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Abstract

White matter (WM) abnormalities are a well-established feature of Huntington disease (HD), although their nature is not fully
understood. Here, we asked whether remyelination as a measure of WM plasticity is impaired in a model of HD. Using the
cuprizone assay, we examined demyelination and remyelination responses in YAC128 HD mice. Treatment with 0.2% cuprizone
(CPZ) for 6 weeks resulted in significant reduction in mature (GST7t-positive) oligodendrocyte counts and FluoroMyelin staining
in the corpus callosum, leading to similar demyelination states in YAC128 and wild-type (WT) mice. Six weeks following
cessation of CPZ, we observed robust remyelination in WT mice as indicated by an increase in mature oligodendrocyte counts
and FluoroMyelin staining. In contrast, YAC128 mice exhibited an impaired remyelination response. The increase in mature
oligodendrocyte counts in YAC128 HD mice following CPZ cessation was lower than that of WT. Furthermore, there was no
increase in FluoroMyelin staining compared to the demyelinated state in YAC128 mice. We confirmed these findings using
electron microscopy where the CPZ-induced reduction in myelinated axons was reversed following CPZ cessation in WT but not
YAC128 mice. Our findings demonstrate that remyelination is impaired in YAC128 mice and suggest that WM plasticity may be
compromised in HD.
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Introduction

Myelin sheaths are among the most specialized forms of plas-
ma membrane found in vertebrates [1]. Along with the oligo-
dendrocytes that produce them, they play a critical role in
central nervous system (CNS) function by facilitating efficient
neurotransmission and supporting energetic demands of axons
[1]. While the majority of oligodendrocytes are generated ear-
ly in post-natal development [2], a substantial population of
proliferative and largely self-sustaining oligodendroglia
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progenitors remains undifferentiated in the mature CNS [3].
In the healthy adult brain, oligodendrocytes are formed con-
tinuously from this pool of cells, fueling important processes
such as myelin remodeling, internode replacement, adaptive
myelination during skill acquisition, and remyelination during
aging [4]. Indeed, while most myelination occurs early in life as
part of an innate program of myelin development [5],
myelination processes are still very relevant in the adult brain,
allowing it to exhibit considerable plasticity and, more crucially,
to combat a range of metabolic and immune insults which can
cause demyelination and lead to neurodegeneration [6, 7]. Thus,
impairments in white matter (WM) plasticity in adulthood
would be expected to contribute to neurological dysfunction.
Huntington disease (HD) is a progressive neurodegenera-
tive disorder and the most common genetic cause of dementia
[8]. The disease is characterized by a constellation of motor,
cognitive, and psychiatric features and remains without a cure.
Research efforts to date have largely focused on dissecting the
pathogenic processes leading to the prominent atrophy of the
caudate and putamen seen in the disease [9, 10]. Recent evi-
dence however also points to WM pathology as an early and
potentially primary deficit in HD. Longitudinal imaging stud-
ies have shown progressive WM atrophy in prodromal indi-
viduals carrying the HD mutation as well as patients in early
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stages of disease [11-15]. Imaging studies have further shown
that WM abnormalities correlate with the length of the etio-
logic HTT CAG repeat expansion in patients with HD [16].
We and others have also shown that WM and myelination
abnormalities appear early during development and before
the manifestation of behavioral deficits and neuronal atrophy
in murine models of HD [17-22]. However, it is not clear
whether WM plasticity is affected in HD.

Here, we examined the remyelination response follow-
ing a demyelinating insult in the YAC128 mouse model of
HD [23] as a measure of WM plasticity. The YAC128
mice express the full-length human H77T gene and recapit-
ulate key features of the disease, including early WM ab-
normalities [20, 24]. We employed cuprizone (CPZ) treat-
ment, a well-characterized model of demyelination [25], to
cause degeneration of mature myelinating oligodendro-
cytes and demyelination in wild-type (WT) and YAC128
HD mice. Cessation of CPZ treatment allows regeneration
of oligodendrocytes from oligodendrocyte progenitor cells
and for remyelination to take place [25]. By evaluating the
density of mature oligodendrocytes, the myelinated area,
and the proportion of myelinated axons in the corpus
callosum, the largest WM structure in the brain, we were
able to compare the demyelination state and remyelination
response between WT and YAC128 HD mice. Our find-
ings indicate a compromised remyelination response in
YAC128 mice and suggest that WM plasticity may be
impaired in HD.

Material and Methods

Animals Male YAC128 HD mice (line 53) expressing a full-
length human HTT transgene with 128 CAG repeats
maintained on the FVB/N strain were used [23]. Mice
were housed with littermates of mixed genotype in
groups of 2—5 on a 12-h light/dark cycle with free access
to food and water. All experiments were performed with
the approval of the Institutional Animal Care and Use
Committee (IACUC no. 151067) at Biological Resource
Centre (BRC), A*STAR.

Cuprizone Treatment Cuprizone (Sigma) (0.2%) was pelleted
in Teklad 2918 feed (Harlan). Eight- to ten-week old mice
were allowed to feed ad libitum, and the pellets were changed
every 2 days for 6 weeks. For recovery, the mice were
switched to the normal pelleted Teklad 2918 (Harlan) diet
for a further 6 weeks.

Immunohistochemistry and Stereological Measurements The
mouse brains were removed and left in 4% paraformaldehyde
overnight before being washed three times with PBS. They
were then transferred to a 30% sucrose solution containing
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0.08% sodium azide in PBS for cryoprotection. After the
brains had sunk (~24 h), they were weighed, snap frozen in
isopentane chilled with dry ice, and stored at —80 °C. The
brains were mounted with Tissue-TEK O.C.T. compound
(Sakura, Torrance, CA, USA) and sliced coronally into
25-um sections on a cryostat (Microm HM 525, Thermo
Scientific) and were collected from approximately Bregma
1.10 to —0.22 free floating in PBS with 0.08% sodium azide
before storage at 4 °C. A series of 9-12 coronal sections
spaced 600 pwm apart were stained with a primary rabbit anti-
body against GST7t (MBL no. 311) overnight at 4 °C, follow-
ed by incubation with a biotinylated anti-rabbit antibody
(1:200; Vector Laboratories, Burlingame, CA, USA). The sig-
nal was amplified with an ABC Elite kit (Vector) and detected
with diaminobenzidine (Pierce). Cell counts in the corpus
callosum were determined from a series of mounted sections
using Stereolnvestigator software (Microbrightfield,
Williston, VT, USA) by tracing the perimeter of the corpus
callosum in serial sections. To visualize myelin, FluoroMyelin
(Thermofisher) was used with the manufacturer’s protocol
adapted for our usage. Briefly, the slices were permeabilized
in PBS with 0.2% Triton X-100 for 40 min before incubating
in FluoroMyelin (1:400) for 30 min. After washing in PBS,
the slices were mounted on slides and visualized with a Nikon
Ni-E upright microscope.

Transmission Electron Microscopy Mice were transcardially
perfused with 2.5% glutaraldehyde and 2.5% PFA in
0.1 M sodium cacodylate buffer before post-fixing the
brains overnight at 4 °C in the same buffer, and then sub-
sequently washing in phosphate-buffered saline. Brain
samples were sent to the Harvard Medical School EM unit
for further processing. Briefly, coronal slices at the level of
Bregma — 1 mm were made from the central part of the
corpus callosum before post fixation in a 1% osmium te-
troxide and 1.5% potassium ferrocyanide solution for 1 h.
After washing with a 1% uranyl acetate in maleate buffer,
the samples were dehydrated, infiltrated with epon, embed-
ded and polymerized at 60 °C for 2 days. Ultra-thin slices
(100 nm) were cut before imaging on a TEM. For image
analyses, Stereolnvestigator vl1 was employed to allow
for systematic random selection of axons, with ~ 150 axons
analyzed per brain.

Statistics

Data are expressed as means += SEM. Statistical significance
was determined by one- or two-way ANOVA with Fisher’s
LSD post hoc test. Cumulative frequencies of g-ratios were
analyzed using the unpaired two-tailed Kolmogorov-Smirnov
test. Differences were considered statistically significant when
p<0.05.
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Results

CPZ treatment is a well-characterized and widely used exper-
imental approach to study oligodendrogenesis and
myelination in adulthood [25]. In this assay, acute CPZ treat-
ment causes degeneration of mature oligodendrocytes and
subsequent demyelination. These effects of CPZ are thought
to be induced by copper chelation which results in enzymatic
and metabolic dysfunction leading to elevated oxidative and
ER stress along with amino acid deficits and disturbed myelin
lipid and protein synthesis [25]. These abnormalities, which
appear to affect mature oligodendrocytes preferentially, ulti-
mately result in disintegration of myelin sheath and induction
of apoptosis [25]. Following cessation of CPZ,
oligodendrogenesis is stimulated in the adult brain and results
in recovery through de novo myelination [25]. We treated
YACI128 and WT littermates with a CPZ-supplemented diet
and assayed their myelination status after 6 weeks of treatment
(Fig. 1). The density of GST7+ mature oligodendrocytes was
significantly lower in control YAC128 HD compared with
WT mice (Fig. 2a, Supplementary Fig. 1A—C). Treatment
with CPZ resulted in a significant decrease in GST7t+ mature
oligodendrocyte densities in both WT and YAC128 mice com-
pared to their respective controls (Fig. 2a). Furthermore, the
densities of GST7+ oligodendrocytes were not different be-
tween YAC128 and WT mice following CPZ treatment
(Fig. 2a).

We next evaluated the extent of demyelination in the
corpus callosum by staining with FluoroMyelin, a fluores-
cent dye that has selectivity for myelin (Fig. 2b) [26]. CPZ
treatment resulted in demyelination as indicated by the
significant decrease in the area of FluoroMyelin-positive
staining in both WT and YAC128 mice compared to their
respective controls (Fig. 2¢). The extent of demyelination,
which largely reflects loss of myelin in the external capsule
region of the corpus callosum, was similar between WT
and YAC128 HD mice (Fig. 2c). There was no difference
in area of FluoroMyelin-positive staining between
YAC128 and WT mice at baseline, consistent with the lack
of corpus callosum atrophy in YAC128 HD mice at this age
range [17]. We also assessed the intensity of FluoroMyelin
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Fig. 1 Experimental design of the cuprizone demyelination assay. To
induce demyelination, 8-week-old YAC128 HD and littermate WT mice
were placed on a 0.2% cuprizone diet for 6 weeks (wk). To allow for
spontaneous remyelination, cuprizone diet was replaced with control diet
for 6 additional weeks. DM = demyelinated, RM = remyelinated, Tx =
treatment

staining which reflects myelin content. While CPZ treat-
ment resulted in a marked decrease in WT mice compared
to corresponding controls, no difference was seen between
CPZ- and control-treated YAC128 HD mice (Fig. 2d).
There was no difference in the intensity of FluoroMyelin
staining between WT and YACI128 following CPZ treat-
ment (Fig. 2d). These results indicate that CPZ treatment
leads to similar demyelinated states in YAC128 HD and
WT mice.

Following demyelination, cessation of CPZ treatment
leads to recovery and remyelination [25]. On the cellular
level, the densities of GST7t+ mature oligodendrocytes in-
creased significantly following CPZ cessation in both WT
and YAC128 HD mice (Fig. 3a). However, the increase in
WT mice was significantly greater than in YAC128 HD
mice (Fig. 3a). Staining with FluoroMyelin (Fig. 3b)
showed that while the myelin-positive area was signifi-
cantly increased following CPZ cessation in both WT and
YAC128 HD mice (Fig. 3¢), the amount of myelin as rep-
resented by the intensity of the FluoroMyelin-positive
staining increased in WT mice only (Fig. 3d). These results
indicate that remyelination is compromised in YAC128
HD mice.

To examine the demyelination and remyelination re-
sponses on the ultrastructural level, we performed elec-
tron microscopy imaging of the corpus callosum
(Fig. 4a—c). Consistent with the changes in GSTmt-
positive oligodendrocytes and FluoroMyelin-positive area
indicating demyelination, we observed a significant de-
crease in the percentages of myelinated axons both WT
and YACI128 mice post-CPZ treatment (Fig. 4d).
Following CPZ cessation and recovery, the percentage
of myelinated axons increased significantly in WT mice
(Fig. 4d). In contrast, no increase in the percentage of
myelinated axons was observed in YAC128 HD follow-
ing CPZ cessation (Fig. 4d).

Another indicator of remyelination is the presence of
thinner myelin sheaths [27]. We evaluated g-ratios, calcu-
lated as the ratio of axon caliber to total fiber caliber, as a
measure of myelin thickness. In WT mice, cumulative fre-
quency analysis revealed a shift towards higher g-ratio
values following cessation of CPZ treatment and recovery,
consistent with thinner myelin sheaths and a successful
remyelination response (Fig. 4e). A similar phenotype
was observed in YAC128 HD mice, with the cumulative
frequency curves showing a shift towards higher g-ratio
values in the remyelination group compared with the de-
myelination one (Fig. 4f) indicating thinner myelin
sheaths and remyelination. These results suggest that
remyelination post-CPZ cessation is present in the
YAC128 HD mice, although to a lower extent than that
seen in WT mice as indicated by the reduced proportion of
myelinated axons observed.
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Fig. 2 Cuprizone treatment leads to demyelination in WT and YAC128
HD mice. a The density of GST7-positive mature oligodendrocytes in the
corpus callosum (CC) was significantly lower following cuprizone-
induced demyelination (DM) compared to age-matched controls
(CTRL) for both WT and YAC128 mice (two-way ANOVA: interaction
p=0.0163, genotype p = 0.0026, treatment p <0.0001). b FluoroMyelin
staining of the corpus callosum in control and demyelinated WT and
YACI128 mice. Inverted fluorescent images shown. ¢ Quantification of
FluoroMyelin-positive CC area showing significant demyelination in

CPZ-induced demyelination is accompanied by an infiltra-
tion of microglia and astrocytes which can influence demyelin-
ation as well as recovery and remyelination following CPZ
cessation [28, 29]. Assessment of Ibal+ cells showed a signif-
icantly higher infiltration of microglia following demyelination
but similar levels following remyelination in WT compared
with YAC128 HD mice (Fig. 5a, Supplementary Fig. 1D-F).
In contrast, quantification of GFAP+ cells revealed a similar
level of astrogliosis following demyelination but a significantly
higher level following remyelination in WT compared with
YAC128 HD mice (Fig. 5b, Supplementary Fig. 1G-I). These
results suggest that the increase and resolution of Ibal+ microg-
lia are likely to have a minor contribution to the differences in
post CPZ-induced recovery between the WT and YAC128
groups. On the other hand, the significantly larger numbers of
GFAP+ astrocytes in WT compared to YAC128 mice during
the recovery phase indicates that remyelination-promoting as-
trocytes may contribute to the difference in remyelination ob-
served between WT and YAC128 HD mice.
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YAC128 and WT mice (two-way ANOVA: interaction p = 0.9810, geno-
type p =0.5166, treatment p = 0.0005). d Quantification of the intensity
of FluoroMyelin staining in the CC demonstrates significant decrease
following demyelination in WT but not YAC128 mice (two-way
ANOVA: interaction p <0.0001, genotype p <0.0001, treatment
»<0.0001). N=4-7 for WT-CTRL, 4-7 for WT-DM, 5-6 for
YAC128-CTRL, and 4-7 for YAC128-DM; Two-way ANOVA with
Fisher’s LSD post-hoc test. *p <0.05, **p <0.01, ***p <0.001, n.s.=
not significant

Discussion

Accumulating evidence points to myelination and WM abnor-
malities as early pathological features in HD. Imaging studies
have demonstrated the presence of WM atrophy and abnormal
myelin microstructure in prodromal HD [11, 30-34]. These
observations have been recapitulated in animal models of HD
where myelin pathology appears during development and pre-
cedes neuronal atrophy, implicating primary oligodendroglial
dysfunction in these deficits [17-20]. Here, we first show that
CPZ treatment leads to similar demyelination states in
YACI128 HD and WT mice as measured by mature (GST7t-
positive) oligodendrocyte counts, FluoroMyelin staining, and
the proportion of myelinated axons in the corpus callosum.
We then demonstrate using these measures that the
remyelination response is impaired in YAC128 HD mice.
Our findings provide evidence that in addition to the deficits
in innate myelination, the ability to remyelinate may be com-
promised in HD. Our results here are also consistent with our
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Fig. 3 Remyelination response in the corpus callosum of WT and
YAC128 HD mice. a The increase in GST7-positive mature oligoden-
drocytes following remyelination was significantly lower in YAC128 HD
compared with WT mice (two-way ANOVA: interaction p = 0.0511, ge-
notype p=0.0108, treatment p <0.0001). b FluoroMyelin staining in
demyelinated and remyelinated WT and YAC128 mice. Inverted fluores-
cent images shown. WT- and YAC128-DM images from Fig. 2
reproduced here for ease of comparison. ¢ Quantification of
FluoroMyelin-positive area shows significant increases following

recent study demonstrating altered myelination in response to
environmental manipulation (i.e., manipulation of microbiota)
in the BACHD mouse model of HD [35].

Deformation and degeneration of myelin sheaths have been
shown to develop with aging, even in the absence of specific
disease conditions [36, 37]. Neuropathological studies have
suggested that axonal damage and degeneration are more like-
ly to occur in demyelinated regions compared with
remyelinated ones [38, 39]. The associated loss of WM integ-
rity is increasingly being recognized as a major contributor to
age-related cognitive decline [40, 41]. The evidence also links
new oligodendrocyte differentiation and de novo myelination
in adulthood with the acquisition of new skills such as motor
learning [42, 43]. Thus, the ability to renew, replace, and re-
model myelin sheaths throughout adulthood is key to healthy
brain aging, underscoring the life-long importance of myelin
and WM plasticity. In this context, our results of impaired
remyelination in YAC128 mice suggest that the neurological
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remyelination in both WT and YAC128 (two-way ANOVA: interaction
p=0.8888, genotype p =0.6011, treatment p = 0.0049). d Quantification
of the intensity of FluoroMyelin staining demonstrates a significant in-
crease following remyelination in WT, but not YAC128, mice (two-way
ANOVA: interaction p <0.0001, genotype p<0.0001, treatment
p<0.0001). N=4-7 for WI-DM, 4-8 for WI-RM, 4-7 for YAC128-
DM, and 4-7 for YAC128-RM; two-way ANOVA with Fisher’s LSD
post hoc test. *p <0.05, **p <0.01, ***p <0.001, n.s. = not significant.
DM = demyelinated, RM = remyelinated

manifestations in HD, including the cognitive deficits, may be
in part a consequence of compromised WM plasticity in HD.

Many aspects of myelin sheaths and myelination have been
shown to be amenable to change in adulthood. These include
thickening, thinning, and replacement of existing myelin
sheaths, lengthening or shortening of internodal segments as
well as de novo myelination of unmyelinated axons and axo-
nal segments [44]. On the cellular level, myelin plasticity and
in particular remyelination typically involves activation, mi-
gration, and differentiation of oligodendrocyte progenitor
cells, the largest population of proliferating cells in the mature
CNS, followed by maturation of the newly formed oligoden-
drocytes [6]. While the different forms of myelin plasticity
have been well documented, the mechanisms underlying
many of these adaptive and regenerative changes remain to
be defined. One mechanism of myelin plasticity that has been
shown to influence motor learning is myelin-regulatory factor
(MYRF)-dependent oligodendrocyte maturation [42].

@ Springer
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Fig. 4 Ultrastructural analysis of myelinated axons following
demyelination and remyelination in the corpus callosum of WT and
YAC128 HD mice. a—¢ Representative electron microscopy images of
the corpus callosum of WT mice belonging to the (a) control, (b)
demyelination, and (¢) remyelination groups. Scale bar=1 pm. d
Cuprizone-induced demyelination resulted in a significant reduction in
the percentage of myelinated axons compared to respective controls for
both WT and YAC128 HD mice. Following remyelination, the

Conditional deletion of MYRF in adult mice was shown to
blunt the maturation of newly formed oligodendrocytes and
impair the ability of the mice to learn a complex motor skill
[42, 43]. In animal and cellular models examining oligoden-
droglial function in HD, the activity of a number of transcrip-
tion factors involved in oligodendrocyte differentiation and
maturation, including MYRF, OLIG2, and SOX10, has been
shown to be blunted, an effect that was paralleled by oligo-
dendrocyte dysfunction and hypomyelination [45]. Thus, it is
likely that the compromised remyelination response we ob-
serve in YAC128 HD mice involves impairments in one or
more of these transcriptional regulators of oligodendrocyte
differentiation and maturation. Such impairments may also
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percentage of myelinated axons increased significantly in WT, but not
YACI128 HD, mice (one-way ANOVA: p =0.0124). e, f Cumulative fre-
quency plot of g-ratios following demyelination and remyelination for (e)
WT and (f) YAC128 mice. N = 3/group; ~ 150 axons quantified per ani-
mal. One-way ANOVA with Fisher’s LSD post hoc test for (d) and un-
paired two-tailed Kolmogorov-Smirnov test for (e) and (f). *p <0.05,
*#p<0.01, n.s. =not significant. CTRL = control, DM = demyelinated,
RM = remyelinated

underlie not only the deficits in mature oligodendrocytes
counts in YAC128 HD mice we observe at baseline but fol-
lowing remyelination as well.

Myelin membranes comprise the largest pool of free cho-
lesterol in the body [46], and conditions in which cholesterol
synthesis is blunted lead to impaired myelination [47]. This
signifies the importance of adequate supply of cholesterol for
myelin sheath biogenesis and maturation. Deficits in choles-
terol metabolism in HD are well-documented [48—51] and
have been suggested to be mediated at least in part via im-
paired PGCla activity [18, 52, 53], and to contribute to
hypomyelination in HD [18, 54]. Our findings of blunted in-
tensity of FluoroMyelin, a lipophilic dye [26], in HD mice at
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of Ibal+ cells show significantly higher infiltration of microglia
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b Quantification of GFAP+ cells shows a similar level of astrogliosis

baseline and following remyelination support the notion of
altered myelin lipid composition and suggest that impairment
in oligodendroglial function including the capacity to
remyelinate is likely to be partly the result of deficits in lipid
metabolism. This possibility further suggests that strategies
aimed at restoring lipid metabolism [55] may lessen oligoden-
droglial dysfunction in HD.

In addition to autonomous deficits in oligodendroglia, non-
intrinsic factors may also contribute to the impaired
remyelination response in YAC128 HD mice. For example,
neuronal activity and axonal signals have been shown to pro-
mote oligodendrogenesis and to play a key role during
myelination, demyelination, and remyelination [56—58].
Similarly, microglia and astrocytes can influence oligodendro-
cyte differentiation and remyelination efficiency [28, 29, 59,
60]. Mutant HTT has been shown to precipitate a number of
synaptic and neuronal aberrations that impact axonal signaling
[61]. Moreover, abnormal activity of astrocytes and microglia
is also well documented in HD [62, 63]. As such, mutant
HTT-mediated abnormalities in axonal signaling, microglial
or astrocytic responses may contribute to the impairment in
WM plasticity in HD. In our study, the number of callosal
astrocytes, but not microglia, was significantly elevated in
the remyelinated WT mice compared with the YAC128 HD
group, suggesting that differences in the astrocytic response
may contribute to the compromised remyelination observed in
YAC128 HD mice.

In summary, our study provides evidence that mutant HTT
impacts myelination not only during development but also in
adulthood, which may impair myelin plasticity and interfere
with the repair of age- and disease-related myelin damage in
HD. Our findings also raise a number of questions for future
studies: to what extent does mutant HTT accelerate the rate of
decline in WM plasticity relative to what is observed during
normal aging? Which aspects of the disease are most likely to
reflect impaired WM plasticity and may therefore benefit from
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following demyelination but a significantly higher level following
remyelination in WT compared with YAC128 HD mice (one-way
ANOVA: p <0.0001). One-way ANOVA with Fisher’s LSD post hoc test.
*p <0.05; **p<0.01; ***p <0.001, n.s. =not significant. CTRL = con-
trol, DM = demyelinated, RM = remyelinated

therapeutic approaches targeting this mechanism? In addition
to providing insulation and facilitating neurotransmission, ol-
igodendrocytes are a major source of metabolic and trophic
support to axons, contributing to their integrity and viability
[64, 65]. Hence, do impairments in WM plasticity signify
broader deficits in oligodendroglial function such as metabolic
and trophic support that may contribute to the axonal degen-
eration observed in HD? Altogether, our findings support the
need for future studies to address the contribution of WM
abnormalities to the clinical manifestations of HD and to eval-
uate their potential as targets for therapy in HD.
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