deficient animals exhibit a reduction of  NR2A 
subunit on the dendritic surface of  MSNs, the reduction in SorCS2 as a consequence of  mtHTT expression 
may lead to the loss of  NR2A on the membrane of  MSNs dendrites, which in turn could contribute to the 
motor deficits manifested in the zQ175 mouse model of  HD.

SorCS2 binds to mtHTT and is mislocalized in human HD patients and mouse models. It has been well estab-
lished that HTT interacts with many proteins that play roles in intracellular trafficking and that mtHTT 
interacts with distinct proteins as compared with wtHTT (wtHTT) (35, 38–41). To examine whether HTT 
proteins interact with SorCS2 and whether SorCS2 selectively interacts with wtHTT or mtHTT, we per-
formed co-IP studies using mouse striatal lysates followed by Western blot analysis. Notably, mtHTT — but 
not wtHTT — coprecipitates with SorCS2 in the striatal lysate of  zQ175 heterozygous mice at the ages of  
1 month (presymptomatic stage) and 12 months (symptomatic stage) (Figure 5A).

Whereas wtHTT is diffusely detected throughout the cytoplasm of  human striatal neurons, mtHTT 
is differentially localized at a subcellular level (i.e., with a more frequent punctate distribution within the 
cytoplasm and in the perinuclear region, and reduced in neuritic processes), as compared with wtHTT in 
human striatal neurons (42). Thus, we hypothesized that SorCS2 might also exhibit altered subcellular 
distribution due to its selective interaction with mtHTT but not wtHTT. To test this, we examined the 

Figure 4. SorCS2 level decreases significantly in the 
striatum of symptomatic zQ175 mice and R6/2 mice. 
(A and C) Western blot analysis showing that SorCS2 
protein level is significantly reduced in an allele-
dependent manner in the striatal lysate of zQ175 
heterozygous and homozygous animals compared 
with WT at the age of 12 months. n = 3–4 animals/
genotype; *P < 0.05; **P < 0.01; one-way ANOVA fol-
lowed by Bonferroni post hoc test. (B and D) Western 
blot analysis showing that SorCS2 protein level also 
decreases significantly in the striatal lysate of R6/2 
mice (13-week-old) compared with WT littermates. 
n = 3 animals/genotype; *P < 0.05; unpaired 2-tailed 
student t test. Data are presented as mean ± SEM.
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localization of  SorCS2 in the caudate neurons from human brain sections 
using immunohistochemical staining. In striatal sections from unaffected 
individuals, SorCS2 can be detected in a subset of  neurons in the caudate 
and is diffusely distributed in the somatodendritic cytoplasm of  these neu-
rons (Figure 5, B and D). In sections of  the neostriatum of  individuals 
with HD, the overall intensity of  SorCS2 immunoreactivity is significantly 
decreased as compared with unaffected controls. We also observed a pro-
found loss of  diffuse labeling of  SorCS2 in the cell bodies of  the medi-
um-sized neurons that are still surviving in the degenerating human HD 

caudate (Figure 5, B and D). Moreover, the reaction product of  SorCS2 staining in these neurons is concen-
trated in perinuclear clusters and diminished in the neuronal processes (Figure 5B, inset of  the right panel). 
We next immunolocalized SorCS2 in striatal neurons from zQ175 and WT mice. An overall reduction in 
diffuse cytoplasmic localization of  SorCS2 was also noted in zQ175 homozygous mice, as compared with 
WT littermate controls, as well as some punctate perinuclear staining (Figure 5, C and E). However, this 
concentrated SorCS2 immunoreactivity does not overlap with markers of  lysosomes (Supplemental Figure 
5A) or mtHTT aggregates (Supplemental Figure 5B).

Our results suggest that, in addition to the overall reduction of  SorCS2 protein levels in HD striatum, 
an aberrant interaction between mtHTT and SorCS2 precedes disease onset. This mtHTT/SorCS2 interac-
tion may also contribute to the motor deficits of  HD by interfering with the normal SorCS2 intracellular 
distribution and affecting NR2A trafficking.

SorCS2 deficiency regulates the onset and severity of  motor coordination in zQ175 mice. Since SorCS2-mediated 
NR2A surface expression is perturbed in HD (Figure 1 and 3), we next asked whether a reduction in SorCS2 
levels would affect the progression of the motor phenotype in HD. To test this hypothesis, we crossed SorCS2+/– 
mice with zQ175/+ mice to obtain zQ175/+ SorCS2+/– animals and littermate controls. Haploinsufficiency of  
SorCS2 and expression of the zQ175 allele had no effects on life span within the time frame evaluated (0–10 
months). We measured motor coordination of these mice using the accelerating rotarod test at the age of 2 
months, 6 months, and 10 months. No significant differences in motor performance were observed between any 
genotypes when mice were tested at 2 months of age. However, at the age of 6 months, zQ175/+ SorCS2+/– mice 
exhibited a significant impairment of motor coordination while the performance of other genotypes remained 
normal (Figure 6A). At later ages (10 months of age), zQ175/+ mice exhibited poorer performance on rotarod 
compared with WT littermates; however, zQ175/+ SorCS2+/– mice had more severe motor deficits compared 
with zQ175/+ mice (Figure 6A). This impairment of motor coordination is not due to changes in body weight 

Figure 5. SorCS2 interacts with mutant huntingtin and is mislocalized in human 
HD caudate and mouse HD striatum. (A) Co-IP of mutant huntingtin, but not 
WT huntingtin, with SorCS2 using anti-SorCS2 antibody and mouse striatal 
lysates. This protein interaction is detected in lysates of mice at 1 and 12 months 
of age. Three independent experiments were conducted. Ctrl, control experiment 
using zQ175/+ tissue but without anti-SorCS2 antibody; 1m, 1-month-old; 12m, 
12-month-old; Q/+, zQ175/+ mice. (B) Immunohistochemical detection of SorCS2 
in the caudate of grade 3 human HD patients (n = 3) and controls (n = 2). In control 
cases (left panel), SorCS2 is diffusely stained in the somatodendritic compartment 
of a subset of caudate neurons. However, in HD patients (right panel), localiza-
tion of SorCS2 is mainly present in perinuclear clusters in neurons of the caudate. 
Scale bars: 20 μm. Pictures in the top right corners are enlarged images of neurons 
in the small red boxes. Scale bars of inset panels: 10 μm. (C) Immunofluorescence 
detection of SorCS2 in the striatum of WT (left panel) and zQ175 homozygous mice 
(right panel) at the age of 12 months. Scale bars: 20 μm. Note the reduction of 
SorCS2 immunoreactivity and its mislocalization to perinuclear clusters in a subset 
of neurons in the striatum of zQ175 homozygous mice. n = 3 animals/genotype. 
Pictures in the top right corners are enlarged images of neurons in the small white 
boxes. Scale bars of inset panels: 10 μm. (D) Statistical analysis of the percentage 
of caudate neurons in human sections that exhibit diffuse (Diff) or aggregated 
(Agg) staining of SorCS2. n = 3 for human grade 3 HD cases; n = 2 for human control 
cases; **P < 0.01; unpaired 2-tailed student t test. Data are presented as mean ± 
SEM. (E) Statistical analysis of the percentage of striatal neurons in mouse sec-
tions that exhibit Diff or Agg staining of SorCS2. n = 3 animals/genotype; *P < 0.05; 
**P < 0.01; unpaired 2-tailed student t test. Data are presented as mean ± SEM.
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(Figure 6B), muscle strength (Figure 6C), baseline locomotor activity in the open field test (Figure 6D), or gait 
abnormality (Figure 6, E and F). In addition, SorCS2+/– mice had normal rotarod performance at all ages, as 
compared with WT mice, which implies that SorCS2 deficiency alone is not sufficient to cause impaired motor 
coordination under normal conditions. However, haploinsufficiency of SorCS2 in animals expressing mtHTT 
leads to acceleration of the onset and exacerbation of motor coordination deficits of zQ175 mice.

Discussion
Motor skill disability is one of  the most prominent features of  HD, yet the precise molecular mecha-
nisms that lead to these deficits are not clear. Here, we identify SorCS2 as an mtHTT interacting partner 
that regulates targeting NR2A subunits to the plasma membrane and the synapses of  striatal neurons, 

Figure 6. SorCS2 haploinsufficiency accelerates the onset of motor skill deficit of zQ175 HD mice. (A) Rotarod test. 
Mice of indicated genotypes were tested on the accelerating rotarod at 2 months (2m), 6 months (6m), and 10 months 
(10m). Note that zQ175/+ SorCS2+/– (QS) mice have significantly lower latency to fall at the age of 6 months and 10 
months compared with WT, SorCS2+/– (S), and zQ175/+ (Q) mice. Q mice exhibit mild deficits in rotarod test at 10 
months of age compared with WT littermates. (B) Body weight. No significant difference was observed in body weight 
of all the genotypes at the age of 10 months. (C) Inverted lid test was used to measure limb muscle strength. All the 
genotypes have similar latency to fall at the time point of 10 months. (D) Open field test. Total distance traveled was 
recorded to measure baseline locomotor activity of mice. All the genotypes have comparable locomotor activity at the 
age of 10 months. (E and F) Footprint analysis. The footprint patterns were assessed quantitatively by measurements 
of forelimb (E) and hindlimb (F) stride length. There was no significant difference observed in the gait patterns of all 
genotypes of mice at the age of 12 months. n = 8–12 mice/genotype were used in each experiment; *P < 0.05 (compared 
with WT); **P < 0.01 (compared with WT); #P < 0.05 (compared with zQ175/+); one-way ANOVA followed by Bonferroni 
post hoc test. In all the box and whisker plots, the boxes extend from the 25th to 75th percentile. The line in the middle 
of the box is plotted at the median. The whiskers go down to the minimum value and up to the maximum.



9insight.jci.org   https://doi.org/10.1172/jci.insight.88995

R E S E A R C H  A R T I C L E

and we demonstrate that impaired SorCS2-mediated striatal NR2A trafficking contributes to motor 
deficits in the zQ175 mouse model of  HD.

NMDARs in HD pathogenesis. In HD, NMDARs have been best characterized as mediators of  elevated 
Ca2+ signaling and subsequent excitotoxic damage to MSNs (39, 43–47). This prevailing excitotoxicity 
hypothesis is based on the early observations that the levels of  NMDARs are decreased in striatal neurons 
of  HD human patients (23) and that injection of  NMDA agonist quinolinic acid into rodent striatum can 
recapitulate some behavioral and pathological alterations of  HD (48, 49). Notably, recent studies have 
revealed that this susceptibility to excitotoxicity is biphasic in HD mouse models. NMDAR currents are 
reported to be elevated in the striatum of  HD mice in early symptomatic stages, possibly due to increased 
NR2B-containing (43, 46) and NR3A-containing NMDARs (39) on the cell surface. In contrast, HD mice 
become resistant to insults of  NMDA agonists in later symptomatic stages (50, 51), correlating with signifi-
cantly reduced NMDA currents in the HD striatum (50). However, the molecular mechanisms underlying 
the decreased striatal NMDAR activity in symptomatic HD mice and its potential implications on the 
progression of  HD symptoms have not been elucidated.

Our results documenting deficient SorCS2-mediated trafficking of  NR2A to the dendritic surface 
and the synapses of  the MSNs in the striatum of  symptomatic zQ175 mice, to our knowledge, provide 
a novel mechanism underlying the diminished NMDAR activity and manifestation of  motor symptoms 
in later stages of  HD. Given that NMDAR is essential in defining Ca2+ influx and synaptic strength 
(52), our data supports a recent hypothesis that deficits in endomembrane recycling and Ca2+ homeo-
stasis can lead to late-onset synaptic degeneration in multiple neurodegenerative disorders, including 
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and HD (53). Sufficient signal-
ing of  NMDAR at the synapses is needed to keep steady-state levels of  synaptic calcium–dependent 
kinases activities and maintain robust neuronal connections (54). For example, disruption of  the CaM-
KII complex with NMDAR leads to persistent reduction of  the synaptic strength and weakening of  
hippocampal synapses (52). In this regard, our finding of  impaired surface presentation of  synaptic 
NR2A in HD MSNs is in line with reduced excitatory postsynaptic currents (EPSCs) (31), deficient 
striatal long-term synaptic plasticity (33), and reduced spine density of  MSNs (55) observed in the 
zQ175 mouse model at the symptomatic stage. In addition, since NR2A-containing NMDARs have 
been found to have protective effects on neuronal survival (56–58), insufficient synaptic NR2A signaling 
could increase the vulnerability of  MSNs in HD and account for the direct correlation between clinical 
motor impairment and striatal atrophy observed in human HD patients (59, 60). Therefore, strategies 
to enhance the surface levels of  synaptic NR2A receptor units in the HD striatum would provide new 
approaches to maintain proper levels of  cortico-striatal synaptic activity and ameliorate motor impair-
ment in symptomatic HD patients.

Role of  SorCS2 in dendritic trafficking of  NR2A subunits. Synaptic NR2 subunits of  NMDARs play a piv-
otal role in synaptic refinement (16). Targeting an appropriate number of  NR2 subunits to the postsynaptic 
sites at synapses is critical for normal glutamatergic neurotransmission and synaptic plasticity (61). In terms 
of  their surface distribution and trafficking, it has been well established that interactions of  NR2B subunits 
with membrane-associated guanylate kinases (MAGUKs), particularly SAP102, and other associated pro-
tein complexes at the postsynaptic density are required to impart their synaptic entry and retention (62, 63). 
However, it has been suggested that synaptic targeting of  NR2A does not employ similar mechanisms as 
those of  NR2B (63). Although some reports have shown that phosphorylation (64) and palmitoylation (65) 
of  NR2A subunits can affect their trafficking, the sorting mechanisms that regulate transport of  NR2A into 
the dendritic plasma membrane and synaptic localization remain elusive.

Recent studies have focused on sorting receptors, including VPS10P receptors that bind a range of  
ligands, from small secretable proteins such as neurotrophic factors (66, 67) to large transmembrane 
proteins including amyloid precursor protein (APP) (68) and Trk receptors (69). For example, sortilin 
regulates endosomal sorting and lysosomal degradation of  brain-derived neurotrophic factors (66, 70), 
as well as anterograde trafficking of  TrkB receptors (69, 71), while SorLA has been shown to mediate 
retrograde retention of  APP in the trans-Golgi network (68). It has been shown that the ectodomains of  
VPS10P receptors are responsible for cargo binding (28, 66), whereas their intracellular domains dictate 
the trafficking routes and can vary considerably among different VPS10P family members (72).

Important roles of  other members of  the SorCS subgroup of  the VPS10P receptor family in gluta-
mate receptor trafficking have recently been described (s28, 29). SorCS1 is shown to mediate α-amino-
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3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor surface trafficking and is indispensable 
for synaptic long-term potentiation in the hippocampus (28), while SorCS3 is necessary for long-term 
synaptic depression via regulating glutamate receptor trafficking to the synapse (29). Here, we find that 
SorCS2 can interact with an NR2A subunit of  NMDARs, which is crucial for the surface presentation 
of  NR2A in MSN dendrites as well as its targeting to the synapses of  MSNs.

Our finding that VPS35, a key component of  the retromer complex, is a binding partner of  SorCS2 
is consistent with the literature that the retromer complex binds directly to other VPS10P family members 
sortilin and SorLA (73–75), utilizing aromatic motifs in the cytoplasmic tail of  VPS10P sorting receptors 
(76). The retromer complex is emerging as a major regulator of  endosomal sorting (77) and maintains sur-
face expression of  membrane proteins by retrieving cargo for recycling (78, 79) as well as preventing their 
lysosomal degradation (80). Importantly, it has been shown that retromer also interacts with HTT protein 
(35) and regulates local NMDAR recycling in dendrites (36). Loss of  retromer activity can cause dimin-
ished NMDA currents (36), progressive synaptic dysfunction, and neuronal degeneration (81), which are 
reminiscent of  the phenotypes reported in HD mouse models (31, 50, 55).

Interestingly, HAP1, the first identified HTT-associated protein, has been shown to stabilize the com-
plex of  TrkB and sortilin, another VPS10P family sorting receptor, to facilitate TrkB anterograde trafficking 
and prevent its lysosomal degradation. However, we observed no similar interaction of  SorCS2 with HAP1 
in vitro or in vivo (data not shown).

Collectively, our data suggests that SorCS2 plays a crucial role in replenishing the pool of  NR2A on 
the dendritic and synaptic surface of  MSNs by interacting with retromer and promoting NR2A recycling 
back to the cell surface. Future studies will be needed to delineate the trafficking routes by which SorCS2 
regulates the sorting and surface delivery of  NR2A in neurons in order to better understand the underlying 
mechanisms of  SorCS2-mediated receptor trafficking at a molecular and cellular level.

VPS10P family members as interacting proteins of  mtHTT. HTT protein is a scaffolding protein that 
regulates multiple aspects of  trafficking of  transmembrane receptors, including endocytosis (82), endo-
somal sorting (83), anterograde transport (71, 84), degradation (71, 83, 84), and recycling (85, 86). It 
has been shown that mtHTT can inhibit the surface expression of  receptors via its interactions with 
trafficking proteins such as Rab11 (87) and HAP1 (71, 83, 84), proteins that prevent lysosomal degrada-
tion and promote recycling of  their cargo receptors back to the cell surface (88). For example, mtHTT 
can bind to and interfere with the nucleotide exchange activity of  Rab11, a small GTPase that functions 
at recycling endosomes, and impede the membrane recycling of  its cargo such as transferrin receptor 
(89), solute carrier EAAC1 (87), and glucose transporter 3 (90). mtHTT also binds more tightly to 
HAP1 compared with wtHTT, thereby disrupting the synaptic targeting of  GABAA receptor (83) and 
the anterograde trafficking of  TrkA receptor (84).

Although VPS10P family members have been previously linked to several neurodegenerative diseases 
(27), little is known about whether mtHTT interferes with the function of  VPS10P-regulated trafficking 
and its implication in HD pathogenesis. Here, we identify SorCS2 as a trafficking regulator interacting 
selectively with mtHTT but not wtHTT. Our observations of  mislocalization of  SorCS2 and the defective 
trafficking of  its cargo NMDAR in HD striatal neurons suggest that the differential interaction of  SorCS2 
with HTT proteins, which can occur at both early and late stages of  the disease, is one of  the pathogenic 
mechanisms that contributes to the HD motor phenotype. Further studies will be required to determine 
how key components within the SorCS2/mtHTT complex are mechanistically affected in HD striatal neu-
rons at a molecular level.

In conclusion, our results provide a new mechanism by which mtHTT leads to dysfunction of  striatal 
neurons and manifestation of  motor deficits in HD via perturbation of  protein trafficking processes, specifi-
cally interfering with the role of  SorCS2 to modulate the synaptic expression of  NMDAR. Identification 
of  other key cargos whose trafficking is disrupted by the anomalous binding of  mtHTT to SorCS2 will 
facilitate our understanding of  the pathophysiology of  HD and open up new avenues to develop treatments 
for this neurodegenerative disorder.

Methods
Supplemental Methods are available online with this article.

Mouse strains. The zQ175-knockin mouse line was supplied from The Jackson Laboratory (stock 
no. 370437) with CAG repeats ranging from 170–200. R6/2 breeding females (C57Bl6 females with 
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transplanted ovaries from R6/2 females with 200–250 CAG repeats) were purchased from The Jackson 
Laboratory (stock no. 371097) and were bred with C57Bl6 males to generate R6/2 transgenic mice and 
their WT littermates. SorCS2-KO mice were previously generated (J. Yang, unpublished observations). 
Briefly, the sorCS2 gene targeted mice were generated by deleting exon 2 of  the gene, using a targeting 
vector for sorCS2 purchased from the European Conditional Mouse Mutagenesis Program (EUCOMM), 
with loxP sites flanking exon 2 of  the sorCS2 gene. Following blastocyst reaggregation with positive ES 
clones, animals were obtained with the disrupted allele as assessed by Southern blot analysis. SorCS2-
deficient mice were generated by crossing with EIIa-Cre expressing mice (The Jackson Laboratory), and 
mice were backcrossed to C57/Bl6 for more than 9 generations. zQ175/+ mice were then bred with 
SorCS2+/– mice to generate zQ175/+ SorCS2+/– mice, zQ175/+ mice, SorCS2+/– mice, and WT litter-
mates. Only male mice were used studies.

Immunofluorescence staining and analysis. Mice were injected with sodium pentobarbital (150 mg/
kg, i.p.) and transcardially perfused with cold phosphate-buffered saline (PBS, pH 7.4), followed by 
4% paraformaldehyde (PFA) in PBS. Brains were post-fixed in 4% PFA overnight at 4°C and then 
cryoprotected with 30% sucrose in PBS. Free-floating coronal brain sections (30 μm) were prepared 
on a freezing microtome. For immunofluorescence detection, brain sections were incubated in block-
ing buffer (5% normal donkey serum (Jackson ImmunoResearch) and 0.3% Triton-X 100 (Sigma) in 
PBS, pH 7.4) and avidin/biotin blocking kit (Vector Laboratories, SP-2001) at room temperature, and 
then incubated with primary antibodies in blocking buffer for 18 hours at 4°C. The following primary 
antibodies were used: sheep anti-SorCS2 (1:1,000, R&D Systems, AF4237), mouse anti–Darpp-32 (gift 
from Hugh C. Hemmings, Weill Cornell Medicine, New York, NY, USA), mouse anti–mutant HTT 
(1:100, Millipore, EM48), rabbit anti-GFAP (DAKO, Z0334, 1:1,000), and rat anti-LAMP1 (BD Biosci-
ences, catalog 553792, 1:500). The secondary antibodies used were biotinylated donkey anti–sheep IgG 
(1:400, Jackson ImmunoResearch, catalog 713-065-147) and donkey anti–mouse, –rabbit, or –rat Alexa 
488 (1:1,000; Invitrogen; catalogs R37114, A21206, A21208, respectively). Cy3-conjugated streptavidin 
(1:1,000, Jackson ImmunoResearch, catalog 016-160-084) was used to visualize biotinylated second-
ary antibodies. Three animals per genotype were analyzed for each experiment. Immunofluorescence 
images were examined on Zeiss Axio Observer.Z1 inverted microscope and captured using the same 
exposure time/channel/experiment by AxioCam MRC camera between different genotypes. Quantita-
tive analyses (mean pixel intensity measurement or cell count per field) were performed using Image J 
v1.33 software by Wayne Rasband (NIH).

Co-IP and Western blot analysis. Dissected tissues were minced and lysed in lysis buffer (1% NP-40, 
1% Triton X-100, 1 mM PMSF, 10% glycerol and protease inhibitor cocktail (Sigma-Aldrich) in Tris-
buffered saline) for 30 minutes on ice. Lysates were further titrated using a 30-g needle, and super-
natants were collected following centrifugation at 16,000 g for 5 minutes. Cleared lysates were then 
resolved by SDS-PAGE. For IP, samples were first precleared using protein G-Sepharose beads (Invitro-
gen, catalog 101241), and the supernatant was then incubated with sheep anti-SorCS2 antibody (R&D 
Systems, catalog AF4237) for 18 hours at 4°C. Similar experiments were performed for NR2A co-
IP using protein A-Sepharose beads (Sigma-Aldrich, catalog P9424) and rabbit anti-NR2A antibody 
(Thermo Fisher Scientific, catalog OPA1-04021). Sepharose beads were then added to the supernatant 
for 2 hours at 4°C, and immunoprecipitates were collected by centrifugation for 5 minutes at 2,300 g. 
Beads were washed 3 times in lysis buffer, and immune-complexes were resolved by SDS-PAGE. Fol-
lowing transfer, Western blots were blocked and incubated with primary antibodies, followed by label-
ing with HRP-conjugated secondary antibodies, and were developed with the ECL kit (Amersham, 
catalog RPN2106). The following primary antibodies were used: rabbit anti-ERK1/2 (1:3,000, Cell 
Signaling Technology, catalog 9102S), sheep anti-SorCS2 (1:1,000, R&D Systems, catalog AF4237), 
mouse anti-HTT (1:1,000, Millipore, catalog MAB2166), rabbit anti-NR2A (1:2,000, Thermo Fisher 
Scientific, catalog PA5-35377), and rabbit anti-VPS35 (1:1,000, Abcam, catalog ab157220). Three ani-
mals per genotype were used for each experiment. In Western blot densitometry analysis, values were 
normalized by loading control protein levels and then averaged to compare with WT mice.

Electron microscopy. Sections were processed for electron microscopy as previously described (91). 
Briefly, 12-month-old WT, zQ175 homozygous mice, or SorCS2–/– mice were overdosed with sodium 
pentobarbital (150 mg/kg, i.p.) and perfused transcardially with 2% heparin-saline followed by 30 ml, 
3.75% acrolein, and 2% PFA in 0.1 M phosphate buffer (PB; pH 7.4). The brains were removed from 
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the skull, post-fixed in 2% acrolein and 2% PFA in PB for 30 minutes, and then placed in PB. Coronal 
sections through the brains were cut (40-μm thick) using Vibratome (Leica Microsystems) and stored in 
cryoprotectant at –20°C until use.

For NR2A/Darpp-32 dual-immunolabeling, striatal sections (n = 3 animals per genotype, 2 sections 
per animal) were rinsed in PB to remove cryoprotectant and then incubated in 1% sodium borohydride 
in PB for 30 minutes to remove active aldehydes. Sections were then washed in 8–10 changes of  PB 
until all the gaseous bubbles disappeared and then placed in 0.1 M Tris-buffered saline (TS), pH 7.6. 
Sections were then incubated sequentially in: (i) 0.5% BSA in TS (30 min); (ii) primary antibodies (rab-
bit anti-NR2A (1:50, Thermo Fisher Scientific, catalog PA5-35377) and mouse anti–Darpp-32 (1:1,000, 
gift from Hugh C. Hemmings) in 0.1% BSA in TS for 1 day at room temperature (~23°C), followed by 
4 days cold (~4°C); (iii) 1:400 of  biotinylated anti-goat IgG (Jackson ImmunoResearch, catalog 705-
065-147), 30 minutes ; (iv) 1:100 peroxidase-avidin complex (Vectastain Elite Kit, Vector Laboratories, 
catalog PK-6100), 30 minutes; and (v) DAB (Sigma-Aldrich) and H2O2in TS, 3 minutes. All incubations 
were separated by washes in TS. For immunogold detection of  NR2A, the DAB-reacted sections were 
rinsed in 0.01 M PBS (pH 7.4), incubated in blocking buffer (0.8% BSA, 0.2% gelatin, 0.02% BSAc in 
0.02 M PBS) for 30 minutes, and placed overnight in a 1:50 dilution of  donkey anti–rabbit IgG with 
bound 10-nm colloidal gold (Electron Microscopy Sciences, catalog 25704) diluted in blocking buffer. 
The gold particles were fixed to the tissue in 2% gluteraldehyde in 0.01 M PBS and rinsed in PBS fol-
lowed by 0.2 M sodium citrate buffer (pH 7.4). The bound silver-gold particles were enhanced using a 
Silver IntenSE M kit (catalog RPN491; GE Healthcare) for 7 minutes.

Sections were rinsed in 0.1 M PB and then postfixed in 2% osmium tetroxide in PB for 1 hour, dehy-
drated, and embedded with Epon 812 (Electron Microscopy Sciences) between 2 sheets of  Aclar plastic. 
Sections from dorsal striatum were selected, mounted on EMBed chucks (Electron Microscopy Sciences) 
and trimmed to 1–1.5 mm–wide trapezoids. Ultrathin sections (~65 nm thick) within 0.1–0.2 μm to the 
tissue-plastic interface were cut on a Leica Ultracut ultratome, collected into copper mesh grids, and coun-
terstained with uranyl acetate and Reynold’s lead citrate. Sections were viewed and photographed using 
a FEI Tecnai Biotwin electron microscope equipped with a digital camera (Advanced Microscopy Tech-
niques, software version 3.2).

Ultrastructural image analysis. The data analysis procedure is similar as previously described (92). The 
images were collected at a magnification of  18,500. The dendritic profiles contained regular microtu-
bular arrays and were usually postsynaptic to axon terminal profiles (93). Dendritic spines were small 
(about 0.1–0.2 μm in diameter), abutted terminals, and sometimes emanated from dendritic shafts (93). 
Immunoperoxidase labeling for DARPP-32 was distinguished as an electron-dense reaction product 
precipitate. SIG labeling for NR2A appeared as black electron-dense particles. The criteria for field 
selection and the measures to avoid false-negative labeling of  smaller profiles, variability between ani-
mals in each experimental group, and differential reagent sensitivity comparing SIG and immunoper-
oxidase labeling were performed as described before (91, 93). Profiles were considered dually labeled 
if  they contained immunoperoxidase and at least 1 SIG particle. Fifty dual-labeled dendrites and 50 
DARPP-32–labeled dendritic spines from each animal were sampled for electron microscopic analysis.

The subcellular distribution and density of  NR2A-SIG particles in Darpp-32–labeled dendrites was 
determined as previously described (94). For this, the NR2A-SIG particle localization was categorized 
as (i) on plasma membrane, (ii) near plasma membrane (particles not touching but within 70 nm from 
the plasma membrane), or (iii) cytoplasmic. The investigator performing the quantification of  SIG par-
ticles was blinded to the genotypes. MCID imaging analysis software was used to determine the cross-
sectional diameter, perimeter, surface area, form factor, and major and minor axis lengths of  each 
immunolabeled dendrite. Only small dendrites (average diameter < 1 μm) were included for analysis. 
Density of  SIG particles is expressed as: (i) number of  SIG particles on plasma membrane/perimeter, 
(ii) number of  SIG particles near plasma membrane/perimeter, (iii) number of  SIG particles in cyto-
plasm/area, and (iv) total SIG particles/area.

All DARPP-32–labeled spine profiles that were in contact with axon terminals were further counted 
and classified as NR2A-labeled (containing at least 1 SIG particle) or non–NR2A-labeled spines. SIG par-
ticles in NR2A-labeled spines were additionally classified as cytoplasmic, on/near the plasma membrane 
(particles within 70 nm from the plasma membrane), or on/near the synapse (particles within 70 nm from 
the postsynaptic density of  the synapse).
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Human tissue samples and IHC. Deidentified brain tissue donated from patients with HD (pathological 
grade 3) and unaffected individuals was obtained from New York Brain Bank at Columbia University. Con-
trol tissue was from subjects without HD with similar demographic criteria. Tissues containing caudate 
and putamen were formalin fixed and paraffin embedded.

IHC was performed using 10 μm–thick sections of  formalin-fixed, paraffin-embedded samples. Sec-
tions were deparaffinized in xylene and rehydrated in graded alcohols before incubation in phosphate-
buffered saline. Slides were then incubated in a steamer in 10 mM citrate buffer (pH 6.0, with 0.05% 
Tween 20) for 30 minutes to recover antigenic epitopes. Slides were probed with sheep anti–human 
SorCS2 (R&D Systems, catalog AF4238). Bound antibodies were detected with a biotinylated-conjugat-
ed secondary antibody system (Jackson ImmunoResearch Laboratories, catalog 713-065-147) and VIP 
development according to the manufacturer’s protocol (Vector Laboratories, catalog SK-4600). Devel-
oped slides were counterstained in hematoxylin (purple stain), dehydrated through graded alcohols, 
incubated in xylene, and mounted in CytoSeal (Thermo Fisher Scientific). Slide images were captured 
with an Observer.Z1 (Carl Zeiss), and digital images were acquired with an AxioCam MRc camera and 
AxioVision 4.8.

Behavioral analyses. All mice were kept on a 12:12 light-dark cycle at 18°C–22°C with food and water 
available ad libitum unless noted otherwise. All mice for behavioral analyses were brought into the room at 
least 1 hour before the start of  experiment for the purpose of  habituation. Only adult male mice (n = 8–12/
genotype) were used for behavioral experiments.

Open field. Open field test was used to measure baseline locomotor activity according to previously 
described procedures (95). Animals were placed in a rectangular open field measuring 21 × 15 inch for 10 
minutes. Their activity was recorded by an overhead video camera and analyzed using Ethovision software. 
Total distance traveled is reported.

Rotarod. Accelerating Rotarod for 5 mice (Panlab/Harvard apparatus) was used to measure motor 
coordination and balance of  mice as described by ref. 96. Animals were trained to stand on a rod rotating at 
5 rpm for at least 30 seconds (mice that cannot learn this task were excluded from the experiment). After 1 
hour, animals were placed on an accelerating rod that increased in speed from 4 to 40 rpm over the course 
of  a 5-minute trial. Animals were given 5 trials per day for 5 consecutive days. Latency to fall is reported for 
each trial, and the performance on the last day was used for comparison and statistical analysis.

Inverted lid test. Inverted lid test was described previously to measure muscle strength in mice (97). Mice 
were placed on a standard cage lid. The lid was gently shaken 3 times, causing the animal to grip the lid. 
The lid was then quickly inverted and secured 30 cm above a padded surface. Latency to fall was measured, 
with a maximum trial time of  2 minutes. Each animal was given 3 trials with a 5-minute interval. The 
maximum of  the 3 trials of  each animal was used for quantification.

Footprint analysis. For the footprint test, the forepaws and hind paws of  the mice were coated with pink 
and blue nontoxic paints, respectively. The mice were trained to walk along a paper-covered runway that 
was 50 cm long, 10 cm wide, with 10 cm–high walls into an enclosed box. All the mice were given 3 runs 
per day for 3 consecutive days. A fresh sheet of  white paper was placed on the floor of  the runway for each 
run. The footprint patterns were assessed quantitatively by the measurements of  the length of  stride and 
stance, as well as the base width of  both forepaws and hind paws.

Statistics. All of  the data were analyzed with the program GraphPad Prism version 6.0 (GraphPad Soft-
ware). Values are presented as the mean ± SEM. When 2 groups were compared, data were analyzed using 
a nonpaired student’s t test. For multiple comparisons, one-way ANOVA followed by Bonferroni post-hoc 
test was used. Statistical differences were considered to be significant for P < 0.05 (*P < 0.05, **P < 0.01, 
***P < 0.001).

Study approval. All procedures were in accordance with the NIH Guide for the Care and Use of  Labora-
tory Animals and were approved by the Institutional Animal Care and Use Committee of  Weill Cornell 
Medicine. Studies on human brain tissue were approved as being of  minimal to no risk or as exempt by the 
IRBs at Weill Cornell Medicine.
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