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O R I G INA L ART I C L E
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Abstract
Huntington’s disease (HD) is caused by an expanded polyglutamine (polyQ) tract in the huntingtin (htt) protein. The polyQ
expansion increases the propensity of htt to aggregate and accumulate, and manipulations that mitigate protein misfolding or
facilitate the clearance of misfolded proteins are predicted to slow disease progression in HD models. αB-crystallin (αBc) or
HspB5 is awell-characterizedmember of the small heat shock protein (sHsp) family that reducesmutant htt (mhtt) aggregation
and toxicity in vitro and inDrosophilamodels of HD. Here,we determined if overexpressing αBc in vivomodulates aggregation and
delays the onset andprogressionof disease in a full-lengthmodel ofHD, BACHDmice. Expression of sHsps in neurodegenerative
disease predominantly occurs in non-neuronal cells, and in the brain, αBc is mainly found in astrocytes and oligodendrocytes.
Here, we show that directed αBc overexpression in astrocytes improves motor performance in rotarod and balance beam tests
and improves cognitive function in the BACHD mice. Improvement in behavioral deficits correlated with mitigation of
neuropathological features commonlyobserved inHD. Interestingly, astrocytic αBc overexpressionwas neuroprotective against
neuronal cell loss in BACHD brains, suggesting αBcmight be acting in a non-cell-autonomousmanner. At the protein level, αBc
decreased the level of soluble mhtt and decreased the size of mhtt inclusions in BACHD brain. Our results support a model in
which elevating astrocytic αBc confers neuroprotection through a potential non-cell-autonomous pathway that modulates
mhtt aggregation and protein levels.
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Introduction
Huntington’s disease (HD) is a fatal autosomal, dominantly inher-
ited, progressive neurodegenerative disorder (1). The mutation
responsible for HD leads to abnormally long CAG/polyglutamine
(polyQ) repeats in the IT15 gene, which encodes the ubiquitously
expressed protein huntingtin (htt) (2). The polyQ expansionmakes
htt prone tomisfold and accumulate, which is thought to confer a
toxic gain of function (3). The deposition of inclusion bodies of
misfolded htt fragments containing the expanded polyQ region
is a neuropathological hallmark of HD (4).

This accumulation of misfolded proteins in cells triggers a
protective stress response that includes the up-regulation of
heat shock proteins (Hsps) that function as molecular chaper-
ones either to prevent protein misfolding or to rescue misfolded
proteins to help restore cellular homeostasis (5,6). Overexpres-
sion of molecular chaperones reduces htt aggregation and in-
creases lifespan in HD Drosophila and mice (7–10). Manipulating
the expression of chaperones that mitigate protein misfolding
or facilitate its clearance may represent an approachable thera-
peutic target to decrease toxicity and slow disease progression
in HD models.

The small Hsp (sHsp) family of molecular chaperones in-
cludes proteins of small molecular mass (15–30 kDa) that accu-
mulate in the cells after many different environmental,
physiological or pathological stresses (11). sHsps are protective
in many pathways that are implicated in HD, including native
and non-native protein folding, cytoprotection from numerous
stresses, such as oxidative damage and modulation of cell
death, and survival pathways (6). Structurally, all sHsps share a
central C-terminal domain, referred to as the alpha-crystallin do-
main, consisting of 80–90 residues in eight beta strands that form
an intermolecular beta-sheet interaction site (12,13). The most
studied sHsps (i.e. Hsp27/HspB1, αA-crystallin/HspB4, αB-crystal-
lin/HspB5, Hsp22/HspB8 and Hsp16.2/HspB11) have strong anti-
aggregation chaperone activity through their ability to recognize
and interact with partially folded protein intermediates (14,15).
Chaperones include eligible candidates for neuroprotection in
HD (6,16), and their potential has been evaluated in vitro (17), in
Caenorhabditis elegans (18), mammalian cells (8,19) and in vivo
models of HD (20). Our study focused on the αB-crystallin (αBc)
or HspB5 protein. This sHsp has a chaperone-like function and
binds to the unfolded proteins to inhibit its aggregation (21), sug-
gesting that αBc has an impact on several protein conformation
disorders. αBc prevents the aggregation and elongation of α-sy-
nuclein fibrils (22,23), implicated in Parkinson’s disease (PD). Fur-
thermore, αBc is a potent inhibitor of amyloid fibril formation
and, by slowing the rate of its aggregation, effectively reduces
the toxicity of amyloid-β peptide in cells (24), suggesting a pro-
tective role for αBc in a Alzheimer’s disease (AD) in vitro model.
Amyotrophic lateral sclerosis (ALS) is a progressively paralytic
neurodegenerative disease that can be caused by mutations in
Cu,Zn-superoxide dismutase 1 (SOD1). Completely eliminating
αBc in mice expressing two different SOD1 mutants (G37R and
L126Z) reduced the interval to disease end stage by 20–30 days
in mice expressing either mutant (25). These results suggest
that the activity of αBc modulates the cellular specificity of mu-
tant SOD1 accumulation. In addition, overexpression of αBc in a
mouse model of Alexander disease (AxD), a rare and fatal neuro-
degenerative disorder of childhood, rescued the AxD mice from
terminal seizures. Consistently, loss of αBc resulted in increased
mortality of these mice (26).

We previously showed that expressing a mutant htt (mhtt)
fragment in the lens of mice lacking αBc markedly accelerated

the onset and severity of mhtt aggregation (27). In addition, over-
expression of αBc in a transgenic drosophila model of HD sup-
pressed mhtt toxicity, suggesting a protective role for αBc in HD
(28). Downregulation of a number of molecular chaperones, in-
cluding αBc, was reported in the brains of the exon-1 fragment
mouse model R6/2 (20,29), suggesting αBc may be associated
with HD pathogenesis in vivo, and that restoration of chaperone
levels could be neuroprotective against disease. Interestingly,
current evidence suggests expression of the sHsps, such as αBc,
is predominantly in non-neuronal cells (7). In the brain, αBc is
mainly found in astrocytes and oligodendrocytes. The role of as-
trocytes and oligodendrocytes in HD is not entirely clear. How-
ever, evidence suggests that non-cell-autonomous functions of
glial cells are an important mechanism of supporting neuronal
health (30). We focused on astrocytes because recent studies in
different HDmice models have shown that astrocytes contribute
to neuronal dysfunction in vivo, by a marked decreased expres-
sion of both glutamate transporters, GLAST and GLT-1, and of
glutamate uptake (31), by a decrease on potassium (K+) ion chan-
nel expression in astrocytes and disturbances of astrocyte-
mediated K(+) homeostasis (32) or by being a source of oxidative
stress to neurons in vivo (33).

Here we investigated the effects of αBc overexpression in as-
trocytes on behavioral and neuropathological phenotypes in a
full-length HD mouse model, BACHD. These mice exhibit early
(2–3 months of age) robust and progressive motor deficits, and
late-onset selective neuropathology, including significant cor-
tical and striatal atrophy (34). αBc astrocytic overexpression in
BACHD mice improved motor and cognitive symptoms. The im-
provements in behavioral deficits correlated with prevention of
the cortical and striatal neuron loss that is observed in HD. We
observed a decreased level of soluble mhtt, and decreased size
of mhtt inclusions in BACHD brain. Our results suggest that αBc
is protective in HD through an astrocyte-mediated chaperone
function related to regulatingmhtt protein levels andaggregation
in BACHD brains.

Results
αBc levels decrease over time in BACHD mice

Sequestering chaperones into aggregates decreases the number
of soluble chaperones that are available in the cell, and this pre-
sumably enhances abnormal protein folding (20). Levels of αBc
and other chaperones decrease in the brains of an exon1 frag-
ment HD model (29). Although mhtt exon1 is sufficient to cause
disease, it lacks features of full-length htt, such as post-transla-
tional modification sites, and protein interaction or signaling do-
mains that may be important for regulating htt proteostasis and
toxicity.Wewanted to determine if a decrease in endogenous αBc
levels is altered during the progression of disease in the full-
length mouse model of HD—BACHD mice. This model shows a
robust phenotypic behavioral deficit and neuropathological fea-
tures, and full-length mhtt expression with 97 polyQ is governed
by the human Htt promoter, and so, it presumably recapitulates
any cell- and time-dependent expression patterns seen in
humans (35).

Whole-brain lysates from BACHD mice and wild-type (WT)
littermates from 3, 6, 9 and 12 months, corresponding to early-
and late-onset stages of disease, were harvested. At 3 and 6
months of age, the protein levels of αBc were not different in
BACHD and WT mice. However, at 9 and 12 months of age,
BACHD mice had significantly lower brain levels of αBc than
WT littermates (Fig. 1). The decreased protein levels of αBc over
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time in BACHDmice, especially after 6months, correspond to the
period where the behavioral and motor deficits in BACHD mice
begin to be clearly detected (21). These data raise the possibility
that a decline in αBc protein levels is involved in mediating
pathogenesis.

Overexpression of αBc in astrocytes improves motor
performance in BACHD mice

To determine if the decline in αBc levels is an incidental finding
or is playing a role in disease progression in BACHD mice, we
sought to overexpress αBc and determine if it affected disease-
associated phenotypes. To do so, we crossed BACHD mice with
transgenic mice expressing the WT αBc gene, Cryab. Since aBc
is predominantly expressed in glia, we chose a model in which
Cryab is under the control of the human GFAP promoter that tar-
gets expression to astrocytes (26). We evaluated motor behaviors
at 3, 7, 10 and 13months of age. These ages inmice correspond to
early-, mid- and late-stage disease with regard to symptomatol-
ogy and neuropathology (34). Deficits in rotarod latency to fall
(34,36) and balance beam latency to cross (37,38) were previously
reported in BACHD. In these assays, BACHD mice had perform-
ance deficits in an age-dependent manner (Fig. 2). In our study,
BACHD behavioral deficits were detected as early as 3 months
of age in rotarod and balance beam tests. BACHD mice fall off
an accelerating rotarod sooner than WT littermates and Cryab
Tg mice (significant at 3, 7, 10 and 13 months), and this effect is
partially rescued by astrocytic overexpression of the Cryab trans-
gene in BACHD mice (double transgenic, DTg) at all time points
tested (Fig. 2A).

During the balance beam evaluation, the mice cohort was
tested with a large-sized and a medium-sized balance beam
(39). For our analyses, we used the data from the medium
beam, which requires more motor coordination to cross than
the large beam. BACHD mice took significantly more time
to cross the medium beam than WT and Cryab Tg mice at 3, 7,

10 and 13 months (Fig. 2B). αBc overexpression rescues this
phenotype in BACHD only at the 7 months; therefore, αBc does
not improve the overall latency to cross the balance beam of
the BACHD mice (Fig. 2B). We also tested the ability to stay on
the beam by measuring the number of slips and falls. DTg mice
were significantly better on the medium beam than BACHD
with fewer slips (Fig. 2C) and falls (Fig. 2D) at later stages of dis-
ease progression. The number of slips and falls of Cryab Tg
mice was similar to WT mice (Fig. 2C and D). These results indi-
cate a specific genetic interaction of αBc and mhtt that mediates
the onset and severity of motor deficits in BACHD mice as mea-
sured by balance beam and rotarod assays.

We found that BACHD and DTg mice gain significantly more
weight (an average of 20–30%) thanWTandCryab Tg controls, be-
tween 3 and 7 months until 13 months of age (Supplementary
Material, Fig. S2). Since weight could affect motor performance,
we examined the relationship of weight and rotarod and balance
beam performance in BACHD mice. We found that the rotarod
and balance beam performance in this cohort of BACHD and
DTg mice at 3, 7, 10 and 13 months was not significantly corre-
lated with body weight (Supplementary Material, Fig. S3). There-
fore, the improvement seen in the DTg is not explained byweight
differences or the effect of weight on motor performance. Thus,
we conclude that astrocytic αBc positively affects BACHD motor
performance.

Expression of αBc in astrocytes improves strategy
shifting in BACHD mice

In addition to motor performance, BACHD mice also exhibit cog-
nitive decline at a later stage of the disease (40,41), similar towhat
is observed in HD patients (42,43). Therefore, wewanted to exam-
ine the effect of αBc overexpression on cognitive performance in
a sensitive striatal learning-dependent assay, the swimming
T-maze test. We used this test tomeasure procedural and spatial
learning in symptomatic BACHD at the last time point of

Figure 1. αBc levels decrease over time in BACHD mice. (A, B) BACHD (n = 5) and WT (n = 5) littermates were sacrificed at 3, 6, 9 and 12 months of age. Protein levels of αBc

were determined by western blot analysis with whole-brain homogenates of BACHD andWTmice. (A) Immunoblots showing αBc protein level is decreased in BACHD, in

an age-dependentmanner, specifically after 6months (when themotor symptoms are more robust in this micemodel). (B) Respective quantifications of protein levels of

αBc normalized to anti-β-tubulin (to show relative loading levels). Error bars represent standard errors of the mean (means ± SEM). Data were tested for statistically

significant differences using t-tests (*P < 0.05; **P < 0.01).
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behavioral evaluation, when the mice were 13 months of age
(a time known for more accentuated neurobehavioral dysfunc-
tion and cognitive decline in BACHD mice). The test was
performed at only one time point in the course of disease pro-
gression to avoid any bias related to recall or long-term memory
of the task. This task was previously tested in a different mouse
model of full-length htt, YAC128 mice, as a simple two-choice
test of striatal dependent-learning and memory to facilitate
rapid training and testing in visually cognitive-impaired mice
(44). A schematic representation of the water T-maze task is pre-
sented in Figure 3A. Briefly, on the first day, themicewere trained
to swimand enter the correct armon the T-maze,where a hidden
platform was placed (right or left to avoid side biases). Upon
reaching the platform, which completes the task, mice are
rewarded by being allowed to return to their cages. Every day con-
sisted of three trials. During normal phase swimming (i.e. days
2–7), the mice from all groups learned the task and made more
correct choices over the course of the test (Fig. 3A). We observed
no difference among genotypes performing the task during the
7-day trial. Thus, the BACHD and DTg groups learned to find the
platform similar to their control littermates (Fig. 3B). The time to
reach the platform (Fig. 3D), the swim velocity and the distance
taken to reach the platform were not different among groups.

To assess the ability of BACHDmice to change strategy, we in-
corporated a reversal phase into the swimming T-maze test by
switching the platform to the opposite arm of the maze. Mice
that were trained to swim directly to the right or left arm would
now have to change their strategy to find the shortest path to

the platform. WT, Cryab Tg and DTg mice swam down the arm
in which they were trained initially and, after discovering that
the platform was no longer present, immediately swam down
the unvisited opposite arm of the maze and found the platform.
Similar to the WT mice, all of the BACHD mice entered the arm
of the T-maze they were initially trained to. However, after disco-
vering that the platform was not present in the opposite arm of
the maze, the majority of the BACHD mice swam back to the start
of the T-mazewhere they had already been. Wemeasured this ab-
normality by quantifying the number of arms of the maze entered
en route to the platform. This pattern of response resulted in the
BACHD mice having more arm entries than WT, Cryab Tg and
DTg mice, as it was apparently more difficult for the BACHD
group to attain the 50% correct arm entries in the reversal arm
over the course of the test (Fig. 3C). These results are consistent
withfindings observed inHDpatients: during a re-learning process,
HD patients tend to perseverate and havemore difficulties in strat-
egy shifting, than healthy subjects (45–51). The difference between
the number of correct entries of the BACHDgroupwas significantly
lower (below 50%) than in the DTg group fromDay 3 to Day 5 in the
reversal test. In addition, DTg mice took significantly less time to
relocate the hidden platform (Fig. 3E) than BACHD mice. DTg
mice were not different from the WT and Cryab Tg groups.

αBc overexpression modulates levels of mhtt and
inclusion body formation BACHD mice

To determine if the improved motor and cognitive behavioral
phenotypes in DTg mice correlated with neuropathological

Figure 2. αBc overexpression improves behavioral readouts in BACHDmice. Behavioral readouts of disease progression in BACHDweremeasured at 3, 7, 10 and 13months

of age using rotarod and balance beam. Data at each time point were tested for statistically significant differences using two-way ANOVAwithmultiple comparisons tests

corrected by Tukey post-hoc tests. At 3 months of age, group sizes were as follows: WT (n = 20), Cryab Tg (n = 19), BACHD (n = 14), DTg (n = 17). Values are means ± SEM.

*P < 0.05, **P < 0.01 or ***P < 0.001 for main effect of the BACHD transgene by two-way ANOVA. (A) Rotarod. BACHD mice fall off an accelerating rotarod sooner than WT

littermates and Cryab tg mice (significant main effect of the BACHD transgene). αBc overexpression partially rescues the BACHD motor impairment on DTg mice, and

this is significant at all different time points at 3, 7, 10 and 13 months. (B) BACHD mice take significantly more time to cross the balance beam than WT littermates

and Cryab tg mice. (C, D) The BACHD group also showed significant higher number of slips and falls during this task. αBc overexpression reduces the number of slips

(C) and falls (D) in BACHD mice during the balance beam test. αBc overexpression does only change the overall latency to cross in DTg mice at 7 months, however,

reduces significantly the number of slips (7, 10 and 13 months) and falls (10 and 13 months) of BACHD mice in the balance beam transversal assay.
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changes, we examined disease features, such as inclusion body
(IB) formation and neuronal cell loss. IB formation with mhtt is
a hallmark of HD pathology. Aged BACHD mice develop IBs that
are similar to those in the human disease and can be visualized
histologicallywith specific htt antibodies.We examined serial sec-
tions from cortex and caudate–putamen/striatum of 13-month-
old mice of this cohort and observed differences in the density
or size of inclusion bodies. Staining with the polyclonal antibody
S830, which selectively recognizes expanded mhtt (34,52), re-
vealed prominent IBs in both the cortex and striatum of BACHD

and DTG but not WT and Cryab Tg mice, as expected (Fig. 4C
and D). Although there is a trend for a decrease of IB numbers in
DTG when compared with BACHD, this difference did not reach
statistical significance. However, there were significantly fewer
larger inclusions (>1 µm) in DTg mice than in BACHD mice
(Fig. 4D), indicating an overall reduction in size of inclusions.

The difference in IBs mediated by αBc suggested that other
features of mhtt proteostasis might also be altered. Since expres-
sion level of mhtt is a strong predictor of neurodegeneration in
polyQ transfected rodent primary neurons (53,54) and correlated

Figure 3. αBc overexpression improves BACHD strategy shifting in the water-T maze test. (A) Water-T maze test diagram. BACHD mice were tested in the swimming

T-maze with reversal. At 13 months of age, group sizes were as follows: WT (n = 18), Cryab Tg (n = 17), BACHD (n = 10), DTg (n = 15). Symptomatic BACHD show cognitive

deficits in strategy shifting, and αBc overexpression rescues this impairment. (B) During the normal phase of the test, the four distinct groups learned to swim to the

platform, and no differences were observed in the percentage of correct arm entries, having the four groups reaching ≥80% of correct entries, and (D) in the time to

reach the platform. (C) During the reversal phase, when the location of the platform was switched, BACHD mice showed a significant lower number of correct entries

in the reversal arm and (E) required significantly more time to find the platform than the other groups from Day 3 to Day 5. Speed (cm/s) and distance (cm) to locate

the platform in either training and reversal phases were not different among the four genotypes during this test performance. A two-way ANOVA was performed,

with multiple comparisons tests, corrected by Tukey test. *P < 0.05.
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with deficits in HD animal models (44), we compared the steady-
state levels of soluble mhtt in cortical lysates.

Using the mouse monoclonal antibody 4H7H7, which pref-
erentially recognizes pathogenic polyQ stretches (55), we
found that DTg mice have a modest but reproducible and
statistically significant reduction in soluble mhtt protein, com-
pared with levels in BACHD mice (Fig. 4A and B). In summary,
these results suggest that αBc is involved in modulating mhtt
protein levels and mhtt IB size, two prominent hallmarks of
HD pathogenesis.

αBc overexpression prevents cortical and striatal
neurodegeneration caused by the expression of mhtt
in BACHD mice

Pathological examination of brains of HD patients reveals pro-
found atrophy and cell death of medium spiny neurons (MSNs)
of the striatum, with cortical loss also a feature as the disease
progresses (4). BACHD mice present intranuclear inclusions and
also show selective degeneration of the MSNs, in addition to sig-
nificant atrophy of the forebrain without accompanying changes

Figure 4. αBc overexpression decreases soluble levels ofmhtt and reduces the size of S830 inclusion bodies in BACHDmice. (A) Representativewestern blot ofWT, Cryab Tg,

DTg and BACHD (n = 4) cortical lysates with 4H7H7 and anti-β-tubulin as a loading control and (B) subsequent quantification of signal intensity. Values are based on the

mean of three independent 4H7H7 blots of fourmice per group compared across different blots. All valuewere first normalized for input using the anti-β-tubulin controls.

(C) Immunohistochemistry with polyoclonal S830 revealed prominent immunoreactive inclusion bodies in BACHD and DTg mice cortex and striatum but not in the WT

andCryab Tg littermate controls (datanot shown). S830 immunohistochemistry in (a, c) BACHDand (b, d) DTg representativemouse brainswith average levels of aggregate

counts and density for the two groups: (a, b) M1/M2 cortex layer III and (c, d) striatum/medial caudate/putamen, using Renyi/Entropy threshold and >1 µm diameter. The

scale bar represents 100 µm, and the field size is 205 μm×150 μm. (D) The number ofmhtt nuclear inclusions >1 µmwere significantly reduced in the DTgwhen compared

with BACHD mice. Values are means ± SD; BACHD (n = 9) and DTg (N = 6), *P < 0.05 by Student’s unpaired t-test.
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in the cerebellum (34), similar to the pattern of degeneration in
human HD (56,57).

Having found that αBc overexpression improves both motor
and cognitive-like phenotypes in BACHD mice and may help re-
duce the levels of the mhtt protein, we next sought to determine
if the overexpression of αBc influences other neuropathological
features of disease, looking at the striatum and cortex atrophy
and/or cell loss. In BACHD brains at late stage of disease (13
months of age), more than 95% of MSNs express dopamine and
cyclic AMP-regulated protein (32 kDa, also known as DARPP-32)
(58). We have used a sophisticated system for quantitative

immunofluorescence and morphometry to measure the expres-
sion of striatal spiny neuron-specific protein, DARPP-32, in
BACHD, DTg, Cryab Tg and WT mice (Fig. 5A and B). We found
fewer DARPP-32+ cells in BACHD striatum than in the other gen-
otypes. In theDTgmice, the numberof DARPP-32+ cellswas simi-
lar to those on WT and Cryab Tg mice (Fig. 5A and B).

Although HD is predominantly associated with degeneration
of the striatum, it also involves cortical areas (30). To measure
striatal and cortical neuronal cell loss, we stained brain sections
with the NeuN antibody, which recognizes neuron-specific nu-
clear protein (Fig. 5C–F). We observed a significant decrease of

Figure 5. αBc overexpression rescues the neurodegeneration caused by expression of full-length mhtt at 13 months of age in BACHD. Measurement of striatal DARPP-32-

positive cells and striatal corticalNeuN-positive cells in a:WT (n = 5), b: CryabTg (n = 5), c: BACHD (n = 8), d: DTg (n = 7). (A) Representative confocalmicrographs of DARPP-32

immunostaining and (B) DARPP-32 positive cells quantification plots. (C, E) Representative confocal micrographs of NeuN immunostaining in the striatum/medial

caudate/putamen (C) and M1/M2 cortex (E), followed by NeuN-positive cells quantification plots (D, F). Each field is 600 × 600 µm, and the scale bar represents 20 µm.

Values represent means ± SEM. *P < 0.05, one-way ANOVAwith multiple Tukey multiple comparisons correction.
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both striatal (Fig. 5C and D) and cortical (Fig. 5E and F) NeuN+
counts when compared with WT mice, Cryab Tg and DTg mice.
Taken together, our results indicate that astrocytic expression
of αBc is associated with a significant reduction in striatal and
cortical neuropathology in the BACHD model. Since astrocytic
overexpression of αBc significantly mitigates pathology in neu-
rons, it further suggests that αBc overexpression may be acting
in a non-cell-autonomous manner.

Discussion
No therapeutics directly and effectively target and remediate the
protein-misfolding events and selective neuronal vulnerability
associated with many devastating neurodegenerative disorders
(59). Therefore, approaches that target molecular chaperones
may be beneficial in protein conformational diseases.

In this study, we report for the first time the effect of the sHsp
αBc in a full-length mhtt model, the BACHDmouse. Expression of
αBc in astrocytes improved themotor (RotaRod and Balance Beam)
and cognitive performance (Water-T-maze) of the BACHDmice, as
well as neuropathological features associated with HD. Overall,
our data indicate that modulating the levels of αBc protect against
the progression of HD.

We hypothesize that αBc has an important modulatory role
during HD because the ability to effectively initiate the heat
shock response (HSR), and other homeostatic cellular pathways
(e.g. apoptosis, oxidative stress) in which αBc functions, are com-
promised duringHDdisease progression (60).We should also take
into account, as a chaperone with multi-functional capabilities,
αBc may alleviate stress by promoting ubiquitin/proteasomal
degradation of corrupt proteins (61,62), preventing apoptosis
(63–66) or by stabilizing intermediate filaments and the cytoskel-
eton integrity (67,68).

The most obvious candidate mechanism for chaperone-
mediated rescue of HD neurotoxicity is inhibiting or reversing
htt aggregate (fibrils/polymers) formation. Although mhtt is ex-
pressed in glial cells, the neuronal population contains most of
mhtt aggregates (4,69). Our results indicate that αBc modulates
mhtt levels and the features of IBs in a typical chaperonemanner.
Interestingly, however, the effect of this chaperone is via overex-
pressing αBc in astrocytes. Overexpression of chaperones may
reduce large IBs by preventing oligomer formation, andoligomeric
precursors may be the most toxic species (6,70,71). As with most
Hsps, sHps can also be important for protein stability and protein
turnover. Evidence suggests that affinity of αBc for its chaperone
substrates is modulated by its chaperone oligomerization status
and the functional structure of αBc is a dimer, which results
from interactions of β-strands in the α-crystallin domain (72,73).
Since the binding capacity can reach one substrate protein per
sHsp subunit, big chaperone oligomer structures (via sHsp oligo-
merized complexes) are major contributors to the chaperoning
capacity of the cell. It remains unclear how the decision to refold
or degrade a misfolded protein is made. Some small sHsps (αBc
and Hsp27) interact directly or indirectly with the proteasome
and form part of ubiquitin ligase complexes (αBc and HspB10)
that are involved in the proteasomal degradation of certain pro-
teins in a quite selective manner under stress conditions (74).
Thus, αBc could regulate mhtt protein levels by stabilizing mhtt
in IBs or by promotingmisfoldedmhtt refoldingwith the coopera-
tive help of other chaperone complexes, namely the Hsp70/Hsp40
machinery, as well as targeting it for proteosomal degradation.

But how could astrocytic αBc mediate this effect on neuronal
aggregation andmhtt levels? αBc is secreted in exosomes under a
variety of stress-related conditions (75). One possiblemechanism

of modulating neuronal IBs could be through αBc-mediated
extracellular signaling fromastrocytes to neurons. There is emer-
ging evidence that astrocyte-derived exosomes carry neuropro-
tective cargo and could contribute to neuronal survival (76).
Exosomes may execute their functions by distinct modes of ac-
tion: (1) internalization by target cells and cargo retrieval, (2)
binding to the cell surface and triggering secondmessenger path-
ways and (3) release of components into the extracellular matrix.
However, their interaction as well as their protein content with
target cells is not well understood at a mechanistic level (76). A
study using retinal pigment epithelial (RPE) cells (77) showed
that an increased uptake of exogenous αBc and protection from
oxidative stress and apoptosis by inhibition of caspase 3 and
PARP activation were observed in stressed RPE cultures. In this
manner, we speculate that exosomes containing αBc could pro-
tect both glia and neuronal population in BACHD from mhtt-de-
rived toxicity, as activation of caspase 3 and oxidative stress.
Future studies will be necessary to test this hypothesis.

In our BACHDmodel, we additionally observed that astrocytic
αBc overexpression resulted in protection of MSNs in the stri-
atum, as well as cortical neurons. This rescue effect of astrocytic
αBc on neurons further suggests that αBc confers neuroprotec-
tion in a non-cell-autonomous manner. The vast range of astro-
cytic functions, such asmaintaining homeostasis at the synapse,
regulating neuronal signaling, protecting neurons from oxidative
damage and glutamate uptake, may have wide-ranging implica-
tions for the pathogenesis of protein aggregation disorders
(78,79). HD, PD, spinocerebellar ataxia and ALS all demonstrate
non-cell-autonomous pathology inwhich glial expression ofmu-
tant proteins has a toxic effect on vulnerable neurons, suggesting
this may be a common feature of neurodegenerative disorders
(80). In addition, a marked decreased expression of both gluta-
mate transporters, GLAST and GLT-1, and of glutamate uptake,
in a HD mouse model, were associated with neuronal dysfunc-
tion as observed by a reduction of the DARPP-32 and NR2B ex-
pression (31). Also, viral delivery of potassium channels (Kir4.)
to striatal astrocytes restored Kir4.1 function, normalized extra-
cellular K(+), ameliorated aspects of MSN dysfunction, prolonged
survival and attenuated some motor phenotypes in R6/2 mice
(32). These studies togethermaysuggest astrocytes and ion chan-
nels and astrocytic-mediated transport as therapeutic targets.
Interestingly, αBc overexpression was shown to maintain astro-
cyte functions such as glutamate uptake in AxD mouse model
(26); however, we could not observe the same result in the
BACHDmice. Further studies will be necessary to test αBc overex-
pression in astrocytic-mediated ion transport and ion channels
expression in HD.

Co-culture of neurons with astrocytes from WT or BACHD
mice identified mutant astrocytes as a source of adverse non-
cell-autonomous effects on neuron energy metabolism possibly
by increasing oxidative stress (81). Therefore, BACHD astrocytes
may fail to provide adequate metabolic support to neurons. As
αBc overexpression in astrocytes is sufficient to protect BACHD
neurons in our study, it is possible that αBc is helping to restore
metabolic support in astrocytes (e.g. antioxidant protection and
glucose uptake) in DTgmice, protecting the neighboring neuron-
al population from mhtt-derived toxicity. Also, the chaperoning
ability of αBc could be functioning to restore dysfunctional pro-
teostasis in a general manner in astrocytes, leading to improve-
ment in astrocyte health and astrocyte-to-neuron signaling.
Overall, our studies indicate that astrocyte-mediated neuronal
protection could be an important component of a therapeutic
strategy for HD and other degenerative disorders with glial
involvement.
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In summary, our findings show that elevation of αBc in astro-
cytes may protect vulnerable neurons from mhtt toxicity, which
could lead to improvements in motor behavior and cognition, as
well as protecting against neuropathological deficits during
BACHD disease progression. Our data are consistent with the
possibility that metabolic deficiency in HD astrocytes plays a sig-
nificant role in disease progression. Restoration of this deficiency
by chaperones, such as αBc, may represent a mechanism of neu-
roprotection. Although the precise mechanism by which αBc
overexpression alleviates neurodegeneration in BACHD is not
fully understood, future studies will help to unravel the function
of αBc in complex interactions with mHtt and potential other
stressor targets in HD.

Materials and Methods
Animals and breeding strategy

Experiments involving mice were approved by the Institutional
Animal Care and Use Committee of the University of California,
San Francisco. Mice were housed, bred and maintained in com-
pliance with National Institutes of Health guidelines. BACHD
(BACHDtg)mice (34) were obtained fromWilliamYang (University
of California, Los Angeles). Cryab Tg (Cryabtg)micewithWTham-
ster Cryab gene under the control of the human GFAP promoter
(26) were obtained from Albee Messing (University of Wisconsin,
Madison). Both lines were maintained by breeding to WT FVB/NJ
animals from the Jackson Laboratory (Bar Harbor, ME). To test if
overexpression of αBc improved HD progression, we crossed the
Cryab Tg mice to BACHD mice. Progeny from this breeding in-
cluded CryabTg, BACHD, Cryabtg;BACHD (double transgenic,
DTg) and littermate controls, WT mice and were used for behav-
ioral studies and HD-associated neuropathological studies.

Genotyping

Mouse-tail DNA was analyzed by PCR to determine the geno-
types. The BACHD transgene was identified as described (34).
The Cryab transgene was identified as described (80).

Behavioral assays

For all behavior experiments, experimenters were blinded to
genotype. Experimental readouts were analyzed at 3, 7, 10 and
13 months for rotarod and balance beam to evaluate HD pheno-
type progression. All cages contained at least one mouse from
each genotype, andmice were given environmental enrichment.
Mice were subject to a 12-h light/dark cycle. Behavioral analysis
of WT, Cryab Tg, BACHD and DTg mice was done blind to
genotype.

Before starting the behavioral analyses at the first time point
(3 months), two mice from our cohort presented tumors in their
legs (one was WT and the other BACHD). In our water-T-maze
study (at 13 months), one mouse (from the double transgenic—
DTg group) was removed from testing because he was an aggres-
sive male that bit the tester during the pre-training phase. This
mouse’s aggressive behavior resulted in the need to house this
mouse singly and to be excluded from the last behavioral assay.
In both cases, these mice were excluded, but the exclusion was
not based on behavioral performance and so did not introduce
an obvious bias into the measurements.

Rotarod

An accelerating rotarod (Med Associates ENV-577M) was used to
analyze motor coordination and balance. Baseline behavior was

performed at 3 months, and mice were placed into balanced co-
horts based on sex, and genotype. Mice were trained three times
at a constant speed of 16 rpm for maximum of 300 s. During test-
ing, mice were subjected to beam acceleration of 4–40 rpm for a
maximum of 300 s, three times per session (1 day) for a total of
three sessions/days (39). Performancewas quantified bymeasur-
ing the latency to fall off of the rotarod apparatus.

Balance beam

The balance beam was also used to assess motor coordination
and balance. This test consisted of three sessions with three
trials in each session: one session of training, one session of test-
ing on large diameter beam and one session of testing on me-
dium diameter beam. Motor performance was assessed by
measuring the time it takes for the mouse to traverse the beam,
the number of hind paw slips and the number of falls during this
process (37).

Water T-maze

Normal phase swimming T-maze test
The full-length mHtt model—YAC128 mice—show multiple cog-
nitive deficits in swimming T-maze test (44). We decided to test
cognitive deficits in BACHD mice at 13 months.

Micewere tested to assess spatial learning andmemory. They
were placed in the base of a water-filled T-maze and trained to
swim to an escape platform located in the right or left arm of
the maze (mice were divided in two groups and trained to reach
the platform to the right or to the left side to be unbiased in the
test). Micemust learn to turn to the correct arm to reach the plat-
form directly.

During this test, mice received three trials per day for 7 days.
To successfully complete this task, mice must remember either
the location of or the path to the escape platform. Because FVB/
N mice have severe retinal degeneration at the age tested (81),
learning to swim to the correct arm of the maze likely relies on
internal rather than external cues.

Reversal phase swimming T-maze test
After 1 day of rest, we included a reversal phase to the swimming
T-maze test to assess the ability of themice to replace a previous-
ly learned strategy. For this test, the platformwas switched to the
opposite arm (used in the first phase) of the T-maze. Mice re-
ceived three trials per day for 5 days.

For the two phases of the T-maze test, the time to reach the
platform, the swim velocity and the distance taken to reach the
platform were recorded. Swimming through the incorrect arm
was arbitrarily given a score of 0,whereas swimming into the cor-
rect arm where the platform was located was given a score of 1.

Protein extraction

Mice were anesthetized with Avertin (tribromoethanol, 250 mg
per kg) and perfused transcardially with 0.9% saline. Brains
were removed, microdissected in ice-cold PBS and homogenized
in ice-cold standard RIPA buffer (150 mMNaCl, 1%NP-40, 0.1% so-
dium dodecyl sulfate, 0.5% sodium deoxycholate, 50 mMTris, pH
7.4) supplemented with complete protease inhibitors (Roche Ap-
plied Science) and spun at 14 000 × g for 20 min at 4°C.

Western blotting

Proteins (10–20 μg/well) were separated on a 4–12% NuPAGE Bis-
Tris gel (Life Technologies) and transferred onto nitrocellulose
membranes, which were incubated for 1 h in 5% bovine serum
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albumin (Sigma-Aldrich) diluted in Tris-buffered saline contain-
ing 0.05% Tween (BSA-TBST). Immunoblots were probed and in-
cubated overnight at 4°C in rabbit anti-αBc (1:1000, Stressgen),
4H7H7 (1:5000), 1C2, (Millipore, MAB1574, 1:3000), anti-Htt 2166
(Millipore, mAb2166, 1:3000) or anti-B-tubulin (Abcam, ab6046,
1:20000) antibodies diluted in BSA-TBST. Appropriate IRDye sec-
ondary antibodies (LI-COR Biosci) were used at a 1:20 000 dilution.
Images were captured with the Odyssey CLx (LI-COR Biosci).

Neuropathology

Mice were anesthetized with avertin (tribromoethanol, 250 mg/
kg) and perfused with saline. Hemi-brains were then drop fixed
in 4% paraformaldehyde for 48 h. For mhtt inclusions, multiple
perfusion-fixed brains were embedded in gelatin blocks, post-
fixed and freeze-cut into coronal 35 μm sections in 24 sequential
series (NeuroScience Associates Inc., Knoxville, TN). These were
stored at −20°C in cryoprotectant as individual series of sections
and stained for mhtt-derived aggregates with an affinity purified
preparation of the sheep anti-htt antibody S830 (30 ng/mL) under
uniform free-floating conditionsmodified fromprevious descrip-
tions (82). Binding was visualized using ultra-sensitive HRP-
based Ni++/DAB immunohistochemistry. Images (590 μ × 470 μ)
were collected with a Nikon DS-RI1 Digital Sight camera on a
Nikon Eclipse Ni microscope under control of NIS-Elements
V4.30. Extended depth-of-field images were converted to gray
scale and numbers and size of immunoreactive inclusion bodies
determined using Fiji-ImageJ.

For striatal and cortical counts: Fixed brains were sectioned into
40 μm sections with a Leica Vibratome in 24 sequential series.
Free-floating sections were incubated in either 10% goat or
donkey serum in 0.1% Triton X-100 for 1 h before incubation
with primary antibodies at 4°C for 24 h. Sections were then im-
munostained with anti-DARPP32 (1:1000, Cell Signaling) and
NeuN (1:1000, Chemicon). The specific areas analyzed were stri-
atum/medial caudate/putamen and M1/M2 cortex. For all neuro-
pathological analysis, at least three sections were analyzed per
mouse and for each section and each area (cortex or striatum),
we obtained six to seven fields of view/micrographs and cell
counts were averaged per area/per mice. For comparison across
genotypes, we selected sections from the same sequential series.
Confocal micrographs for DARPP-32- and NeuN-positive cells
were analyzedwith original proprietary programs that werewrit-
ten in MATLAB.

The following steps used on a Matlab Script were used for
all images from the different groups of mice and analyzed
simultaneously.

1. The script first reads the input image and filters it using an
adaptive thresholding method based on the paper ‘Adaptive
Thresholding for the DigitalDesk’ by Pierre Wellner (83). We
usedmedian filtering and relative thresholds instead of abso-
lute as they gave more accurate results.

2. After thresholding, we end up with a binary image where the
objects of interest are labeled with 1’s. This image also has
some noise in the form of small white objects that need to
be removed. Hence, we use morphology to remove all objects
that are smaller than 200 pixels in area. This helps cleanup
the thresholded image, and we are left with the cells of inter-
est (that will be examined/reviewed to counteract possible
shrunken and smaller cells to avoid therefore a different cell
count in one of the genotypes compared with the other; this
revision is done blindly for each genotype). The images below
illustrate the application of this algorithm to image data, and

demonstrate that the program is capable of accurately identi-
fying and counting cells as objects, despite a fairly wide vari-
ation in cell size and morphology.

3. After morphological cleanup, we still need to process these
images further because there may be touching cells that
need to be separated. This is done using a recursivewatershed
method to split merged objects, as described in (84) for the it-
erative watershed method.

4. At this point, wenowhave separate objects in each image that
we count for each image. (see example in the Supplementary
Material, Fig. S3).

The program applies a constant threshold for pixel intensity to
quantify cell diameter among four genotypes in an unbiased
manner. Results from the analysis program were reviewed and
minimally hand curated to avoid artifacts (false-negative cells)
and to make sure that if neurons did shrink in size, they did not
fall below a certain area to be counted. For all studies, the experi-
menter was blind to the genotype of the mice.

Statistical analyses

All data are expressed as themean ± SEM. Variances between two
groups were compared by F-test and differences between two
groups by unpaired Student’s t-test (two-tailed, unless indicated
otherwise in the figure legends). Differences among multiple
groups were assessed by one-way or two-way ANOVA, followed
by Tukey multiple comparisons post-hoc tests, as specified in
the figure legends. Correlations were assessed by linear regres-
sion and Spearman’s correlation. Null hypotheses were rejected
at P < 0.05. All statistical analysis was performed using Prism
(Graphpad, GraphPad Prismv6.0; GraphPad Software La Jolla, CA).

To address concerns related with winner’s curse on our data,
we presented a very common summary statistic, Cohen’s d,
whose single value can be plugged directly into standard statis-
tical software (such as R, SAS, SPSS, STATA) or online sample
size calculators (http://www.danielsoper.com/statcalc3/calc.
aspx?id=47) to calculate the required sample size. If readers
want to address issues of potential upward bias of the effect
size, they could scale the estimate of the Cohen’s d by say 30%
and then use this smaller effect size to calculate the necessary
sample size (Supplementary Material, Tables S1–S5).

Supplementary Material
Supplementary Material is available at HMG online.
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