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Abstract

Pathogenesis of the inherited neurodegenerative disorder Huntington’s disease (HD) is progressive with a long presymptomatic phase
in which subtle changes occur up to 15 years before the onset of symptoms. Thus, there is a need for early, functional biomarker to
better understand disease progression and to evaluate treatment efficacy far from onset. Recent studies have shown that white matter
may be affected early in mutant HTT gene carriers. A previous study performed on 12 months old Ki140CAG mice showed reduced
glutamate level measured by Chemical Exchange Saturation Transfer of glutamate (gluCEST), especially in the corpus callosum. In this
study, we scanned longitudinally Ki140CAG mice with structural MRI, diffusion tensor imaging, gluCEST and magnetization transfer
imaging, in order to assess white matter integrity over the life of this mouse model characterized by slow progression of symptoms.
Our results show early defects of diffusion properties in the anterior part of the corpus callosum at 5 months of age, preceding gluCEST
defects in the same region at 8 and 12 months that spread to adjacent regions. At 12 months, frontal and piriform cortices showed
reduced gluCEST, as well as the pallidum. MT imaging showed reduced signal in the septum at 12 months. Cortical and striatal atrophy
then appear at 18 months. Vulnerability of the striatum and motor cortex, combined with alterations of anterior corpus callosum,
seems to point out the potential role of white matter in the brain dysfunction that characterizes HD and the pertinence of gluCEST
and DTI as biomarkers in HD.

Introduction cells through combination of gain and loss of function

Huntington’s disease (HD) is an inherited neurodegen- ~ mechanisms (3).

erative disease characterized by a triad of symptoms.
While the disease is well known for its most promi-
nent motor symptoms (chorea, dyskinesia and dysto-
nia), many non-motor manifestations also occur early
including olfactory deficits, sleep disorders, psychiatric
signs such as depression, perturbation of emotivity and
irritability. Cognitive deficits are also observed including
loss of mental flexibility/adaptation and defective pro-
cedural memory (1). Despite tremendous efforts made,
thereis currently no therapy to cure the disease or to slow
its progression, resulting in a fatal outcome 10-15 years
after the onset of symptoms in young individuals. The
disease is caused by a mutation consisting of an abnor-
mal expansion of CAG repeats in the exon 1 of the HTT
gene coding the protein huntingtin (htt) (2). This leads to
an expansion of a poly-glutamine tract in the N-terminal
part of the protein. Mutant htt (m-htt) is toxic to brain

Non-motor manifestations in m-HTT gene carriers
are among the earliest to occur and are very disabling
features in young individuals. Several studies suggested
that they could occur many years before the onset
of the motor symptoms of the disease (4,5). However,
these manifestations can be highly variable from one
patient to the other and their use as clinical readouts
for future treatment evaluation is difficult, as it requires
large cohort sizes. Similarly, the intra- and inter-subject
variability of motor symptoms, although lower than
that of non-motor signs, also limits their use to monitor
disease progression (6,7).

In addition to symptoms, neuroimaging methods likely
represent a crucial non-invasive approach to charac-
terize in a quantitative manner the progression of the
disease at the individual level. The preferential atrophy
and dysfunction of the striatum first evidenced as the
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most striking neuropathological finding in post-mortem
HD brain samples (8,9) was confirmed more than two
decades ago by founding studies using CT, MRI and PET
scanners even in patients at early stages of the dis-
ease (10,11). Recent work showed that the atrophy of
the striatum as measured by MRI is currently the best
biomarker of disease progression in HD gene carriers
(12,13). However, despite a good correlation between stri-
atal atrophy and disease severity (14), atrophy provides
only limited information about HD pathogenesis and is
probably the long-term consequence of subtle biological
modifications that occur many years before macroscopic
alterations. In addition, numerous studies suggested that
volume alterations could occur simultaneously in sev-
eral other brain structures such as cortical and sub-
cortical regions (15,16) as well as white matter (WM)
(17,18). Therefore, focusing only on striatal atrophy is
too limiting to capture the extent of different biological
processes involved in HD. Thus, there is a need to find
more predictive, functional and earlier biomarkers for
a better understanding of disease pathogenesis and to
monitor its progression. Moreover, in the perspective of
future therapeutic interventions aiming at slowing down
disease progression before onset of disabling symptoms,
such biomarkers would be extremely useful to evaluate
drug engagement and biological efficacy.

Interestingly, recent studies pointed out early alter-
ations of WM and fiber tracks in HD concomitantly
with atrophy measured in gray matter (GM) (17,19).
Furthermore, longitudinal studies performed in large
cohorts of HD gene carriers such as TRACK-HD iden-
tified a good correlation between atrophy measured in
frontal and posterior WM and disease progression in
presymptomatic HD patients (14,20). Early WM changes
have also been reported in animal models of HD where
anomalies of WM tracks were found using MRI (21,22).
In addition, the presence of m-htt in oligodendrocytes
of knock-in mice has been shown to lead to abnormal
myelination and apparition of neurological symptoms
(23,24). Although WM changes have been considered as
a consequence of GM loss for many years, numerous
studies provided strong evidence of the major role of
WM alterations in HD physiopathology, independently of
neuronal cell loss (25-27). Therefore, WM modifications
might be one of the early hallmarks of the disease and
could constitute a key biomarker, especially during the
presymptomatic phase of the disease.

Further investigations are needed to characterize
WM changes induced by HD pathological processes,
and neuroimaging methods can provide valuable tools
to address this question. MRI can be used to assess
non-invasively several aspects of the pathology, going
from neuro-metabolic modifications to macrostructural
changes.

Numerous studies have used diffusion tensor imaging
(DTI) to analyze WM modifications (28). Quantitative
indexes such as fractional anisotropy (FA), mean diffusiv-
ity (MD), radial diffusivity (RD, diffusivity perpendicular

to axonal fibers) and axial diffusivity (AD, diffusivity
along axonal fibers) can be derived to assess microstruc-
tural properties of WM (29). FA describes the degree
of anisotropy within a voxel so a decrease of FA value
represents a loss of tissue organization that can be asso-
ciated with alteration of cellular integrity (30). AD and
RD are usually considered to be increased in pathological
conditions due respectively to axonal degeneration and
demyelinating processes (31). However, several studies
have shown inconsistent results in the context of HD
so interpretation of these variations remains ambiguous
(27,32,33). Such heterogeneity may be explained by the
variability of symptoms within HD patients or due to
different characteristics of animal models.

Complementarily to diffusion MRI, magnetization
transfer (MT) imaging can capture changes of macro-
molecular content of tissues with a good spatial resolu-
tion, especially myelin content (34). The MT contrast
relies on decrease of water signal intensity due to
exchange of magnetization between fast exchanging
protons bound to macromolecules and free water after
an off-resonance radio frequency (RF) pulse (35). This
method has been shown to be sensitive to myelin
concentration with a good specificity and several studies
used it to explore both WM and GM changes in HD
patients (36,37).

In vivo 'H magnetic resonance spectroscopy (*H-MRS)
can monitor alterations of metabolic profiles, providing
key biological insights of pathological pathways involved
in different cell types (38,39). Previous studies demon-
strated metabolic changes that occur in the brain of
either human HD patients or transgenic mouse models of
HD (40-42). In particular, decreased concentrations of N-
acetyl-aspartate (NAA) and glutamate (Glu), two metabo-
lites mainly located in neurons, were measured in HD
patients and animal models (43). Other metabolite con-
centrations such as glutamine (Gln), myo-inositol (Ins)
and choline (Cho) have been reported to be altered in HD
mouse models, even if variations were not consistently
reported depending on the model (44,45). However, in
spite of the rich biological information provided by *H-
MRS, this method suffers from its inherently low sensitiv-
ity. Measurement of metabolic profiles within small and
thin structures such as the corpus callosum would be
very difficult without strong contamination by surround-
ing structures.

Recently, chemical exchange saturation transfer
(CEST) has been proposed to address this limitation by
using indirect detection of dilute molecules through
their exchange of labile protons with the bulk water
(46-48). Exchangeable protons such as amine (-NHy)
or amide (-NH) exhibit a resonance frequency that is
shifted from the water resonance frequency so they can
be selectively saturated using RF pulse. The decrease
of water signal due to magnetization exchange being
directly correlated to the concentration of exchanging
protons, it is possible to map the spatial distribution
of the molecule of interest. Several studies already



demonstrated the potential of CEST imaging to map
glutamate with a good spatial resolution in both rodent
and human brains (49-51), including in the context of
HD (52).

The Ki140CAG mouse model (53) is a knock-in model
of HD containing 140 CAG repeats inserted in the murine
huntingtin gene. It is characterized by the slowly progres-
sive appearance of the symptoms and is considered to
mimic more closely clinical form of HD than severe and
rapid mouse models (53,54). These mice present early
locomotor abnormalities and huntingtin aggregates in
the striatum as early as 4 months of age (53). Homozy-
gous mice for the HTT gene present early impairments
of motor functions, such as hypokinesia at 4 months
of age and reduced performances in rotarod test (55).
In a recent study performed on heterozygous and
homozygous Ki140CAG mice, we showed a progression of
the severity of locomotor activity defects with genotype
when compared to age-matched wild-type littermates
(52). Previously, we detected early brain changes using
neuroimaging in this model. Structural MRI revealed
significant striatal atrophy at 12 months of age in
small cohorts of homozygous mice (52). 'H-MRS in the
same mice showed metabolic modifications including
reduced levels of taurine and NAA in the striatum, in
both homozygous and heterozygous Kil40CAG mice.
Concentration of Glu was also found to be reduced while
Gln was increased. These alterations were associated
with a decrease of gluCEST signal in the striatum and
piriform cortex of homozygous mice. Surprisingly, the
most affected structure was the corpus callosum in both
heterozygous and homozygous mice, suggesting that this
structure was very early affected in this mouse model.
However, whereas all changes we observed tended to be
stronger in homozygous than in heterozygous Ki140CAG
mice, they were obtained only at one age, so that the
progression of the disease in this model remained to be
investigated.

In the present study, we developed a multimodal
MRI protocol combining anatomical, diffusion weighted,
gluCEST and MT imaging in order to monitor lon-
gitudinally Ki140CAG mice and their wild-type (WT)
littermates. Indeed, multimodal MRI characterization
provides complementary and mutually relevant insights
to probe several aspects of disease progression and to
better understand physiopathology of HD. Data pointed
toward early changes affecting the function and tissue
organization of different extra-striatal brain regions
providing new insights on the progression of brain
perturbations in this slowly progressive model of HD
that could be reminiscent of those occurring in m-HTT
human gene carriers.

Results

Long-term and evolving cortico-striatal atrophy
in Ki140CAG mice

The mean volume of each of the 34 brain regions was
calculated at each timepoint for WT littermates and
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Ki140CAG mice. Volume variation between mice groups
was calculated for all brain structures and reported in a
variation mapin order to highlight hypertrophied (shades
of pink) and atrophied (shades of green) structures (Fig. 1,
variation expressed in percentage referred to WT litter-
mates). At 18 months, significant atrophy of the stria-
tum (—4.3%, P<0.05), frontal cortex (—5.3%, P<0.01),
retrosplenial cortex (—5.8%, P <0.05) and motor cortex
(—=3.3%, P <0.05) was measured in Ki1l40CAG mice (Fig. 1,
last column). At earlier timepoints, we saw a clear trend
toward cerebral atrophy particularly in cortical regions
in association with dilation of ventricles that reached
statistical significance at 18 months (+9.0%, P <0.05).
Although volume variations were not significant, the
atrophy trend seemed increased with aging.

Early deficiencies of cortico-striatal pathway
revealed by metabolic imaging

Variations of mean gluCEST contrast (Fig. 2A, increase
of gluCEST contrast in shades of red, decrease in
shades of blue) measured in each brain region at
each timepoint were calculated between Kil40CAG
mice and WT littermates and reported on a variation
map. The most affected structure in Ki140CAG mice
was the corpus callosum (CC) where a significant
decrease of gluCEST contrast was measured at 8
and 12 months (-10.8%, P<0.05 and —-19%, P <0.01,
respectively, Fig. 2A). The time courses of MTRasym
measured in WT and Ki1l40CAG mice were shown for
this particular structure (Fig. 2B). Significant decreases
of gluCEST contrast were also measured in the frontal
(=7.3%, P <0.05) and piriform (—16.7%, P < 0.05) cortices
and in the pallidum (—21.0%, P < 0.05) of Ki140CAG mice
at 12 months, confirming our previous results acquired
in this mouse model (52). A non-significant decrease of
gluCEST contrast (—12%, P=0.12) was measured in the
striatum of 12 months old mice, as already reported in
heterozygous Ki140CAG mice.

Similar maps of MT contrast variations (Fig. 3, increase
of MT contrast in shades of orange, decrease in shades of
purple) revealed significant decrease of MT contrast in
the septum (Fig. 3, —21.7%, P <0.05) and a trend in the
striatum (—12.5%, P=0.12) at 12 months only.

Surprisingly, at 18 months, neither gluCEST nor MT
imaging showed significant variation of MTRasym values
between WT littermates and Ki140CAG mice. This could
be attributed to normal aging of control mice with the
decrease of gluCEST and MT contrast for those mice (56).

Alteration of structural connectivity and
microstructure in Ki140CAG mice

Microstructural properties and neuronal fiber integrity
were investigated using DTI. Variations of FA, AD and RD
between HD and WT mice were calculated and showed
for the anterior brain slices (Fig. 4, increase of FA, AD
or RD in shades of brown, decrease in shades of cyan).
Despite a clear tendency of decreased FA, AD and RD
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Figure 1. Volume variation maps between WT and Kil40CAG mice, at each timepoint, on three slices of the mouse brain, overlaid on the study template.
Hypertrophied structures are reported in shades of pink and atrophied structures in shades of green. Yellow stars represent significant atrophy (RM-

ANOVA + Bonferroni, *P < 0.05, **P < 0.01).

values over time in Ki140CAG in most of GM structures,
no variation reached statistical significance.

We hypothesized that the relevance of atlas-based
approach might be limiting for examination of the WM.
Indeed, due to small CC thickness and imprecise realign-
ment of WM structures, atlas-based analysis was not
able to detect any change. Interestingly, both HD and
WT groups showed increase of FA values during the
first 8 months and then reached a plateau (Fig. 5A).
Nonetheless, both time courses were not identical and
a delay of FA increase was observed in Ki1l40CAG mice.
Consequently, we performed tract-based spatial statis-
tics (TBSS) (57) analysis to improve DTI data analysis
for WM structures. Thanks to TBSS approach, several
clusters of voxels with significant decrease of FA values
were identified in the anterior CC of Ki140CAG mice as
early as 5 months (Fig. 5B). Clusters of reduced FA values
were also observed in the anterior CC at 8 and 12 months
in very precise locations confirming the local alteration
of the anterior CC that could not be detected with atlas-
based approach.

Integration of affected structures within
anatomical networks

In order to further explore the importance of the con-
nections between brain regions, we analyzed our results
using the Allen Connectivity Atlas (58). Precisely, the
matrix assessing the normalized strength of axonal pro-
jections between all the regions of the mouse brain,
available from Oh et al. (58), was represented using graph
theory. Figure 6 represents physical connections in the
mouse brain as derived from Oh et al. (58) as a net-
work of structures linked with axonal projections. Nodes

represent mouse brain structures as presented in the
Allen Connectivity Atlas. The size of each node rep-
resents the connectivity degree of each structure with
surrounding structures. Arrows’ size represents the value
of normalized projection from one structure to another
as reported in the Allen Connectivity Atlas. Position of
the regions was determined in an unbiased way by force
atlas algorithm. Large structures, similar to those we
used in our MRI atlas, were identified in this graph (Fig. 6,
encircled areas). Interestingly, the striatum showed high
degree of connectivity and is central in the graph, show-
ing its importance in terms of connections with sur-
rounding structures such as frontal cortex, motor cor-
tex or pallidum. In order to summarize findings of this
study, we superimposed on this network all structures
that were found to be altered in one of the MRI modal-
ities (Fig. 6, in blue for gluCEST defects, violet for MT
defects and green for atrophy). One can observe that
the striatum exhibited alteration in the three modal-
ities. Colored arrows, representing projection from an
affected region, seem to highlight cortico-striatal con-
nections. This representation merging brain connectivity
and altered regions identified using our multimodal MRI
approach indicates that damaged/dysfunctional struc-
tures/pathways in the HD model belong to a relevant
anatomical network.

Discussion

Ki1l40CAG as a slowly progressive mouse model
of HD

Knock-in models of HD, especially the Ki1l40CAG model,
have been designed and generated through homologous
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Figure 2. (A) GIuCEST variation maps between WT and Ki140CAG mice, at each timepoint, on three slices of the mouse brain, overlaid on the study
template. Structures with increased gluCEST contrast are reported in shades of red and structures with decreased gluCEST contrast in shades of blue.
Yellow stars represent significant difference (RM-ANOVA + Bonferroni, *P < 0.05, **P < 0.01). (B) MTRasym measured in CC of WT and Ki140CAG mice as

a function of time (blue dots and orange squares, respectively, mean + SEM).

recombination to faithfully replicate the human genetic
defect in the mouse HdH gene. This model, along other
knock-in models, is characterized by a mild progres-
sion of the disease, as compared to transgenic models
where a short fragment of the mutant human HTT gene
is inserted randomly in the mouse genome (e.g. R6/2,
R6/1 and 171-82Q mice) (54,59). The Ki1l40CAG model
has already been characterized by slow progression of
locomotor performances, behavioral, cellular and molec-
ular abnormalities associated with neurodegeneration
(53). Moreover, we demonstrated in a previous study
that both heterozygous and homozygous Ki1l40CAG mice
exhibit a significant alteration of their metabolic profiles
in the striatum as compared to WT littermate controls

at 12 months of age. More interestingly, gluCEST imaging
revealed that the CC is the most affected structure in
both genotypes, suggesting that this structure is prefer-
entially affected in HD and might play a major role in the
physiopathology of the disease as suggested by our pre-
vious study (52). However, this study only focused on 12-
month-old mice, while numerous studies demonstrated
that variations of MRI/MRS indexes or biomarkers are not
constant overtime (60). Consequently, we thought it was
crucial to characterize these changes longitudinally to
identify the most relevant biomarkers to monitor disease
progression. Indeed, such biomarkers could be of high
value to assess the efficacy of experimental therapeutics
over time in preclinical trials in genetic rodent models of
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HD, and if translatable to clinical setups, they could be a
great help in clinical trials.

In the present study, we monitored longitudinally sev-
eral potential biomarkers to better understand the phys-
iopathology in this particular mouse model of HD. The
most commonly used biomarker to characterize HD pro-
gression in m-HTT gene carriers is striatal atrophy. In
our knock-in model, striatal atrophy is detected only at
18 months (~5% range with approximately 10 animals

per group). Based on our results, we could estimate the
sample size to compare groups of control and Ki140CAG
models assuming a significance level of 5%, a power
of 80% and two-sided tests. Our results showed that
120 animals would be necessary to detect an effect at
12 months.

Similarly, in human studies, the number of premani-
fest mutant HTT gene carriers or early stage HD patients
to be included to observe a significant atrophy of their
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striatumis high (>30) (61). Apart from striatal atrophy, we
found other indexes that seem to be more sensitive with
first FA alterations measured with the TBSS approach
as early as 5 months of age in the anterior CC, followed
with gluCEST defect at 8 months in the same structure.
In a previous study, we showed that Ki140CAG mice
exhibited very mild phenotype at 12 months. Indeed,
except reduced latency to fall measured in the rotarod
test, heterozygous Ki1l40CAG mice showed no signifi-
cant difference of rearing behavior, duration of grooming
behavior and total distance traveled measured during
the open-field test compared to WT mice (52). Thus,
FA alteration and gluCEST decrease measured in the
current study at 5 and 8 months occurred several months
before behavioral symptoms onset and macrostructural
changes. Our results support the progressivity of the
pathogenesis in the Ki140CAG model and highlight the
slight progression of the disease in heterozygous mice,
making it a great model for the study of early phase of
the disease and for the evaluation of new experimen-
tal therapeutics with reasonable number of animal per
groups. Indeed, transposed to clinical HD time course,
such model with such biomarkers would be relevant to
study the pre-symptomatic phase of HD gene carriers.

Identification of molecular biomarkers of HD

From the perspective of identifying relevant and early
biological markers of HD, molecules related to energy
metabolism and neurotransmission are likely good
candidates since it is conceivable that their alteration

could occur before actual neurodegeneration associated
with major cell shrinkage and/or death of brain cells
(62). Glutamate is an amino acid present in high
concentrations in the brain. It is involved in numerous
brain functions and plays a major role in brain energy
metabolism. [Glu] as measured using *H-MRS has been
reported to be affected in the striatum and cortex of HD
patients, with conflicting results on whether it increases
or decreases (63,64). [Glu] decreases in the striatum have
also been observed in zQ175 and R6/2 mice (44,45,65,66).
We found similar reduction in [Glu] in the striatum of
Ki140 mice (52,67). However, due to inherently low spatial
resolution of 'H-MRS, observations have been limited to
striatum and cortex. Here, we could evaluate glutamate
changes at the whole-brain level using gluCEST imaging.
This method is able to capture subtle variations of
[Glu] with a high spatial resolution and a rather good
specificity. Indeed, previous studies demonstrated that
approximately 70% of gluCEST contrast originates
from Glu (49). In a previous study, we showed that
gluCEST imaging is able to map deficiencies linked to
glutamate content in 12-month-old Ki140CAG mice (52).
In particular, it detected reduced contrast in the CC of 12
months old heterozygous mice, with increased severity
in age-matched homozygous mice. In the present
study, with a new cohort of Ki140 mice, we confirmed
the 18.8% decrease of gluCEST contrast measured at
12 months in the CC when compared to wild-type
littermates confirming the good reproducibility of such
measurements. We also show that a significant 10.8%
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decrease of gluCEST contrast can be observed earlier
in the anterior part of the CC at 8 months of age.
Noticeably, this reduction in gluCEST signal does not
result from a ‘partial volume’ bias, since morphometric
measures showed the CC volume was similar in Ki140
mice and controls. Interestingly, following timepoints
showed a spreading of gluCEST decrease to surrounding
structures, such as the motor and piriform cortices,
and subcortical nuclei, including the pallidum and the
striatum. We hypothesize that this defect is an early
manifestation of alteration of the axonal projections
between motor cortex and striatum that pass through
the anterior corpus callosum as shown in Figure 7.
Indeed, Fig. 7A shows the cortico-striatal and inter-
hemispheric tracts isolated using locally constrained
tractography on a representative dataset from this study.
Out of 100000 total streamlines used in whole-brain
tractography, 8575 were part of the CC, while 5320 were
part of both the CC and the cortico-striatal tract. Thus,
we can estimate a proportion of about 5320/8575~62%
of streamlines in the CC going through the cortico-
striatal tract. The estimation of streamlines belonging
to cortico-striatal tract passing through the CC suggests
that this specific tract is not negligible in this area
of the CC and alterations may be picked out by our
measurements. In addition, Figure 7B supports this idea
by showing the projections from primary motor area of

motor cortex, using more precise cell tracking technique
(Allen Connectivity Atlas) with a good correlation to
tractography shown in Figure 7A.

Complementarily to gluCEST, MT is based on the
exchange of magnetization between free-water protons
and protons of water bound to proteins such as myelin
(36). Thus, MT signal can be another potential candidate
for biomarker identification. Reduced MT contrast can
be symptomatic of disruption of myelin sheath or axonal
loss (36,68). In HD, decreased MT contrast was found in
gray matter and white matter of pre-symptomatic gene
carriers and HD patients, with correlation between MT
loss and disease severity (69,70).

In this study, we reported for the first time MT defects
in a mouse model of HD, especially in the septum and
in the striatum. Such decrease of MT contrast could
reflect alteration of myelin contents in affected brain
structures as already reported in pre-symptomatic and
symptomatic m-HTT gene carriers (71).

Altered diffusion in corpus callosum suggests a
potential role of white matter defects in HD
physiopathology
FA is the most commonly used index to study defects
related to microstructural organization. Diffusion of
water molecules within WM is highly anisotropic due to
strong organization of highly myelinated fibers tracks,
providing high FA values. In this study, we observed
several clusters of reduced FA values in the anterior
part of the CC of Kil40CAG mice at different ages
(Fig. 5A). Such results argue in favor of preferential
alteration of WM integrity, especially in the anterior
part of the CC. Even if interpretation of FA changes is
not straightforward (72), several studies have already
showed similar decrease of FA values in the WM of HD
patients (33,73). Significant alteration of FA and other
diffusion parameters were also observed in premanifest
HD gene carriers, with a good correlation with WM
atrophy (74). Similar decrease of FA value was also
observed in WM of YAC128CAG mice as early as 2 weeks
of age (21,22,75). In our study, we only observed a
relatively small part of the CC with reduced FA value.
Besides, no variation of CC volume or RD and AD was
measured in Kil40CAG mice contrarily to YAC128CAG
mice. Such discrepancy may be partly due to limited
size of our animal cohorts or to anisotropic voxels used
in our study that could bring partial volume effect.
In addition, comparison of different animal models of
a same pathology is not always straightforward and
differences in the model itself may result in inconsistent
observations. For instance, Ki1l40CAG mice are known to
develop very mild phenotype, especially heterozygous
mice (52,53,55,76). This could explain the absence of
significant difference in FA, AD or RD parameters with
the classical atlas-based approach.

In our study, we observed clusters of reduced FA values
in the anterior CC at 5 months of age. One possible
explanation is the difference in WM maturation between
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Inter-hemispheric tract

Figure 7. (A) White matter tracts isolated from the whole-brain tractography of a representative dataset using locally constrained tractography. Black
boxes show starting and ending regions of interest (ROIs) used for isolation of cortico-striatal (left panel) or interhemispheric (right panel) tracts. White
voxels show fibers satisfying starting and ending ROIs. (B) Axonal projections from primary motor area. Extracted from Allen Connectivity Atlas (https://

connectivity.brain-map.org/projection).

Ki140CAG mice and their WT littermates. Indeed, devel-
opment of cortico-striatal tracts was shown affected
in Ki111CAG animals (77,78), so FA values at early
timepoints may be reduced as compared with control
animals. Recently, developmental origin of HD has been
thoroughly discussed (77-80). Cortical progenitor cells
from Kil111CAG mice and human gene carriers have
shown impaired division in the developmental phase
(77,81). Compensatory mechanisms may occur in the
early life of mice to compensate maturation/develop-
mental defects. However, cortico-striatal projections
may remain vulnerable and could explain metabolic
impairments observed at 8 months of age.

The molecular and cellular mechanisms underlying
WM alteration in HD mouse models and mutant HTT
human gene carriers are unknown. However, hypothe-
ses have been recently supported by experimental evi-
dence. It has been shown that selective inactivation of
mutant HTT in progenitors of oligodendrocytes in the
YAC128CAG mouse model of HD was sufficient to alle-
viate motor symptoms and defects in myelination, sup-
porting the hypothesis of a cell autonomous mechanism

of WM defects in HD (82). A transcriptional analysis
in this work also pointed to underlying mechanisms
involving the transcriptional regulatory complex PRC2
(polycomb repressive complex 2), which acts through
epigenetic modifications, one of its subunit being the his-
tone H3 methyl-transferase EZH2 that methylates lysine
9 and 27 residues of histone H3, producing repression
of the target gene. Huang and collaborators generated a
genetic mouse model of HD where mutant HTT (150 CAG
repeats) was expressed selectively in oligodendrocytes
using the promoter driving the expression of the prote-
olipid protein (PLP), which is specific of myelinated cells
(23). They found that PLP-150Q mice show progressive
neurological symptoms, reduced expression of myelin
genes, demyelination and early death. Further analysis
indicated that these changes were related to defects of
the transcription factor myelin regulatory factor (MYRE).
Experiments also showed that MYRF is an interactor
of mutant HTT. Interestingly, mutant HTT was found
to change the transcriptional activity of MYRF. In line
with these observations, recent observations showed that
interaction between MYRF and mutant HTT depended
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on the phosphorylation of MYRF (83). In HD cells, phos-
phorylation of MYRF was increased, leading to reduced
expression of myelin-associated genes (83). Results of
this recent study indicated that the increase in MYRF
phosphorylation in HD resulted, at least in part, from
an increase in the activity of the cGMP-activated pro-
tein kinase subunit II (PRKG2). Knocking down PGKG2
ameliorates expression of myelin genes in HD. Thus WM
defects would not be a secondary consequence of neu-
ronal dysfunction or loss but could result from a mutant
HTT-induced deregulation of oligodendrocyte homeosta-
sis (mature or at the early stage of development in the
adult brain) involving MYRF and PRC2.

Identification of a vulnerable network of brain
structures in Ki140CAG mice

In the present study, we performed a longitudinal follow-
up of heterozygous Ki1l40CAG mice with several MRI
modalities in order to monitor potential alterations of tis-
sue microstructure, metabolic or energetic defects, and
morphological changes of brain structures. Rather than
taking these results separately, integrating both struc-
tural and functional data may result in a better under-
standing of the pathogenesis of HD in the Kil40CAG
mouse model.

We observed that cortical and striatal regions were
vulnerable in terms of both atrophy and metabolic
changes. In addition, DTI and gluCEST highlighted early
WM changes in the anterior part of the CC. Interestingly,
striatum and frontal cortex are anatomically connected
through the anterior part of the CC and cortico-striatal
connections have been shown to be impaired in HD
patients as well as in animal models (84-87). Our findings
corroborate these results and could reflect specific
alteration of such connections in the Ki140CAG mouse
model.

Thanks to the representation on Figure 6, one can
observe that striatum seems to be particularly vulnera-
ble as it appears to be affected on several MRI indexes.
Moreover, this vulnerability seems to be associated with
its centrality in the network and connection strength
to cortical tissues that are also affected, through white
matter tracts that are affected early.

Based on temporality of the observed modifications
and from results found in the literature, we hypothesize
that our longitudinal, multiparametric MRI protocol was
able to image the vulnerability of the cortico-striato-
thalamic glutamatergic pathway (88), which is known to
be impaired in HD. Metabolic and diffusion deficiencies
that appear in the white matter might be related to alter-
ations found at the cortico-striatal synapse between cor-
tical pyramidal neurons (CPNs) and medium spiny neu-
rons (MSNs). These alterations include diminished brain-
derived neurotrophic factor (BDNF) transport, increased
glutamate neurotransmission, altered NMDA receptor
transcription and reduced Ca®* uptake from mitochon-
dria, that together lead to vulnerability of MSNs to
excitotoxicity (89). Such hypothesis would need further

validations with histopathological study to confirm the
status of WM tracks at different ages.

Conclusion

In this study, we developed a multimodal MRI protocol
to identify biomarkers of HD pathogenesis. This proto-
col was applied to monitor longitudinally heterozygous
Ki140CAG mice, a slowly progressive mouse model of
HD. Thanks to this multimodal approach, we identified
early defects in striatal and cortical tissues. Interestingly,
DTI, MT and gluCEST modalities seemed to be earlier
indicators of pathology progression than structure atro-
phy. Moreover, a combination of all results obtained with
different MRI modalities was integrated to propose a spe-
cific brain network that would be particularly vulnerable
in this animal model. As most of these modalities have
already been applied on clinical scanners, such approach
would be particularly interesting to assess disease pro-
gression in a clinical context of HD. This might help
identify more relevant and early biomarkers in premani-
fest HD patients and could provide relevant information
about disease pathogenesis.

Materials and Methods
Ki140CAG and wild-type littermate mice

Knock-in mice express chimeric mouse/human exon 1
containing 140 CAG repeats inserted in the murine HTT
gene (Ki140CAG) (53). Ki140CAG mice colony was main-
tained by breeding heterozygous Ki140CAG males and
WT females. Heterozygous mice (n= 11 males, Ki140CAG)
were compared to their relative age-matched littermates
(n=12 males, WT). Mice were housed in a temperature-
controlled room maintained on a 12-h light/dark cycle.
Food and water were available ad libitum. All animal
studies were conducted according to the French regu-
lation (EU Directive 2010/63/EU—French Act Rural Code
R 214-87 to 126). The animal facility was approved by
veterinarian inspectors (authorization n° A 92-032-02)
and complies with Standards for Humane Care and Use
of Laboratory Animals of the Office of Laboratory Animal
Welfare (OLAW—n°#A5826-01). All procedures received
approval from the ethical committee (APAFIS #21335-
201907031642584 v2).

MRI protocol

Animals were scanned longitudinally (2.5, 5, 8, 12 and
18 months of age) on a horizontal 11.7 T Bruker scan-
ner (Bruker, Ettlingen, Germany). Mice were first anes-
thetized using 3% isofluranein a 1:1 gas mixture of air/O,
and positioned in a dedicated stereotaxic frame with
mouth and ear bars to prevent any movements during
MR acquisitions. Mice temperature was monitored with a
rectal probe and maintained at 37°C with regulated water
flow. Respiratory rate was continuously monitored using
PC SAM software (Small Animal Instruments, Inc., Stony
Brook, NY, USA) during scanning. The isoflurane level



was adjusted around 1.5% to keep the respiratory rate
in the range of 60-80 per min. A quadrature cryoprobe
(Bruker, Ettlingen, Germany) was used for radiofrequency
transmission and reception.

High-resolution anatomical images (turbo spin-
echo sequence, TE/TR=5/10000 ms, Turbo factor=10,
effective TE =45 ms, in-plane resolution = 100 x 100 um?,
200 pm slice thickness, 100 slices) were used for
structures volumetry.

Three gluCEST images centered on the mid-striatum
were acquired with a 2D fast spin-echo sequence pre-
ceded by a frequency-selective continuous wave satura-
tion pulse (TE/TR=6/5000 ms, 10 echoes and effective
TE =30 ms, in-plane resolution =150 x 150 um?, 0.6 mm
slice thickness). The MAPSHIM routine was applied in
a voxel encompassing the slices of interest in order to
reach a good shim on gluCEST images. GIuCEST images
were acquired with a saturation pulse applied during
Tsat=1 s, composed by 10 broad pulse of 100 ms, with
20 us inter-delay and an amplitude B, =5 uT. The fre-
quency of the saturation pulse Aw was applied in a range
from —5 to 5 ppm with a step of 0.5 ppm. The WASSR
method (90) was used to correct for By inhomogeneities
(B1=0.2 uT, Aw in a range from —1 to 1 ppm with a step
of 0.1 ppm). A variability of gluCEST values of 0.5% and
0.8% was measured in the striatum and in the CC respec-
tively in a test-retest experiment performed in a WT
animal at two consecutive days. The same sequence than
gluCEST was used for MT images acquisition with opti-
mized parameters to assess macromolecular compounds
(Aw=+16 ppm, B1 =10 uT, Tsat =800 ms). MT images were
not acquired during the first timepoint (2.5 months).

The diffusion-weighted MRI data were acquired using
Echo Planar Imaging (EPI) sequence (TE/TR =30/3200 ms,
in-plane resolution=112 x 112 um?, 500 um slice thick-
ness, 10 slices, b-value=1000 s/mm?, 30 directions). A
variability of FA values of 0.7% and 1.2% was measured
in the striatum and in the CC respectively in a test-
retest experiment performed in a WT animal at two
consecutive days.

Data processing and statistical analyses

Images acquired using each of the MRI modalities were
co-registered and automatically segmented using an in-
house python library (Sammba-MRI (91), Fig. 8). In a first
step, anatomical images were co-registered to generate
an average of all anatomical images, called the study
template. This template was segmented using an atlas
composed of 34 regions (Fig. 8) derived from the Allen
Mouse Brain Atlas (92). Then, transformations to match
the atlas to the study template and to match the study
template to all high-resolution anatomical images were
calculated. Finally, transformations were computed to
project the atlas onto the images acquired using each of
the MRI modalities. Outputs of the Sammba-MRI pipeline
are the volume of each of the 34 structures and mean
gluCEST contrast, MT contrast and FA, RD and AD within
each structure for each animal.
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CEST images were processed pixel-by-pixel and
analyzed using in-house programs developed on MAT-
LAB software (MathWorks Inc., Natick, MA) used to
generate Z-spectra by plotting the longitudinal magne-
tization as a function of saturation frequency. WASSR
method was used to generate absolute By map by
finding the actual frequency within each voxel. Z-
spectrum in each voxel was interpolated using a
cubic spline and By map was used to correct for
By inhomogeneities. The specific glutamate contribu-
tion was isolated using Asymmetrical Magnetization
Transfer Ratio (MTRasym) (93) and was calculated as
follows: MTRasym(Aw) =100 x (Msat(—Aw)—Mgat (+Aw))/
Msat(—5 ppm) where Mgat(+Aw) is the magnetization
acquired with saturation pulse applied at ‘+’ or ‘= Aw
ppm. GIUCEST images were calculated with Aw centered
at £3 ppm.

FA, AD and RD maps were generated using ParaVi-
sion 6.1 software (Bruker, Ettlingen, Germany). FA images
underwent the TBSS pipeline (57) using FSL software
(94). For that, FA maps were first co-registered to the
study template. Then, the mean FA map over the whole
animal cohort was generated and the skeleton template
of WM tracks was extracted. Individual skeleton from
each animal was calculated using the same process and
then projected to skeleton template to have a good co-
registration of WM tracks.

Variation of each index Ind (with Ind being structure
volume, gluCEST contrast or MT contrast) between
WT littermates and Kil40CAG mice was calculated in
each brain region as follows: Variation = 100 x (Ind(WT)—
Ind(Ki140CAG))/Ind(WT).

Statistical analyses were performed using GraphPad
Prism 8.0 (GraphPad Software, San Diego, California,
USA). The Shapiro-Wilk test was used to test the data
for normality and no deviation from normality was
observed for any data. One-way ANOVA with repeated
measures was used for statistical analysis. The signif-
icant threshold was set to 0.05. ANOVA was followed
by a Bonferroni post-hoc test to determine individual
significant differences between groups. Sample size
to compare HD and WT mice that would have been
needed for detection of significant change was estimated
assuming a significance level of 5%, a power of 80% and
two-sided tests (BiostaTGV module, https://biostatgv.
sentiweb.fr/?module=etudes/sujets#). The standard
deviation used for this estimation was the square root of
the pooled variance from each group. All data used in this
study can be made available upon request after signing a
transfer agreement required by authors’ institution. All
codes of the in-house python library Sammba-MRI are
freely available (https://sammba-mri.github.io/index.
html).

Graph theory

Normalized projection data from the Allen Connectivity
Atlas (Oh et al. (58)) was processed using graph theory.
This method has been widely used for representation
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Figure 8. Automated co-registration and segmentation pipeline using in-house python library Sammba-MRI.

of functional networks as measured by resting-state
functional MRI. A threshold was applied at 1 of normal-
ized projection strength to remove irrelevant projections.
Thresholded projection matrix was then loaded in Gephi
0.9.2 and a Force Atlas spatialization algorithm was
applied. This algorithm iteratively forms clusters of
regions based on their connectivity. Correspondence
between subregions from connectivity atlas and large
structures used in MRI atlas was established based on
the Allen Mouse Brain Atlas (92) (http://atlas.brain-map.
org/).

Tractography

Acquired diffusion-weighted MRI data were recon-
structed with the generalized g-sampling imaging (GQI)
method (95), which models diffusion patterns in each
voxel with an orientation distribution function (ODF)
that can detect simultaneous diffusion in multiple
directions, using the DSI Studio software (http://dsi-
studio.labsolver.org). For tractography, the generalized
deterministic tracking algorithm implemented in DSI
Studio (96) was used. Whole-brain tractography was
first performed to assess overall data quality and to
decide appropriate values for global parameters (e.g.
the anisotropy threshold used as a stopping criterion in
tractography) by tracking streamlines with a whole-brain
seed. Then, locally constrained tractography was used to
isolate the tract connecting the cortex to the striatum,
namely the cortico-striatal tract, and those connecting

the two hemispheres, namely inter-hemispheric tract,
by making use of ROI-based Boolean operations. For the
cortico-striatal tract, ROIs were defined by specifying the
volume of the motor cortex from which streamlines must
start and the volume of the striatum where streamlines
must terminate. For the inter-hemispheric tract, ROIs
were defined by specifying the volume of the left end
of the corpus callosum from which streamlines must
start and the volume of the right end of the corpus
callosum where streamlines must terminate, with an
additional ROI in the middle of the corpus callosum
that streamlines must cross. A threshold on the FA
at 0.15, maximum streamline length 20 mm, random
maximum angle and trilinear interpolation were used as
global parameters. For whole-brain tractography, 100 000
streamlines were generated with random seeds in the
whole brain; these streamlines where then filtered in the
locally constrained tractography step, where only the
streamlines satisfying the ROI-based Boolean conditions
were retained to define the cortico-striatal tract and the
inter-hemispheric tract.
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