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Huntington’s disease (HD) is a fatal neurodegenerative disorder. Despite a tremendous effort to develop

therapeutic tools in several HD models, there is no effective cure at present. Acidosis has been observed pre-

viously in cellular and in in vivomodels as well as in the brains of HD patients. Here we challenged HD models

with amiloride (Ami) derivative benzamil (Ben), a chemical agent used to rescue acid-sensing ion channel

(ASIC)-dependent acidotoxicity, to examine whether chronic acidosis is an important part of the HD patho-

mechanism and whether these drugs could be used as novel therapeutic agents. Ben markedly reduced

the huntingtin-polyglutamine (htt-polyQ) aggregation in an inducible cellular system, and the therapeutic

value of Ben was successfully recapitulated in the R6/2 animal model of HD. To reveal the mechanism of

action, Ben was found to be able to alleviate the inhibition of the ubiquitin-proteasome system (UPS) activity,

resulting in enhanced degradation of soluble htt-polyQ specifically in its pathological range. More impor-

tantly, we were able to demonstrate that blocking the expression of a specific isoform of ASIC (asic1a),

one of the many molecular targets of Ben, led to an enhancement of UPS activity and this blockade also

decreased htt-polyQ aggregation in the striatum of R6/2 mice. In conclusion, we believe that chemical com-

pounds that target ASIC1a or pharmacological alleviation of UPS inhibition would be an effective and prom-

ising approach to combat HD and other polyQ-related disorders.

INTRODUCTION

Huntington’s disease (HD) is still a fatal neurological disorder
(1) though it has long been recognized that the CAG repeat
expansion (.35–40) in exon 1 of the HD gene (2) causes
misfolding of its gene product huntingtin and that results in
a toxic gain-of-function. Mutant huntingtin-polyglutamine
(htt-polyQ) appears visually as microscopic neuronal intranuc-
lear inclusions well before the onset of symptoms. This
strongly implies that htt-polyQ aggregates are required for,
or contribute to, the toxicity of HD (3) though recent advances
argue that inclusion bodies may play a protective role in

HD (4). In any event, as delaying the emergence of visible
aggregates in a mouse model of HD ameliorates the severity
of disease symptoms, and in many cases extends the survival,
the search for chemical compounds that are able to prevent
htt-polyQ aggregation has been the focus of extensive research
in the last decade (5). Unfortunately, an effective treatment for
HD in human patients is still unavailable at the moment.

Diverse theories have been proposed to explain the pathome-
chanism of HD (6). In particular, numerous lines of evidence
from human and animal models strongly support the notion that
energymetabolismdeficits are likely to be one of themajormech-
anisms by which HD progresses (7). One of the common and
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widely reported phenomena of energymetabolism impairment in
HD is the accumulation of lactate in the central nervous system
(CNS) (8–13) and the possible subsequent acidosis (14) in both
the human patients and animal models of HD. Although it is unli-
kely that the level of pH decrease in chronic diseases would be
comparable to the acute neurological injuries such as hypoxia
and ischemia (15), we asked whether a mild, prolonged and pro-
gressive acidification might contribute to the pathogenesis of this
neurological disorder. Recent reports suggest that extracellular
acidosis is able to activate specific ion channels and that the abla-
tion of these channels offers convincing neuroprotective effect in
brain ischemia and other CNS injuries (16,17). Together with the
finding that acidosis modulates amyloid beta aggregation (18),
we were inspired to investigate the role of acid-sensing ion chan-
nels (ASICs) in the pathogenesis of HD.
The ASICs belong to the Hþ-gated subgroup of the mamma-

lian degenerin/epithelial sodium channel (DEG/ENaC) super-
family. They are cation selective (19) and are predominantly
expressed in the nervous system (20). Six subunits of ASICs
have been identified so far (21) and among which 1b and 3 are
mainly expressed in the peripheral nervous system (PNS).
ASIC isoforms 3 and 4 may play essential roles in the PNS as
nociceptors and mechanoreceptors (22). On the other hand,
ASIC1 and 2 isoforms are widely and ubiquitously distributed
in the CNS and particularly enriched in areas that are most sus-
ceptible to htt-polyQ-mediated protein aggregation and degener-
ation such as cingulate cortex and striatum (23). This
area-specific enrichment of ASICs perhaps highlights the poten-
tial participation of these channel proteins in mediating HD
pathogenesis. Loss ofASIC1a disrupted hippocampal-dependent
long-termpotentiation (LTP), spatialmemory in theMorriswater
maze and cerebellum-dependent learning (24) suggest that
ASIC1amodulates synaptic plasticity and contributes to learning
and memory under physiological conditions. In addition, as
ASICs composed of ASIC1a subunit are activated by extracellu-
lar protons and permeable to calcium ions (19,25), ASICs are
equally and importantly anticipated to be involved in pathologi-
cal conditions such as pain (26,27) and ischemic stroke (16,28).
Amiloride (Ami) is a pyrazinoylguanidine bearing amino

groups in the 30 and 50 positions and a chloro group in the
6-position of the pyrazine ring. It was synthesized in the
mid-1960s while in search of diuretic agents that possessed
both natriuretic and antikaliuretic properties (29), and has
been used in clinics as an adjunctive treatment in congestive
heart failure or hypertension. Ami is widely used as a specific
blocker of ASIC and targets also several other protein exchan-
gers such as sodium/hydrogen exchanger (NHE) and sodium/
calcium exchanger (NCX) (30). By substituting benzyl on the
terminal hydrogen atom of the guanidino moiety, benzamil
(Ben) has been produced as one of the more specific inhibitors
of epithelial sodium channels (31). Ami attenuated
acidosis-induced cellular damage (17) and intracerebroventri-
cular injection of Ami protects the CNS from ischemic injury
(16). These recent studies undoubtedly highlight the use of
Ami and perhaps its analogs as neuroprotective drugs in
acidosis-mediated brain injuries.
Assuming that chronic tissue acidosis might be indeed one

of the unknown underlying pathomechanisms of HD, here
we assessed the therapeutic values of Ami and Ben using cel-
lular and animal models of HD and delineated the molecular

mechanism by which they ameliorate HD pathological pro-
cesses. Ben markedly reduced the polyQ aggregation and toxi-
city in both the in vitro and in vivo models, and importantly,
the underlying mechanism was proven to be ubiquitin-
proteasome system (UPS) and ASIC1a-dependent.

RESULTS

Ami and Ben reduces Nhtt-polyQ aggregation
in a dose-dependent manner

The progressively acidification of cell culture medium derived
from primary post-natal cerebrocortical neurons expressing
htt-polyQ-EGFP (32) provided the first evidence that the acid-
base balance in HD is distributed (Supplementary Material,
Fig. S1A). Further examination of the intracellular pH (pHi)
in a well-characterized stable mouse Neuro2a cell system
(33) revealed that the cells that had been induced to form
N-terminal huntingtin (Nhtt)-150Q-EGFP had a significant
lower pHi compared with the non-induced control. Assuming
that this state leads to the pH-sensitive ASIC opening (34),
co-incubation with a highly specific ASIC blocker Ben was
indeed able to restore the pHi back to the control levels (Sup-
plementary Material, Fig. S1B), suggesting the involvement of
ASICs in HD pathogenesis.
To test further whether blocking ASICs by Ami and Ben

might provide additional beneficial effects in models of HD,
first we focused on their effect on htt-polyQ aggregation.
We found that Ami and Ben decreased truncated Nhtt exon
1-60Q-EGFP and Nhtt-150Q-EGFP cytoplasmic aggregates
markedly in a dose-dependent manner (Fig. 1A) without sig-
nificant toxicity up to 50 mM (Fig. 1B). These compounds
also reduced Nhtt-150Qnls-EGFP nuclear aggregates signifi-
cantly in the same inducible system (Fig. 1C) and both the
cytoplasmic and nuclear aggregates in a transient transfection
system with various lengths of polyQ repeats (Fig. 1D; Ami,
data not shown). Filter trap assay (FTA) also showed that
Ami and Ben reduced the SDS-insoluble aggregates that
were trapped on top of the cellulose acetate membrane
(Fig. 1E). As semi-quantitative PCR showed that these chemi-
cals did not affect the expression of Nhtt-16/60/150Q-EGFP
(Fig. 1F), these data suggest that these drugs reduce the
Nhtt-polyQ aggregation via a post-transcriptional mechanism.

Ben ameliorates HD pathology in R6/2 mice

We further assessed the effect of Ami derivatives in the HD
mouse model R6/2 so as to confirm its therapeutic value
in vivo. We prefer Ben to Ami for our mouse studies because
the greater hydrophobicity of Ben (30) may assist delivery.
We prepared whole brain lysates from wild type, and trans-
genic (tg) R6/2 mice either untreated, or treated with various
concentrations of Ben and analyzed the SDS-insoluble
htt-polyQ aggregation by FTA. As shown in Fig. 2A, a signifi-
cant decrease of aggregation was observed in the mice that
were treated with Ben1 (1 mg/kg) or Ben5 (5 mg/kg), there
being a .30% reduction detected by the anti-htt (em48) anti-
body at both 8 and 12 weeks of age (Fig. 2B). Quantifying the
amount of ubiquitin-positive aggregates in the cingulate area
1/2 (Cg1/Cg2) of the cerebral cortex from these mice also
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Figure 1. Ami and Ben reduce Nhtt-polyQ aggregation in a dose-dependent manner via a post-transcriptional mechanism. (A) Ami or Ben reduces Nhtt-polyQ
aggregation in a dose-dependent manner. The reduction of Nhtt-150Q-EGFP aggregation by Ben was shown visually in the lower panel (d–f). n ¼ 5, � and
��P ¼ 0.019; ��� and ����P , 0.0001, comparison between treated and non-treated. Scale bar ¼ 80 mm. (B) Addition of Ben up to 50 mM does not cause significant
toxicity to Neuro2a cells. Neuro2a cells that were treated with various concentrations of Ben for 24 h as indicated were subsequently stained with 5 mg/ml proprium
iodide (PI). The number of PI-positive cells were quantifiedwith ArrayScan. n ¼ 3, �P ¼ 0.105; ��P ¼ 0.001. N.S., not significant. (C) Ami or Ben at 50 mM reduces
Nhtt-150Qnls-EGFP nuclear aggregates, quantified by ArrayScan. n ¼ 3, � and ��P ¼ 0.03. ND, no drug. (D) Ben reduces the amount of aggregates formed by
Nhtt-polyQ (þ/2 nls) in a transient expression system. The number of EGFP-positive aggregates was counted 12 h after transfection with ArrayScan. n ¼ 3,
�P, 0.0001. nls, nuclear localization signal. (E) A FTA illustrates the reduction of aggregates by Ami and Ben. n ¼ 4, fold change showsmean+SEM. (F) Semi-
quantitative PCR shows virtually unaltered expression of Nhtt-polyQ-EGFP in cells that were treated with various concentrations of Ami and Ben. Expression levels
of the transgene were amplified with primers targeting either EGFP or Nhtt-polyQ-EGFP. Gapdh shows equal cDNA input. Quantification of the PCR results for that
of Nhtt-16Q-EGFP is shown in the lower panel. n ¼ 3.
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Figure 2. Ben ameliorates brain pathology, motor deficits and increases life span of R6/2 mice. (A and B) Ben reduces the amount of SDS-resistant aggregates in
the brain of R6/2 mice. (A) Shows the SDS insoluble aggregates on a cellulose acetate membrane (b-tubulin shows the equal amount of protein in each sample)
and (B) shows the quantification results from the average of three animals in each treatment. �P ¼ 0.009; ��P ¼ 0.004; ��� and ����P ¼ 0.007. (C) Ben reduces
the number of visible, ubiquitin-positive aggregates in the cerebral cortex (Cg1/Cg2 area) of R6/2 mice. Upper panels show the immunohistochemical micro-
graphs and lower panels show the quantification of visible aggregates in the Cg1/Cg2 area of the cerebral cortex of R6/2 at 8 weeks of age carrying different
length of polyQ repeats. The number of aggregates was normalized to the area of each micrograph that corresponded to 0.325 mm2 of the brain section. Scale
bar ¼ 0.02 mm, �P ¼ 0.03119. (D) Clasping score. Ben treatment markedly reduces the number of mice reaching clasping score level 3 at both 8 weeks and 12
weeks. Tg-water, n ¼ 11; tg-Ben1, n ¼ 13, tg-Ben5, n ¼ 10. (E) Rota-rod test. Ben of 1 mg/kg alleviates the motor deficit of R6/2 mice by decreasing their
latency to fall on rotating rod at and after 7 weeks of age. n ¼ 5 in each group. �P ¼ 0.0015 and ��P ¼ 0.042. (F) Ben treatment increases body weight of
R6/2 mice. Tg-water, n ¼ 11; tg-Ben1, n ¼ 13, tg-Ben5, n ¼ 10. �P ¼ 0.034 and ��P ¼ 0.044. (G) Ben significantly extends the lifespan of R6/2 mice. Survival
data from each treatment was analyzed by Kaplan–Meier method followed by log-rank testing. Tg-water, n ¼ 9; tg-Ben1, n ¼ 11 and tg-Ben5, n ¼ 10.
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revealed a .30% reduction of aggregation in mice carrying
various length of polyQ repeats (Fig. 2C). Accompanied by
the amelioration of brain pathology, the limb clasping
posture of R6/2 mice was also significantly ameliorated in
the mice that were being fed with Ben at both 8 and 12
weeks of age (Fig. 2D). Rota-rod studies further showed that
Ben greatly reduced the latency to fall on rota-rod from 7
weeks of age, suggesting that the motor impairment of R6/2
was indeed reduced (Fig. 2E). The beneficial effect of Ben
was also revealed by a significant increase of body weight
after 10 weeks of age (Fig. 2F). More importantly, Ben1 sig-
nificantly increased the survival of R6/2 mice (Fig. 2G). The
mean survival time for tg-water is 114.625+ 2.44 days
while that of tg-Ben1 is 126.1+ 4.001 days (tg-water versus
tg-Ben1, P ¼ 0.024). As both Ben5 and Ben1 decreased aggre-
gation in the R6/2 mouse brain but only Ben1 significantly
increased the survival rate, it has to be noted that the potential
side effects of Ben could outweigh its beneficial effect at high
concentrations in this disease model. Indeed, Ben10 also
reduced the htt-polyQ aggregation in the R6/2 mouse brain
but decreased the survival rate compared with that of wild
type (data not shown). Collectively, data obtained from both
the cellular and animal models of HD strongly suggest that
Ben is a novel drug therapy for HD.

Ben induce a polyQ length-dependent degradation
of soluble mutant huntingtin

After we were convinced that Ben is able to reduce HD aggre-
gation both in vitro and in vivo, we focused on investigating
the molecular mechanism(s) by which Ben works for the
rest of the studies. Given that Ben do not affect the expression
of Nhtt-polyQ at the transcriptional level (Fig. 1F), the signifi-
cant and prominent decrease on the soluble form of mutant htt
in the presence of Ben (Fig. 3A and B) prompted us to reason
that Ben may reduce aggregation by working through the
protein degradation system.
For this purpose, we did a chase experiment to examine

whether Ben would affect the degradation of soluble mutant
htt protein. We used Nhtt-60Q in this experiment because
majority of the Nhtt-60Q stayed soluble after induction. As
illustrated in the left panel of Fig. 3C, Ben markedly enhanced
the initial degradation of Nhtt-60Q and there was a significant
decrease in the absolute amount of soluble mutant Nhtt-60Q in
the presence of Ben at Day 3 and Day 4. The half-life of
soluble Nhtt-60Q was determined to be 3.846+ 0.32 and
2.721+ 0.52 days for water and Ben, respectively. The
same experiment for Nhtt-16Q was also performed and it
appeared that there was no significant difference in the absol-
ute amount of 16Q protein after the addition of Ben (Fig. 3C,
right). These results clearly demonstrate that Ben enhances the
degradation of soluble Nhtt-polyQ specifically in its pathologi-
cal range.

Ben alleviates UPS inhibition in vivo

To investigate which degradation system is modulated by Ben,
first we examined the UPS activity with an expression con-
struct that encodes a ubiquitin (ubi) tagged Discosoma Red
fluorescent protein (ubi-dsRED) (35), with monomeric red

fluorescence protein (mRFP) as a control (36). Ben dose-
dependently reduced the accumulation of ubi-dsRED caused
by low concentrations of MG-132 suggesting that Ben is
capable of alleviating the global UPS inhibition caused by a
reversible proteasome inhibitor (Supplementary Material,
Fig. S2A). Next we examined whether Ben could also alleviate
the UPS inhibition caused by mutant Nhtt-polyQ aggregation,
knowing that the UPS activity was blocked in a polyQ length-
dependent manner (Supplementary Material, Fig. S2B).

Figure 3. Ben induces a polyQ length-dependent degradation of soluble
mutant huntingtin. (A and B) Ben treatment leads to a decreased expression
of soluble mutant htt-polyQ at the protein level. There was a 40–50% decrease
of soluble Nhtt-150Q expression 1 day after treatment with Ben at 50 mM,
while that of Nhtt-16Q remained virtually unchanged. n ¼ 3, �P , 0.001.
(C) Ben enhances the degradation of soluble mutant Nhtt-60Q-EGFP.
Neuro2a cells were induced to express Nhtt-60Q-EGFP for 1 day, and the
inducer was removed and Ben was added. The addition of Ben enhanced
the degradation of soluble Nhtt-60Q-EGFP while that of Nhtt-16Q-EGFP
was not significantly altered. The absolute amount of 60Q protein was signifi-
cantly reduced 3 and 4 days after the addition of Ben as revealed by the
anti-htt antibodies. n ¼ 3, �P ¼ 0.037 and #P ¼ 0.039.
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Ben reduced the co-expression of ubi-dsRED and htt-62Q
aggregates (Fig. 4Ac–f and B, Ubi-dsRED) and had virtually
no effect on that of mRFP and htt-62Q aggregates (Fig. 4Aa
and B, RFP). Consequently, the number of ubi-dsRED-
positive cells (Fig. 4C) and the average ubi-dsRED intensity
(data not shown) in aggregate-containing cells was also
reduced. Western blotting with anti-RFP antibodies with
these cell lysates recapitulated faithfully the ArrayScan
results (Fig. 4D). Essentially the same results were obtained
with the proteasome sensor vector containing a destabilized
GFP (ZsGreen) (Supplementary Material, Fig. S3). These
data suggest that Ben alleviated the UPS blockade caused by
mutant Nhtt-polyQ.
To further clarify the degradation pathway(s) by which Ben

acts, we blocked the function of the UPS with specific protea-
some inhibitors and examined whether Ben could still reduce
Nhtt-polyQ aggregation. Consistent with the notion that Ben
reduces polyQ aggregation by alleviating the UPS inhibition,
further blockade of the UPS by treatment with either lactacys-
tin or MG-132 significantly and largely attenuated the effect of
Ben (Fig. 4E). Probing the lysates prepared from the cells
treated with proteasome inhibitors with anti-ubiquitin anti-
bodies revealed that proteasome inhibitors could completely
antagonize the effect of Ben in reducing the amount of poly-
ubiquitinated proteins, further suggesting that these drugs
reduce aggregation dominantly by employing the UPS
(Fig. 4F). The presence or absence of Atg5 did not affect
the function of Ben suggesting that macroautophagy was not
required for the clearance of mutant Nhtt-polyQ in this treat-
ment (Supplementary Material, Fig. S4).
For a final examination to investigate whether Ben increases

UPS activity in the intact mammalian brain, we generated a
mouse line in which the expression of an unstable version of
EGFP (d2EGFP) (37) is driven by 50 regulatory sequences
of the voltage-gated potassium channel gene KCNC3 (38).
Controls to demonstrate this mouse line as a valid tool to
reflect brain UPS activity are shown in Supplementary
Material, Fig. S5. We fed either water or Ben to the
d2EGFP mice from 4 weeks of age and sacrificed them at 8
weeks for d2EGFP-DAB immunohistochemistry to reveal
the general UPS activity in the brain. Oral feeding with
water produced around 80 DAB-positive d2EGFP cells per
millimeter square, probably due to the overexpression of
d2EGFP at high levels in certain population of cells, and
Ben reduced the number down to around 50 (Fig. 4G),
suggesting an enhancement of UPS activity. Taken all
together, both the in vitro and in vivo data generated with
various kinds of degron constructs strongly and unambigu-
ously support the notion that Ben enhances the general UPS
activity in neurons and in the mammalian CNS.

Suppressing the expression of asic1a enhances UPS activity
and reduces Nhtt-polyQ aggregation

Having shown that Ben reduced Nhtt-polyQ aggregation by
alleviating the UPS inhibition, we further investigated the
underlying mechanism and searched the molecular target(s)
by which UPS is modulated. We made short hairpin (sh)
RNA for some of the major molecular targets of Ami and
derivatives to try to mimic the pharmacological blockade of

these channel proteins by Ben. Supplementary Material,
Fig. S6 shows the knockdown efficiency at the transcriptional
levels (A), translational levels (B) and the specificity of these
shRNAs (C and D). Suppressing the expression of asics and/or
ncxs led to a significant reduction of ubi-dsRED cells while
that of RFP was unchanged (Fig. 5A). More, inhibiting the
expression of asic (either 1a or 2a, Fig. 5B) or ncx (only
ncx2 and ncx3, Fig. 5C) reduced the percentage of aggregation
significantly by 30–40%. Blocking all the variants of asic and
ncx together further decreased the amount of aggregates in
both 60Q and 150Q cells (Fig. 5D). Interestingly, blocking
either nhe1 or nhe5 or both variants did not lead to a signifi-
cant reduction of ubi-dsRED cells or htt-polyQ aggregation
(data not shown), suggesting that channels that are normally
used for regulating physiological pH do not involve in HD
pathogenesis. These data confirm our initial idea and hypoth-
esis that ASICs are indeed the major molecules targeted by
Ami and its derivatives.
We further explored the role of these channel proteins in

HD pathomechanism in the mammalian brain. We decided
to examine only the role of asic1a in HD pathogenesis
because there was a significant decrease of ncx2 and ncx3
expression in the R6/2 mouse at and after 8 weeks of age (Sup-
plementary Material, Fig. S7). To achieve maximum knock-
down of asic1a in the mouse brain, we cloned asic1a
microRNA (miR) into pcDNA6.2TM-GW/RFP-miR in which
the expression can be driven by a CMV promoter and be
keeping track with RFP. Using these RNAi constructs we
achieved a .70–80% knockdown of endogenous asic1a in
neuro2a cells (Fig. 5E, upper). These constructs were further
subcloned into rAVETM cassettes (GeneDetect) and packaged
into chimeric recombinant adeno-associated viruses genotype
1/2 (rAAV1/2) to maximize the infection efficiency in
mouse brain tissues (39). Stereotaxic injection of these
viruses into mouse striatum showed similar infection effi-
ciency (Fig. 5E, lower). Suppressing the expression of
asic1a in the mouse striatum was able to reduce htt-polyQ
aggregation and on average there being a 60% reduction of
aggregation revealed by anti-htt antibodies (Fig. 5F). Taken
all the data together, we strongly believe that Ben blocks
asic1a, resulting in a global enhancement of UPS activity
and that possibly explains the underlying mechanism by
which Ben alleviates the pathological processes of HD.

DISCUSSION

In this article, we report Ben as a novel drug candidate in the
treatment of HD and clearly demonstrated that this compound
reduces mutant htt-polyQ aggregation by alleviating UPS inhi-
bition in several models of HD. We also identified asic1a as
the possible therapeutic target for the reduction of htt-polyQ
aggregation. Our studies strongly suggest that alleviating the
UPS inhibition or enhancing the UPS in a controlled manner
would be an attractive and promising strategy to combat
HD, and possibly other neurodegenerative disorders. This is
the second report demonstrating that ASICs play an important
role in chronic neurological diseases (40) and the first in
polyQ-mediated neurodegeneration.
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Figure 4. Ben alleviates the inhibition of UPS in vivo. (A–D) Ben attenuates the blockade of UPS caused by mutant Nhtt-polyQ. Fluorescence micrographs
showing the effect of Ben on the co-expression of RFP or ubi-dsRED and Nhtt-62Q aggregates (A). The addition of Ben reduced the accumulation of ubi-dsRED
in cells that contain aggregates (Ac–f, arrowheads and B, Ubi-dsRED) while that of RFP (Aa and B, RFP) was virtually unaltered. ArrayScan counting also
revealed that the number of ubi-dsRED-positive cells (C) was reduced in the presence of Ben. Furthermore, the reduced accumulation of ubi-dsRED was
shown by a western blot that analyzed with anti-RFP antibodies (D). Lactacystin (10 mM) was used as a positive control for the inhibition of UPS. n ¼ 3,
�P, 0.0001 compared with the water control. (E) Blocking the UPS markedly abolishes the effect of Ben. On top of ponasterone A induction of
Nhtt-150Q, Neuro2a cells were incubated with Ben and proteasome inhibitor lactacystin or MG-132, at two different concentrations (in mM). Lactacystin or
MG-132 markedly abolished the effect of Ben suggesting that the UPS was the degradation system primarily employed by Ben for Nhtt-polyQ clearance.
n ¼ 3, �P ¼ 0.006; ��, ��� and ����P , 0.0001. (F) Western blotting analysis with anti-ubiquitin antibodies also revealed that proteasome inhibition was
enough to abolish the effect of Ben. Ben reduced the amount of ubiquitinated proteins in the presence of Nhtt-150Q, while the co-incubation with proteasome
inhibitors abolished this effect. Beta-tubulin shows equal protein loading. n ¼ 3. (G) Ben increases brain UPS activity. Feeding d2EGFP mice with 1 mg/kg Ben
for 4 weeks reduced the number of d2EGFP cells in the somatosensory cortex (A and B; arrowheads, d2EGFP cells; scale bar ¼ 50 mm). Lower panel shows the
quantification (number per mm2). n ¼ 4; P ¼ 0.021.
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Figure 5. Silencing the expression of asic1a reduces Nhtt-polyQ aggregation in vivo. (A) Silencing the expression of asics, ncxs or both leads to a significant
increase of UPS activity. Neuro2a cells were first transfected with the corresponding shRNAs for 2 days to allow gene silencing. Seventy nanogram of RFP or
ubi-dsRED construct was subsequently transfected for the determination of UPS activity. The number of RFP or ubi-dsRED cells was quantified by ArrayScan.
The number of RFP or ubi-dsRED cells in the LacZ RNAi-transfected condition was set at 1 and the others were compared to this control accordingly. While
there was no significant change of the number of RFP cells, that of ubi-dsRED was markedly decreased when the expression of asics and/or ncxs was blocked.
n ¼ 3, �P , 0.0001 compared with the LacZ control. (B) Silencing the expression of asic1a or asic2a reduces the aggregation of Nhtt-150Q. n ¼ 9, �P ¼ 0.03;
��P ¼ 0.006 and ���P , 0.0001. (C) Silencing the expression of ncx2 or ncx3 reduces the aggregation of Nhtt-150Q. n ¼ 9, �P, 0.0001. (D) Silencing the
expression of both the asics and ncxs reduces the aggregation of Nhtt-60Q and Nhtt-150Q. n ¼ 5, �P , 0.0001. (E) The knockdown efficiency of asic1a
miR RNAi (upper) and the infection efficiency of AAV1/2 in the mouse striatum (lower). (b and d) Are the magnified images of (a and c), respectively.
RFP and RFP-asic1a RNAi show comparable infection efficiency both intensity and anatomy-wise. Scale bars in (a and c) ¼ 300 mm and (b and d) ¼
150 mm; PMT represents photo multiplier tubes. (F) Suppressing the expression of asic1a reduces htt-polyQ aggregation in R6/2 mice. AAV1/2 encoding
RFP or RFP-asic1a RNAi was stereostaxically injected into the striatum of R6/2 mice at 4 weeks of age and the striatal area was collected for filter trap analysis
at 8 weeks of age. Inhibition of asic1a expression reduces htt-polyQ aggregation as revealed by anti-htt antibodies. Quantifying the spots intensity on filter trap
shows a 60% of reduction of polyQ aggregation, normalized to b-tubulin. n ¼ 4, P ¼ 0.0048.
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We tested the therapeutic value of Ami derivative assuming
that acidosis contribute to one of the underlying pathomechan-
isms of HD and found that blocking ASICs alleviates the UPS
inhibition and the subsequent aggregate load. Though we do
not have direct experimental data showing that ASIC1a is
indeed activated during pH fluctuations and the precise mech-
anism(s) by which ASIC1a connects to the modulation of UPS
remains to be established, we provided unambiguous evidence
that blocking the activity and/or expression of ASIC1a, with
either Ben or ASIC1a RNA interference, leads to an overall
beneficial effect in cellular and animal models of HD. These
results support the notion that acidosis and the subsequent acti-
vation of ASIC1a plays a role in the polyQ aggregating
process and the pathogenesis of HD. As one of the major phys-
iological and perhaps pathological consequences of ASIC1a
activation concerns calcium influx (17), it may well be that
blocking ASIC1a reduces calcium influx and eventually
limits the rate of aggregate formation. Indeed, preliminary
results show that calmodulin inhibitors w-5 and w-7 potently
reduce the htt-polyQ formation in vitro (unpublished data).
Another interesting discovery in this study is that UPS

activity can also be elevated by blocking another molecular
target of Ben, the NCX. To the best of our knowledge, the
direct and precise connection between NCX and the UPS
activity has not been established. The major physiological
function of NCX is to exclude Ca2þ from the cytosol to
orchestrate normal cellular Ca2þ homeostasis in a variety of
tissues. However, under certain pathological conditions like
global brain ischemia, when cytosolic [Naþ] increases and
plasma membrane potential depolarizes, the equilibrium
potential of NCX may become more negative than the
plasma membrane potential, causing the reversal of the
exchanger (41). Assuming that HD pathogenesis is mediated
by chronic acidosis and the elevation of cytosolic [Ca2þ] is
partly through NCX working in the reverse mode, blocking
NCX and reducing the calcium influx may lead to a better
function of the 11S regulatory (REG)/proteasome activator
28 (PA28) (42) though it has to be noted that recent studies
indicate that calcium could do otherwise (43,44). Perhaps
the role of calcium in regulating UPS activity is highly
system and time-dependent. As the expression of NCX
mRNA levels declines when the disease progresses (Sup-
plementary Material, Fig. S7), though the precise mechanism
by which NCX works in the cellular systems is interesting
to be pursued, we believe that blocking the expression and/
or function of this exchanger may not be a promising thera-
peutic target in treating HD.
While the role of calcium ions and calcium signal transduc-

tion proteins in our experimental scenario remains to be
further explored, we are able to show that UPS activity is
enhanced with Ben or inhibition of ASIC1a using various
degron constructs. It raised an interesting hypothesis that the
UPS activity can be modulated with changes in either extra-
cellular or pHi. Indeed, this idea is supported by a report
showing that pH rise at fertilization is a necessary prerequisite
for activation of proteasome (45). As the UPS activity has also
been reported to be impaired after transient forebrain ischemia
(46) and during the ischemia-reperfusion period (47), it
may well be that the neuroprotective effect offered by
Ami and derivatives may also be connected to the pH or

ASIC1a-mediated alleviation of UPS impairment. If the
causal relationship between UPS activity and pHi can be
proven directly, the enhancement of UPS activity by modulat-
ing pHi could be considered as a novel strategy to combat
acidosis-mediated neurological disorders.

The degradation of misfolded and damaged proteins by the
UPS is essential to maintain protein quality control, and the
aberrant functioning of the UPS has been linked to a number
of human disorders (48), including neurodegenerative diseases
such as Parkinson’s disease (49). In fact, the impaired UPS
function caused by expanded polyQ was well established by
our group and the others in various in vitro and in vivo
models of HD (35,50–52). Very recently, the global inhibition
of UPS has been confirmed in the mammalian brain with two
different HD mouse models, perhaps enough to demonstrate
the importance of UPS disturbances as one of the major
causes (or consequences) of polyQ-initiated neurodegenera-
tion (53). The data produced with Ben support the notion
that impairment of UPS is indeed one of the core patho-
mechanisms of HD, and further extend the idea that alleviation
of UPS inhibition can reduce htt-polyQ aggregation and ame-
liorates the pathological processes in R6/2 mice. To the best of
our knowledge, Ben is the first chemical compound that is
capable of enhancing UPS activity in a concentration-
dependent manner. The fact that Ben also shows beneficial
effects in lung (54) and cardiac (55) disease models extends
its potential use as a drug in human. Ami, on the other
hand, has already been prescribed as an adjunctive treatment
with thiazide diuretics or other kaliuretic agents in congestive
heart failure or hypertension (56) in human patients with
known pharmacokinetics. Whether there are patients of HD
or other neurodegenerative diseases being prescribed with
Ami due to hypertension should be explored, and the clinical
course of those patients should be carefully examined so that
the true therapeutic value of Ami can be better understood.

It has been reported that there are more than 1000 analogs
of Ami (57) and novel blockers of Ami has been developing
(58). Therefore, it is highly likely that a non-toxic deriva-
tive(s) that is even more effective than Ben can be discovered
in the near future. This class of drugs may thus open a new
avenue for combating HD and potentially to other neurodegen-
erative diseases with similar pathomechanisms.

MATERIALS AND METHODS

Reagents and antibodies

Amiloride.HCl and Benzamil.HCl were from Alexis or Sigma;
Lactacystin was from Peptide Institute; MG-132 (Z-Leu-Leu-
Leu-aldehyde) was from Wako Chemicals; anti-ATG5
antibodies was kindly provided by Dr Mizushima (59); anti-
huntingtin antibodies (MAB5374) and anti-b-tubulin anti-
bodies (MAB3408) were from Chemicon; anti-LC3
(PD014), anti-GFP (598) and anti-RFP (PM005) antibodies
were from MBL; anti-ubiquitin antibodies (Z0458) was from
DAKO; anti-V5 antibodies was from Invitrogen. All other
chemicals were from Sigma or Nacalai tesque unless other-
wise specified.
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Expression constructs

Plasmids encoding the truncated N-terminal of human hunting-
tinwith either 17, 62 or 150 glutamine repeats fused to enhanced
GFP were introduced in pEGFP-N1 vector as previously
described (33). ThemRFP (36) and the ubi-dsRed2/N1 plasmids
(35) were previously described. The proteasome sensor vector
was fromClontech.We cloned full-length channel or exchanger
into pcDNATM3.1/V5-His TOPOw TA expression vector (Invi-
trogen) according to the instruction manual. Full-length mRNA
sequence of each gene was amplified with a nested PCR strat-
egy. Accession No. for each mRNA is shown as follow:
NHE-1, U51112; NHE-5, AF111173; NCX-1, NM_011406;
NCX-2, NM_148946; NCX-3, NM_080440; BNaC1,
BC038551; BNaC2, NM_009597. All plasmids were sequence-
verified and their expression and expectedmolecularweightwas
checked with anti-V5 antibodies (Invitrogen) on western blots.

Generation and stereotaxic injection of AAV1/2 encoding
RFP or RFP-asic1a miR RNAi into R6/2 mouse brain

miR RNAi against asic1a (all 50 to 30; A3, gcccttcaacatgcgt-
gagtt; A4, ggtatgggaagtgctacacat) was first cloned into
pcDNA6.2TM-GW/RFP-miR (The BLOCK-iTTM Pol II miR
RNAi Expression Vector Kits from Invitrogen) and further
subcloned into rAVETM cassette that is flanked by the AAV
inverted terminal repeats (ITR). The transgene is driven by
the hybrid chicken b-actin/CMV enhancer (CAG) promoter
and enhanced expression is achieved by the addition of regu-
latory elements scaffold-attachment region (SAR) and wood-
chuck post-regulatory regulatory element (WPRE). These
constructs were then packaged into chimeric recombinant
adeno-associated viruses genotype 1/2 (rAAV1/2, Gene
Detect) for high expression in mouse brain tissues. For
direct stereotaxic injections of AAV into mouse striatum at
4 weeks of age, animals were first anesthetized by intraperito-
neal injection of pentobarbital and placed on a stereotaxic
apparatus. The stereotaxic injection coordinates used to
deliver rAAV in the striatum were (in mm, with reference to
bregma): anteroposterior, þ0.5; mediolateral, +1.5 and
dorsoventral, –2.0 mm. Three microliters (equivalent to
4.5 � 109 genomic particles) of RFP-AAV1/2 and RFP-asic1a
miR RNAi AAV1/2 was injected into the left and right stria-
tum of the R6/2 mouse brain, respectively. Mice were sacri-
ficed at 8 weeks of age and the amount of aggregation in the
striatum was analyzed with a FTA.

Cell cultures and treatment

Mouse neuroblastoma cells (Neuro2a) and mouse embryonic
fibroblasts (MEFs) were maintained in DMEM supplemented
with 10% heat-inactivated FBS (Sigma), 2 mM L-glutamine
and 100 U/ml penicillin/100 mg/ml streptomycin (Invitrogen)
in a 5% CO2 incubator at 378C. Neuro2a cells were induced to
express Nhtt-polyQ with 1 mM ponasterone A (Invitrogen) and
differentiated to neuronal phenotype with 5 mM N6,20-
O-dibutyryladenosine-30,50-cyclic monophosphate sodium salt
(dbcAMP) (Nacalai tesque). MEFs were induced to Atg52/2

phenotype with 10 ng/ml doxycycline for 5 days as previously
described (60). Neuro2a cells were incubated with either Ami

or Ben at the time of differentiation and induction. For quantifi-
cation of cell death, 5 mg/ml each of Hoechst 33342 (Molecular
Probes) and propidium iodide (PI) were added to live cultures
incubated with Ben. After 10 min at 378C, the PI-positive
cells were quantified with ArrayScan.

Generation of d2EGFP mice

A 6.0-kb HindIII fragment of rat genomic DNA (a kind gift of
Dr Leonard Kaczmarek, Yale University) encompassing
�5.3 kb regulatory sequences upstream of the transcription
initiation site of the Kv3.1 gene followed by the first 739 bp
of 50 untranslated region was subcloned in the HindIII site
of pEGFP-N1 (Clontech). This plasmid was linearized with
Eco47III and AflII, and the resulting �7 kb fragment was
used to inject the pronuclei of fertilized eggs from C57Bl/
6 � DBA F1 (BDF1) crosses. For details please refer to (38).

ArrayScan
w
quantification

For the quantification of aggregates, the number of RFP or
ubi-dsRED cells, or the ubi-dsRED intensity, we employed
the ArrayScanw VTI HCS Reader from Cellomics for high-
throughput analysis. Protocols were designed according to
the instruction manual. Before scanning, cells were first
fixed with 3% paraformaldehyde in PBS for 1 h at 48C and
stained with 5 mg/ml Hoechst 33342 for 30 min. For quantify-
ing the percentage of cells with aggregates, the first scan was
to count the number of EGFP-positive spots in each field and
the second one for the number of Hoechst-positive nuclei in
the same fields. On the other hand, the quantification of RFP
or ubi-dsRED cells could be accomplished with single scan-
ning protocol. Scanning was performed in 24-well plates
with duplicate or triplicate in each experimental condition.
Each data point was generated from the quantification of at
least 200 000 cells in each experimental set-up.

The in vivo study of Ben using R6/2 mice

To address the beneficial effect of Ben in vivo, we employed
the R6/2 mouse model in which the progressive HD pathology
is well characterized and has been extensively used for pre-
clinical drug testing (5,61). HD mouse model R6/2 line con-
taining 145 CAG repeats was originally purchased from The
Jackson Laboratory. Mice that were selected for the in vivo
studies carry CAG repeats from 120–130 (validated by Gene
Scan). Water or Ben (5 or 1 mg/kg) was orally fed six times
per week starting from 4 weeks of age (until the day they
were sacrificed). Body weight was measured once per week.
For the clasping testing, mice were suspended by the tail for
30 s and the clasping phenotype was graded to a particular
level according to the following scale: 0, no clasping; 1, clasp-
ing of the forelimbs only; 2, clasping of both fore and hind
limbs once or twice; 3, clasping of both fore and hind limbs
more than three times or more than 5 s. For rota-rod testing,
mice were initially placed on a rotating rod moving at 4 rpm
and the speed was linearly increased up to 40 rpm in 300 s,
and maintained at 40 rpm for 60 more seconds. Mice of
5 weeks to 12 weeks of age were all subjected to rota-rod
testing with the same moving speed. For the survival
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distribution, the number of days each mouse survived was
recorded and the data collected for all the treatments (the
mice that survived after 14 weeks and seizure-free; water,
n ¼ 8; tg-Ben1, n ¼ 10 and tg-Ben5, n ¼ 9) were subjected
to Kaplan–Meier analysis followed by log-rank testing. All
the experiments related to mouse were approved by the
animal experiment committee of the RIKEN Brain Science
Institute.

RNA interference

Each sense and anti-sense template with the hairpin backbone
was synthesized (Operon) individually, annealed and ligated
into the pSilencer 1.0 vector driven by a U6 promoter accord-
ing to the instruction manual (Ambion). All plasmids con-
taining shRNA inserts were sequence-verified. Plasmids
containing shRNA inserts were transfected into Neuro2a
cells with Lipofectamine 2000. Silencing was allowed to
proceed for 2 days, total RNA was collected and semi-
quantitative PCR was carried out as described. To show that
the silencing effect occurred also at the protein level, we
co-transfected expression vectors for each protein with its cor-
responding shRNA silencing vector. LacZ shRNA was used as
a negative control for transfection. Supplementary Material,
Fig. S6B shows the knockdown efficiency revealed by
anti-V5 antibodies. The shRNA sequences can be found in
the Supplementary method.

Chase experiment

To determine whether soluble Nhtt-polyQ degrades faster in
the presence of Ben, we performed chase experiment. Induci-
ble Neuro2a cells expressing Nhtt-60Q was chosen because
the majority of the Nhtt-60Q remains soluble and only few
aggregates can be observed. In brief, Neuro2a cells were
first differentiated and induced to express Nhtt-60Q for 24 h.
Ponasterone A was removed thereafter (dbcAMP was kept
for maintaining the differentiation status) and cells were incu-
bated with either water (control) or Ben of 50 mM (Day 0) for 4
days (Day 4). Fresh medium was replaced every 2 days with
the same concentration of Ben, and cells were collected
once per day until Day 4. Cells were subsequently lysed and
the expression of soluble Nhtt-60Q was analyzed by western
blotting with anti-huntingtin antibodies (the anti-em48).

Filter trap assay

FTA was performed with a Hybri-Dot manifold (BIO-RAD)
and cellulose acetate membrane filter with pore size of
0.2 mm (Advantec). In brief, cells that were ready to be ana-
lyzed were lysed in the same lysis buffer used for western blot-
ting, briefly sonicated and quantified with the BCA method as
described. To prepare the brain for FTA, first we homogenized
the whole brain 10 strokes at 1500 rpm with 1 ml homogeniz-
ation buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1%
Triton X-100, 1 mM PMSF and complete protease inhibitor
cocktail) in a 5 cm3 glass tube. Brain lysates were then
briefly sonicated and the concentration was measured. Same
amount of protein from each experimental condition was
diluted to 100 ml with 2% SDS in PBS and applied onto the

membrane. SDS-resistant aggregates stay while soluble pro-
teins are removed by vacuum suction. Wells were washed
twice with 2% SDS/PBS and vacuum suction was maintained
for 20 min to allow complete and tight trapping of SDS inso-
luble aggregates. Membranes were subsequently blocked with
5% skim milk and immunoblot was performed.

Statistical analysis

We used unpaired student’s t-test for comparison between two
samples. One-way ANOVA Fisher’s test followed by Tukey’s
HSD test was used for multiple comparisons with a 95% con-
fidence level. For measuring the significance between different
populations, we employed two-sample Kolmogorov–Smirnov
test. For survival rate we plotted the survival distribution curve
with the Kaplan–Meier method followed by log-rank testing
(we generate all the data with XLSTAT software). We con-
sidered the difference between comparisons to be significant
when P , 0.05 for all the statistical analysis.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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