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Defects in cellular energy metabolism represent an early feature in a variety of human neurodegenerative dis-
eases. Recent studies have shown that targeting energy metabolism can protect against neuronal cell death
in such diseases. Here, we show that meclizine, a clinically used drug that we have recently shown to silence
oxidative metabolism, suppresses apoptotic cell death in a murine cellular model of polyglutamine (polyQ)
toxicity. We further show that this protective effect extends to neuronal dystrophy and cell death in
Caenorhabditis elegans and Drosophila melanogaster models of polyQ toxicity. Meclizine’s mechanism of
action is not attributable to its anti-histaminergic or anti-muscarinic activity, but rather, strongly correlates
with its ability to suppress mitochondrial respiration. Since meclizine is an approved drug that crosses the
blood-brain barrier, it may hold therapeutic potential in the treatment of polyQ toxicity disorders, such as
Huntington’s disease.

INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant neurode-
generative disorder characterized by progressive deterioration
of cognitive and motor function (chorea) in affected individ-
uals. HD is caused by a polyglutamine (polyQ) expansion in
the huntingtin protein that leads to selective loss of striatal
neurons (1). The pathological hallmarks of HD include wide-
spread cortical loss and shrinkage of the brain in addition to
striking neurodegeneration of the corpus striatum. Age of
onset of HD is correlated with the length of the polyQ expan-
sion (2,3). Although the HD gene was identified almost 18
years ago (4) and subsequent genetic studies in humans and
model systems argue for a deleterious gain of function due
to the mutation (5,6), the precise mode of HD pathogenesis
remains a mystery. Several mechanisms have been proposed
to explain the eventual toxicity of the mutant protein, includ-
ing abnormalities in energy metabolism and oxidative damage

in affected neurons (7). At present, there are no curative thera-
pies available, only symptomatic treatments exist.

Numerous studies have suggested that the polyQ-expanded
protein may alter mitochondrial energy metabolism (reviewed
in 8). Indeed, a decline in the cellular ATP/ADP ratio has been
strongly correlated with the length of the huntingtin polyQ
region (9). Recent genetic association studies have implicated
polymorphisms in mitochondrial DNA and PGC-1a as genetic
modifiers for the age of onset of HD, supporting the idea that
energy metabolism dysregulation is a key component of HD
pathogenesis (10,11). In addition, biochemical studies in HD
post-mortem tissues have shown reduced activities of pyruvate
dehydrogenase (12) and respiratory complexes II, III and IV
(13,14). However, respiratory chain enzyme activities are
unchanged in pre-symptomatic and early-stage HD patients,
suggesting that changes observed in post-mortem tissues
may be secondary to the pathogenic process (15). Thus, it is
not clear if diminished mitochondrial function is a primary
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effect of the HD mutation or is secondary to other cellular
energetic defects in HD pathogenesis.

Interestingly, aberrant glycolysis has been observed in HD
patients. For example, positron emission tomography studies
revealed reduced glucose metabolism in cerebral cortex and
basal ganglia of symptomatic HD patients (16,17). More com-
pelling evidence for a potential causative role of reduced
glucose metabolism comes from the findings that striatal hypo-
metabolism precedes tissue loss and occurs in asymptomatic
subjects (18—20). Again, the exact mechanism of reduced
glucose uptake is not clear but decreased glyceraldehyde
3-phosphate dehydrogenase activity has been observed in
HD patient fibroblasts (21). Furthermore, unbiased expression
profiling of polyQ-huntingtin expressing cells suggested that
the polyQ region in huntingtin may modulate energy metab-
olism via an extra-mitochondrial pathway (22), suggesting
that the primary energetic defects in HD are not mitochondrial
and boosting non-mitochondrial energetic pathways may offer
therapeutic opportunities.

Recently, Varma et al. (23) uncovered a number of inhibi-
tors of energy metabolism in a small molecule screen search-
ing for suppressors of striatal cell death. The inhibitors of
mitochondrial respiration were found to activate cellular survi-
val pathways and abrogate cell death in striatal cells expres-
sing expanded polyQ (23). However, the therapeutic
potential of the compounds identified in the screen was
limited by their narrow therapeutic index.

We recently devised a small molecule screening strategy
to identify clinically useful drugs that are capable of shift-
ing cellular energy metabolism from respiration to glycoly-
sis (24). Our screen identified meclizine, a commonly used
anti-emetic drug known to cross the blood—brain barrier, as
an agent capable of inducing such a shift in a dose-
dependent manner. We showed that meclizine confers pro-
tection against ischemia reperfusion injury in models of
myocardial infarction and stroke (24). Here, we report
that meclizine also confers protection against cell death
and dystrophy in three different models of polyQ-related
toxicity.

RESULTS

Meclizine protects striatal cells expressing
polyQ-expanded huntingtin from serum
withdrawal-induced apoptosis

We tested meclizine in conditionally immortalized striatal
cells obtained from HdhCAG knock-in mouse embryos that
express endogenous levels of huntingtin with 7 (STHdh?””)
(wild-type) or 111(STHdRC"'""!") (mutant) glutamine resi-
dues (25). STHdh?"'"""!1 cells exhibit rapid death following
serum withdrawal (Fig. 1A) that is much more pronounced
than wild-type cells (Fig. 1B). Meclizine significantly
increased cell survival in STHdh?'!!"!! cells at 24 h after
the removal of serum (Fig. 1A), evidently by suppressing
apoptosis, based on caspase 3 and 7 cleavage (Fig. 1C). The
rescue was dose-dependent with an ECsy of 17.3 um, and a
maximum efficacy of 218% increased survival over vehicle
(Fig. 1D).

Meclizine’s protective effects are not due to its
anti-muscarinic or anti-histaminergic activities

Because meclizine has multiple potential actions in the cell,
we sought to determine whether the drug’s anti-histamine,
anti-muscarinic or anti-oxidative phosphorylation (OXPHOS)
properties were responsible for protection in this cellular
model. We tested 10 anti-histamines from 6 different classes
including ethylenediamine (pyrilamine and tripelennamine),
ethanolamine (diphenhydramine and clemastine), alkylamine
(pheniramine and bromopheniramine), phenothiazine (pro-
methazine), piperazine (hydroxyzine and thiethylperazine)
and piperadine (cyproheptadine), as well as two classic anti-
muscarinic compounds and three established inhibitors of
OXPHOS. We tested each compound at 3—4 different doses
and report the maximum efficacy achieved for each. We find
that meclizine confers the most protection of all the com-
pounds tested, and as a class, OXPHOS inhibitors provide
the most protection from serum withdrawal-induced death
(Fig. 2). These results are consistent with our previously pub-
lished studies in heart attack and stroke models in which the
protective effects of meclizine were due to its ability to attenu-
ate mitochondrial respiration and not attributable to the block-
ade of the histamine or muscarinic receptor.

Meclizine’s protective effects are correlated with its
inhibition of respiration

We observed a monotonic relationship in the dose response
between meclizine’s ability to attenuate oxygen consumption
in intact striatal cells and its ability to confer increased survi-
val to cells expressing the mutant HdhCAG allele (Fig. 3). It is
notable that the survival curve as a function of inhibition of
respiration is very steep, as little as a 10% decrease in the
oxygen consumption rate (OCR) leads to an almost 60%
increase in viability (Fig. 3). Together, these data are consist-
ent with the notion that meclizine’s protective effect on
murine striatal cells expressing polyQ-expanded huntingtin is
due to its ability to attenuate mitochondrial respiration.

Meclizine is neuroprotective in a Caenorhabditis elegans
model of polyQ toxicity

Next, we carried out blinded studies in a C. elegans model of
polyQ toxicity. Caenorhabditis elegans transgenic animals
expressing an N-terminal fragment of huntingtin with 128 glu-
tamines in touch receptor neurons show neuronal dysfunction
resulting in defective posterior mechanosensation (26). These
animals recapitulate the early phases of expanded polyQ neu-
rocytotoxicity in vivo, as they show neuronal dysfunction
without cell death (26). As shown in Figure 4A, meclizine
improved the sensory response to tail pokes in a dose-
dependent manner in mutant polyQ animals, whereas no
effect was detected in control animals. We observed an
optimal response at a concentration of 33.3 wm, comparable
with the level of drug used with murine STHdhZ'/"/!!" cells
(Fig. 1D). At this dose, we did not see a change in transgenic
protein expression (Fig. 4B), and we did not observe any effect
on polyQ protein aggregation (Fig. 4C). However, axonal
swelling was significantly reduced (Fig. 4D and E), consistent
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Figure 1. Meclizine protects cells against serum withdrawal-induced apoptosis in mutant huntingtin expressing striatal neurons. (A and B) Cell viability

Meclizine (uM)

measured by the ATP levels of mutant (STHARC"/111y and wild-type (STHdh?””) striatal cells cultured in the presence or the absence of fetal bovine
serum (FBS) and co-treatment with 50 wm meclizine for 24 h (n = 3, *P < 0.01). (C) Western blot analysis of protein extract from mutant STHdh?"!"/!!/ striatal

cells at three time points after the removal of serum and exposure to DMSO or 50 pm meclizine. (D) Dose—response curve showing fold change in viability of

mutant STHdRC" /1! striatal cells in serum-free media upon treatment with different concentrations of meclizine. Viability was determined by the CellTiter-Glo

assay and is expressed as fold change relative to DMSO-treated cells. Solid line represents non-linear regression. Data expressed as the mean + SD (n = 3 per

data point).
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Figure 2. OXPHOS inhibitors and not anti-histaminergics or anti-muscarinics
confer protection against serum withdrawal-induced cell death in striatal
neurons. Fold change in viability for drug treatments versus DMSO. Com-
pounds are organized by the pharmacologic target. Serum treatment was
used as a positive control. Data expressed as the mean + SD (n =3 per
drug), *P < 0.01 after the Bonferroni correction.

with previous reports demonstrating that axonal dystrophy is
more highly correlated with neuronal dysfunction than is the
presence or the absence of polyQ aggregates (26,27).
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Figure 3. Meclizine rescue of STHdh?' /! viability is correlated with its inhi-

bition of cellular respiration. The fold change in viability of STHdRC! 711 cells

and the corresponding decrease in OCR for increasing concentrations (0, 5, 10,
12.5, 25, 37.5 and 50 pm) of meclizine are plotted. Data are expressed as the
mean + SD (n > 3).

Meclizine is neuroprotective in a Drosophila melanogaster
model of polyQ toxicity

To complement the worm studies, we also tested meclizine in
a Drosophila HD model in which an amino-terminal segment
of 548 amino acids of human htt containing 128 glutamines is
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Figure 4. Meclizine protects against neuronal dystrophy in a worm model of polyQ toxicity. (A) Dose—response curves for the rescue of tail mechanosensation
(Mec) by increasing dose of meclizine in worms expressing 19Q or 128Q repeat containing N-terminal htt proteins. Data expressed as fold change in tail Mec
compared with DMSO treatment. Each data point represents the mean + SE (n = 3, *P < 0.05). (B) Western blot analysis of protein extract from htt-Q128
expressing worms treated with DMSO or 33 pm meclizine. (C) The htt-Q128 aggregate formation was detected by light microscopy following 33 pm meclizine
treatments. At least 180 PLM neurons were scored in 90 worms (n = 3). (D) Fluorescent images of the effect of DMSO or 33 M meclizine on axonal swelling of
htt-128Q expressing worms. Scale bars indicate 5 pM. (E) Axonal swelling in PLM neurons of htt-Q128 expressing worms is observed by light microscopy
following DMSO or 33 wm meclizine treatments. At least 180 PLM neurons were scored in 90 worms (n = 3, *P < 0.01).

expressed in the Drosophila eye (28). Expression of the
mutant N-548-htt-Q128 transgene causes a progressive
decrease in the number of rhabdomeres per ommatidium
(Fig. 5A and B). Treatment with 33 pm meclizine did not
influence transgenic protein expression (Fig. 5C), but did
protect against rhabdomere loss compared with DMSO-
treated controls (Fig. 5D). Together, these C. elegans and
D. melanogaster studies demonstrate that meclizine is able
to suppress polyQ toxicity in vivo.

DISCUSSION

We previously reported that meclizine, a commonly used drug
for the treatment of nausea and vertigo, is strongly cytoprotec-
tive against ischemic injury in the brain and heart (24). Since
meclizine is available over-the-counter, has been used safely
for over 50 years and crosses the blood—brain barrier, we
sought to determine if meclizine might be protective in the
context of neurodegeneration. In the current study, we tested
the efficacy of meclizine in three different polyQ-expressing
model systems. We show that meclizine’s ability to attenuate
mitochondrial respiration correlates with its ability to protect
mutant huntingtin expressing striatal cells from serum
withdrawal-induced apoptosis. In addition, we show that
meclizine confers protection in C. elegans and D. melanogaster
models of polyQ toxicity.

How could attenuating mitochondrial respiration be protec-
tive to cells? At least two possibilities exist. First, there is mount-
ing evidence that mutated gene products in HD, Alzheimer’s
disease, Parkinson’s disease and amyotrophic lateral sclerosis
might physically interact with components of the electron
transport chain (ETC) and lead to altered mitochondrial
calcium handling, oxidative damage and apoptotic cell death
(29-31). Thus, increased reliance on the mitochondrial respir-
atory chain for energy production may exacerbate the toxicity
of the mutant protein. Under this hypothesis, attenuation of
ETC activity provides a potential means of reducing disease
pathology, as has been suggested by chemical and genetic
studies (23,30,31). Second, previous studies have shown that
redirecting energy metabolism toward glycolysis can suppress
apoptosis (32,33). Interestingly, caspase activation has been
observed in brains of patients with HD and in murine
models (34,35), and apoptotic cascades have been proposed
as possible targets for inhibiting cell death in HD (36,37).
We have shown that meclizine’s impact on energy metabolism
is accompanied by a strong suppression of caspase 3 and 7
activation (Fig. 1C).

Our data suggest that meclizine-mediated protection of cells
expressing mutant huntingtin is independent of the muscarinic
and histamine receptors (Fig. 2), as drugs affecting these two
receptors did not influence energy metabolism (24). Meclizine
has been high-scoring in other recent chemical screens for
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Figure 5. Meclizine rescues photoreceptor loss in a fly model of polyQ tox-
icity. (A and B) Transgenic human N-548-Htt-Q128 transgene driven in photo-
receptors using elav-GAL4 resulted in time-dependent neurodegeneration as
assessed by the number of visible rhabdomeres. (A) Flies expressing mutant
N-548-Htt-Q128 have normal complement of seven visible light collecting
units (rhabdomeres) per ommatidium at day 0 post-eclosion. (B) Number of
rhabdomeres at day 10 post-eclosion. (C) Western blot analysis of lysates
from elav-GAL > UAS-N-548-Htt-Q128 adult flies that had been fed on
either 33 pm meclizine or DMSO for 10 days. (D) Flies were treated with
DMSO vehicle or meclizine at 33 um for 10 days and the average number
of rhabdomeres per ommatidium was calculated and is shown as a distribution.
Data expressed as the mean + SD (n = 2, *P < 0.05).
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compounds that diminish endogenous reactive oxygen species
(38), protect against exogenous oxidative damage (39) or
prevent the release of cytochrome ¢ from mitochondria (40).
Thus, we cannot rule out the possibility that meclizine might
be targeting multiple mitochondrial pathways.

Meclizine has been used for decades in humans to treat
nausea and vertigo and is well tolerated, with the primary
side effect being drowsiness. In the current study, we have
demonstrated that meclizine can shift energy metabolism
with concomitant protection against polyQ toxicity. It is
notable that even a small decrease in respiration corresponds
to a high level of neuroprotection, reflected by the steep
relationship of survival versus respiratory inhibition (Fig. 3).
Given that meclizine can be titrated to achieve subtle inhi-
bition of respiration (24), it may be possible to realize signifi-
cant neuroprotection in vivo in mammals. Future studies will
be required to carefully evaluate the therapeutic potential of
meclizine in different murine models of polyQ toxicity. If
such studies show promise at well-tolerated doses, they may
warrant human trials aimed at evaluating the therapeutic
potential of meclizine in a variety of neurodegenerative
disorders.

MATERIALS AND METHODS

Cell culture

The murine striatal cells expressing wild-type (STHdh?"") or

mutant (STHdh?''"''") huntingtin protein were grown in
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a DMEM high-glucose medium with 10% fetal bovine serum
(Sigma Cat No. 12306C), 1x penicillin, streptomycin and
glutamine and 400 pg/ml of G418 at 33°C and 5% CO, (25).

Cell viability assays

The total cellular ATP level was measured using the CellTiter-
Glo Luminescent Viability assay (Promega, G7571). Mouse
striatal cells were grown for 24 h in 96-well plates at 20 000
cells/well followed by 24 h of drug treatment. Wherever indi-
cated, cells were grown in serum-free media in the presence of
a drug before ATP measurement. Luminescence was measured
in a DTX880 multimode detector. Multiple concentrations
(between 100 and 0.5 pMm) of rotenone (Sigma), antimycin
(Sigma), oligomycin (Sigma), meclizine, hydroxyzine (Spec-
trum Chemical), thiethylperazine (Prestwick), cyproheptadine
(Sigma), pyrilamine (Spectrum Chemical), tripelennamine
(Spectrum Chemical), diphenhydramine (Spectrum Chemi-
cal), clemastine (Prestwick), bromopheniramine (Spectrum
Chemical), pheniramine (Spectrum Chemical), promethazine
(MSDiscovery 01500510), atropine (Sigma) and scopolamine
(Sigma) were tested individually for their protective effect
on STHdh?"' M cells in serum-free media.

Measurement of cellular OCR

OCR measurements were carried out as described Qpreviously
(41) with minor modifications. Wild-type STHdh?""” mouse
striatal cells were grown in XF24 plates at 40 000 cells/well
for 20 h in their normal growth media. The assay medium
was the same as the growth medium. The OCR measurements
were performed every 6 min with a 2 min mixing and 2 min
waiting period. Three baseline measurements were recorded
prior to the addition of meclizine dihydrochloride (MP Biome-
dical 155341). A 50 mm stock solution of meclizine was made
in DMSO, which was diluted to the specified concentration in
the assay medium and its pH was adjusted to 7.4 by 1N
sodium hydroxide solution. The measurements were carried
out at 33°C.

Immunoblotting

Murine STH?''!!! striatal cells expressing mutant Htt were
grown to 75% confluency in 15 cm cell culture plates. Serum-
containing media was replaced with serum-free media contain-
ing either 0.1% DMSO or 50 wm meclizine. Protein extraction
was performed at 0, 4, 10 and 24 h post-serum withdrawal and
drug treatment using cell lysis buffer (Cell Signaling Cat. No.
9803). Protein concentration was determined using the BCA
protein assay kit (Thermo Scientific Cat No. 23227). SDS—
PAGE was performed using NuPAGE 4-12% Bis—Tris gel
from Invitrogen (NP0321). Fifteen micrograms of protein
was loaded per lane. Western blotting was performed as per
the standard procedures. Cleaved caspase 3 (Cat. No. 9661)
and cleaved caspase 7 (Cat. No. 9491) antibodies were pur-
chased from Cell Signaling. 3-Actin antibody was purchased
from Sigma (A1978).
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Drug testing in C. elegans

Animals co-expressing YFP and N-terminal htt fused to CFP
in touch receptor neurons were used for drug testing (26). Syn-
chronized L1 larvae, obtained by hypochlorite extraction, were
incubated with drugs in 96-well plates in 50 pl of the M9
medium with OP-50 bacteria and 30 mg/ml of streptomycin,
at 20°C for 3 days as described previously (26). Three inde-
pendent assays were performed and a minimum of 100
worms were tested per dose. Animals were considered as
touch responsive if they reacted after light touch (backward
movement). Out of three touches, two or three reactions
were regarded as responsive, and 0 or 1 reaction was regarded
as unresponsive. htt aggregation and axonal morphology in
PLM neurons were scored using light microscopy as described
previously (26). htt aggregation was scored using CFP fluor-
escence and axonal dystrophy was quantified using YFP fluor-
escence to detect axonal swelling. Worms were treated with
DMSO or 33 wMm meclizine for 3 days. Proteins were extracted
using the WormBook method, separated on NUPAGE 3-8%
tris-acetate gels (Invitrogen), transferred to a membrane and
the GFP-tagged 128Q-htt fragment was probed using
anti-GFP antibody (Chemicon MAB2510, Temecula, CA,
USA). Protein quantity was normalized using an anti-actin
antibody (Millipore 691002).

Drug testing in D. melanogaster

The UAS-Htt-QO0 and UAS-Htt-Q128 lines encoding the first
548 amino acids of human Htt containing either 0 or 128 glu-
tamines (42) were gifts from Troy Littleton. The elav-GAL4
driver was from the Bloomington Stock Center (#8765). The
UAS-Htt-Q128 line was crossed to elav-GAL4/CyO to
obtain UAS-Htt-Q128/elav-GAL4 flies. These adults showed
no discernable degeneration by pseudopupil analysis upon
eclosion, but the rhabdomeres underwent progressive degener-
ation over the following 10 days. In contrast, UAS-Htt-QO0
driven by elav-GAL4 did not show degeneration during this
time. Equal numbers of newly eclosed UAS-Htt-Q128/
elav-GAL4 flies were added to vials containing Carolina Bio-
logical Instant Fly food that had been freshly made up with
water and meclizine or DMSO vehicle at different concen-
trations (100, 33, 11 or 3 wm). Flies were given fresh food
and drug every 2 days and were maintained at 25°C through-
out the experiment. Neurodegeneration was assessed using the
pseudopupil technique (28) at day 10 by scoring the rhabdo-
mere number/ommatidium from at least 8 animals for each
condition, with at least 40 ommatidia being scored per
animal. The experiment was performed twice and scoring
was conducted in a blinded manner. Western blot analysis
using mouse anti-human HTT (mAb2216 from Chemicon)
was performed using lysates from UAS-Htt-Q128/
elav-GAL4 adult flies that had been fed on either 33 wwm mecli-
zine or DMSO for 10 days.
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