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Huntington’s disease (HD) is a devastating neurodegenerative disorder with no disease-modifying treatments available. The disease is
caused by expansion of a CAG trinucleotide repeat and manifests with progressive motor abnormalities, psychiatric symptoms, and
cognitive decline. Expression of an expanded polyglutamine repeat within the Huntingtin (Htt) protein impacts numerous cellular
processes, including protein folding and clearance. A hallmark of the disease is the progressive formation of inclusions that represent the
culmination of a complex aggregation process. Methylene blue (MB) has been shown to modulate aggregation of amyloidogenic disease
proteins. We investigated whether MB could impact mutant Htt-mediated aggregation and neurotoxicity. MB inhibited recombinant
protein aggregation in vitro, even when added to preformed oligomers and fibrils. MB also decreased oligomer number and size and
decreased accumulation of insoluble mutant Htt in cells. In functional assays, MB increased survival of primary cortical neurons trans-
duced with mutant Htt, reduced neurodegeneration and aggregation in a Drosophila melanogaster model of HD, and reduced disease
phenotypes in R6/2 HD modeled mice. Furthermore, MB treatment also promoted an increase in levels of BDNF RNA and protein in vivo.

Thus, MB, which is well tolerated and used in humans, has therapeutic potential for HD.

Introduction

Huntington’s disease (HD) is caused by an abnormal CAG repeat
expansion leading to an expanded polyglutamine repeat in the
Huntingtin protein (Htt) (The Huntington’s Disease Collabora-
tive Research Group, 1993; Gusella and MacDonald, 1995). No
treatment currently exists that modifies onset or progression of
the disease. A pivotal set of studies described nuclear inclusions
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that accumulate in both diseased mouse and human patient brain
tissues, providing the first suggestion that HD involves protein
misfolding and aggregation (Davies et al., 1997; DiFiglia et al.,
1997) with a repeat dependence to protein aggregation
(Scherzinger et al., 1997). Later studies suggested that inclusions
may sequester toxic soluble mutant Htt species and thereby lower
the risk of neuronal death in primary neurons (Arrasate et al.,
2004). Indeed, a tight correlation between an Htt antibody spe-
cific for monomers and small oligomers, 3B5H10, predicts neu-
ronal toxicity (Miller etal., 2011). Therefore, the identification of
aggregation intermediates and the use of small molecules that
modulate aggregation intermediates may define the desired out-
comes for treatments.

The drug methylene blue (MB) has been reported to success-
fully complete a Phase IIb clinical trial for the treatment of mild
to moderate Alzheimer’s disease (AD), showing an improvement
in cognitive function after 6 months and slowing the progression
of AD by 81% over a 1 year period (Gura, 2008). A Phase 2 MB
clinical trial is also currently in progress for enhancing extinction
learning in posttraumatic stress disorder (www.clinicaltrials.gov).
MB has desirable properties for drug candidates that act in the
CNS, including high solubility in aqueous media (Riha et al.,
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2005), ability to cross the blood—brain barrier (Peter et al., 2000)
and act in the CNS (Kupfer et al., 1994), and low toxicity (Kiipfer
et al., 1994). It also is used in humans for other indications
(DiSanto and Wagner, 1972), making it a candidate that could
be quickly used.

MB can affect numerous cellular processes; however, its role
as a modulator of aggregation is thought to underlie its potential
use in AD and other dementias. MB prevented aggregation of
recombinant tau and amyloid B (AB), yet when added to fila-
mentous tau increased aggregate number (Taniguchi et al,
2005). It also prevented in vitro AP oligomer formation by en-
hancing fibril formation (Necula et al., 2007). In vivo, MB re-
duced soluble A levels and rescued early cognitive deficits in
3xTg-AD mice (Medina et al., 2010). In studies of polyglutamine
repeat disorders, MB increased degradation androgen recep-
tor polypeptides (Wang et al., 2010) and prevented mutant
Htt aggregation in zebrafish (van Bebber et al., 2010). To-
gether, these and other data suggest that MB may be a potent
modulator of protein aggregation that could influence HD
onset or progression.

Based on a screen of aggregation modulating compounds on
recombinant polyglutamine repeat polypeptide aggregation, we
investigated whether MB could modulate mutant Htt aggrega-
tion and neurotoxicity in vitro and in vivo. MB can reduce oli-
gomer formation and insoluble mutant Htt aggregation in vitro
and in mouse primary cortical neurons and reduce aggregation
and neurodegeneration in a Drosophila model of HD. Treatment
also delayed motor deficits and restored BDNF levels in R6/2
mice.

Materials and Methods

Recombinant protein purification

GST-Httex1Q53 was purified as described (Muchowski et al., 2000;
Wacker et al., 2004; Behrends et al., 2006; Lotz et al., 2010). Freshly
prepared, unfrozen Httex1Q53 was used for all experiments.

Analysis of mutant Htt aggregation by filter-trap analyses and
atomic force microscopy

Before each experiment, recombinant purified Httex1Q53 was centri-
fuged (20,000 X g) for 30 min at 4°C to remove aggregates. Httex1Q53
proteins were incubated at 6 um in 20 mm Tris-HCI, pH 7.5, 150 mm KCl,
and 1 mwm dithiothreitol at 37°C with shaking at 800 rpm. PreScission
Protease (4 units/100 ug of fusion protein; GE Healthcare) were added at
time 0 to initiate the aggregation. Methylene blue was added in specific
concentrations (1, 10, and 100 um) to reaction mixtures at time point 0,
4, or 24 h. Two micrograms of mixtures were removed for filter-trap
assay. According to PubChem (NCBI records of compounds) and the
Hazardous Substances Data Bank (National Library of Medicine), the
solubility of MB in water at room temperature is 43.6 g/L, which is
equivalent to 136 mwm. This is significantly higher than our highest con-
centration of 300 uMm.

Filter-trap assay. Aggregation of Httex1Q53 was initiated as described
above. Httex1Q53 (2 ug) was removed from the 6 uM reaction, boiled in
SDS loading buffer, and applied to a nitrocellulose membrane (0.45 um
pore size; Schleicher and Schuell) through a slot-blot manifold. The
membranes were washed with 3% SDS buffer by vacuum filtering, incu-
bated in blocking buffer, and treated as described previously (Wacker et
al,, 2004). Quantification was performed by densitometry with Image].
Relative insoluble mutant Htt aggregates were normalized to insoluble
control aggregates with no addition of methylene blue.

Atomic force microscopy. All images were collected in tapping mode
with an MFP-3D atomic force microscope system (Asylum Research).
The aggregation reactions were performed as described for the filter-trap
assay. Before imaging, 10 ul of the reaction solution was deposited onto
freshly cleaved mica (Ted Pella) and incubated for 1 min. The substrate
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was washed with 200 ul of ultrapure water and dried under a gentle
stream of air. Images were taken with silicon cantilevers (Veeco Instru-
ments) with a nominal spring constant of 40 N/m and resonance fre-
quency of ~300 kHz. Typical imaging parameters were a drive amplitude
of 150500 kHz with set points of 0.7-0.8 V, scan frequencies of 2—4 Hz,
an image resolution of 512 X 512 points, and a scan size of 2-10 um.

Primary mouse neurons

Mouse cortical neuronal cultures were prepared from embryonic day 16
(E16)—E18 mice (C57/BL6 strain). Cerebral cortices were isolated and
dissociated by 0.125% (v/v) trypsin-EDTA (Life Technologies) digestion
and trituration with a fire-polished Pasteur pipette. Cortical neurons
were plated at 1 X 10 cells per well, in poly-L-lysine-coated (Sigma)
six-well plates (Corning) in Neurobasal medium supplemented with
B27, 2 mm GlutaMax, and streptomycin/amphotericin B (Life Technol-
ogies). The neuronal cultures were transduced with lentiviral vectors at
ratio of 100 ng p24 antigen (multiplicity of infection, 10) per 10° cells 1 d
after plating (1 DIV). The transfer vectors for the lentivirus used in this
study are pFUGW genome vectors containing either GFP or Htt-Exon-
1-Q103-GFP (provided by A. Khoshnan and P. Patterson, California
Institute of Technology, Pasadena, CA) (Southwell et al., 2009). One day
after transduction (2 DIV), neurons were treated with MB (0 nMm, 10 nm
and 100 nm). Treatment was repeated every 3 d by replacing 50% of the
medium with fresh medium containing the same concentration of meth-
ylene blue for each well, respectively. Neuronal cultures were harvested at
7-10 DIV for Western blot and filter-retardation analysis.

Analysis of oligomer formation: SDS-agarose gel electrophoresis
Primary neurons were lysed in RIPA buffer and analyzed for Htt oli-
gomer formation by SDS-agarose gel electrophoresis (AGE) as described
previously (Weiss et al., 2008). Briefly, for 1% agarose gels, 2 g agarose
(Fisher) was dissolved in 200 ml 375 mmol/L Tris—HCI, pH 8.8, brought
to boiling in a microwave oven. After melting, SDS was added to a final
concentration of 0.1%. Samples were diluted 1:1 into nonreducing
Laemmli sample buffer (150 mmol/L Tris—HCI, pH 6.8, 33% glycerol,
1.2% SDS, and bromophenol blue). Purified ferritin (440 kDa) was taken
as high-molecular-weight size markers (Sigma). After loading, gels were
run in Laemmli running buffer (192 mmol/L glycine, 25 mmol/L Tris
base, 0.1% SDS) at 100 V until the bromophenol blue running front had
migrated 12 cm. Semidry electroblotter model HEP-1 (OWL Scientific)
was used to blot the gels on PDVF membranes (Millipore) at 200 mA for
1 h with a Shelton Scientific SH300 power supply (transfer buffer: 192
mmol/L glycine, 25 mmol/L Tris base, 0.1% SDS, and 15% methanol). As
the thickness of the 1% gels decreased substantially during the 1 h trans-
fer, the electroblotter top was periodically tightened to guarantee con-
stant and even contact between the gel and the electroblotter when
blotting these gels. After transfer, the membrane was blocked in 5% milk
solution and incubated in a 1:2000 dilution of anti-GFP antibody (Clon-
tech) overnight at 4°C. Horseradish peroxidase-conjugated anti-rabbit
secondary (Jackson ImmunoResearch) was used at a 1:10,000 dilution
followed by incubation for 45 min at room temperature, and the signal
was detected using Supersignal West Pico (Pierce). Quantification was
performed by densitometry with Image]. Relative insoluble mutant Htt
aggregates were normalized to insoluble control aggregates with no ad-
dition of methylene blue. The distance of the peak signal intensity to the
running front was calculated using ImageJ. The peak distance of the
untreated sample was set to 100 and the treated samples were compared
to this value.

Filter-retardation assay

Filter-retardation assays on primary neuron lysates were performed as
described previously (Wanker et al., 1999). Samples were boiled in 2%
SDS and added to cellulose acetate membrane (0.22 wm pore size; Schlei-
cher and Schuell) through a dot-blot manifold. The membranes were
washed with 2% SDS buffer by vacuum filtering, incubated in blocking
buffer, and treated as described above for the SDS-AGE membranes.

Primary rat neuron toxicity assay
Primary cortical neuron cultures were prepared from rat embryos (E18—
E20). Cortical tissue was dissected from embryos in dissection media
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kynurenic acid (DMKY) on ice, rinsed with DMKY, and incubated with
papain in DMKY media plus cysteine for 15 min at 37°C. Cortical tissue
was rinsed with DMKY and then incubated with trypsin inhibitor in
DMKY media for 15 min at 37°C. Cortical tissue was rinsed three times
with Opti-MEM media containing glucose and then dissociated into
single neurons by trituration in Opti-MEM/glucose media. Approxi-
mately 500,000 cells were plated in each well of poly-p-lysine/laminin-
coated 24-well tissue culture plates. Opti-MEM/glucose media was
replaced with Neurobasal media containing B27 supplement, penicil-
lin/streptomycin, and L-glutamine 2-3 h after plating. Neurons were
maintained in 37°C incubators with 5% CO,. Rat primary cortical neu-
rons (E18—E20) were transfected in 24-well plates at 45 d in vitro using
Lipofectamine 2000 (Invitrogen) according to standard protocol (Arra-
sate and Finkbeiner, 2005). Briefly, for cotransfections, 2 ug each of
pGW1-mCherry (survival marker) and pGW1-Htt-ex1-Q72-GFP plas-
mids were mixed with 8 ul Lipofectamine 2000 in Opti-MEM media and
added to media in wells containing ~500,000 neurons. Cells were incu-
bated with the plasmid/Lipofectamine mixture for 2 h, and media was
replaced with Neurobasal media. Neurons were treated with vehicle
(PBS) or with MB at a 100 nM final concentration 612 h after transfec-
tion. Fluorescent images of individual neurons were captured at 24 h
after transfection and at ~24 h intervals thereafter with a robotic micro-
scope. Survival of individual neurons was measured by longitudinal ob-
servation of mCherry fluorescence, by which cell death correlates with
the disappearance of detectable fluorescence.

Drosophila, crosses, pseudopupil assay, and aggregate analysis

The polyglutamine-expressing transgenic stock used was wsuas-Httex1pQ93
(P463) (Steffan et al., 2001). Males of these flies were mated with females
expressing the pan-neuronal elav driver w;P[w_mW.hs GawB]elavC155
(#6923; Bloomington Stock Center, Bloomington, IN). Cultures were
raised at 25°C on standard cornmeal molasses food. MB was added to
a final concentration of 8 wm.

Pseudopupil analysis. Seven-day-old adult flies were decapitated and
their heads mounted in nail polish on a microscope slide. Each head was
then covered with immersion oil and examined under a Nikon EFD-3
Optiphot-2 microscope with a 50X oil objective. At least 250 ommatidia
in five to eight flies were examined, and the number of visible rhabdom-
eres was counted for each.

Immunochemistry. Eye antennal imaginal discs were dissected in 1X
PBS. The tissue was fixed in 4% formaldehyde at room temperature for
20 min and thoroughly washed with PBT (0.2% Triton X-100 in 1X
PBS). After blocking (10% bovine serum albumin in 0.2% Triton X-100
in PBS; 1 h at room temperature), tissues were incubated with primary
antibody in blocking solution overnight at 4°C. After washing in PBS,
secondary antibody was applied for 1 h at room temperature. The pri-
mary antibodies were a sheep anti-Htt S830 (1:1000; a kind gift from G.
Bates, King’s College London, London, UK) and rat anti-elav (1:200;
Developmental Studies Hybridoma Bank). Secondary antibodies were
from Jackson ImmunoResearch (1:200). Every picture is a merged image
of a series of 1 wm confocal Z-slices (Zeiss LSM510) that bracket the Htt
staining region. For quantifying aggregation size, aggregates were
counted in bins ranging from 1-16 wm as detected by immunostaining.
The number of aggregates in the 16 bins was averaged over four indepen-
dent discs, and the average size is given as the average percentage of
aggregates larger than 1 pum in the four discs.

Animal subjects and treatments

Twenty R6/2 HD mice with 115 = 5 CAG repeats were obtained from
The Jackson Laboratory. Twenty nontransgenic littermates were used as
age-matched controls. All mice were housed in a barrier animal facility at
the University of California, Irvine, housed five per cage with food and
water available ad libitum, and kept on a 12 h light/dark cycle. All studies
and procedures were done in accordance with the guidelines of the Uni-
versity of California, Irvine, Institutional Animal Care and Use Commit-
tee. Treatments were started at 5 weeks of age. Treatment chow was
created by blending chow pellets with 25 mg of MB per 100 g of chow.
Water was mixed in at 10 ml per 100 g of chow to pack down the
chow. Ten R6/2 mice and 10 nontransgenic mice were given MB in the
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chow, the remaining 10 R6/2 mice and 10 nontransgenic mice were given
vehicle control chow.

Animal testing

All behavioral tasks were performed and analyzed by investigators
blinded to experimental treatments. Body weights were obtained daily at
6-9 weeks of age at the same time each day.

Clasping. Mice were suspended by the tail for 10 s daily at 69 weeks of
age as described previously (Mangiarini et al., 1996). The presence or
absence of hindlimb clasping was noted, and significance was deter-
mined. Power analysis reveals that this study was only at 65% power;
however, to achieve 95% power, the study would require >100 animals,
which is impractical in an in vivo setting.

Rotarod. Rotarod evaluations were performed using an accelerating ro-
tarod apparatus (Dual Species Economex Rota-Rod; 0207-003M; Columbus
Instruments) as described previously (Carter et al., 1999) at 7 and 9 weeks of
age. Briefly, the rotarod assay consisted of a rotating rod that mice were
trained to walk on at a fixed speed of 16 rpm (four times with a 5 min rest
interval) and tested using an accelerating speed protocol that examined their
ability to stay on the rod for 60 s (4—40 rpm in 1 min four times, with a 5 min
rest interval). The lowest value from all four tests was discarded, and the
remaining three trials were averaged and analyzed for significance.

Pole test. Mice were also examined for performance on a vertical pole (1
cm in diameter, 60 cm high) as described previously (Hickey et al., 2008) at
6 and at 8 weeks of age. The mice were tested with a modification of this
protocol by placing them facing down on the vertical pole, and total time to
descend measured. Mice were habituated to the task 1 d before testing. On
the test day, the total time taken to descend was measured on four trials per
mouse. These values were then averaged and analyzed for significance.

Biochemical analysis of mouse tissue

The same treatment procedure used in the behavioral testing was per-
formed on a different cohort of mice, both R6/2 and nontransgenic as
before. The mice were killed at 8 weeks of age (3 weeks of treatment), as
most of the behavior analysis revealed a difference in phenotype at that
age and duration of treatment. The mice were killed by nembutol over-
dose (Donovan and Brown, 2006). Both striatum and cortical tissues
were harvested for biochemical analysis. Half of the cohort was used for
protein analysis, and the other half of the cohort was used for qRT-PCR
analysis. Samples used for protein analysis were homogenized in a mod-
ified RIPA buffer (10 mm Tris, pH7.2, 158 mm NaCl, 1 mm EDTA, 0.1%
SDS, 1% Triton X-100, 1% sodium deoxycholate, and 1X Complete
protease inhibitors; Roche). Samples were sonicated three times for 30 s
each on ice at a power of 2. The amount of protein was quantified by the
Lowry method. SDS-AGE and filter-retardation assays were performed
as described above. SDS-PAGE was performed using a NuPAGE 4-12%
Bis-Tris polyacrylamide gel (Invitrogen) and run until the dye front
reached the bottom of the gel. The proteins were then electroblotted onto
a nitrocellulose membrane (Bio-Rad). This blot was blocked for 1 h in
Starting Block buffer (Pierce) at room temperature. The blot was then
probed with anti-BDNF antibody (Santa Cruz Biotechnology; 1:5000)
and anti-actin antibody (Sigma; 1:5000). Peroxidase-conjugated Affini-
Pure goat anti-rabbit secondary antibody (Jackson ImmunoResearch)
was used at 1:15,000 for 1 h at room temperature. Proteins on blots were
detected using Supersignal West Pico detection reagent (Pierce).

qRT-PCR analysis of mouse tissue

Frozen cortical samples were homogenized in trizol, and RNA was run
through the Qiagen RNeasy column with on-column DNase I digestion.
c¢DNA was prepared from 0.5 ug of RNA using Reverse Transcription
Supermix from Bio-Rad. The resulting cDNA was diluted 1:5 in water
and used for quantitative PCR by the SYBR Green method (Bio-Rad).
Primers for quantitative PCR are as follows: mouse actin sense, 5'AGG
TATCCTGACCCTGAAG3'; mouse actin antisense, 5'GCTCATTG
TAGAAGGTGTGG3'; mouse BDNF sense, 5'TCGTTCCTTTCGA
GTTAGCC3’; mouse BDNF antisense, 5’ TTGGTAAACGGCACAAA
AC3'.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.04 software.
All data are expressed as mean = SEM, and a value of p < 0.05 was
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considered to be statistically significant. Statis-
tical comparisons of densitometry results were
performed by one-way ANOVA followed
by Bonferroni’s multiple comparison tests.
Kaplan—Meier curves were used to estimate cell
survival in the primary neuron assay, and dif-
ferences in the curves were assessed with the
log-rank (Mantel-Cox) test. The Drosophila
pseudopupil assay was analyzed by ANOVA
followed by Bonferroni’s multiple comparison
tests. Student’s ¢ tests were used for aggregate
size and number comparisons from the Dro-
sophila study. One-way ANOVA followed by
Bonferroni’s multiple comparison tests was
used to establish significance of the body
weight analysis from the R6/2 mouse study.
Significance in the clasping assay was deter-
mined by Fisher’s exact probability test. The
rotarod and pole test data were analyzed by
two-way repeated-measures ANOVA followed
by Bonferroni’s multiple comparisons tests.
Power analysis was performed using GraphPad
StatMate 2.00.

Results

MB decreases in vitro aggregation of
monomers, oligomers, and fibrils of
recombinant Httex1p

It has been shown that MB can modulate
aggregation of amyloidogenic proteins
including AB and tau (Doh-Ura et al.,
2000; Korth et al., 2001; Taniguchi et al.,
2005; Necula et al., 2007; van Bebber et
al., 2010) and polyglutamine repeat pep-
tides in vitro (C. Glabe, unpublished obser-
vations). Therefore, we first determined
whether MB could also prevent mutant
Htt aggregation in vitro. Aggregation of an
N-terminal purified fragment of Htt en-
coded by the first exon of the HD gene
containing 53 glutamines (Httex1Q53)
and fused to GST was induced by incuba-
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Figure1.  MB decreases aggregation when treating monomers, oligomers, and fibrils of Httex1Q53. A, Schematic presentation
of Htt species formed during aggregation. B, MB significantly reduces the formation of insoluble Htt as seen by filter-trap assay. MB
can reduce insoluble Htt when added to monomeric Htt as well as oligomeric and fibrillar Htt. C, Relative insoluble mutant Htt
aggregates were normalized to insoluble control aggregates with no addition of methylene blue (Bonferroni’s multiple compari-
sons, *p << 0.05,**p << 0.01,***p << 0.001). Error bars represent group means = SEM. D—F, MB reduced the formation of fibrillar
structures present when analyzed by atomic force microscopy. Scale bars: 2 um.

tion with a site-specific protease at 37°C,

resulting in the removal of the GST moiety, release of the Htt
fragments, and the rapid aggregation of the fragments into oli-
gomers and fibrillar aggregates (Lotz et al., 2010). Since MB can
have opposing effects on aggregation when treating monomers
versus fibrils (Taniguchi et al., 2005), we determined whether MB
could alter insoluble Htt formation starting with either mono-
meric Htt or preformed oligomers and fibrils. Effective concen-
tration range were determined by titration. Either 1, 10, or 100
uM MB was added at specific time points during the aggregation
reaction [0 h (monomer), 4 h (oligomer), or 24 h (fibril)], and the
amount of insoluble Httex1Q53 retained by filter-trap assay (an
assay that detects large SDS-insoluble aggregates, >0.45 wm) was
quantified relative to the amount of control insoluble aggregates
with no addition of MB (Wacker et al., 2004; Legleiter et al.,
2010). When added to monomeric mutant Htt, MB addition
significantly decreased insoluble Htt present at 48 h after induc-
tion (one-way ANOVA, F = 30.08, p = 0.0001). Interestingly,
MB also reduced levels of insoluble Htt when added to preformed
oligomers (one-way ANOVA, F = 12.67, p = 0.002) and even
fibrillar Htt (one-way ANOVA, F = 14.39, p = 0.001) (Fig.
1B,C). These results demonstrate that MB can block the aggre-
gation of monomeric, oligomeric, and fibrillar Htt into insoluble

aggregates in vitro, with the greatest effect when added to
monomers.

Atomic force microscopy (AFM) analysis was next performed at
24 h after induction and revealed mostly fibrillar structures in the
absence of MB with a small amount of globular structures present
(Fig. 1 D). However, with low-dose MB (20 uMm) added at 0 h, there is
a decrease in the amount of fibrillar Htt and an increase in the num-
ber of globular structures (Fig. 1 E). A high dose of MB (300 um)
reduced the overall production of higher Htt aggregates (note that
AFM cannot detect soluble monomers), prevented the formation of
the fibrillar structures, and decreased the size of the globular species
(Fig. 1F). These concentrations effectively altered aggregation in a
similar experiment using polyglutamine repeat peptides (C. Glabe,
unpublished observations). These data indicate that MB has a direct
inhibitory effect on mutant Httex1Q53 aggregation and decreases
formation of insoluble aggregates in vitro.

MB decreases oligomeric and insoluble Htt aggregate
formation and toxicity in the primary cortical neuron model
of HD

We next evaluated whether either oligomer and/or visible aggre-
gates could be modulated by MB in cell-based mutant Httex1-
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expressing systems. Primary cortical neurons were isolated and
transduced with lentiviral constructs encoding a control con-
struct (EGFP) and expanded toxic (103Q) Httex1 protein tagged
with EGFP (Southwell et al., 2009). SDS-AGE was used to exam-
ine oligomer formation in these cells (Weiss et al., 2008; Legleiter
et al., 2010; Miller et al., 2011). This assay, which uses low SDS
and no reducing agent, allows the visualization of large (>400
kDa), SDS-soluble oligomeric species. The species fractionated
by the SDS-AGE technique were originally described as “aggre-
gates”; however, since SDS-AGE can resolve soluble, nonsedi-
mentable oligomers (Legleiter et al., 2010) and these proteins
resolved by SDS-AGE are also recognized by the antifibrillar oli-
gomer antibody OC (Millipore; AB2286) (Sontag et al., 2012),
these species are defined as oligomers. This technique is valuable
asit not only delineates the levels (intensity) but also the apparent
molecular weight of the oligomers (distance of the peak signal to
the running front). We found that 100 nM MB treatment for 10 d
decreased oligomer formation by 46% (one-way ANOVA, F =
16.74, p = 0.004) in mouse primary cortical neurons expressing
Httex1Q93 tagged with EGFP (Fig. 2A, B). By measuring the dis-
tance from the running front to the peak signal intensity, we were
able to determine the relative size of the oligomers. The distance
of the untreated sample was set to 100, and the distance of the
peak intensity of each treated sample was compared to that of the
untreated sample. Using this calculation, 100 nm MB decreased
the relative size of the oligomers by 40% (one-way ANOVA, F =
36.05, p = 0.0005) in these same samples compared to no-drug
controls at approximately equal intensities (Fig. 2C). This effect is
not due to a difference in levels of oligomeric species present; as
other compounds alter the levels of oligomers without altering
the size of the oligomers present (Sontag et al., 2012; E. M.
Sontag, unpublished results). To determine the effect of MB on
insoluble Htt, we used a filter-retardation assay (Wanker et al.,
1999) to quantitate the amount of SDS-insoluble aggregates that
do not pass through a cellulose acetate membrane (0.22 wm pore
size). The amount of insoluble Htt was decreased by 58% (one-
way ANOVA, F = 15.29, p = 0.004) when treating with 100 nm
MB (Fig. 2D, E); higher concentrations were toxic. This reduc-
tion was not a result of reduced expression of Httex1Q103, as
determined by qRT-PCR analysis (data not shown).

Since MB reduces the levels of oligomers and insoluble aggre-
gates, we next tested whether treatment with MB translated to
improved survival of individual rat primary cortical neurons ex-
pressing Httex]1Q103-EGFP. To observe cell survival, a robotic
microscope system was used to perform direct longitudinal visu-
alization of cell survival and quantitation of cell fate (Arrasate and
Finkbeiner, 2005). Using this system, MB treatment (100 nM final
concentration) increased cell survival by 25% (log-rank test,
X> = 47.19,p < 0.0001) over a time period of 72 h (Fig. 2 F). Two
independent experiments were performed where each experi-
ment had three to six replicates per condition. Experiment 1
monitored 572 total neurons [395 MB—, 177 MB+; p < 0.0001
(log rank); hazard ratio, 2.638 (2.00-3.479)], and Experiment 2
monitored 859 total neurons [523 MB—, 336 MB+; p = 0.0008
(log rank); hazard ratio, 1.455 (1.168-1.811)]. Together, Exper-
iment 1 and Experiment 2 monitored 1431 total neurons [918
MB—, 513 MB+; p < 0.0001 (log rank); hazard ratio, 1.801
(1.518-2.138)].

Together, these data signify that MB can decrease the presence
of potentially toxic aggregation species in cells and increase sur-
vival of neurons.
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Figure2.  MB reduces oligomeric and insoluble Httex1Q103 as well as increasing survival in

primary neurons expressing Httex1Q103. A, MB reduces the amount of oligomeric Htt resolved
by SDS-AGE analysis. B, Relative oligomeric mutant Htt aggregates were normalized to oligo-
meric control aggregates with no addition of MB (Bonferroni’s multiple comparisons, ***p <
0.001). €, Relative size of oligomeric mutant Htt aggregates were normalized to oligomeric
control aggregates with no addition of MB (Bonferroni’s multiple comparisons, ***p << 0.001).
D, MB decreases the amount of insoluble Htt retained on the filter-retardation assay. £, Relative
insoluble mutant Htt aggregates were normalized to insoluble control aggregates with no
addition of MB (Bonferroni’s multiple comparisons, ***p << 0.001). Error bars represent group
means == SEM. F, MB increases cell survival in primary neurons expressing Httex1Q97 over the
course of 72 h (log-rank test, x 2 = 47.19,***p << 0.0001). Experiment 1 monitored 572 total
neurons [395 MB—, 177 MB+; p < 0.0001 (log rank); hazard ratio, 2.638 (2.00 —3.479)], and
Experiment 2 monitored 859 total neurons [523 MB—, 336 MB+; p = 0.0008 (log rank);
hazard ratio, 1.455 (1.168 —1.811)]. Together, Experiment 1 and Experiment 2 monitored 1431
total neurons [918 MB—, 513 MB+; p < 0.0001 (log rank); hazard ratio, 1.801
(1.518-2.138)].

MB reduces aggregation and prevents neurodegeneration in a

Drosophila model of HD

To test the effect of MB in vivo, Drosophila expressing an ex-
panded exon I fragment of human Htt were fed food containing
8 uM MB. Neurodegeneration is readily observed in the com-
pound eye of Drosophila (Steffan et al., 2001), where a trapezoidal
arrangement of seven visible rhabdomeres (light-gathering struc-
tures of the photoreceptor cells) can be evaluated for loss of
photoreceptor neurons. Expression of Httex1Q93 leads to a pro-
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Figure 3.

MB decreases neurodegeneration and aggregation in a Drosophila model of HD expressing Httex1Q93. 4, Drosophila were fed MB beginning at the larval (n = 5) oradult (n = 5) stage

and analyzed for the number of rhabdomeres per omatidium. MB treatment beginning at the larval stage resulted in an increase in rhabdomeres per omatidium (Student’s ¢ test, ***p = 0.0005).
The adult fed flied did not exhibit a rescue in neurodegeneration (Student’s t test, p = 0.591). B, Treating Drosophila at the larval stage (n = 4) resulted in a decrease in the average number of
aggregates (Student’s t test, **p = 0.005). C, Treating at the larval stage (n = 4) also resulted in decreased size of the aggregates (Student’s t test, *p = 0.03). Error bars represent group means =+
SEM. D, Representative photomicrographs of eye antennal imaginal discs (larval) immunolabeled with anti-Htt (5830, green) and anti-elav (red) used for quantitation of aggregate number and size.

gressive loss of rhabdomeres from the normal seven visible rhab-
domeres to approximately five rhabdomeres per ommatidium
(Steffan et al., 2001) (Fig. 3A). Treating flies with MB revealed a
significant increase in the number of rhabdomeres over vehicle
controls. When Drosophila were treated with MB at an early (lar-
val) stage before visible aggregate formation, the number of rh-
abdomeres increased from 4.83 to 5.54 at day 7 after eclosion
(Student’s t test, p = 0.0005), consistent with a decrease in neu-
rodegeneration (Fig. 3A). However, when adult flies were fed
immediately following eclosion, neurodegeneration was not de-
layed or prevented by day 7 (Student’s ¢ test, p = 0.591) (Fig. 3A).
In contrast to the ability to quantitate the formation of aggre-
gates following the gradient of expression in larvae, this aggre-
gation process has already occurred in adult flies; therefore,
aggregation was not quantified at this time point. This effect
was not due to a requirement for increased amounts of MB in

adult flies, as increasing the concentration of MB did not im-
prove outcome (data not shown). On the other hand, treating
Htt challenged Drosophila in the larval stages significantly de-
creased the number of aggregates by 87% (Student’s t-test, p =
0.005) (Fig. 3B) and reduced the size of the aggregates (Stu-
dent’s t test, p = 0.03) (Fig. 3C). Representative images of this
analysis are shown in Figure 3D. Together, these data support
the hypothesis that MB could be beneficial in treating mutant
Htt-mediated neurodegeneration, potentially through the
modulation of aggregation.

MB reduces behavioral phenotypes and may delay disease
progression in the R6/2 mouse model of HD

Because MB altered neurodegeneration in Drosophila, in vivo
studies were extended to determine whether MB could alter be-
havioral phenotypes associated with HD-like symptoms in a
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mice (n = 10) results in higher body weight compared to vehicle controls (n = 10; repeated-measures ANOVA, F = 45.71,p <
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mouse model of the disease. R6/2 mice, which express the first
exon of human Htt with a highly expanded repeat (115Q for this
study), display reproducible and aggressive phenotypes, begin-
ning at ~5-6 weeks. Mice show progressive loss of body weight,
exhibit dyskinesia of the limbs when held by the tail (also referred
to as clasping) (Mangiarini et al., 1996), and exhibit progressive
loss of motor coordination and balance that can be measured by
maintaining balance while running on a spinning rod (rotarod)
(Carter et al., 1999). These mice also display a behavioral abnor-
mality of a decrease in sensorimotor performance observed when
mice climb down a vertical pole (Hickey et al., 2008). R6/2 mice
were treated with 25 mg of MB per 100 g of chow beginning at 5
weeks of age for 4 weeks, based on MB treatment in 3xTg-AD
mice (Medina et al., 2010). The mice were assayed daily for body
weight and clasping phenotypes. The ability to perform the pole
test was assessed at 6 and 8 weeks of age and performance on the
rotarod was evaluated at 7 and 9 weeks of age (Fig. 4A).
Differences in body weights between the groups (repeated-
measures ANOVA, F = 45.71, p < 0.0001) were observed with
MB administration. Treating R6/2 mice with MB resulted in a
statistically significant (Bonferroni’s multiple comparison, p <
0.0001) increase in body weight over the vehicle-treated R6/2
controls. Body weights of mice treated with MB were similar to
those of nontransgenic littermates (Bonferroni’s multiple com-
parison, p > 0.05), whereas the R6/2 mice treated with vehicle
had significantly (Bonferroni’s multiple comparison, p < 0.0001)
reduced body weights compared to nontransgenic controls (Fig.
4 B). MB did not significantly alter the onset of dyskinesia (clasp-

(two-way ANOVA, F; 545 = 1249, p <
0.0001) and time (two-way ANOVA,
F536) = 8.50, p = 0.006) in the rotarod
analysis. Improvements in the ability of
the mice to climb down a vertical pole
were also observed when treating R6/2
mice with MB (two-way ANOVA, treat-
ment, Fg; ;6 = 4.64, p = 0.008; time,
Fisa6) = 10.48, p = 0.003) (Fig. 4 E). MB-
treated R6/2 mice were significantly faster
at climbing down the pole than the vehicle-treated R6/2 controls
at 8 weeks of age (Bonferroni’s multiple comparison, p < 0.05).
In addition, the vehicle-treated R6/2 mice became significantly
impaired at the pole test task between 6 and 8 weeks of age (Bon-
ferroni’s multiple comparison, P<<0.0001), whereas MB-treated
R6/2 mice did not show a similar progression during that time
(Bonferroni’s multiple comparison, p > 0.05). These results in-
dicate that MB might delay the onset of motor coordination loss
and possibly HD phenotype progression in the R6/2 mice.

MB decreases levels of insoluble Htt and increases BDNF in
R6/2 mice

Given that MB modulates aggregation in vitro and in Drosophila,
we examined whether the protective effect of MB in R6/2 mice
correlated with altered aggregation properties. R6/2 and non-
transgenic mice treated with MB or vehicle control were killed at
8 weeks of age and analyzed for the presence of aggregated Htt.
No difference was detected in the levels of oligomeric Htt be-
tween MB-treated R6/2 mice and vehicle controls by SDS-AGE
(data not shown), potentially reflecting timing of killing. In con-
trast, the levels of insoluble Htt in the striatum decreased with
MB treatment measured by filter-retardation assay (one-way
ANOVA, F = 29.18, p = 0.0001) (Fig. 5A, B), consistent with the
direct impact of MB on mutant Htt aggregation in vitro.

While MB appears to decrease aggregation in vivo, we also
evaluated whether this compound resulted in neurotrophic ef-
fects that could also be involved in its protective effects. Chronic
expression of mutant Htt causes decreased neurotrophic expres-
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sion, particularly of BDNF in mouse A
models and human patient brain (Zuc-
cato et al., 2001). In parallel, increased
BDNF often corresponds to preclinical
trials in HD mouse models that show effi-
cacy (Apostol et al., 2008; Peng et al,
2008). We therefore investigated levels of
BDNF in R6/2 following MB treatment at
8 weeks. BDNF protein levels (one-way

Non-Tg V

Non-Tg MB

_ R6/2 MB
ANOVA, F = 11.35, p = 0.0002) (Fig.
5C,D) are increased in both treated non-
transgenic and R6/2 mice, suggesting that
MB enhances BDNF levels independent of \B: anfi
- anti-BDNF

the presence of mutant Htt, potentially
contributing to the improvement in be-
havior. Additionally, the levels of BDNF
mRNA are increased in MB-treated R6/2
mice and nontransgenic mice (ANOVA,
F = 5.609, p = 0.0097) (Fig. 5E). The in-
crease seen in the nontransgenic mice
does not quite reach statistical signifi-
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cance, but does indicate a trend toward
higher levels of BDNF mRNA (p = 0.09).
This appears to be a direct cellular effect,
as BDNF levels were also increased in
mouse primary neurons expressing mu-
tant Httex1 (data not shown).

IB: anti-Actin

Discussion

Aggregation of mutant Htt protein is a
hallmark of HD. Because this phenotype
is consistently observed in models of HD
and human patient brains, it was among
the first therapeutic targets for which
chemical compound screens were per-
formed. Recent studies using longitudinal
imaging suggest that the inclusions per se
are not toxic in culture, but rather that
soluble monomeric or oligomeric species
may be primary pathogenic forms (Arra-
sate et al., 2004; Miller et al., 2011). Given
the ability of MB to alter aggregation in
other systems (Doh-Ura et al., 2000;
Korth et al., 2001; Taniguchi et al., 2005;
Necula et al., 2007; van Bebber et al,
2010), we examined its ability to modulate
both insoluble and soluble oligomeric
mutant Htt and show that this compound does indeed reduce
levels of both under cell free conditions. In addition to modulat-
ing the process of mutant Htt aggregation and formation of oli-
gomeric species, MB also reduced neurotoxicity in primary
neurons, altered photoreceptor neurodegeneration in Drosoph-
ila, and improved behavioral phenotypes in R6/2 mice, suggest-
ing that this biochemical readout induced by MB correlates with
protection from neurotoxicity.

To evaluate possible direct effects of MB on the propensity of the
Hitt protein to aggregate, a recombinant protein system was used and
showed that not only could MB prevent the aggregation of mono-
meric Htt, but also decreased further aggregation of preformed mu-
tant Htt oligomers and fibrils. From this assay, it is not possible to
discern whether MB destabilizes the aggregated forms as observed
previously for tau paired helical filaments (Wischik et al., 1996), or
whether MB alters the equilibrium between monomers and Htt ag-
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MB decreases Htt aggregation and increases levels of BONF in R6/2 mouse model of HD. A, Striatal samples from
nontransgenic littermates and R6/2 mice with vehicle or MB treatment were homogenized and analyzed for levels of insoluble Htt
by filter-retardation assay. B, Densitometry of the filter-retardation assay revealsa significant decrease in the levels of insoluble Htt
in the striatum of R6/2 mice when treated with MB (ANOVA, F = 29.18, p = 0.0001; Bonferroni’s multiple comparison, ***p <
0.001). €, Cortical samples from nontransgenic littermates and R6/2 mice with vehicle or MB treatment were homogenized and
analyzed for BDNF protein by SDS-PAGE assay and Western blot analysis. The BDNF is indicated. D, Densitometry of the SDS-PAGE
analysis shows a significant increase in BDNF protein levels with MB treatment in both nontransgenic littermates and R6/2 mice
(ANOVA, F = 11.35, p = 0.0002; Bonferroni’s multiple comparison, *p << 0.05). Samples were normalized to actin as a control. E,
Cortical samples from nontransgenic littermates and R6/2 mice with vehicle or MB treatment were homogenized and levels of
BDNF mRNA quantified by qRT-PCR (ANOVA, F = 5.609, p = 0.0097; Bonferroni's multiple comparison, **p << 0.01). Error bars
represent group means == SEM. Samples were normalized to actin as a control.

gregates. These results have implications for therapeutic develop-
ment as MB can slow aggregation of the mutant Htt protein even
when aggregation has already started and aggregated species are
present in vitro. Importantly, these cell-free assays also suggest that
MB can have a direct effect on the mutant Htt protein independent
ofits previously described cellular effects on mitochondria (Atamna
et al., 2008; Atamna and Kumar, 2010), the proteasome (Medina et
al., 2010), or autophagic flux (Wang et al., 2010).

It is known that MB self-associates to form dimers and poten-
tially higher-order aggregates in the range of 10 uM and above with
an equilibrium of ~100 um (Moreno-Villoslada et al., 2010). MB is
likely dimerized in the cell-free assay given the concentrations of 100
and 300 uM; however, we see the same results in the cell-free system
asin the cell assays (decreased insoluble Htt) using nanomolar levels
of MB that will not self-associate. Therefore, it is unlikely that the
dimer is negatively impacting the mechanism of action.
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MB also reduced the formation of both oligomeric and insol-
uble Htt in primary neurons expressing mutant Htt. In these
studies, MB not only decreased the amount, but also the size of
oligomers compared to vehicle-treated controls.

Longitudinal assessment of single cells using imaging allowed
the visualization of the survival of only those cells expressing
mutant Htt, providing a much more accurate and sensitive as-
sessment of cell fate. Using this approach, MB increased the
survival of primary neurons, correlating with a decrease in oligo-
meric species. In this same system, monomeric Htt and small
oligomers are associated with decreased cell survival (Miller et al.,
2011); therefore, reducing the levels and size of oligomers with
MB could lead to a functionally relevant outcome. These results
are in contrast to a previous study of MB in zebrafish embryos
injected with mRNA expressing mutant Htt polypeptide (van
Bebber et al., 2010), where visible aggregates were altered, but
there was no effect on total embryo viability. The Htt construct
expressed in zebrafish did not contain the proline-rich region of
Httex1p, the lack of which also altered the outcome of MB on
aggregation in stably expressing truncated Httexlp PC12 cells
(E. M. Sontag, unpublished observations).

To evaluate whether increased survival in primary neurons
could translate to increased neuronal survival in vivo, we exam-
ined the effect of MB on the number of photoreceptor neurons in
the compound eye of Drosophila melanogaster expressing human
mutant Httex1p. The progressive loss of rhabdomeres in this
model (Steffan et al., 2001) was partially restored by MB treat-
ment. Importantly, we found this protective effect only when
treatment began at the larval stage versus in adult flies, suggesting
that early treatment before formation of visible aggregates may be
more effective than when aggregates have already formed. This
idea is supported by positive results on cognition in a human
clinical trial for AD in individuals with mild or moderate AD
(Gura, 2008). MB decreased aggregate number and size in Dro-
sophila treated at the larval stage, confirming that (1) MB modu-
lates mutant Htt aggregation in vivo, and (2) the size and levels of
oligomeric Htt may be pathologically relevant.

Previous studies have determined that orally administered
small molecule aggregation modulators can alter aggregation and
improve motor performance in R6/2 mice, including C2-8 (Cho-
praetal., 2007) and trehalose (Tanaka et al., 2004). We therefore
hypothesized that MB might also modulate behavioral pheno-
types in these mice. R6/2 mice progressively lose body weight over
the course of the disease (Mangiarini et al., 1996), and MB treat-
ment prevented the characteristic reduction, with R6/2 mice
maintaining weight at nontransgenic littermate control levels.
R6/2 mice also exhibit dyskinesia of the limbs when held by the
tail (clasping) (Mangiarini et al., 1996), and MB-treated mice
trended toward control phenotypes; however, this altered clasp-
ing phenotype did not achieve statistical significance. Future op-
timization of powering, dosing, formulation of MB, and
assessment of bioavailability may yield even stronger beneficial
effects from MB treatment. Both of these outcomes are impor-
tant, as weight loss and dyskinesia are reported in patients with
HD (Harper, 1991).

Loss of coordination and an unsteady gait are characteristic of
symptomatic HD (Harper, 1991). R6/2 mice also exhibit a loss of
motor coordination and balance that can be measured by assess-
ing balance on a rotarod (Carter et al., 1999). MB-treated R6/2
mice were able to maintain balance and coordination signifi-
cantly better on the rotarod behavioral test at 7 weeks of age than
vehicle-treated R6/2 mice; however, by 9 weeks of age, the benefit
was no longer observed, suggesting that while symptoms in this
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highly aggressive model were not completely prevented, they
were delayed.

A decrease in sensorimotor performance can also be detected
by a delay in the ability to climb down a vertical pole (Hickey et
al., 2008). The MB-treated R6/2 mice were significantly faster in
this assay than the vehicle-treated R6/2 controls at 8 weeks of age,
and indeed the progressive decline between 6 and 8 weeks of age
observed for vehicle-treated mice was not observed in MB-
treated mice during that time. This result could indicate that MB
is delaying disease progression in the R6/2 mice. Data from the
R6/2 experiments showing that MB can alter the time course of
several behavioral phenotypes in R6/2 mice correlate with the
results of a human MB clinical trial for the treatment of Alzhei-
mer’s disease; in this trial, MB slowed the progression of AD by
81% over the course of one year (Gura, 2008). These results are
significant as currently there are no Food and Drug Administra-
tion (FDA)-approved HD-modifying therapies for altering
weight loss, dyskinesia, and loss of motor coordination. The only
FDA-approved therapy for HD is tetrabenezine, which is pallia-
tive and reduces the symptoms of chorea in HD patients (Yero
and Rey, 2008).

One possible mechanism contributing to improved behavior
is increased levels of BDNF, which could also represent a phar-
macodynamic marker for MB treatment. Although we do not yet
know the precise mechanisms involved, MB appears to increase
levels of BDNF independent of the presence of mutant Htt in
both primary neuron and mouse models. This effect may be se-
lective, as testing levels of DARPP32, synaptophysin, and
phosphor-ERK levels did not reveal differences between treated
and untreated groups (data not shown). Downregulation of total
BDNF mRNA and protein and reduction in anterograde BDNF
transport down corticostriatal axons are observed in HD (Gau-
thier et al., 2004; Zuccato et al.,, 2005). Additionally, BDNF
mRNA levels increase after treatment of R6/2 mice with com-
pounds such as CEP-1347 and sertraline (Conforti et al., 2008;
Peng et al., 2008), consistent with the idea that increasing BDNF
levels may be protective in HD.

MB is used to treat a variety of human conditions such as
malaria (Ehrlich and Guttman, 1891; Atamna et al., 1996), met-
hemoglobinemia (Kristiansen, 1989; Mansouri and Lurie, 1993),
and septic shock (Faber et al., 2005; Kwok and Howes, 2006), and
in preventing some side effects of chemotherapy (Pelgrims et al.,
2000; Patel, 2006). MB also has a very high absolute bioavailabil-
ity in humans (Walter-Sack et al., 2009). Maximum blood con-
centrations of MB were reached within 1-2 h after oral
administration in humans, with a half-life of 5-6.5 h (Peter et al.,
2000). MB shows efficacy in the brain as well, having been used
for the treatment of depression (Naylor etal., 1986) and improve-
ment of cognitive function (Callaway et al., 2004), memory
(Callaway et al., 2004; Riha et al., 2005), and discriminative learn-
ing in rats (Wrubel et al., 2007). Furthermore, cerebellar brain
concentrations of MB are higher than plasma levels following oral
administration in mice (O’Leary et al., 2010). While these clinical
findings lend promise to moving forward to clinical trials, testing
MB in HD patients would require integration of its activity as an
MAO inhibitor as well.

Together, our results with MB showing decreases of multiple
aggregation species and increased BDNF, and its known positive
effects in brain and well-tolerated clinical use in humans, offer a
unique opportunity to move this compound forward to large-
scale preclinical tests and potentially rapid clinical application to
HD patients.
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