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Abstract: Huntington’s disease is one of the most common dominantly inherited neurodegenerative
disorders caused by an expansion of a polyglutamine (polyQ) stretch in the N-terminal region of
huntingtin (Htt). Among all the molecular mechanisms, affected by the mutation, emerging evidence
proposes glycosphingolipid dysfunction as one of the major determinants. High levels of sphin-
golipids have been found to localize in the myelin sheaths of oligodendrocytes, where they play an
important role in myelination stability and functions. In this study, we investigated any potential ex-
isting link between sphingolipid modulation and myelin structure by performing both ultrastructural
and biochemical analyses. Our findings demonstrated that the treatment with the glycosphingolipid
modulator THI preserved myelin thickness and the overall structure and reduced both area and
diameter of pathologically giant axons in the striatum of HD mice. These ultrastructural findings
were associated with restoration of different myelin marker protein, such as myelin-associated glyco-
protein (MAG), myelin basic protein (MBP) and 2′, 3′ Cyclic Nucleotide 3′-Phosphodiesterase (CNP).
Interestingly, the compound modulated the expression of glycosphingolipid biosynthetic enzymes
and increased levels of GM1, whose elevation has been extensively reported to be associated with
reduced toxicity of mutant Htt in different HD pre-clinical models. Our study further supports the
evidence that the metabolism of glycosphingolipids may represent an effective therapeutic target for
the disease.
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1. Introduction

Huntington’s disease (HD), the most common dominantly inherited neurodegenera-
tive disorder, is characterized by the progressive striatal and cortical neurodegeneration
and associated motor, cognitive and behavioral disturbances. The disease-causing mu-
tation is the expansion of a polyglutamine (polyQ) stretch in the N-terminal region of
huntingtin (Htt), a ubiquitous protein with multiple functions [1,2]. Expansion of the polyQ
stretch endows mutant Htt (mHtt) with toxic properties and results in a broad array of cell
dysfunctions [3].

As consequence of the polyQ expansion, mutant protein changes its folding resulting
in the formation of soluble oligomers that are prone to form aggregates [1]. Formation
of intranuclear inclusions of mHtt is a pathological hallmark of the disease that may
conceivably cause neuronal dysfunction and neuronal degeneration [1].

Although neurons are reported to be primarily affected, other cell populations may be
susceptible to the disease [4]. mHtt exerts adverse effects also in glial cells by interfering
with the functional intracellular pathways [5]. Animal studies describe white matter
segmentation and myelin breakdown in HD mouse models at different stages of the
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disease [6]. Although the mechanism by which mHtt negatively affects myelin integrity
is not completely understood, recently it has been reported that expression of mHtt in
oligodendrocytes leads to reduction in myelin basic protein (MBP), the major constituent
of myelin sheaths [7]. This evidence recapitulates the loss of brain white matter, recently
described in either symptomatic or pre-symptomatic subjects [6], and suggests that white
matter dysfunctions may be important in HD pathogenesis and may be likely identified as
an early event of this devastating disorder.

Among all the dysfunctional molecular mechanisms that have been reported to play
a critical role in the pathogenesis of HD, emerging evidence proposes lipid dysfunc-
tion as one critical determinant [8–12] and, in particular, the defective metabolism of
(glyco)sphingolipids may represent a possible promising therapeutic target [13–18].

High levels of sphingolipids have been found to localize in the myelin sheaths of
oligodendrocytes where they play a fundamental role in the initiation of myelination
as well as in the maintenance of the myelin integrity and in the regulation of axon–glia
interactions [19]. Mice lacking specific glycosphingolipids, such as gangliosides GM1 and
GD1a in the central nervous system (CNS), show oligodentrocyte defects and reduced
stability of myelin paranodal junctions [20,21]. Mice knockout for ganglioside-synthetizing
enzymes are characterized by axonal degeneration, increased unmyelinated fibers with
disruption of axonal-glia interaction, and perturbed myelin paranodal stability [21]. These
alterations may precede motor dysfunctions by several months and recapitulate the early
white matter dysfunctions described in pre-symptomatic HD patients [22] as well as
myelin degeneration observed in R6/2 HD mice [23,24]. Modulation of (glyco)sphingolipid
pathways is beneficial in HD mice and it is associated with increased levels of myelin
proteins in the corpus callosum [18,25]. Whether this approach may be beneficial also at
striatal level has not been investigated.

Here, we assessed any possible existing link between the modulation of sphingolipids
by THI [18] and myelin structure in the striatum of R6/2 mice by performing both ultra-
structural and biochemical analyses.

Our findings demonstrated that the treatment with THI preserved myelin thickness
and the overall structure while reducing pathologically the enlarged axon area and the
diameter in HD mice.

The ultrastructural findings were associated with normal expression of different
myelin marker protein such as myelin-associated glycoprotein (MAG), myelin basic pro-
tein (MBP), and 2′, 3′ Cyclic Nucleotide 3′-Phosphodiesterase (CNP). Interestingly, the
compound modulated the expression of ganglioside biosynthetic enzymes and increased
GM1 levels.

2. Results
2.1. THI Rescues Axonal Myelination Loss within Striatum of R6/2 Transgenic Mice

A number of evidence indicates that both human patients and HD animal models are
characterized by myelination deficits [26–28].

We have recently demonstrated that the inhibition of SGPL1 by THI restored myelin
organization in the corpus callosum of R6/2 mice [18]. In order to verify whether the
compound might exert similar effect in the striatum, we performed ultrastructural analyses
in HD and control mice.

Electron microscopy analysis revealed an aberrant white matter structure with a
dramatic loss of myelin sheaths and an increased axon dimension in the striatum of
R6/2 mice compared with WT littermates (Figure 1A). Interestingly, administration of
THI preserved myelin thickness (One-way ANOVA, F = 98.53, p < 0.0001) (Figure 1B) and
normalized both the axon area (One-way ANOVA, F = 27.73, p < 0.0001) and the diameter
(One-way ANOVA, F = 16.24, p < 0.0001) in HD mice (Figure 1C,D).
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Figure 1. THI rescues axonal myelination loss within striatum from R6/2 transgenic mice. 
Representative electron micrographs of axons (A) in the striatum from vehicle-treated WT and vehicle- 
and THI-treated R6/2 mice at 11 weeks of age. Giant axons (left panels) are indicated by arrows. Myelin 
sheet abnormalities (right panels) are indicated by arrowheads. Scale bar (left panels): 1 µm; Scale bar 
(right panels; high magnification): 0.2 µm. Bar graphs representing the myelin thickness (B), the axon 
area (C) and the axon diameter (D) in the striatum from vehicle-treated WT and vehicle- and THI-
treated R6/2 mice at 11 weeks of age. Values are represented as mean ± SD. n = 4 for each group of 
mice. Fifty axons for each experimental group. One-way ANOVA, *** p < 0.001; **** p < 0.0001. 

2.2. THI Treatment Preserves the Expression of Myelin-Related Proteins and Genes in the Striatum 
of R6/2 Mice 

To further investigate whether amelioration of myelin structure was paralleled by 
changes in the expression of myelin components, we assessed the expression profiles of 
MBP (myelin basic protein), MAG (myelin-associated glycoprotein), CNP (2’, 3’ Cyclic 
Nucleotide 3’-Phosphodiesterase), MOG (myelin oligodendrocyte glycoprotein), and PLP 
(proteo-lipid protein), a specific marker of myelin.  

Treatment with THI preserved normal protein levels of MBP (One-way ANOVA, F = 
8.232, p = 0.0039) (Figure 2A,F), MAG (One-way ANOVA, F = 17.48, p = 0.0001) (Figure 2B) 
and CNP (One-way ANOVA, F = 11.42, p = 0.0010) (Figure 2C) and increased mRNA levels 
of Mog (One-way ANOVA, F = 6.365, p = 0.0100) (Figure 2D) and Plp (One-way ANOVA, F 
= 5.002, p = 0.0217) (Figure 2E), as assessed by immunoblotting and qPCR analyses, respec-
tively. 

Figure 1. THI rescues axonal myelination loss within striatum from R6/2 transgenic mice. Represen-
tative electron micrographs of axons (A) in the striatum from vehicle-treated WT and vehicle- and
THI-treated R6/2 mice at 11 weeks of age. Giant axons (left panels) are indicated by arrows. Myelin
sheet abnormalities (right panels) are indicated by arrowheads. Scale bar (left panels): 1 µm; Scale
bar (right panels; high magnification): 0.2 µm. Bar graphs representing the myelin thickness (B), the
axon area (C) and the axon diameter (D) in the striatum from vehicle-treated WT and vehicle- and
THI-treated R6/2 mice at 11 weeks of age. Values are represented as mean ± SD. n = 4 for each group
of mice. Fifty axons for each experimental group. One-way ANOVA, *** p < 0.001; **** p < 0.0001.

2.2. THI Treatment Preserves the Expression of Myelin-Related Proteins and Genes in the Striatum
of R6/2 Mice

To further investigate whether amelioration of myelin structure was paralleled by
changes in the expression of myelin components, we assessed the expression profiles of
MBP (myelin basic protein), MAG (myelin-associated glycoprotein), CNP (2′, 3′ Cyclic
Nucleotide 3′-Phosphodiesterase), MOG (myelin oligodendrocyte glycoprotein), and PLP
(proteo-lipid protein), a specific marker of myelin.

Treatment with THI preserved normal protein levels of MBP (One-way ANOVA,
F = 8.232, p = 0.0039) (Figure 2A,F), MAG (One-way ANOVA, F = 17.48, p = 0.0001)
(Figure 2B) and CNP (One-way ANOVA, F = 11.42, p = 0.0010) (Figure 2C) and increased
mRNA levels of Mog (One-way ANOVA, F = 6.365, p = 0.0100) (Figure 2D) and Plp (One-
way ANOVA, F = 5.002, p = 0.0217) (Figure 2E), as assessed by immunoblotting and qPCR
analyses, respectively.
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Figure 2. THI treatment preserves the expression of myelin-related proteins and genes in the striatum 
of R6/2 mice. Representative cropped immunoblottings and densitometric analysis of MBP (A), MAG 
(B) and CNP (C) in striatal tissues from vehicle-treated WT and vehicle- and THI-treated R6/2 mice at 
11 weeks of age. In each immunoblotting, all samples were run on the same gel. Non-adjacent samples 
are separated by a black line. Quantitative PCR analysis of Mog (D) and Plp (E) in striatal tissues from 
vehicle-treated WT and vehicle- and THI-treated R6/2 mice at 11 weeks of age. Representative 
fluorescence microscopy micrograph of MBP (F) (red signal) in the striatum of vehicle-treated WT and 
vehicle- and THI-treated R6/2 mice at 11 weeks of age. Nuclei are stained with DAPI (blue signal). 
Scale bars: 100 µm and 50 µm. Values are represented as mean ± SD. n = 6 for each group of mice. One-
Way ANOVA, * p < 0.05; ** p < 0.01; *** p < 0.001. 

2.3. Administration of THI Modulates Metabolism of Gangliosides in the Striatum of R6/2 Mice 
Previous studies indicated that the metabolism of gangliosides is aberrant in different 

HD settings and that administration of exogenous GM1 exerts beneficial effects in different 
HD in vivo models [9,10,13,14]. 

Given the pivotal role that gangliosides play in myelin stability and functions, we 
investigated whether the beneficial effect of THI may be eventually associated with the 
modulation of ganglioside metabolism.  

Semiquantitative analysis of GM1 demonstrated that the compound was able to 
increase the content of ganglioside in the striatum of HD mice (Unpaired t-test, t = 2.317, p = 
0.0491) (Figure 3A,B). This was associated with increased mRNA levels of GM1 synthase 
(B3galt4) (One-way ANOVA, F = 5.190, p = 0.0194) (Figure 3C) and with the normalization 
of the expression of GM3 synthase (St3gal5) (One-way ANOVA, F = 17.80, p = 0.0001) (Figure 
3D), the rate limiting-enzyme of the ganglioside biosynthetic pathway, as assessed by qPCR 
analysis. 

Figure 2. THI treatment preserves the expression of myelin-related proteins and genes in the striatum
of R6/2 mice. Representative cropped immunoblottings and densitometric analysis of MBP (A),
MAG (B) and CNP (C) in striatal tissues from vehicle-treated WT and vehicle- and THI-treated
R6/2 mice at 11 weeks of age. In each immunoblotting, all samples were run on the same gel.
Non-adjacent samples are separated by a black line. Quantitative PCR analysis of Mog (D) and Plp
(E) in striatal tissues from vehicle-treated WT and vehicle- and THI-treated R6/2 mice at 11 weeks of
age. Representative fluorescence microscopy micrograph of MBP (F) (red signal) in the striatum of
vehicle-treated WT and vehicle- and THI-treated R6/2 mice at 11 weeks of age. Nuclei are stained
with DAPI (blue signal). Scale bars: 100 µm and 50 µm. Values are represented as mean ± SD. n = 6
for each group of mice. One-Way ANOVA, * p < 0.05; ** p < 0.01; *** p < 0.001.

2.3. Administration of THI Modulates Metabolism of Gangliosides in the Striatum of R6/2 Mice

Previous studies indicated that the metabolism of gangliosides is aberrant in different
HD settings and that administration of exogenous GM1 exerts beneficial effects in different
HD in vivo models [9,10,13,14].

Given the pivotal role that gangliosides play in myelin stability and functions, we
investigated whether the beneficial effect of THI may be eventually associated with the
modulation of ganglioside metabolism.

Semiquantitative analysis of GM1 demonstrated that the compound was able to
increase the content of ganglioside in the striatum of HD mice (Unpaired t-test, t = 2.317,
p = 0.0491) (Figure 3A,B). This was associated with increased mRNA levels of GM1 synthase
(B3galt4) (One-way ANOVA, F = 5.190, p = 0.0194) (Figure 3C) and with the normalization
of the expression of GM3 synthase (St3gal5) (One-way ANOVA, F = 17.80, p = 0.0001)
(Figure 3D), the rate limiting-enzyme of the ganglioside biosynthetic pathway, as assessed
by qPCR analysis.
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Figure 3. Administration of THI modulates ganglioside metabolism in the striatum of R6/2 mice. 
Representative cropped immunoblottings and densitometric analysis of GM1 (A) in striatal tissues 
from vehicle- and THI-treated R6/2 mice at 11 weeks of age. Representative fluorescence microscopy 
micrograph of GM1 (B) (green signal) in the striatum of vehicle-treated WT and vehicle- and THI-
treated R6/2 mice at 11 weeks of age. Nuclei are stained with DAPI (blue signal). Scale bars: 100 µm 
and 50 µm. Quantitative PCR analysis of B3galt4 (C) and St3gal5 (D) in striatal tissues from vehicle-
treated WT and vehicle- and THI-treated R6/2 mice at 11 weeks of age. Values are represented as 
mean ± SD. n = 5/6 for each group of mice. Unpaired t-test (A), One-Way ANOVA, * p < 0.05; **** p < 
0.0001. 
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collapse of myelin sheaths that occurs early in the disease course [29]. This alteration is 
paralleled by the reduced expression of myelin-related genes such as MBP and/or MAG [6].  
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mHtt downregulates myelin-associated gene expression and affects myelin functions 
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Recently, we have demonstrated that the administration of THI, a specific inhibitor of 
S1P lyase (SGPL-1), results therapeutically effective in R6/2 mice by evoking neuroprotective 
pathways, reducing mHtt aggregates and preserving white matter integrity in the corpus 
callosum [18]. 

In this study, we aimed at assessing any possible beneficial effect of THI administration 
on myelin structure in the striatum of R6/2 mice.  

WT mice displayed well-structured myelinated fibers, with typical myelin sheaths 
surrounding the axons. In contrast, in R6/2 mice we observed giant axons with myelin 
sheaths lacking typical layers. Increased axon diameter is reported in other neurological 
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mechanism for counteracting fiber demyelination and preserving the normal nerve 
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As we previously found, in the corpus callosum of R6/2 mice [18], THI preserved 
normal myelin structure. Indeed, the treatment restored normal levels of several myelin 
markers, such as MBP, MAG, and CNP, whose reduction has been reported in different HD 
settings [6,25], and increased levels of Mog and Plp mRNA expression. 

Figure 3. Administration of THI modulates ganglioside metabolism in the striatum of R6/2 mice.
Representative cropped immunoblottings and densitometric analysis of GM1 (A) in striatal tissues
from vehicle- and THI-treated R6/2 mice at 11 weeks of age. Representative fluorescence microscopy
micrograph of GM1 (B) (green signal) in the striatum of vehicle-treated WT and vehicle- and THI-
treated R6/2 mice at 11 weeks of age. Nuclei are stained with DAPI (blue signal). Scale bars: 100 µm
and 50 µm. Quantitative PCR analysis of B3galt4 (C) and St3gal5 (D) in striatal tissues from vehicle-
treated WT and vehicle- and THI-treated R6/2 mice at 11 weeks of age. Values are represented as
mean ± SD. n = 5/6 for each group of mice. Unpaired t-test (A), One-Way ANOVA, * p < 0.05;
**** p < 0.0001.

3. Discussion

Evidence indicates that both in HD animal models and HD patients have a strong
collapse of myelin sheaths that occurs early in the disease course [29]. This alteration is
paralleled by the reduced expression of myelin-related genes such as MBP and/or MAG [6].

Early myelin degradation affects nerve impulses and results in defective axonal trans-
port, synaptic loss, and axonal degeneration [30]. Interestingly, evidence indicates that mHtt
downregulates myelin-associated gene expression and affects myelin functions [7,31,32].

Recently, we have demonstrated that the administration of THI, a specific inhibitor
of S1P lyase (SGPL-1), results therapeutically effective in R6/2 mice by evoking neuropro-
tective pathways, reducing mHtt aggregates and preserving white matter integrity in the
corpus callosum [18].

In this study, we aimed at assessing any possible beneficial effect of THI administration
on myelin structure in the striatum of R6/2 mice.

WT mice displayed well-structured myelinated fibers, with typical myelin sheaths
surrounding the axons. In contrast, in R6/2 mice we observed giant axons with myelin
sheaths lacking typical layers. Increased axon diameter is reported in other neurologi-
cal diseases [33,34]. We can speculate that such an increase may likely serve as a com-
pensatory mechanism for counteracting fiber demyelination and preserving the normal
nerve impulses.

As we previously found, in the corpus callosum of R6/2 mice [18], THI preserved
normal myelin structure. Indeed, the treatment restored normal levels of several myelin
markers, such as MBP, MAG, and CNP, whose reduction has been reported in different HD
settings [6,25], and increased levels of Mog and Plp mRNA expression.

Much evidence proposes that neuronal degeneration can be associated with mHtt-
dependent dysfunction in non-neuronal cell types [29,35,36].
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Whether myelin changes, reported in this study, were secondary to the neuronal
dysfunction or not, is not known. However, the beneficial effect that THI administration
exerted on myelin organization suggests a potential involvement of myelin itself in the
neuroprotective response previously observed in the striatum of R6/2 mice [18].

Glycosphingolipids are lipids highly represented in the brain, and gangliosides are
very abundant in myelin sheaths [21,37]. An aberrant ganglioside metabolism is associated
with different neurological disorders, characterized by myelin derangement and axon
instability [21].

A number of studies indicate that metabolism of (glyco)sphingolipid is defective in
HD [9–12,38]. Coherently, any intervention aimed at modulating their levels is beneficial
and is associated with stimulation of neuroprotective pathways in the striatum of different
HD animal models [13–15,17,25,39].

We have previously demonstrated that THI restored normal level of Glucosylceramide
(GluCer) [18], a pivotal molecule in the synthesis of glycosphingolipids, whose levels have
been reported to be increased in HD [18,40,41].

In this study, we report that the compound is also able to increase levels of ganglioside
GM1, whose content is usually reduced in the striatum of HD mouse models [9,10].

Altogether these findings suggest that THI may likely restore normal balance among
different glycosphingolipid species. This is conceivably due to its ability to stimulate the
endomembrane system [18], which is normally involved in the synthesis and recycling
of glycolipids.

In conclusion, our findings further support the idea that the defective glycosphin-
golipid metabolism in HD is druggable. Molecules targeting this pathway may represent a
new approach for the treatment of the disease by acting on different types of brain cells.

4. Materials and Methods
4.1. Animal Model

Breeding pairs of the R6/2 line of transgenic mice [strain name: B6CBA-tgN (HDexon1)
62Gpb/1J] with 160 (CAG) repeat expansions were purchased from Jackson Laboratories.
All experimental procedures were approved by the IRCCS Neuromed Animal Care Review
Board and by “Istituto Superiore di Sanità” (ISS permit number: 760/2020-PR) and were
conducted according to the 2010/63/EU Directive for animal experiments.

4.2. In Vivo Drug Administration

THI (Cayman, Ann Arbor, MI, USA, cat. no. 13222) was dissolved in DMSO, further
diluted in saline (vehicle), and daily administered by intraperitoneal (i.p.) injection at a
dose of 0.1 mg/kg. Control mice were injected daily with the same volume of vehicle
containing DMSO [18].

4.3. Transmission Electron Microscopy (TEM)

Mouse brains were immersed in the fixing solution (paraformaldehyde 2.0% and
glutaraldehyde 1% in 0.1 M phosphate buffer pH 7.4) overnight at 4 ◦C. After washing in
PBS (0.1 M), small blocks from striatum were dissected out and post-fixed in 1% osmium
tetroxide (OsO4) for 1 h at 4 ◦C. After washing in PBS, the samples were dehydrated in
a gradient of ethanol solutions and finally embedded in epon-araldite resin. Ultrathin
sections (90 nm) were cut at ultra-microtome (Leica Microsystems, Wetzlar, Germany) to be
collected on cupper grids and stained with uranyl acetate and lead citrate. Ultrathin sections
were observed at electron microscopy (Jeol JEM SX100, Jeol, Tokyo, Japan) at an acceleration
voltage of 80 kV. For ultrastructural morphometry, grids containing non-serial ultrathin
sections (90 nm thick) were examined at a magnification of 6000×. Several grids were
analyzed in order to count a total of 50 axons from the striatum from each experimental
group. For the ultrastructural analysis of axons, grids containing non-serial ultrathin
sections (90 nm thick) were examined at a magnification of 6000×. Axon maximum
diameter; axon area and myelin thickness were assessed.
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4.4. Brain Lysate Preparation and Immunoblottings

Mice were sacrificed within 1 h after the last treatment by cervical dislocation and
brains were immediately snap frozen in liquid N2 and pulverized in a mortar with a pestle,
as previously described [18].

For the immunoblottings, proteins (20 µg) were resolved on 10% SDS-PAGE and
immunoblotted with the following antibodies: anti-MBP (1:1000) (Cell Signaling, Danvers,
MA, USA, cat. no. 13344), anti-MAG (1:1000) (Santa Cruz, cat. no. sc-166849) and anti-CNP
(1:1000) (Santa Cruz, CA, USA, cat. no. sc-166558). For protein normalization, anti-actin
(1:5000) (Sigma-Aldrich, cat. no. A5441) and anti-cyclophilin (1:2000) (Abcam, Cambridge,
UK, cat. no. ab16045) were used. Immunoblots were then exposed to specific HRP-
conjugated secondary antibodies (Millipore, Burlington, MA, USA, cat. nos. 401315 and
401215). Protein bands were visualized by ECL and quantified by Image Lab Software
Version 6.0 (Bio-Rad Laboratories, Hercules, CA, USA).

4.5. Semiquantitative Analysis of Ganglioside GM1

Five micrograms of total protein lysate were spotted on nitrocellulose membrane using
a slot-blotting apparatus (Hoefer PR 648 Slot Blot Blotting Manifold). Membranes were
blocked in 5% milk in TBS-T and incubated with Cholera Toxin Subunit B horseradish
peroxidase conjugate (1:2000) (Millipore, cat. no. C34780). Protein bands were visualized
by ECL and quantified by Image Lab Software Version 6.0 (Bio-Rad Laboratories). Ponceau
Red staining served as a total protein loading control [18].

4.6. Quantitative Real-Time PCR

Total RNA was extracted as previously described [18] and qPCR analysis was per-
formed on a CFX Connect Real-Time System instrument (Bio-Rad Laboratories). The
following primers were used (5′→3′): Mog-Fw: AGCTGCTTCCTCTCCCTTCTC; Mog-Rv:
ACTAAAGCCCGGATGGGATAC; Plp-Fw: GACATGAAGCTCTCACTGGTAC; Plp-Rv:
CATACATTCTGGCATCAGCGC; St3gal5-Fw: AGTCCCACTCCAGCCAAAG; St3gal5-Rv:
CCAAGACAACGGCAATGAC; B3galt4-Fw: GGCAGTGCCCCTTCTGTATTT; B3galt4-
Rv: CGAGGCATAGGGTGGAAAAG; Cyc-Fw: TCCAAAGACAGCAGAAAACTTTCG;
Cyc-Rv: TCTTCTTGCTGGTCTTGCCATTCC.

4.7. Histochemical Analyses

Brains were processed, embedded in paraffin wax, and 10 µm coronal sections were
cut using a microtome. For the assessment of myelination, brain sections were incubated
with anti-MBP antibody (1:100) (Cell Signaling, cat. no. 13344). A goat anti-mouse CY3-
conjugate (Millipore, Cat. N. AP124C) was used as secondary antibody. For the assessment
of ganglioside GM1, brain sections were incubated with Cholera Toxin Subunit B conjugates
with Alexa Fluor 488 (1:100) (Millipore, cat. no. C-34775).

4.8. Statistics

An unpaired t-test was used in GM1 immunoblotting experiments. One-way ANOVA
followed by Tukey post-test was used in immunoblotting and qPCR experiments.

Author Contributions: Conceptualization, V.M. and F.F.; funding acquisition, V.M.; investigation,
G.P., P.L., L.C., F.M., L.P. and P.S.; methodology, G.P., V.M. and F.F.; supervision, F.F., A.D.P. and V.M.;
writing—original draft, G.P. and P.L.; writing—review and editing, G.P., P.L., A.D.P., F.F. and V.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Telethon Grant GGP20101 to V.M. and by the Italian Ministry of
Health (“Ricerca Corrente”).

Institutional Review Board Statement: All experimental procedures were approved by the IRCCS
Neuromed Animal Care Review Board and by “Istituto Superiore di Sanità” (ISS permit number:
760/2020-PR) and were conducted according to the 2010/63/EU Directive for animal experiments.



Int. J. Mol. Sci. 2023, 24, 5956 8 of 9

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the corresponding author on request.

Acknowledgments: This study was supported by Fondazione Neuromed.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tabrizi, S.J.; Flower, M.D.; Ross, C.A.; Wild, E.J. Huntington Disease: New Insights into Molecular Pathogenesis and Therapeutic

Opportunities. Nat. Rev. Neurol. 2020, 16, 529–546. [CrossRef]
2. Saudou, F.; Humbert, S. The Biology of Huntingtin. Neuron 2016, 89, 910–926. [CrossRef] [PubMed]
3. Singh, A.; Agrawal, N. Metabolism in Huntington’s Disease: A Major Contributor to Pathology. Metab. Brain Dis. 2022, 37,

1757–1771. [CrossRef] [PubMed]
4. De La Monte, S.M.; Vonsattel, J.P.; Richardson, E.P. Morphometric Demonstration of Atrophic Changes in the Cerebral Cortex,

White Matter, and Neostriatum in Huntington’s Disease. J. Neuropathol. Exp. Neurol. 1988, 47, 516–525. [CrossRef] [PubMed]
5. Wilton, D.K.; Stevens, B. The Contribution of Glial Cells to Huntington’s Disease Pathogenesis. Neurobiol. Dis. 2020, 143, 104963.

[CrossRef]
6. Sun, Y.; Tong, H.; Yang, T.; Liu, L.; Li, X.-J.; Li, S. Insights into White Matter Defect in Huntington’s Disease. Cells 2022, 11, 3381.

[CrossRef]
7. Huang, B.; Wei, W.J.; Wang, G.; Gaertig, M.A.; Feng, Y.; Wang, W.; Li, X.J.; Li, S. Mutant Huntingtin Downregulates Myelin

Regulatory Factor-Mediated Myelin Gene Expression and Affects Mature Oligodendrocytes. Neuron 2015, 85, 1212–1226.
[CrossRef]

8. Valenza, M.; Rigamonti, D.; Goffredo, D.; Zuccato, C.; Fenu, S.; Jamot, L.; Strand, A.; Tarditi, A.; Woodman, B.; Racchi, M.;
et al. Dysfunction of the Cholesterol Biosynthetic Pathway in Huntington’s Disease. J. Neurosci. 2005, 25, 9932–9939. [CrossRef]
[PubMed]

9. Maglione, V.; Marchi, P.; Di Pardo, A.; Lingrell, S.; Horkey, M.; Tidmarsh, E.; Sipione, S. Impaired Ganglioside Metabolism in
Huntington’s Disease and Neuroprotective Role of GM1. J. Neurosci. 2010, 30, 4072–4080. [CrossRef]

10. Di Pardo, A.D.; Amico, E.; Maglione, V. Impaired Levels of Gangliosides in the Corpus Callosum of Huntington Disease Animal
Models. Front. Neurosci. 2016, 10, 457. [CrossRef]

11. Pardo, A.D.; Basit, A.; Armirotti, A.; Amico, E.; Castaldo, S.; Pepe, G.; Marracino, F.; Buttari, F.; Digilio, A.F.; Maglione, V. De
Novo Synthesis of Sphingolipids Is Defective in Experimental Models of Huntington’s Disease. Front. Neurosci. 2017, 11, 698.
[CrossRef] [PubMed]

12. Di Pardo, A.; Amico, E.; Basit, A.; Armirotti, A.; Joshi, P.; Neely, D.M.; Vuono, R.; Castaldo, S.; Digilio, A.F.; Scalabrì, F.; et al.
Defective Sphingosine-1-Phosphate Metabolism Is a Druggable Target in Huntington’s Disease. Sci. Rep. 2017, 7, 5280. [CrossRef]
[PubMed]

13. Di Pardo, A.; Maglione, V.; Alpaugh, M.; Horkey, M.; Atwal, R.S.; Sassone, J.; Ciammola, A.; Steffan, J.S.; Fouad, K.; Truant, R.;
et al. Ganglioside GM1 Induces Phosphorylation of Mutant Huntingtin and Restores Normal Motor Behavior in Huntington
Disease Mice. Proc. Natl. Acad. Sci. USA 2012, 109, 3528–3533. [CrossRef] [PubMed]

14. Alpaugh, M.; Galleguillos, D.; Forero, J.; Morales, L.C.; Lackey, S.W.; Kar, P.; Di Pardo, A.; Holt, A.; Kerr, B.J.; Todd, K.G.; et al.
Disease-Modifying Effects of Ganglioside GM1 in Huntington’s Disease Models. EMBO Mol. Med. 2017, 9, 1537–1557. [CrossRef]

15. Di Pardo, A.; Castaldo, S.; Amico, E.; Pepe, G.; Marracino, F.; Capocci, L.; Giovannelli, A.; Madonna, M.; van Bergeijk, J.; Buttari,
F.; et al. Stimulation of S1PR <inf>5</Inf> with A-971432, a Selective Agonist, Preserves Blood-Brain Barrier Integrity and Exerts
Therapeutic Effect in an Animal Model of Huntington’s Disease. Hum. Mol. Genet. 2018, 27, 2490–2501. [CrossRef]

16. Di Pardo, A.; Maglione, V. The S1P Axis: New Exciting Route for Treating Huntington’s Disease. Trends Pharmacol. Sci. 2018, 39,
468–480. [CrossRef] [PubMed]

17. Di Pardo, A.; Pepe, G.; Castaldo, S.; Marracino, F.; Capocci, L.; Amico, E.; Madonna, M.; Giova, S.; Jeong, S.K.; Park, B.-M.; et al.
Stimulation of Sphingosine Kinase 1 (SPHK1) Is Beneficial in a Huntington’s Disease Pre-Clinical Model. Front. Mol. Neurosci.
2019, 12, 100. [CrossRef] [PubMed]

18. Pepe, G.; Capocci, L.; Marracino, F.; Realini, N.; Lenzi, P.; Martinello, K.; Bovier, T.F.; Bichell, T.J.; Scarselli, P.; Di Cicco, C.; et al.
Treatment with THI, an Inhibitor of Sphingosine-1-Phosphate Lyase, Modulates Glycosphingolipid Metabolism and Results
Therapeutically Effective in Experimental Models of Huntington’s Disease. Mol. Ther. 2023, 31, 282–299. [CrossRef]

19. Giussani, P.; Prinetti, A.; Tringali, C. The Role of Sphingolipids in Myelination and Myelin Stability and Their Involvement in
Childhood and Adult Demyelinating Disorders. J. Neurochem. 2021, 156, 403–414. [CrossRef]

20. Pan, B.; Fromholt, S.E.; Hess, E.J.; Crawford, T.O.; Griffin, J.W.; Sheikh, K.A.; Schnaar, R.L. Myelin-Associated Glycoprotein and
Complementary Axonal Ligands, Gangliosides, Mediate Axon Stability in the CNS and PNS: Neuropathology and Behavioral
Deficits in Single- and Double-Null Mice. Exp. Neurol. 2005, 195, 208–217. [CrossRef]

21. Schnaar, R.L. Brain Gangliosides in Axon-Myelin Stability and Axon Regeneration. FEBS Lett. 2010, 584, 1741–1747. [CrossRef]
[PubMed]

http://doi.org/10.1038/s41582-020-0389-4
http://doi.org/10.1016/j.neuron.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26938440
http://doi.org/10.1007/s11011-021-00844-y
http://www.ncbi.nlm.nih.gov/pubmed/34704220
http://doi.org/10.1097/00005072-198809000-00003
http://www.ncbi.nlm.nih.gov/pubmed/2971785
http://doi.org/10.1016/j.nbd.2020.104963
http://doi.org/10.3390/cells11213381
http://doi.org/10.1016/j.neuron.2015.02.026
http://doi.org/10.1523/JNEUROSCI.3355-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16251441
http://doi.org/10.1523/JNEUROSCI.6348-09.2010
http://doi.org/10.3389/fnins.2016.00457
http://doi.org/10.3389/fnins.2017.00698
http://www.ncbi.nlm.nih.gov/pubmed/29311779
http://doi.org/10.1038/s41598-017-05709-y
http://www.ncbi.nlm.nih.gov/pubmed/28706199
http://doi.org/10.1073/pnas.1114502109
http://www.ncbi.nlm.nih.gov/pubmed/22331905
http://doi.org/10.15252/emmm.201707763
http://doi.org/10.1093/hmg/ddy153
http://doi.org/10.1016/j.tips.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29559169
http://doi.org/10.3389/fnmol.2019.00100
http://www.ncbi.nlm.nih.gov/pubmed/31068790
http://doi.org/10.1016/j.ymthe.2022.09.004
http://doi.org/10.1111/jnc.15133
http://doi.org/10.1016/j.expneurol.2005.04.017
http://doi.org/10.1016/j.febslet.2009.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19822144


Int. J. Mol. Sci. 2023, 24, 5956 9 of 9

22. Phillips, O.R.; Joshi, S.H.; Squitieri, F.; Sanchez-Castaneda, C.; Narr, K.; Shattuck, D.W.; Caltagirone, C.; Sabatini, U.; Di Paola, M.
Major Superficial White Matter Abnormalities in Huntington’s Disease. Front. Neurosci. 2016, 10, 197. [CrossRef]

23. Gatto, R.G.; Chu, Y.; Ye, A.Q.; Price, S.D.; Tavassoli, E.; Buenaventura, A.; Brady, S.T.; Magin, R.L.; Kordower, J.H.; Morfini, G.A.
Analysis of YFP(J16)-R6/2 Reporter Mice and Postmortem Brains Reveals Early Pathology and Increased Vulnerability of Callosal
Axons in Huntington’s Disease. Hum. Mol. Genet. 2015, 24, 5285–5298. [CrossRef] [PubMed]

24. Gatto, R.G.; Ye, A.Q.; Colon-Perez, L.; Mareci, T.H.; Lysakowski, A.; Price, S.D.; Brady, S.T.; Karaman, M.; Morfini, G.; Magin, R.L.
Detection of Axonal Degeneration in a Mouse Model of Huntington’s Disease: Comparison between Diffusion Tensor Imaging
and Anomalous Diffusion Metrics. Magn. Reson. Mater. Phys. Biol. Med. 2019, 32, 461–471. [CrossRef]

25. Di Pardo, A.; Amico, E.; Favellato, M.; Castrataro, R.; Fucile, S.; Squitieri, F.; Maglione, V. FTY720 (Fingolimod) Is a Neuroprotective
and Disease-Modifying Agent in Cellular and Mouse Models of Huntington Disease. Hum. Mol. Genet. 2014, 23, 2251–2265.
[CrossRef]

26. Lim, R.G.; Al-Dalahmah, O.; Wu, J.; Gold, M.P.; Reidling, J.C.; Tang, G.; Adam, M.; Dansu, D.K.; Park, H.J.; Casaccia, P.; et al.
Huntington Disease Oligodendrocyte Maturation Deficits Revealed by Single-Nucleus RNAseq Are Rescued by Thiamine-Biotin
Supplementation. Nat. Commun. 2022, 13, 7791. [CrossRef] [PubMed]

27. Jin, J.; Peng, Q.; Hou, Z.; Jiang, M.; Wang, X.; Langseth, A.J.; Tao, M.; Barker, P.B.; Mori, S.; Bergles, D.E.; et al. Early White Matter
Abnormalities, Progressive Brain Pathology and Motor Deficits in a Novel Knock-in Mouse Model of Huntington’s Disease. Hum.
Mol. Genet. 2015, 24, 2508–2527. [CrossRef]

28. Yi Teo, R.T.; Hong, X.; Yu-Taeger, L.; Huang, Y.; Tan, L.J.; Xie, Y.; To, X.V.; Guo, L.; Rajendran, R.; Novati, A.; et al. Structural and
Molecular Myelination Deficits Occur Prior to Neuronal Loss in the YAC128 and BACHD Models of Huntington Disease. Hum.
Mol. Genet. 2016, 25, 2621–2632. [CrossRef]

29. Casella, C.; Lipp, I.; Rosser, A.; Jones, D.K.; Metzler-Baddeley, C. A Critical Review of White Matter Changes in Huntington’s
Disease. Mov. Disord. 2020, 35, 1302–1311. [CrossRef]

30. Harry, G.J.; Toews, A.D. Myelination, dysmyelination, and demyelination. Handb. Dev. Neurotoxicol. 1998, 87–115. [CrossRef]
31. Osipovitch, M.; Asenjo Martinez, A.; Mariani, J.N.; Cornwell, A.; Dhaliwal, S.; Zou, L.; Chandler-Militello, D.; Wang, S.; Li, X.;

Benraiss, S.J.; et al. Human ESC-Derived Chimeric Mouse Models of Huntington’s Disease Reveal Cell-Intrinsic Defects in Glial
Progenitor Cell Differentiation. Cell Stem Cell 2019, 24, 107–122. [CrossRef] [PubMed]

32. Benraiss, A.; Wang, S.; Herrlinger, S.; Li, X.; Chandler-Militello, D.; Mauceri, J.; Burm, H.B.; Toner, M.; Osipovitch, M.; Jim Xu, Q.;
et al. Human Glia Can Both Induce and Rescue Aspects of Disease Phenotype in Huntington Disease. Nat. Commun. 2016, 7,
11758. [CrossRef]

33. Zhu, X.; Cho, E.S.; Sha, Q.; Peng, J.; Oksov, Y.; Kam, S.Y.; Ho, M.; Walker, R.H.; Lee, S. Giant Axon Formation in Mice Lacking Kell,
XK, or Kell and XK: Animal Models of McLeod Neuroacanthocytosis Syndrome. Am. J. Pathol. 2014, 184, 800–807. [CrossRef]
[PubMed]

34. Ganay, T.; Boizot, A.; Burrer, R.; Chauvin, J.P.; Bomont, P. Sensory-Motor Deficits and Neurofilament Disorganization in
Gigaxonin-Null Mice. Mol. Neurodegener. 2011, 6, 25. [CrossRef]

35. Reading, S.A.J.; Yassa, M.A.; Bakker, A.; Dziorny, A.C.; Gourley, L.M.; Yallapragada, V.; Rosenblatt, A.; Margolis, R.L.; Aylward,
E.H.; Brandt, J.; et al. Regional White Matter Change in Pre-Symptomatic Huntington’s Disease: A Diffusion Tensor Imaging
Study. Psychiatry Res. 2005, 140, 55–62. [CrossRef] [PubMed]

36. Di Paola, M.; Phillips, O.R.; Sanchez-Castaneda, C.; Di Pardo, A.; Maglione, V.; Caltagirone, C.; Sabatini, U.; Squitieri, F. MRI
Measures of Corpus Callosum Iron and Myelin in Early Huntington’s Disease. Hum. Brain Mapp. 2014, 35, 3143–3151. [CrossRef]

37. Sipione, S.; Monyror, J.; Galleguillos, D.; Steinberg, N.; Kadam, V. Gangliosides in the Brain: Physiology, Pathophysiology and
Therapeutic Applications. Front. Neurosci. 2020, 14, 572965. [CrossRef] [PubMed]

38. Desplats, P.A.; Denny, C.A.; Kass, K.E.; Gilmartin, T.; Head, S.R.; Sutcliffe, J.G.; Seyfried, T.N.; Thomas, E.A. Glycolipid and
Ganglioside Metabolism Imbalances in Huntington’s Disease. Neurobiol. Dis. 2007, 27, 265–277. [CrossRef]

39. Miguez, A.; Barriga, G.G.D.; Brito, V.; Straccia, M.; Giralt, A.; Ginés, S.; Canals, J.M.; Alberch, J. Fingolimod (FTY720) Enhances
Hippocampal Synaptic Plasticity and Memory in Huntington’s Disease by Preventing P75NTR up-Regulation and Astrocyte-
Mediated Inflammation. Hum. Mol. Genet. 2015, 24, 4958–4970. [CrossRef]

40. Phillips, G.R.; Saville, J.T.; Hancock, S.E.; Brown, S.H.J.; Jenner, A.M.; Mclean, C.; Fuller, M.; Newell, K.A.; Mitchell, T.W. The
Long and the Short of Huntington’s Disease: How the Sphingolipid Profile Is Shifted in the Caudate of Advanced Clinical Cases.
Brain Commun. 2021, 4, fcab303. [CrossRef]

41. Hunter, M.; Demarais, N.J.; Faull, R.L.M.; Grey, A.C.; Curtis, M.A. An Imaging Mass Spectrometry Atlas of Lipids in the Human
Neurologically Normal and Huntington’s Disease Caudate Nucleus. J. Neurochem. 2021, 157, 2158–2172. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fnins.2016.00197
http://doi.org/10.1093/hmg/ddv248
http://www.ncbi.nlm.nih.gov/pubmed/26123489
http://doi.org/10.1007/s10334-019-00742-6
http://doi.org/10.1093/hmg/ddt615
http://doi.org/10.1038/s41467-022-35388-x
http://www.ncbi.nlm.nih.gov/pubmed/36543778
http://doi.org/10.1093/hmg/ddv016
http://doi.org/10.1093/HMG/DDW122
http://doi.org/10.1002/mds.28109
http://doi.org/10.1016/B978-012648860-9.50007-8
http://doi.org/10.1016/j.stem.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30554964
http://doi.org/10.1038/ncomms11758
http://doi.org/10.1016/j.ajpath.2013.11.013
http://www.ncbi.nlm.nih.gov/pubmed/24405768
http://doi.org/10.1186/1750-1326-6-25
http://doi.org/10.1016/j.pscychresns.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16199141
http://doi.org/10.1002/hbm.22391
http://doi.org/10.3389/fnins.2020.572965
http://www.ncbi.nlm.nih.gov/pubmed/33117120
http://doi.org/10.1016/j.nbd.2007.05.003
http://doi.org/10.1093/hmg/ddv218
http://doi.org/10.1093/braincomms/fcab303
http://doi.org/10.1111/jnc.15325
http://www.ncbi.nlm.nih.gov/pubmed/33606279

	Introduction 
	Results 
	THI Rescues Axonal Myelination Loss within Striatum of R6/2 Transgenic Mice 
	THI Treatment Preserves the Expression of Myelin-Related Proteins and Genes in the Striatum of R6/2 Mice 
	Administration of THI Modulates Metabolism of Gangliosides in the Striatum of R6/2 Mice 

	Discussion 
	Materials and Methods 
	Animal Model 
	In Vivo Drug Administration 
	Transmission Electron Microscopy (TEM) 
	Brain Lysate Preparation and Immunoblottings 
	Semiquantitative Analysis of Ganglioside GM1 
	Quantitative Real-Time PCR 
	Histochemical Analyses 
	Statistics 

	References

