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Abstract

Identification of relevant biomarkers is fundamental to understand biological processes of
neurodegenerative diseases and to evaluate therapeutic efficacy. Atrophy of brain structures has been
proposed as a biomarker but it provides little information about biochemical events related to the disease.
Here, we propose to identify early and relevant biomarkers by combining biological specificity provided by
1H-MRS and high spatial resolution offered by gluCEST imaging. For that, two different genetic mouse
models of Huntington’s disease, the Kil40CAG model characterized by a slow progression of the disease
and the R6/1 model, which mimics juvenile form of HD, were used. Animals were scanned at 11.7T using a
protocol combining *H-MRS and gluCEST imaging. We measured significant decrease of N-acetyl-aspartate
levels, a metabolite mainly located in the neuronal compartment, in HD animals and the decrease seemed
correlated with disease severity. In addition, variations of tNAA levels were correlated with striatal volumes
in both models. Significant variations of glutamate levels were also observed in Kil40CAG but not in R6/1
mice. Thanks to its high resolution, gluCEST provided complementary insights, and we highlighted
alterations in small brain regions such as the corpus callosum in Kil40CAG mice whereas glutamate level
was unchanged in the whole brain of R6/1 mice. In this study, we showed that H-MRS can provide key
information about biological processes occurring in vivo but was limited by the spatial resolution. On the
other hand, gluCEST may finely point to alterations in unexpected brain regions, but it can also be blind to
disease process when glutamate levels are preserved. This highlights in a practical context the
complementarity of both methods to study animal models of neurodegenerative diseases and to identify

relevant biomarkers.



Introduction

Neurodegenerative diseases are characterized by a slow degeneration of the neuronal structure, leading to
cognitive, psychiatric and motor symptoms like in Huntington’s disease (HD). Because of population aging
and increase of life expectancy, their prevalence is increasing constantly and will become a major public
health issue in the coming years.

These disorders are very complex and can exhibit various hallmarks at molecular or cellular levels such as
oxidative stress, neuroinflammation, transcriptional and epigenetic deregulation, mitochondrial impairments
or defects in Ca?* homeostasis (1, 2). In most cases, neurodegenerative diseases are of unknown origin.
However, some diseases such as HD are mostly inherited and can therefore be easily diagnosed.
Neuroimaging of these genetic diseases can provide relevant biomarkers, for instance atrophy of the
striatum measured in HD patients (3, 4), which are of interest to characterize disease progression. However,
little is known about biological mechanisms underlying degenerative processes. In spite of tremendous
efforts made, there is currently no treatment to cure neurodegenerative diseases or to slow down their
progression. A key point towards development of innovative therapeutic approaches is the identification of
relevant biomarkers to allow early detection and accurate monitoring of disease progression. Moreover,
such biomarkers would be extremely informative to evaluate therapeutic response of potential treatments.
In addition to cognitive and/or motor tests, anatomical imaging is one of the most robust criteria to
characterize disease progression. For instance, MRI can be used to accurately measure macroscopic
alterations of brain structures. Although very informative as they can be reliable markers of disease
progression (3-5), morphological changes are likely a long-term reflect of biological events that occurred
several years before brain cell degeneration. Besides, structure alterations provide poor information about
cellular and biochemical events occurring in the disease (6).

Thanks to its intrinsic ability to distinguish specific proton resonances, in vivo MRS can provide rich and
valuable insights into biological processes in healthy or pathological conditions. Among all metabolites,
glutamate (Glu) and N-acetylaspartate (NAA) are relevant in the context of neurodegenerative diseases as
they are considered as good neuronal markers (7-9). In addition, myo-inositol (Ins) and glutamine (GIn) are
potential markers of glial proliferation (10). Numerous studies have already demonstrated the interest of *H-
MRS to detect early onset of neurodegenerative disorders (11-13). Unfortunately, IH-MRS has very low
sensitivity and hence limited spatial resolution.

Therefore, bridging the gap between biological information provided by *H-MRS and spatial information
provided by anatomical MRI remains a key challenge. Recently, CEST (Chemical Exchange Saturation
Transfer) has been proposed to image dilute molecules in vivo with a good spatial resolution (14, 15). The
potential of CEST imaging, and particularly CEST imaging of glutamate (gluCEST) has already been
demonstrated in human (16, 17) and animal models of neurodegenerative diseases (18-20). *H-MRS and
gluCEST are promising methods to identify in vivo biomarkers. While both methods are usually used for
cross validation, to date no preclinical study has actually demonstrated specific interests of each method.
In addition, the wide heterogeneity of animal models for a same pathology can render difficult the choice of

the appropriate method for monitoring disease progression or evaluating treatment efficacy. In this study,



we used two mouse models of HD (Ki1l40CAG and R6/1) exhibiting different hallmarks of the pathology (21)
in order to highlight the complementarity of 'H-MRS and gluCEST for the study of neurodegenerative

diseases.

Materials and methods

Two mouse models of HD

The first model was a knock-in model expressing chimeric mouse/human exon 1 containing 140 CAG
repeats inserted in the murine huntingtin (Htt) gene (Kil40CAG) (22). It is characterized by slow progression
of motor and cognitive symptoms as well as cellular and molecular abnormalities leading to
neurodegeneration (22). Twelve-month old mice were divided in 3 groups: heterozygous (Kil40-Hetero., n
=5), homozygous (Ki140-Homo., n = 5) for the Htt gene and wild type littermate controls (Ki1l40-WT, n = 5).
The Kil40CAG mice dataset is the same as the one already published in a previous study (19). The second
model was a transgenic model expressing mouse/human exon 1 containing 115 CAG repeats in the human
huntingtin (HTT) gene (R6/1) (23). Mice exhibit motor deficits and striatal atrophy as early as 4 months and
decline in motor performances correlates with the appearance of huntingtin aggregates in striatal neurons
(24). The disease progression is more aggressive than in the Kil40CAG model and mimics the juvenile
form of HD. Seven-month old mice were divided in two groups: heterozygous for Htt gene (R6/1-Hetero., n
= 4) and wild type littermate controls (R6/1-WT, n = 3).

Animal studies were conducted according to the French regulation (EU Directive 2010/63/EU — French Act
Rural Code R 214-87 to 131) and procedures received approval from the ethical committee (APAFIS#770).
Mice were anesthetized using around 1.5% isoflurane in a 1:1 gas mixture of air/O2. Mice temperature was
monitored and maintained at 37 °C and respiratory rate was continuously monitored using PC SAM software
(SA Instruments, USA).

1H-MRS and gluCEST data acquisition

Acquisitions were performed on a horizontal 11.7 T scanner (Bruker, Ettlingen, Germany). *H-MRS spectra
were acquired using a quadrature cryoprobe (Bruker, Ettlingen, Germany) with a LASER (Localization by
Adiabatic Selective Refocusing) sequence (echo time (TE)/repetition time (TR) = 20/5000 ms) combined
with VAPOR water suppression in a voxel of 8 uL (2 x 2 x 2 mm3) located in the left striatum. Spectra were
acquired using 128 repetitions in 10 min. Metabolite concentrations were quantified using LCModel (25),
including the macromolecule (MM) spectrum of a control mouse that was determined by metabolite nulling
and included in LCModel’s basis-set. The following metabolites were reliably quantified (Cramér-Rao lower
bound < 5%): total choline (tCho), total creatine (tCr), glutamate (Glu), glutamine (GIn), myo-inositol (Ins),
total N-acetyl-aspartate + N-acetyl-aspartyl-glutamate (tNAA) and taurine (Tau). Metabolite concentrations
were normalized with respect to 8 mM tCr.

GIuCEST data were acquired with a volume coil for radiofrequency transmission and a quadrature surface

coil for reception (Bruker, Ettlingen, Germany). The sequence consisted in a 2D fast spin-echo preceded by



a frequency-selective continuous wave saturation pulse (150 x 150 ym? in-plane resolution, field of view =
19.2 x 19.2 mm?, matrix size = 128 x 128, 0.6 mm slice thickness, 3 contiguous slices, TR = 5000 ms, 10
echoes and effective TE = 30 ms). The saturation module was composed by 10 broad pulses of 100 ms,
with 20-ps inter-delay (Tsat = 1 s) and amplitude B1 = 5 pT. The frequency of the saturation pulse Aw was
applied within a range from -5 ppm to 5 ppm with a step of 0.5 ppm. Bo correction was performed using
WASSR method (26). The specific glutamate contribution was isolated using Asymmetrical Magnetization
Transfer Ratio (MTRasym) centered at +3 ppm. Variation maps of gluCEST contrast between WT littermates
and HD mice were calculated in each Region of Interest (ROI) as already described (19): Variation = 100 x
(MTRasym(WT) - MTRasym(HD)) / MTRasym(WT). ROl segmentation was performed manually by a single
operator with help of the Allen mouse brain atlas using the reference CEST image acquired without
saturation. Tz-weighted images acquired with Multi Slices Multi Echoes (MSME) sequence (TE/TR = 5/2500
ms, 17 echoes, effective TE = 45 ms, in-plane resolution = 70 x 70 uym?, 25 slices with thickness = 300 pm)
were used for striatal volume measurements. For comparison of gluCEST and *H-MRS data, we calculated
the mean gluCEST contrast in a 2 x 2 mmz2 square ROI located in the left striatum in three contiguous slices.
The volume of the ROI used for gluCEST analysis was 2 x 2 x 1.8 mm3, which was comparable to the

spectroscopic voxel.

Results

Striatal volume

We observed a significant 20.9% decrease (p = 0.002) of striatal volume in Kil40CAG homozygous mice
as compared to WT littermates (Fig.1). A milder atrophy was observed in Kil40CAG heterozygous mice but
this did not reach statistical significance (-10.1%, p = 0.11, Fig.1). A marked striatal atrophy was measured
in R6/1 mice as compared to their respective WT littermates (-25.7%, p = 0.00002, Fig.1). Noticeably, we
observed a larger striatal volume in control R6/1 mice (22.8 + 0.9 mm?) than in control Ki1l40CAG mice (18.7
+ 0.7 mm3), possibly due to the difference in age (7-month and 12-month old for R6/1 and Ki1l40CAG mice

respectively) and/or mouse strains.

1H-MRS

We observed a significant decrease of tNAA in the left striatum in both models (-17.4% and -24.3% in Ki140-
Hetero and Kil40-Homo respectively and -36.4% in R6/1-Hetero, Fig.2) as compared to their respective
WT littermates. Taurine exhibited a significant 25.9% and 33.3% decrease in heterozygous and
homozygous Kil40CAG mice respectively. A significant 13.0% decrease of Glu was observed in
heterozygous Kil40CAG mice. Glu concentration was also decreased in homozygous Kil40CAG mice (-
14.9%) even though the variation was not significant (p = 0.06). Finally, significant variations of GIn (+27.4%)
and tCho (-21.7%) were measured in homozygous Ki1l40CAG mice.

Surprisingly, tNAA was the only metabolite showing significant variation in R6/1 mice (Fig.2). In order to

study potential correlations between biological information provided by 'H-MRS and anatomical information,



the concentration of tNAA measured in the left striatum was plotted as a function of the striatal volume Vsgiat
for each mouse cohort (Fig.3). We observed a proportional relationship between the tNAA concentration
and the striatal volume for both models ([tNAA] = 0.31 Vstiat + 1.55 (R2 = 0.97) for Kil40CAG mice and
[tNAA] = 0.37 Vstiat — 2.15 for R6/1 mice). No other metabolite exhibited similar dependency to the striatal

volume.

GIuCEST

An example of gluCEST images acquired in one mouse of each cohort is shown in Fig.4.a. As already
described, Kil40CAG mice exhibited decreased levels of gIuCEST contrast across the whole brain with a
stronger effect observed in the homozygous mouse (Fig.4.a, top panel). This “gene-dose” effect was
confirmed by the mean MTRasym curves calculated for each group of mice in a volume comparable to the
voxel used in *H-MRS mostly located into the left striatum (Fig.4.c). As illustrated by individual examples
(Fig.4.a, bottom panel) and mean MTRasym curves (Fig.4.e), no variation of gluCEST contrast was
measured in R6/1 mice as compared to their respective WT littermates.

Eight ROIs were drawn manually in the brain of each mice (Fig.5, top left panel) and mean gluCEST contrast
was calculated in each ROI for each mice group. Variations of gluCEST contrast between WT and HD mice
were calculated as described previously (19). Ki140-Homo mice exhibited significant decreases of glJuUCEST
contrast in the striatum and the piriform cortex (Fig.5, bottom right). On the contrary, these structures did
not reach statistical significance in Ki140-Hetero mice (Fig.5, bottom left), confirming a “gene-dose” effect
in this mouse model. The most striking result was the strong and significant decrease of gluCEST contrast
in the corpus callosum in both heterozygous and homozygous Kil40CAG mice (-21.8% and -28.4%
respectively) as mentioned in our previous work (19). In contrast, no variation of gluCEST contrast was
found in R6/1 mice in any brain region (Fig.5, top right).

Discussion

Animal models are valuable tools for neuroscientists as they offer the possibility to specifically focus on one
or several aspects of the pathology. Numerous studies have demonstrated the interest of animal models to
study common hallmarks of HD pathogenesis like striatum atrophy, presence of huntingtin aggregates,
motor and behavioral symptoms or modification of metabolic profiles (19, 27-29). However, these studies
also highlighted the wide heterogeneity of animal models and variety of relevant biomarkers for a same
pathology. Thus, the choice of the appropriate method to study one particular model is not straightforward.
In this study, we used two mouse models of HD known to mimic different stages of the pathology in order
to evaluate the complementarity of 'H-MRS and gluCEST to identify relevant in vivo biomarkers of HD. The
Ki140CAG model is considered as a slowly progressive model reproducing the progression of the disease
in HD patients (30) whereas the transgenic R6/1 model is considered as a severe HD model that mimics

juvenile onset of HD (23).



Cell specific alterations observed by MRS

1H-MRS has unique ability to measure intracellular metabolite concentrations, providing plenty of
information about biological alterations. In particular, as tNAA is mostly located in the neuronal
compartment, it is considered has a marker of neuronal integrity and function (7-9). In these models, tNAA
levels were systematically lower in HD animals. Interestingly, the decrease seemed correlated with disease
severity as tNAA decreases measured in Kil40CAG mice (-17.4% and -24.3% in Kil40-Hetero and Kil140-
Homo respectively, Fig.2) were smaller than that measured in the more severe R6/1 model (-36.4%, Fig.2).
In addition, variations of tNAA levels were correlated with striatal volumes and proportionality coefficients
were comparable in both models (Fig.3). Interestingly, R6/1 and Kil40CAG mice exhibited decrease of
tNAA level even in absence of actual neuronal loss measured at 7 months (31, 32) and 12 months (22)
respectively. The decrease of striatal volume can be explained by neurons shrinkage, reduced cell
complexity and dendritic arborization (27). The reduction in tNAA levels in mouse models is coincident with
decreased levels of MRNA and proteins that are considered as molecular markers of the striatum, i.e.
preferentially expressed in striatal medium sized spiny neurons (33, 34). For example, reduced levels of the
MRNA and/or protein of striatal markers such as Dopamine and 3',5'-Cyclic Adenosine Monophosphate-
Regulated Neuronal Phosphoprotein (known as DARPP-32), phosphodiesterase 10 (PDE10) or the recently
studied doublecortin-like kinase 3 (DCLK3) have been observed in Kil40CAG and R6/1 mice (33-36). The
levels of these markers have also been found to be reduced in post-mortem samples in HD patients (36).
In spite of the absence of neuronal loss at 12 months, both models showed behavioral phenotypes (19, 22,
31, 32). Thus, such results are in line with the idea that tNAA level is related to neuronal cell suffering and
could be a potential marker of neuronal functions alteration (37). It is interesting to note that basal levels of
tNAA and striatal volumes were not comparable between the two models, especially between WT mice of
each cohort (Fig.3). However, such discrepancies can be explained by the difference in age of the cohorts
as well as the difference in genetic background used to generate the models and breed the colonies.
Moreover, breeding conditions and genetic drift can lead to different phenotypes of mouse colonies bred in
different laboratories (24). Consequently, it is difficult to compare brain metabolites levels and structures
volumes between control animals of each cohort.

Glutamate is one of the main neurotransmitters into the brain. Even if Glu released in the synaptic cleft is
taken up by astrocytes, most of Glu is located in the neuronal compartment. Thus, Glu is often considered
as a potential neuronal marker (7-9). However, in this study, no correlation between striatal volume and Glu
level was found in R6/1 mice (data not shown). Comparable results have already been reported in R6/2
mice, a similar but more aggressive HD model than R6/1, where Glu levels measured in the cortex and the
striatum of R6/2 were stable as compared to WT littermates, while cortical and striatal volumes were
decreased by ~20% and ~32% respectively, and tNAA levels were decreased by ~33% and ~29%
respectively (29) at 15 weeks. In Kil40CAG mice, we observed a decrease of Glu levels but no neuronal
loss was observed on histological sections using NeuN staining, a neuronal maker (19). However, the
decrease in Glu levels was associated with increase in Gin in Kil40CAG mice whereas they were stable in
R6/1 mice. Interestingly, Glu could be used as a potential marker of reorganization of energy metabolism

and metabolic fluxes. Indeed, such results could indicate an imbalance in glutamate-glutamine cycle in



Ki140CAG mice which is important for energy homeostasis (38). In addition, Glu can also be implicated in
energy production through its equilibrium with alpha-ketoglutarate, an intermediate of the Krebs cycle. One
can hypothesize that dynamic adaptations of metabolic fluxes may take place during the animal lifespan in
order to counterbalance disturbance of homeostasis and energy production due to mutant huntingtin (39).
One can assume that such compensatory mechanisms would be more efficient in slowly progressive models
than in severe forms where the aggravation of the alterations of brain cells are probably faster and might
not be counterbalanced. The exact mechanisms underlying the differences between R6/1 and KI140CAG
are not known but likely results from the differences in terms of the proper genetic modifications found in
the two models: while KIL40CAG express one copy (heterozygous) of the whole mouse Htt gene with a part
of the exon 1 of mutant human HTT gene under the murine Htt promoter, the R6/1 model express 4 to 5

copies of only the exon 1 of human HTT, leading more rapidly to neurotoxicity (21).

Complementarity of 'H-MRS and gluCEST imaging

While 1H-MRS can provide rich and specific information about biological processes in vivo, it suffers from a
lack of spatial resolution. It requires large voxels which can be problematic for studying small or
heterogeneous structures. Moreover, voxel positioning is based on a priori knowledge about the pathology.
Consequently, potential alterations in unsuspected structures can be missed. On the contrary, gluCEST
imaging can provide high resolution metabolic imaging where partial volume effect and surrounding
structures contamination are minimized. Results already published (19) obtained in the Kil40CAG model
demonstrated this advantage by highlighting strong alterations of glutamate levels in the corpus callosum
of HD mice. Interestingly, variation of gluCEST contrast was even more pronounced in homozygous mice
than in heterozygous, confirming a “gene-dose” effect in this model (Fig.5). Such measurements would have
been hardly achievable using *H-MRS due to the important contamination from surrounding structures.

On the other hand, the gluCEST variation map acquired in R6/1 mice was very stable, the strongest variation
being -2.4% (but not significant, p = 0.746) measured in the left somatosensory cortex. Such variations are
below the detection threshold estimated at +4% in our previous study (19). Nonetheless, the stability of
gluCEST map in R6/1 mice was very informative as it suggested that no brain region exhibited alteration of
Glu levels in this model. Note that some individual examples of gluCEST maps exhibited a slight
heterogeneity of gluCEST contrast, especially in the cortical region (Fig.4.a). However, we did not observe
a systematic bias over all animals and no difference was observed between left and right hemispheres at
the scale of mice cohorts (19), ruling out a possible bias due to mouse positioning or coil inhomogeneity.
Further investigations would be necessary to elucidate the origin of such heterogeneity at the individual
scale.

Finally, we compared Glu concentrations measured by H-MRS in the left striatum (Fig.2.b) with gluCEST
contrasts measured in a comparable volume in Kil40CAG-WT and R6/1-WT (Fig.4.c and .e respectively).
Interestingly, R6/1-WT mice exhibited a gluCEST contrast that was 19.6% lower than that of Kil40CAG-WT
mice (MTRasym = 11.9%, Fig.4.e and MTRasym = 14.8%, Fig.4.c, respectively). This was consistent with
the 20.0% difference of Glu concentration measured by 'H-MRS between wild type Kil40CAG and wild type
R6/1 (6.44 mM and 8.05 mM respectively, Fig.2.b). In addition, comparison of Z-spectra upfield from the



water resonance acquired in Kil40-CAG (Fig.4.b) and R6/1 mice (Fig.4.d) showed very small differences.
This means that magnetization transfer between water and non-exchangeable protons was unaltered in HD
animals and the asymmetrical approach used to characterize gluCEST contrast was valid. While other
contributions to the CEST contrast by non-specific magnetization transfer effects or by endogenous
metabolites such as GABA or taurine cannot be excluded, such observations seems to indicate that
gluCEST contrast is dominated by Glu concentration, as already described for comparable saturation
parameters (20, 40).

Conclusion

By combining *H-MRS and gluCEST, we have shown striking differences between these two mouse models.
The decrease of tNAA levels measured in R6/1 mice suggested an alteration of the neuronal compartment
but the stability of other metabolites argued in favor of integrity of the astrocytic compartment and energy
metabolism. In Kil40CAG mice, a slowly progressive model, modifications of several metabolite levels could
reflect homeostatic changes to compensate deficits that occurred early in mouse’s life. Moreover, gluCEST
was able to evidence alterations in unexpected brain regions such as the corpus callosum. However, this
method may also be blind to disease process in certain situations where glutamate levels are preserved.

This highlights the complementarity of both methods to identify relevant biomarkers, especially in the context
of HD. Acquisition of 'H-MRS and gluCEST data within a same protocol could provide various readouts to
monitor disease progression or treatment efficacy and improve the use of animal models for the study of a

large spectrum of neurodegenerative diseases.
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Figures and legends
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Figure 1: Striatal atrophy measured by MRI in Kil40CAG and R6/1 mice. Striatum volume was
measured in Kil40-WT (n = 5), Kil40-Hetero. (n = 5), Kil40-Homo. (n = 5), R6/1-WT (n = 3) and R6/1-
Hetero (n = 4) mice. Data are presented as mean + SEM. Statistical analysis was performed by Student’s
t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher's LSD post hoc
test for Kil40CAG mice (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 2: 'H-MRS of Ki1l40CAG and R6/1 mice. a) Examples of 1H-spectrum acquired in a voxel of 8 uL
located in the left striatum (see inset) of one mouse from each group of Kil40CAG mice (top panel) and
R6/1 mice (bottom panel). The following metabolites, total choline (tCho), total creatine (tCr), glutamate
(Glu), glutamine (GlIn), myo-inositol (Ins), total N-acetyl-aspartate + N-acetyl-aspartyl-glutamate (tNAA) and
taurine (Tau), were reliably quantified (CRLB < 5%). b) Metabolic profiles measured by 'H-MRS in
Ki1l40CAG and R6/1 mice. Concentration of metabolites normalized with respect to 8 mM tCr were
measured in left striatum of Kil40-WT (n = 5), Kil40-Hetero. (n = 5), Kil40-Homo. (n = 5), R6/1-WT (n = 3)
and R6/1-Hetero (n = 4) mice. Data are presented as mean + SEM. Statistical analysis was performed by
Student’s t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher’'s LSD
post hoc test for Kil40CAG mice (*p < 0.05; **p < 0.01; **p < 0.001).
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Figure 4: GIUCEST imaging in Kil40CAG and R6/1 mice. a) Example of gluCEST images acquired at 3
ppm in Kil40CAG (top panel) and R6/1 (bottom panel) mice in each genotype group (WT littermate control
mouse: left panel images; heterozygous mouse: middle panel images; homozygous mouse: right panel
images). b) Z-spectra acquired in a 2x2x1.8 mm?3 voxel located in the left striatum of WT littermate,
heterozygous and homozygous Kil40CAG mice (meanzSEM). c) Corresponding MTRasym spectra
acquired in Kil40CAG mice. d) Z-spectra acquired in a 2x2x1.8 mm? voxel located in the left striatum of WT
littermate and heterozygous R6/1 mice (mean+SEM). e) Corresponding MTRasym spectra acquired in R6/1

mice.
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Figure 5: Variation maps of gluCEST contrast in Kil40CAG and R6/1 mice. Mice brain was segmented
into 8 ROIs (top left). Variation of gluCEST contrast was calculated in each ROI between WT littermate
controls and HD mice as follows: Variation = 100 x (MTRasym(WT) - MTRasym(HD)) / MTRasym(WT).
MTRasym(HD) was either mean gluCEST contrast measured in R6/1-Hetero mice (top right), in Kil40-
Hetero mice (bottom left) or in Kil40-Homo mice (bottom right). Statistical analysis was performed by
Student’s t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher’'s LSD
post hoc test for Kil40CAG mice (*p < 0.05; **p < 0.01; ***p < 0.001).
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List of figure legends

Figure 1: Striatal atrophy measured by MRI in Kil40CAG and R6/1 mice. Striatum volume was
measured in Kil40-WT (n = 5), Kil40-Hetero. (n = 5), Kil40-Homo. (n = 5), R6/1-WT (n = 3) and R6/1-
Hetero (n = 4) mice. Data are presented as mean + SEM. Statistical analysis was performed by Student’s
t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher’'s LSD post hoc
test for Kil40CAG mice (*p < 0.05; **p < 0.01; ***p < 0.001).

Figure 2: 'H-MRS of Ki1l40CAG and R6/1 mice. a) Examples of 1H-spectrum acquired in a voxel of 8 uL
located in the left striatum (see inset) of one mouse from each group of Kil40CAG mice (top panel) and
R6/1 mice (bottom panel). The following metabolites, total choline (tCho), total creatine (tCr), glutamate
(Glu), glutamine (GIn), myo-inositol (Ins), total N-acetyl-aspartate + N-acetyl-aspartyl-glutamate (tNAA) and
taurine (Tau), were reliably quantified (CRLB < 5%). b) Metabolic profiles measured by 'H-MRS in
Kil40CAG and R6/1 mice. Concentration of metabolites normalized with respect to 8 mM tCr were
measured in left striatum of Kil40-WT (n = 5), Kil40-Hetero. (n = 5), Kil40-Homo. (n = 5), R6/1-WT (n = 3)
and R6/1-Hetero (n = 4) mice. Data are presented as mean + SEM. Statistical analysis was performed by
Student’s t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher’'s LSD
post hoc test for Kil40CAG mice (*p < 0.05; **p < 0.01; ***p < 0.001).

Figure 3: Variation of tNAA concentration as a function of the striatal volume in Kil40CAG and R6/1

mice.

Figure 4: GIUCEST imaging in Kil40CAG and R6/1 mice. a) Example of gluCEST images acquired at 3
ppm in Kil40CAG (top panel) and R6/1 (bottom panel) mice in each genotype group (WT littermate control
mouse: left panel images; heterozygous mouse: middle panel images; homozygous mouse: right panel
images). b) Z-spectra acquired in a 2x2x1.8 mm? voxel located in the left striatum of WT littermate,
heterozygous and homozygous Kil40CAG mice (meantSEM). c¢) Corresponding MTRasym spectra
acquired in Kil40CAG mice. d) Z-spectra acquired in a 2x2x1.8 mm? voxel located in the left striatum of WT
littermate and heterozygous R6/1 mice (meantSEM). e) Corresponding MTRasym spectra acquired in R6/1
mice.

Figure 5: Variation maps of gluCEST contrasts in Kil40CAG and R6/1 mice. Mice brain was segmented
into 8 ROIs (top left). Variation of gluCEST contrast was calculated in each ROI between WT littermate
controls and HD mice as follows: Variation = 100 x (MTRasym(WT) - MTRasym(HD)) / MTRasym(WT).
MTRasym(HD) was either mean gluCEST contrast measured in R6/1-Hetero mice (top right), in Kil40-
Hetero mice (bottom left) or in Kil40-Homo mice (bottom right). Statistical analysis was performed by
Student’s t-test for R6/1 mice and by one-way ANOVA (significant threshold set to 0.05) with Fisher’'s LSD
post hoc test for Kil40CAG mice (*p < 0.05; **p < 0.01; ***p < 0.001).






List of Abbreviations

CEST: Chemical Exchange Saturation Transfer

DARPP-32: 3',5"-Cyclic Adenosine Monophosphate-Regulated Neuronal Phosphoprotein
DCLK3: doublecortin-like kinase 3

GABA: gamma-Aminobutyric acid

GIn: Glutamine

Glu: Glutamate

gluCEST: CEST imaging of glutamate

HD: Huntington’s disease

Hetero: Heterozygous

Homo: Homozygous

Htt: Murine huntingtin gene

HTT: Human huntingtin gene

Ins: Myo-inositol

LASER: Localization by Adiabatic Selective Refocusing
MSME: Multi Slices Multi Echoes

MTRasym: Asymmetrical Magnetization Transfer Ratio
NAA: N-acetylaspartate

PDE10: phosphodiesterase 10

ROls: Regions-of-interest

Tau: Taurine

tCho: Total choline

tCr: Total creatine

tNAA: total N-acetyl-aspartate + N-acetyl-aspartyl-glutamate
VAPOR: Variable power radiofrequency pulses with optimized relaxation delays
WASSR: Water Saturation Shift Referencing

WT: Wild type



