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Huntington’s disease (HD) is a fatal neurodegenerative disor-
der with no effective cure currently available. Over the past
few years our research has shown that alterations in sphingoli-
pid metabolism represent a critical determinant in HD
pathogenesis. In particular, aberrant metabolism of sphingo-
sine-1-phosphate (S1P) has been reported in multiple disease
settings, including human postmortem brains from HD pa-
tients. In this study, we investigate the potential therapeutic ef-
fect of the inhibition of S1P degradative enzyme SGPL1, by the
chronic administration of the 2-acetyl-5-tetrahydroxybutyl
imidazole (THI) inhibitor. We show that THI mitigated motor
dysfunctions in both mouse and fly models of HD. The com-
pound evoked the activation of pro-survival pathways, normal-
ized levels of brain-derived neurotrophic factor, preserved
white matter integrity, and stimulated synaptic functions in
HDmice. Metabolically, THI restored normal levels of hexosyl-
ceramides and stimulated the autophagic and lysosomal ma-
chinery, facilitating the reduction of nuclear inclusions of
both wild-type and mutant huntingtin proteins.
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INTRODUCTION
Huntington’s disease (HD) is the most common dominantly in-
herited neurodegenerative disorder characterized by the progressive
striatal and cortical degeneration and associated motor, cognitive,
and behavioral disturbances.1 The disease-causing mutation is a pol-
yglutamine (polyQ) stretch within the N-terminal of huntingtin
(Htt), a ubiquitously expressed and brain-enriched protein that plays
a role in multiple cellular pathways.2
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Whenmutated, Htt exerts a variety of undesirable toxic effects in both
neuronal and non-neuronal cells1,3,4 and interferes with cellular
metabolism at multiple levels.5–7

Among all the metabolic dysfunctions associated with HD, alterations
in the metabolism of some glycosphingolipid species (gangliosides)
seem to contribute to its pathogenesis.8–11 Decreased gene expression
of specific ganglioside-metabolizing enzymes has been described in
multiple HD pre-clinical models and in HD patients.8,9,12 Increasing
evidence indicates that expression of enzymes controlling the meta-
bolism of some other sphingolipids is also aberrant in HD and it
may represent a potential therapeutic target.13–17 In particular, sphin-
gosine-1-phosphate (S1P) metabolism has been described to be
dysfunctional in multiple HD experimental models as well as in
HD human postmortem brain tissues.17-20

S1P is one of the most potent signaling lipids, which governs essential
physiological processes underlying neuronal functions and overall
cellular homeostasis and viability.21–23

Metabolism of S1P is a quite complex biological process involving
a number of different highly specialized enzymes, and a fine
an Society of Gene and Cell Therapy.
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balance between synthesis and degradation is normally required for
cellular homeostasis and functions. S1P is synthesized by sphingo-
sine kinase-1 and -2 (SPHK1 and 2), and irreversibly degraded by
S1P lyase (SGPL1).24 Once synthesized, S1P may be transported
outside the cells through the SPNS2 transporter and binds a family
of five specific G protein-coupled receptors (S1PR1-5).

21

Reduced levels of SPHK1, and the concomitant increase in the
levels of SGPL1, have been reported in different HD models as well
as in human post-mortem brains fromHD patients.19 This imbalance
may plausibly underlie the decremented bioavailability of S1P.19

The degradative enzyme SGPL1 represents a key regulator in the
maintenance of balanced S1P levels and other sphingolipid interme-
diates that influence various aspects of cell growth, proliferation, and
cell death.25

The role of SGPL1 in the nervous system is still debated and at times
controversial.26–29 While specific inactivation of SGPL1 in neurons in-
duces S1P accumulation, by altering presynaptic functions30 and auto-
phagic flux,31 full-body partial ablation of Sgpl1 gene does not lead to
any accumulation of S1P in brain tissues, and this is beneficial in a
mouse model of experimental autoimmune encephalomyelitis.32

Inhibition of SGPL1, by 2-acetyl-5-tetrahydroxybutyl imidazole
(THI),33 reduced cell apoptosis in different in vitro HD models19,34

and suppressed dystrophic muscle degeneration in experimental
models of Duchenne muscle dystrophy.35
Figure 1. Treatment with THI mitigates motor deficit and evokes the activation

(A and B) Limb-clasping response of vehicle- and THI-treated R6/2mice at age 11weeks

2mice. Values are represented as mean ± SDN = 8 (females N = 5; males N = 3) for each

R6/2 vehicle versus WT THI ****p < 0.0001; R6/2 vehicle versus R6/2 THI *p < 0.0

****p < 0.0001; (c) R6/2 vehicle versus WT vehicle ****p < 0.0001; R6/2 vehicle versus W

2 THI ***p < 0.001; (d) R6/2 vehicle versusWT vehicle ****p < 0.0001; R6/2 vehicle versus

THI ****p < 0.0001; (e) R6/2 vehicle versusWT vehicle ****p < 0.0001; R6/2 vehicle versus

THI ****p < 0.0001. (D) Motor performance assessed by Horizontal Ladder Task in vehic

Values are represented as mean ± SD N = 8 (females N = 5; males N = 3) for each grou

versusWT vehicle *p < 0.05; R6/2 vehicle versusWT THI **p < 0.01; R6/2 THI versusWT

vehicle *p < 0.05; R6/2 vehicle versus WT THI ****p < 0.0001; R6/2 vehicle versus R6/2

WT vehicle **p < 0.01; R6/2 vehicle versusWT THI ****p < 0.0001; R6/2 THI versusWT TH

WT vehicle ****p < 0.0001; R6/2 THI versus WT vehicle ****p < 0.0001; R6/2 vehicle ve

versus R6/2 THI ****p < 0.0001; (j) R6/2 vehicle versusWT vehicle ****p < 0.0001; R6/2 TH

THI versusWT THI ****p < 0.0001; R6/2 vehicle versus R6/2 THI ****p < 0.0001; (k) R6/2

R6/2 vehicle versus WT THI ****p < 0.0001; R6/2 THI versus WT THI ****p < 0.0001; R6

vehicle- and THI-treated WT and R6/2 mice at age 11 weeks. Values are represented a

ANOVA, *p < 0.05; ****p < 0.0001. (F) Brain weight of vehicle- and THI-treatedWT and R6

each group ofmice. Two-way ANOVA, *p < 0.05; ***p < 0.001; ****p < 0.0001. (G) Repres

tissues from vehicle- and THI-treated R6/2mice at age 11weeks. Values are represented

test, ***p < 0.001. (H) Representative cropped immunoblotting and densitometric analys

THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ± SD. N = 5 (fe

N = 3; males N = 3) for both vehicle and THI-treated R6/2 mice. Two-way ANOVA, *p

densitometric of BDNF in striatal tissues from vehicle-treatedWT and vehicle- and THI-tr

line. Values are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each

immunoblotting and densitometric analysis of BDNF in cortical tissues from vehicle-tre

noblotting, all samples were run on the same gel. Non-adjacent samples were separate

N = 3) for each group of mice. One-way ANOVA, ****p < 0.0001.

284 Molecular Therapy Vol. 31 No 1 January 2023
In this study, we report the therapeutic potential of THI in two
different in vivo experimental models of HD.

THI normalized levels of brain-derived neurotrophic factor
(BDNF) with associated neuroprotective effect preserved myelin
integrity and stimulated synaptic functions in HD mice; it also
normalized levels of glycosphingolipids (hexosylceramides), acti-
vated autophagy, and reduced Htt accumulation in the brain of
HD mice.

Our findings reinforce the potential role of (glyco)sphingolipid
pathways in HD pathogenesis, and further support their pharmaco-
logical targeting for the development of HD therapies.

RESULTS
Treatment with THI mitigates motor deficit and evokes the

activation of pro-survival pathways in R6/2 mice

To test the hypothesis that inhibition of SGPL1 might be beneficial in
in vivo models of HD, early manifest R6/2 mice (6 weeks old) and
aged-matched wild-type (WT) littermates were daily intraperitone-
ally (i.p.) injected with 0.1 mg/kg THI, the lowest concentration
reported to be safe in vivo,36 or vehicle, and motor function was
analyzed.

THI-treated HD mice did not exhibit the characteristic clasping
behavior (Figures 1A and 1B) and performed significantly better
than vehicle-treated controls during the whole period of the treat-
ment as assessed by rotarod and horizontal ladder task (Figures 1C
of pro-survival pathways in R6/2 mice

. (C) Motor performance assessed by rotarod in vehicle- and THI-treatedWT and R6/

group of mice. Two-way ANOVA, (a) R6/2 vehicle versusWT vehicle ****p < 0.0001;

5; (b) R6/2 vehicle versus WT vehicle ***p < 0.001; R6/2 vehicle versus WT THI

T THI ****p < 0.0001; R6/2 THI versus WT THI **p < 0.01; R6/2 vehicle versus R6/

WT THI ****p < 0.0001; R6/2 THI versusWT THI *p < 0.05; R6/2 vehicle versus R6/2

WT THI ****p < 0.0001; R6/2 THI versusWT THI *p < 0.05; R6/2 vehicle versus R6/2

le- and THI-treated WT and R6/2 mice. The arrows indicate the treatment initiation.

p of mice. Two-way ANOVA, (f) R6/2 vehicle versus WT vehicle **p < 0.01; R6/2 THI

THI *p < 0.05; (g) R6/2 vehicle versusWT vehicle ****p < 0.0001; R6/2 THI versusWT

THI ***p < 0.001; (h) R6/2 vehicle versus WT vehicle ****p < 0.0001; R6/2 THI versus

I ****p < 0.0001; R6/2 vehicle versus R6/2 THI ****p < 0.0001; (i) R6/2 vehicle versus

rsus WT THI ****p < 0.0001; R6/2 THI versus WT THI ****p < 0.0001; R6/2 vehicle

I versusWT vehicle ****p < 0.0001; R6/2 vehicle versusWT THI ****p < 0.0001; R6/2

vehicle versusWT vehicle ****p < 0.0001; R6/2 THI versusWT vehicle ****p < 0.0001;

/2 vehicle versus R6/2 THI ****p < 0.0001. (E) Fold of change of body weight loss in

s mean ± SD N = 8 (females N = 5; males N = 3) for each group of mice. Two-way

/2mice. Values are represented asmean ± SDN = 8 (females N = 5;males N = 3) for

entative cropped immunoblotting and densitometric analysis of AKT kinase in striatal

asmean ±SD. N = 6 (females N = 3; males N = 3) for each group of mice. Unpaired t

is of DARPP-32 in striatal tissues from vehicle- and THI-treated WT and vehicle- and

males N = 3; males N = 2) for both vehicle- and THI-treated WTmice. N = 6 (females

< 0.05; **p < 0.01; ****p < 0.0001. (I) Representative cropped immunoblotting and

eated R6/2mice at age 11 weeks. Non-adjacent samples were separated by a black

group of mice. One-way ANOVA, *p < 0.05; **p < 0.01. (J) Representative cropped

ated WT and vehicle- and THI-treated R6/2 mice at age 11 weeks. In each immu-

d by a black line. Values are represented as mean ± SD. N = 6 (females N = 3; males
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and 1D). Also, both brain and body weight loss were attenuated by
THI administration (Figures 1E and 1F). No evidence of adverse
events was observed in WT animals.

Next, we explored the potential neuroprotective effects of THI in R6/2
mouse brain.

Administration of the compound was associated with increased phos-
phorylation of the pro-survival kinase AKT (Figure 1G) and with
increased protein expression of striatal dopamine- and cAMP-regu-
lated protein 32 (DARPP-32) (Figure 1H), a specific marker of me-
dium spiny neurons,37 whose downregulation classically correlates
with neurodegeneration in HD.38

Importantly, THI administration preserved normal levels of BDNF in
both striatum and cortex of R6/2mice (Figures 1I and 1J). No changes
in WT animals were observed (Figures S1A–S1C).

THI treatment preserves white matter integrity and ameliorates

synaptic activity in HD cortical pyramidal neurons

Alterations in the corpus callosum (CC) and white matter integrity
have been reported early in the disease in both HD animal models
and human patients.9,39–42

Semiquantitative analysis of anatomical structure of the CC revealed
that chronic infusion of THI prevented the reduction of its thick-
ness43 in R6/2 mice (Figures 2A and 2B).

Changes in the CC of THI-treated R6/2 mice were associated with
preservation of normal levels of the myelinmarkers, myelin basic pro-
Figure 2. THI treatment preserves white matter integrity and ameliorates syna

(A) Representative micrograph of CC thickness of vehicle-treated WT (left), vehicle- (c

Semiquantitative measurement of CC thickness (mm) in correspondence of the middle

(females N = 2;males N = 2) for each group of mice. One-way ANOVA, ***p < 0.001; ****p

MBP in CC protein lysate from vehicle-treated WT and vehicle- and THI-treated R6/2 m

males N = 3) for each group of mice. One-way ANOVA, **p < 0.01; ***p < 0.001. (D) Repr

lysate from vehicle-treated WT and vehicle- and THI-treated R6/2 mice at age 11 weeks

group of mice. One-way ANOVA, *p < 0.05; ***p < 0.001; ****p < 0.0001. Both MBP a

Representative electron micrographs of axons in the CC from vehicle-treated WT and

indicated by arrows. Myelin sheet abnormities (right panels) are indicated by arrowhead

graphs representing the myelin thickness in the CC from vehicle-treated WT and vehic

SEM. N = 4 (females N = 2; males N = 2) for each group of mice. Fifty axons for eac

representing the axon maximum diameter in the CC from vehicle-treated WT and vehic

SEM. N = 4 (females N = 2; males N = 2) for each group of mice. Fifty axons for each ex

graphs representing the axon minimum diameter in the CC from vehicle-treated WT an

mean ± SEM. N = 4 (females N = 2; males N = 2) for each group of mice. Fifty axons for e

Bar graphs representing the axon mean diameter in the CC from vehicle-treated WT an

mean ± SEM. N = 4 (females N = 2; males N = 2) for each group of mice. Fifty axons for ea

Representative cropped immunoblotting and densitometric analysis of PSD-95 in protein

at age 11weeks. Values are represented asmean ± SD. N = 6 (females N = 3; males N =

(K) Representative cropped immunoblotting and densitometric analysis of PSD-95 in the

mice at age 11 weeks. Values are represented as mean ± SD. N = 6 (females N = 3; mal

EPSC traces recorded from, respectively, vehicle-treated WT (black), and vehicle- (ligh

resenting mean of EPSC decay time90-10 obtained from five, five, and six cells from vehic

*p < 0.05. (N) Bar graphs representing EPSC mean of charge obtained from five, four, a

ANOVA, *p < 0.05.
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tein (MBP) and myelin-associated glycoprotein (MAG) (Figures 2C
and 2D).

The beneficial effect of the treatment was confirmed by electron mi-
croscopy, which revealed the presence of giant axons with abnormal
myelin sheaths and negligible axoplasm electron density in R6/2 mice
(Figure 2E). Treatment with THI increased myelin thickness (Fig-
ure 2F) and reduced maximum, minimum, and medium axonal
diameter in HD (Figures 2G–2I).

Further proofs of the ability of the compound to preserve axonal ho-
meostasis and neuronal functions in HDmice came from bothmolec-
ular and electrophysiological studies.

TreatmentwithTHIpreservednormal levels of post-synaptic density 95
protein (PSD-95) in both striatum and cortex of HD mice (Figures 2J
and 2K).

PSD-95, a major constituent of glutamatergic excitatory
synapses, is specifically enriched at the PSD and can regulate the
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid and
N-methyl-D-aspartic acid receptor expression and activity in
spines.44,45

In light of that, we recorded spontaneous excitatory post-synaptic
currents (EPSCs) from L5 pyramidal neurons in temporal slices of
WT and R6/2 mice.

Treatment with THI significantly increased both EPSC decay time
and EPSC charge, carried by a single synaptic event in HD neurons
ptic activity in HD cortical pyramidal neurons

enter) and THI-treated R6/2 (right) mice at age 11 weeks. Scale bar, 100 mm. (B)

line of the brain as indicated in (A). Values are represented as mean ± SD. N = 4

< 0.0001. (C) Representative cropped immunoblotting and densitometric analysis of

ice at age 11 weeks. Values are represented as mean ± SD. N = 6 (females N = 3;

esentative cropped immunoblotting and densitometric analysis of MAG in CC protein

. Values are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each

nd MAG panels derived from the same gel. The same actin blot appears twice. (E)

vehicle- and THI-treated R6/2 mice at age 11 weeks. Giant axons (left panels) are

s. Scale bars, 1 mm (left panels) and 0.2 mm (right panels; high magnification). (F) Bar

le- and THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ±

h experimental group. One-way ANOVA, **p < 0.01; ***p < 0.001. (G) Bar graphs

le- and THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ±

perimental group were counted. One-way ANOVA, **p < 0.01; ***p < 0.001. (H) Bar

d vehicle- and THI-treated R6/2 mice at age 11 weeks. Values are represented as

ach experimental group were counted. One-way ANOVA, **p < 0.01; ***p < 0.001. (I)

d vehicle- and THI-treated R6/2 mice at age 11 weeks. Values are represented as

ch experimental group were counted. One-way ANOVA, **p < 0.01; ***p < 0.001. (J)

lysates from striatum of vehicle-treatedWT and vehicle- and THI-treated R6/2 mice

3) for each group of mice. One-way ANOVA, **p < 0.01; ***p < 0.001; ****p < 0.0001.

protein lysates from cortex of vehicle-treated WT and vehicle- and THI-treated R6/2

es N = 3) for each group of mice. One-way ANOVA, *p < 0.05; **p < 0.01. (L) Typical

t gray) and THI-Treated R6/2 mice (dark gray) at age 8 weeks. (M) Bar graphs rep-

le-treated WT, vehicle- and THI-Treated R6/2 mice, respectively. One-way ANOVA,

nd six cells fromWT, R6/2 untreated, and R6/2 treated mice, respectively. One-way



Figure 3. THI ameliorates locomotor function and

increases lifespan in a Drosophila melanogaster HD

model

(A) Analysis of locomotor functions in untreated versus THI-

treated HD D. melanogaster HD model after 12 days of

treatment, as assessed by Climbing test. Values are rep-

resented as mean ± SD. Unpaired t test, *p < 0.05;

***p < 0.001. (B) Comparison of age-dependent survival

curves in untreated and THI-treated HD flies. Mantel-Cox

test, p < 0.0001. (C) Percentage of medium and

maximum lifespan change. Values are represented as

mean ± SD. Unpaired t test, **p < 0.01.
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(Figures 2L–2N). No changes were observed in EPSC frequency,
amplitude, and rise time (Figures S2A–S2C).

THI ameliorates locomotor function and increases lifespan in a

Drosophila Melanogaster HD model

HD flies (genotype: elav-Gal4/+; UAS-HttFL-Q128/+), expressing
human Htt cDNA encoding for full-length mHtt protein
(Q128HD-FL), are characterized by a progressive age-dependent mo-
tor dysfunction and coordination difficulties.46,47

To assess any potential effect of THI on both lifespan and locomotor
functions, Q128HD-FL transgenic flies were fed with either 50 mM
THI-supplemented assay fly food (AF) medium or a control diet,
with the AF medium as control.

Dietary THI significantly improved locomotor performance, as as-
sessed by negative geotaxis assay (Figure 3A), and significantly
extended lifespan in HD flies (Figures 3B and 3C).

THI treatment modulates the expression of sphingolipid-

metabolizing enzymes and restores normal levels of

hexosylceramides in HD mice

Treatment with THI may increase levels of S1P in both brain and pe-
ripheral organs.48–50

LC-MS/MS lipidomic analysis has shown no changes in the levels of
S1P, sphingosine (Sph) and ceramides (Cer) neither in the striatal
(Figures 4A–4C) nor in the cortical (Figures S3A–S3C) tissues from
HD mice. Conversely, while no changes were observed for S1P, levels
of sphingosine and of some ceramide species were significantly
increased in brain tissues of WT mice (Figures S3D–S3I).

Nevertheless, qPCR analysis revealed that THI preserved normal
expression of ceramide synthases CerS1 and CerS2 (Figures 4D and
4E) and serine palmitoyltransferase long-chain base subunit 1 Sptlc1
(Figure 4F), one of the enzymes involved in the de novo synthesis of
sphingolipids, described previously as reduced in the striatum of HD
mice.18 Interestingly, the treatment increased expression of S1P trans-
porter Spns2 (Figure 4G), and associated with the incremented levels
of S1PR1 and S1PR5 proteins (Figures 4H and 4I).

Importantly, as reported in Figure 4J, analysis of the striatum revealed
that THI restored normal levels of hexosylceramides (HexCer) C18:0
and C24:1 in HD mice. Conversely, no changes were observed for
HexCer C16:0 and C18:1.

Analysis of the cortex, similarly to the striatum, showed that THI
restored normal levels of HexCer C18:0 (Figure S3J). However, no ef-
fects were observed for HexCer C16:0, C18:1, and 24:1 (Figure S2L).
WT animals did not display any variation in the striatum (Figure S3K)
or in the cortex (Figure S3L).

Since the lipidomic analysis did not clarify whether the increase in
hexosylceramides was attributable to glucosylceramide (GluCer), gal-
actosylceramide (GalCer), or to both, we performed a semiquantita-
tive analysis for assessing levels of GluCer in mouse brain tissues.

Immunoblotting (slot blotting) analysis by using a specific antibody
against GluCer51 showed increased levels of GluCer in striatal tissues
of R6/2 mice compared with WT littermates (Figure S3M).

Finally, to establish whether GluCer accumulation was due to any
change in the expression of its metabolizing enzymes, we assessed
the expression of GluCer synthase (Ugcg) and glucocerebrosidase
beta 1 and 2 enzymes (Gba1/2), classically involved in the GluCer
degradation.52

Treatment with THI restored normal mRNA levels of Ugcg (Fig-
ure 4K) and significantly increased the expression ofGba1 (Figure 4L)
in the striatum of HD mice compared with WT littermates. No
changes in Gba2 were observed (Figure 4M).

Defects in HexCer metabolism are detectable early in the

disease course in different HD mouse models

To possibly clarify whether the accumulation of hexosylceramides
might occur early in the disease, we assessed their levels in
Molecular Therapy Vol. 31 No 1 January 2023 287
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pre-manifest (4-week-old) R6/2 mice and age-matched WT
littermates.

As reported in Figure 5A, mass spectrometry analysis revealed that
HexCer C24:1 was already increased in the striatum of 4-week-old
HD mice. No difference was observed in the cortex (Figure S4A).

Next, we assessed whether such an increase was associated with any
defect in the transcription of GluCer-metabolizing enzymes. qPCR
analysis revealed no difference in the expression profile of Ugcg,
Gba1, and Gba2 transcripts (Figures 5B–5D).

Finally, to establish whether these defects were shared by other HD
mouse models, we carried out a semiquantitative analysis of GluCer
in both striatal and cortical tissues from early manifest heterozygous
zQ175 (20-week-old) and transgenic YAC128 (13-week-old) HD
mice.

Slot blot analysis showed a significant increase in GluCer content in
the cortical lysates of both HD mouse models with respect to the
WT littermates (Figures 5E and 5F), whereas no changes were
observed in the striatum (Figures S4B and S4C).

Both deficiency of wtHtt and overexpression of mutant exon-1

fragments increase GluCer levels in vitro

To clarify the potential role of Htt in the (dys)regulation of the
GluCer metabolism, we determined the GluCer content and
investigated the gene expression profile of metabolizing
enzymes in mouse immortalized striatal-derived cell lines,
expressing endogenous levels of either WT (STHdh7/7) or mutant
(STHdh111/111) Htt.

STHdh111/111 cells displayed increased levels of GluCer when
compared with STHdh7/7 (Figure 6A). The accumulation of GluCer
Figure 4. THI treatment modulates the expression of sphingolipid-metabolizin

(A) Lipidomic analysis by LC-MS/MS of S1P in striatal tissues of vehicle- and THI-treated

N = 4; males N = 3) for each group of mice. (B) Lipidomic analysis by LC-MS/MS of Sph

represented asmean ±SD. N = 7 (females N = 4; males N = 3) for each group of mice. (C)

R6/2 mice at age 11 weeks. Values are represented as mean ± SD. N = 7 (females N = 4

vehicle-treatedWT and vehicle- and THI-treated R6/2mice at age 11weeks. Values are r

One-way ANOVA, *p < 0.05; ***p < 0.001. (E) qPCR analysis of CerS2 in the striatum of

are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each group of m

striatum of vehicle-treated WT and vehicle- and THI-treated R6/2 mice at age 11 weeks

group of mice. One-way ANOVA, *p < 0.05; **p < 0.01. (G) qPCR analysis of Spns2 i

represented as mean ± SD. N = 5 (females N = 3; males N = 2) for each group of m

densitometric analysis of S1PR1 in the protein lysates from striatum of vehicle- and TH

(females N = 3; males N = 3) for each group of mice. Unpaired t test, **p < 0.01. (I) Repres

lysates from striatum of vehicle- and THI-treated R6/2mice at age 11weeks. Values are r

Unpaired t test, ***p < 0.001. (J) Lipidomic analysis by LC-MS/MS of HexCer 16:0, 18:0,

R6/2 mice at age 11weeks . Values are represented as mean ± SD. N = 7 (females N
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was associated with reduced Ugcg and increased Gba1 mRNA levels
(Figures 6B and 6C). No statistically significant changes were
observed in Gba2 mRNA expression (Figure 6D).

Next, we investigated whether Htt might regulate GluCer pathways.
STHdh7/7 cells were, therefore, transiently transfected with either
control or Htt siRNAs. Forty-eight hours after transfections, the
reduction of wtHtt (Figure 6E) was associated with increased levels
of GluCer (Figure 6F) with no influence on Ugcg or Gba1/2 gene
expression (Figures 6G–6I).

Finally, we explored any possible effect of ectopic expression of mHtt
exon-1 fragments might have in WT cells.

STHdh7/7 were transiently transfected with the EGFP-mHtt exon-1
fragment-expressing plasmid. Similar to that observed in the wtHtt
lowering experiments, overexpression of mHtt fragments correlated
with a significant increase of GluCer levels (Figures 6J and 6K), sug-
gesting that mHtt might affect the function of the wtHtt protein by
reducing its bioavailability.

THI treatment modulates the expression of vesicle trafficking/

autophagic markers and reduces Htt aggregation

Based on the association between (glyco)sphingolipids and intracel-
lular trafficking as well as the endomembrane system,53–55 we inves-
tigated the potential effect of THI on the expression of endomem-
brane markers in the striatum of R6/2 mice.

As reported in Figures 7A and 7B, THI reduced the expression of the
trans-Golgi network marker, TGN38, with no effect on the cismarker
GM130. Moreover, the treatment significantly increased the expres-
sion of LAMP2 (lysosome-associated membrane glycoprotein 2) (Fig-
ure 7C), which usually maintains lysosomal stability and participates
in the autophagic pathway.56,57
g enzymes and restores normal levels of hexosylceramides in HD mice
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Figure 5. Defects in HexCer metabolism are detectable early in the disease course in different HD mouse models

(A) Lipidomic analysis by LC-MS/MS of HexCer 16:0, 18:0, and 24:1 in striatal tissues of pre-manifest (4-week-old) R6/2 mice and aged-matchedWT littermates. Values are

represented asmean ±SD. N = 4males for each group of mice. Unpaired t test, *p < 0.05. (B) qPCR analysis ofUgcg in striatal tissues of pre-manifest (4-week-old) R6/2mice

and aged-matched WT littermates. Values are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each group of mice. (C) qPCR analysis of Gba1 in striatal

tissues of pre-manifest (4-week-old) R6/2mice and aged-matchedWT littermates. Values are represented asmean ±SD. N = 6 (females N = 3;males N= 3) for each group of

mice. (D) qPCR analysis of Gba2 in striatal tissues of pre-manifest (4-week-old) R6/2 mice and aged-matched WT littermates. Values are represented as mean ± SD. N = 6

(females N = 3; males N = 3) for each group of mice. (E) Slot blotting and densitometric analysis of GluCer in cortical tissues from WT and heterozygous zQ175 mice at age

20 weeks. Values are represented as mean ± SD. N = 4 for WT (females N = 3; males N = 1) mice; N = 6 (females N = 3; males N = 3) for HD mice. Ponceau red was used as

total protein loading control. Unpaired t test, **p < 0.01. (F) Slot blotting and densitometric analysis of GluCer in cortical tissues fromWT and YAC128 mice at age 13 weeks.

Values are represented as mean ± SD. N = 5 for WT (females N = 3; males N = 2) mice; N = 6 (females N = 3; males N = 3) for HDmice. Ponceau red was used as total protein

loading control. Unpaired t test, **p < 0.01.
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THI-mediated stimulation of the autophagic flux was confirmed by
the modulation of the expression of LC3 and Beclin1 (Figures 7D
and 7E), two specific markers of autophagy.58 No changes in any of
these markers were observed in WT animals (Figures S5A–S5F).

Stimulation of lysosomal/autophagic machinery has already been
associated with reduction of mHtt aggregation,59 a typical hallmark
of HD.60 We therefore explored whether THI might have any effect
on protein aggregation.

Immunohistochemical analysis revealed that treatment with THI
reduced the number of mHtt EM48-positive nuclear inclusions in
the striatum of R6/2 mice (Figures 7F and 7G).

This result was further confirmed by immunoblotting analysis in
which EM48-positive SDS-insoluble mHtt aggregates were barely
detectable in HD striatal protein lysates (Figure 7H) after THI
treatment.
290 Molecular Therapy Vol. 31 No 1 January 2023
Previous evidence indicates that mHtt aggregates may also contain
wtHtt.61–67 Coherently, in this study, we report nuclear inclusions of
wtHtt in R6/2 mice brain tissues (Figure 7I). To better understand
whether the presence of the two species of Htt might be the result of
any existing interaction, immunoprecipitation studies were carried out.

After mHtt immunoprecipitation using the EM48 antibody, immu-
noblotting analysis with the mab2166 antibody, which recognizes a
protein epitope absent in the mHtt exon-1 fragments,68–70 high-
lighted the presence of wtHtt in the stacking part of the gel, where
mHtt aggregates classically are trapped (Figures 7K and 7L).

Administration of THI reduced mHtt aggregation and, interestingly,
also diminished the number of wtHtt nuclear inclusions (Figure 7J),
which contextually resulted in a detectable increased expression of
soluble full-length wtHtt (Figures 7K and 7L) in the striatal tissues
of HD mice. This result suggested a potential augmented bioavail-
ability of “free” wt protein after THI.



Figure 6. Both deficiency of wtHtt and overexpression of mutant exon-1 fragments increase GluCer levels in vitro

(A) Representative cropped slot blotting and densitometric analysis of GluCer in WT (STHdh7/7) and HD (STHdh111/111) total protein lysate. Values are represented as mean ±

SD of four independent experiments. Ponceau red was used as total protein loading control. Unpaired t test, *p < 0.05. (B) qPCR analysis of Ugcg in STHdh7/7

and STHdh111/111 cells. Values are represented as mean ± SD of four independent experiments. Unpaired t test, *p < 0.05. (C) qPCR analysis of Gba1 in STHdh7/7 and

STHdh111/111 cells. Values are represented as mean ± SD of four independent experiments. Unpaired t test, *p < 0.05. (D) qPCR analysis of Gba2 in STHdh7/7 and

STHdh111/111 cells. Values are represented as mean ± SD of four independent experiments. (E) Representative cropped immunoblotting and densitometric analysis of wtHtt

in STHdh7/7 after 48 h of transfection with either control (CTRL) or Htt (HTT) small interfering RNA (siRNA). Values are represented as mean ± SD of four independent ex-

periments. Unpaired t test, *p < 0.05. (F) Representative cropped slot blotting and densitometric analysis of GluCer in STHdh7/7 cells after 48 h of transfection with either

control (CTRL) or Htt (HTT) small interfering RNA (siRNA). Values are represented as mean ± SD of four independent experiments. Ponceau red was used as total protein

loading control. Unpaired t test, **p < 0.01. (G) qPCR analysis of Ugcg in STHdh7/7 cells after 48 h of transfection with either control (CTRL) or Htt (HTT) small interfering RNA

(siRNA). Values are represented as mean ± SD of four independent experiments. (H) qPCR analysis of Gba1 in STHdh7/7 cells after 48 h of transfection with either control

(CTRL) or Htt (HTT) small interfering RNA (siRNA). Values are represented as mean ± SD of four independent experiments. (I) qPCR analysis of Gba2 in STHdh7/7 cells after

(legend continued on next page)
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DISCUSSION
In this study, we demonstrated that chronic infusion of THI, an inhib-
itor of the S1P degradative enzyme, SGPL1, was shown to be thera-
peutically effective in two experimental models of HD.

Importantly, we reported, for the first time, that Htt protein plays a
key role in the regulation of levels of some glycosphingolipid species.

The ability of THI to evoke not only the activation of the neuropro-
tective kinase AKT and the increase of DARPP-32 expression but also
to counteract either BDNF reduction or abnormal increase of mHtt
aggregates, classical hallmarks of the disease,60 highlighted the dis-
ease-modifying properties of the compound. In line with that, THI
administration was found also to preserve white matter integrity
and to ameliorate synaptic activity.

Cumulatively, these findings suggest a therapeutic action of THI in vivo.
The beneficial effects were also observed in a D. melanogaster HD
model.

Administration of THI resulted in the regulation of different molec-
ular events, including the modulation of (glyco)sphingolipid path-
ways with no change in the levels of S1P. The reasons why we failed
to detect any variation in S1P content in brain tissues by LC-MS/MS
analysis may be multiple.

Evidence indicates that full-body SGPL1-deficient mice show
increased levels of S1P in several tissues except the brain32 and sug-
gests that this enzyme may not be the only key regulator of S1P levels
in the brain as in other tissues.32 Moreover, due to the interconnectiv-
ity of the sphingolipid metabolism, other enzymes may modulate this
interconversion and contribute to the maintenance of their levels.

Moreover, other aspects may be considered. Recently it has been re-
ported that i.p. injection of the 3 mg/kg THI, for 1 week, was able to
increase levels of S1P in the brain of streptozotocin-diabetic rats.48

Here, we used the lowest concentration (0.1 mg/kg) of the inhibitor re-
ported to be safe in vivo.36 Thus, we can also speculate that, due to our
experimental conditions (duration of treatment and concentration of
the compound), any small and eventually “transient” variation of
sphingolipids, such as sphingosine and S1P, induced by THI, may be
not easily detectable in brain tissues. Nevertheless, the increased
expression of both S1PR1 and S1PR5 and Spns2 indicates that the com-
pound is able to stimulate the S1P axis, and it is suggestive of a possible
change of S1P bioavailability, as occurs in other disease conditions.71–74

Moreover, the evidence that THI normalized the expression of the en-
zymes involved in the synthesis of sphingolipids, including the de novo
pathways, further highlighted the ability of the compound to modulate
sphingolipid metabolic routes in the brain.
48 h of transfection with either control (CTRL) or Htt (HTT) small interfering RNA (siR

Representative cropped immunoblotting and densitometric analysis of GluCer in STHd

expressing construct. Values are represented as mean ± SD of four independent exp

*p < 0.05. (K) Immunoblottings of both GFP and actin in STHdh7/7 cells after 48 h of tran
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Finally, although not investigated in this study, we cannot exclude the
possibility that THI may exert some additional beneficial effects on
peripheral tissues, which may eventually contribute to the ameliora-
tion of the disease phenotype. In this context, the attenuation of the
body weight loss that we observed could be likely due to a modulation
of S1P pathways in the intestine, as already reported in our previous
studies.75

Indeed, the treatment restored normal levels of hexosylceramide,
which were found to be increased in both in vitro and in vivo exper-
imental models.

Although, we cannot establish whether both GluCer and GalCer
levels were increased in R6/2 mice, by mass spectrometry, the semi-
quantitative analysis, performed in both in vitro and in vivo, suggested
that HD models are characterized by an accumulation of GluCer, as
recently reported in HD human postmortem brains.12

Accumulation of GluCer occurs in other neurodegenerative disor-
ders76,77 and it is usually attributable to either the deficient activity
of lysosomal GBA1 or to the upregulation of UGCG.78–80

In this study, while we did not specifically measure any enzymatic ac-
tivity, we demonstrated that accumulation of GluCer was associated
with a reduced expression of Ugcg only in manifest R6/2 mice.

Although pre-manifest R6/2 mice displayed accumulation of HexCer,
no defective gene expression was observed early in the disease. This
result suggests that the alteration, detected at symptomatic stages of
the disease, may be secondary to the glycolipid accumulation. Thus, it
is plausible that the accumulation of GluCer may not be a mere conse-
quenceof theprogressionof theneurodegenerativeprocesses, but rather
it could represent a factor contributing to the pathogenesis of HD.

Our findings suggest that wtHtt may have a critical role in the regu-
lation of GluCer levels. This is supported by the evidence that either
the overexpression of mHtt-exon1 fragments or the loss of function of
wtHtt exert similar effects in increasing GluCer levels, suggesting that
mutant fragments may interfere with the normal function of the wt
protein, through a possible “dominant negative” action.63

A number of studies indicates that mHtt inclusions can trap normal-
length polyglutamine-containing proteins, including wtHtt, and
affect their functions.61–67 Our findings are in line with this concept
and similarly to the mutant protein, wtHtt was found accumulated
in the nuclei of striatal cells in R6/2 mice.

THI, by modulating sphingolipid metabolism, stimulates autophagic
and lysosomal machinery and this in turn may promote the
NA). Values are represented as mean ± SD of four independent experiments. (J)

h7/7 after 48 h of transfection with either control (pcDNA3.1) or Htt (mHttex1) EGP-

eriments. Ponceau red was used as total protein loading control. Unpaired t test,

sfection with either control (pcDNA3.1) or Htt (mHttex1) EGP-expressing construct.



Figure 7. THI treatment modulates the expression of vesicle trafficking/autophagic markers and reduces Htt aggregation

(A) qPCR analysis of trans-GOLGI marker TGN38 in striatal tissues of vehicle- and THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ± SD. N = 6

(females N = 3; males N = 3) for each group of mice. Unpaired t test, **p < 0.01. (B) qPCR analysis of cis-GOLGI marker GM130 in striatal tissues of vehicle- and THI-treated

R6/2mice at age 11weeks. Values are represented asmean ±SD. N= 6 (females N= 3;males N = 3) for each group ofmice. (C) Representative cropped immunoblotting and

densitometric analysis of lysosomal marker LAMP2 in the striatum of vehicle- and THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ± SD. N = 6

(females N = 3; males N = 3) for each group of mice. Unpaired t test, **p < 0.01. (D) Representative cropped immunoblotting and densitometric analysis of LC3II/LC3I in the

striatum of vehicle- and THI-treated R6/2 mice at age 11 weeks. Values are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each group of mice. Unpaired t

test, **p < 0.01. (E) Representative cropped immunoblotting and densitometric analysis of Beclin in the striatum of vehicle- and THI-treated R6/2 mice at age 11 weeks.

Values are represented as mean ± SD. N = 6 (females N = 3; males N = 3) for each group of mice. Unpaired t test, **p < 0.01. (F) Representative fluorescence microscopy

micrograph of EM48-positive mHtt nuclear inclusions (green signal) in the striatum of vehicle- and THI-treated R6/2 mice at age 11 weeks. Nuclei are stained with DAPI (blue

(legend continued on next page)
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normalization of GluCer content. In this regard, in the context of
HD, the stimulation of autophagic pathways may facilitate the reduc-
tion of Htt aggregates and eventually increase levels of “free” wt pro-
tein allowing the “re-establishment” of its physiological functions,
eventually contributing to the maintenance of glycosphingolipid ho-
meostasis through a possible positive feedback mechanism.

Evidence demonstrates that accumulation of GluCer is attributable to
an abnormal endomembrane homeostasis and altered lipid recycling
in different diseases.81,82 We propose that such GluCer accumulation
in HD may depend on the effect that mHtt has on the regulation of
endomembrane and vesicle trafficking.83,84

In conclusion, our findings further support the concept that the alter-
ation of (glyco)sphingolipid pathways may contribute to HD patho-
genesis and may be eventually pharmacologically targeted. This is
supported by the evidence that some drugs, including THI deriva-
tives, whose molecular targets belong to these pathways, are already
in clinical trial for different other diseases85–88 and could be eventu-
ally repurposed for the treatment of HD and/or serve as a tool for
the development of new ones.

MATERIALS AND METHODS
Animal models

All experimental procedures were approved by the IRCCS Neu-
romed Animal Care Review Board and by “Istituto Superiore di
Sanità” (ISS permit numbers: 760/2020-PR and 433/2021-PR) and
were conducted according to the 2010/63/EU directive for animal
experiments.

Breeding pairs of the R6/2 line of transgenic mice (strain name:
B6CBA-tgN (HDexon1) 62Gpb/1J) with �160 ± 10 (CAG) repeat
expansions89 were purchased from the Jackson Laboratories
(Bar Harbor, ME). Htttmtm1Mfc/190tChdi (zQ175 knockin) mice
(CAG198) were received from the CHDI Foundation by the Jackson
Laboratories.

Heterozygous zQ175 knockin mice with �190 CAG repeats in a
chimeric human/mouse exon 1 of the murine Htt gene90 and age-
matched WT littermates were used.

YAC128 expressing the entire human HD gene (including promoter
region) with 128 CAG repeats. YAC128 mice and age-matched WT
littermates were used, as described previously.5
signal). Scale bar, 20 mm. (G) Semiquantitative analysis of the number of mHtt nuclear in

each group of mice. Unpaired t test, ****p < 0.0001. (H) Representative cropped immu

treated R6/2 mice at age 11 weeks N = 6 (females N = 3; males N = 3) for each grou

Representative fluorescence microscopy micrograph of mab2166-positive wtHtt nuclea

11 weeks. Nuclei are stained with DAPI (blue signal). Scale bar, 20 mm. (J) Semiquant

mean ± SD, N = 4 (females N = 2; males N = 2) for each group of mice. Unpaired t test, *

co-immunoprecipitated with EM48 antibody, and revealed with the anti-Htt mab2166. In

were separated by a black line. (L) Immunoblotting analysis of both SDS-insoluble mH

immunoblotting, all samples were run on the same gel. Non-adjacent samples are sep
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Analyses were carried out in both R6/2 mice and WT littermates
starting from age 5 weeks. To ensure the homogeneity of experi-
mental cohorts, mice from the same F generation were assigned
to experimental groups, such that sex, age, and weight were
matched.

In vivo drug administration

THI (Cayman, cat. no. 13,222) was dissolved in DMSO, further
diluted in saline (vehicle) (100 mL total volume), and daily adminis-
tered by i.p. injection at a dose of 0.1 mg/kg.36 Control mice (WT
and R6/2) were daily injected with the same volume of vehicle con-
taining DMSO. The sites of injection were alternated between the
right and left lower sides of mouse abdomen.

Clasping analysis

Clasping score was determined over 30 s. Mice were suspended by
their tails at a height of 50 cm and a limb-clasping response was
defined as the withdrawal of any limb to the torso for more than 2
s. The following scores were used: 0, absence of clasping; 0.5, with-
drawal of any single limb; 1, withdrawal of any two limbs; 1.5, with-
drawal of any three limbs; 2, withdrawal of all four limbs.

Motor behavior tests

Motor performance was assessed by horizontal ladder task and ro-
tarod tests as described previously.14 All tests were carried out blindly
to the treatment.

Brain lysate preparation

Mice were sacrificed within 1 h after the last treatment by cervical
dislocation and brains were removed from the skull, weighed, and bi-
sected. Brains were immediately snap frozen in liquid N2 and pulver-
ized in a mortar with a pestle, as described previously.14

Immunoblottings

Proteins (20 mg) were resolved on 10% SDS-PAGE and immunoblotted
with the following antibodies: anti-DARPP-32 (1:1,000) (Cell Signaling,
cat. no. 2302), anti-phospho-AKT (1:1,000) (Immunological Sciences,
cat. no. AB-10521), anti-AKT (1:1,000) (Immunological Sciences, cat.
no. MAB-94320), anti-BDNF (1:1,000) (Santa Cruz, cat. no. sc-546),
anti-MBP (1:1,000) (Cell Signaling, cat. no. 13344), anti-MAG
(1:1,000) (Santa Cruz, cat. no. sc-166849), anti-PSD-95 (1:1,000) (Milli-
pore, cat. no. MAB1596), anti-S1PR1 (1:1,000) (Immunological
Sciences cat. no. AB-83739), S1PR5 (1:1,000) (Immunological Sciences
clusions. Data are represented as mean ± SD, N = 4 (females N = 2; males N = 2) for

noblotting of EM48-positive mHtt aggregates in striatal lysate of vehicle- and THI-

p of mice. Values are represented as mean ± SD. Unpaired t test, ***p < 0.001. (I)

r inclusions (red signal) in the striatum of vehicle- and THI-treated R6/2 mice at age

itative analysis of the number of wtHtt nuclear inclusions. Data are represented as

***p < 0.0001. (K) Immunoblotting analysis of both SDS-insoluble and soluble wtHtt,

each immunoblotting, all samples were run on the same gel. Non-adjacent samples

tt aggregates, co-immunoprecipitated and revealed with EM48 antibody. In each

arated by a black line.
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cat. no. AB-83741), anti-Htt (clone D7F7) (1:1,000) (Immunological
Sciences, cat. no. MAB-94596), anti-GFP (1:2000) (Synaptic System,
cat. no. 132 002), anti-LAMP2 (1:1,000) (Immunological Sciences,
cat. no. AB-84316), anti-LC3B (1:1,000) (Sigma, cat. no. L7543), and
anti-Beclin1 (1:1,000) (Santa Cruz, cat. no. sc-11427).

For protein normalization, anti-actin (1:5,000) (Sigma-Aldrich, cat.
no. A5441), anti-cyclophilin (1:2,000) (Abcam, cat. no. ab16045),
and/or anti-alpha-tubulin (1:2,000) (Abcam, cat. no. ab4074) were
used. Immunoblots were then exposed to specific HRP-conjugated
secondary antibodies (Millipore, cat. nos. 401315 and 401215). Pro-
tein bands were visualized by ECL and quantified by Image Lab Soft-
ware (Bio-Rad Laboratories).

For the analysis of mHtt aggregates, protein lysates (30 mg) were
resolved on 8% SDS-PAGE, the entire gel, including the stacking
portion, was trans-blotted overnight at 250 mV in 0.05% SDS and
16% methanol-containing transfer buffer. Membrane was immuno-
blotted with anti-Htt (clone EM48) antibody (1:1,000) (Millipore,
cat. no. MAB5374). A monoclonal anti-mouse HRP-conjugated anti-
body (Millipore, cat. no. 401215) was used as secondary antibody.
Protein bands were visualized by ECL and quantified as described
above.

Co-immunoprecipitations

Immunoprecipitation (1 mg total lysate) was performed using
the anti-mHtt antibodies (clone EM48) complexed to protein
G-Sepharose (Invitrogen, cat. no. 101243). The immunoprecipitated
proteins were resolved on 7% SDS-PAGE, transferred overnight on
a PVDF membrane, and detected by immunoblotting with mab2166
(1:1,000) (Millipore, cat. no. MAB2166) and EM48 (1:1,000). HRP-
conjugated secondary antibodies (Millipore, cat. no. 401215) were
used at 1:5,000 dilution. Protein bands were detected by ECL and visu-
alized by Quantity One software (Bio-Rad Laboratories).

Histochemical analyses

Brains were processed, embedded in paraffin wax, and 10 mm coronal
sections were cut using a microtome. Four mice/group were used, and
immunostaining for mHtt and wtHtt aggregates was carried out using
a mouse anti-mHtt antibody (clone EM48) (1:150) and a mouse anti-
wtHtt antibody (mab2166) (1:150), as described recently.14

For analysis of the CC, four mice/group were analyzed. The thickness
of the CC was measured in correspondence of the middle line of the
brain as described previously.43

Transmission electron microscopy

Mouse brains were immersed in the fixing solution (paraformalde-
hyde 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 the CC were dissected out and post-fixed in 1% osmium tetrox-
ide for 1 h at 4�C. After washing in PBS, samples were dehydrated in a
gradient of ethanol solutions and finally embedded in epon-araldite
resin. Ultrathin sections (90 nm) were cut using an ultra-microtome
(Leica Microsystems) to be collected on cupper grids and stained with
uranyl acetate and lead citrate. Ultrathin sections were observed on
electron microscopy (Jeol JEM SX100, Jeol, Tokyo, Japan) at an accel-
eration voltage of 80 kV. For ultrastructural morphometry, grids con-
taining non-serial ultra-thin sections (90 nm thick) were examined at
amagnification of 6,000�. Several grids were analyzed to count a total
of 50 axons from the CC from each experimental group. For the ul-
trastructural analysis of axons, grids containing non-serial ultra-
thin sections (90 nm thick) were examined at a magnification of
6,000�. Axon minimum and maximum diameter, axon mean diam-
eter, and myelin thickness were assessed.

Whole-cell recordings from L5 pyramidal neurons

Mice were anesthetized and quickly decapitated, and the brain rapidly
removed to ice-cold glycerol-based artificial cerebrospinal fluid
(ACSF) containing the following (in mM): glycerol 250, KCl 2.5,
CaCl2 2.4, MgCl2 1.2, NaH2PO4 1.2, NaHCO3 26, glucose 11, and
Na pyruvate 0.1 [pH 7.35], aerated with 95% O2/5% CO2, 290–300
mOsm/L). Transversal slices, 350 mm in thickness, were cut with a vi-
bratome (Leica VT 1000S) and placed in a slice incubation chamber at
room temperature with oxygenated ACSF and transferred to a
recording chamber within 1–6 h after slice preparation. Spontaneous
EPSCs were recorded from L5 pyramidal neurons in the temporal
cortex from 8-week-old mice. Recordings were performed at 22�C–
25�C using a Multiclamp 700A amplifier (Axon Instruments, Foster
City, CA) and �70 mV holding potential, in the presence of bicucul-
line 20 mM to block GABAA receptors.

The patch pipette (3–4 MU) was filled with the following solution
(in mM): KCl 140, HEPES 10, 1,2-bis(2-aminophenoxy)ethane-
N,N,N,N-tetra-acetic acid 5, MgCl2 2, MgATP 2 [pH 7.35], with
KOH). ACSF had the following composition: 125 mM NaCl,
2.5 mM KCl, 2 mM CaCl2, 1.25 mM NaH2PO4, 1 mM MgCl2,
26 mM NaHCO3, 10 mM glucose (pH 7.35).

Fly stocks

The fly strains used in this study were obtained from the Bloomington
StockCenter: w*; P{UAS-HTT.128Q.FL}f27b, andw*; P{w[+mW.hs] =
GawB}elav[C155]. Flies were reared on standard cornmeal-agar with a
12-h on-off light cycle at 22�C.

THI treatment and fly crosses

During the assays, flies were reared in tubes containing 2 mL of AF
(2% agar, 10% powdered yeast, 10% sucrose, 0.1% nipagin) or on
the same AF supplemented with THI. All tests were carried out
blindly to the treatment.

THI was added onto the surface of AF at a final concentration of
50 mM, and left under gentle agitation for 3 h until dried. Controls
were reared in AF supplemented with an equal quantity of PBS,
devoid of THI. Expression of polyglutamine-containing human
HTT was obtained through the bipartite expression system (UAS)-
GAL4 in trans-heterozygous F1 progeny generated by crossing fe-
males carrying the pan-neural driver elav-Gal4 to males carrying
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the UAS HTT128QFL construct at 27.5�C.47 Only F1 adult females
elav-GAL4/UAS HTT128QFL were used in this study.

Negative geotaxis assay

Negative geotaxis assay was carried out on F1 (Q128HD-FL) female
flies on different days post eclosion, as described previously.47 In brief,
groups of 20 female flies were placed in a graduated empty plastic vial
(18 � 2.5 cm) and allowed to recover for 30 min. Negative geotaxis
was measured by recording the number of flies that climbed above
the 10 cm mark within 20 s after a tap down of the flies to the bottom
of the vial. This assay was repeated for the same group two times, al-
lowing for a 4 min rest period between each trial. The number of flies
per group that passed the 10 cmmark was recorded as a percentage of
total flies. For each condition, 3 groups of 20 flies each were tested in
the marked tube in 3 independent experiments, and the data were ex-
pressed as an average of the replicates ± SD (n = 180).

Lifespan analysis

Newly hatched F1 elav-GAL4/UASHTT128QFL (Q128HD-FL) adult
flies were collected, briefly anesthetized with CO2, and sorted by sex.
Five cohorts of 20 females were placed in vials containing AF,
supplemented with or without THI, and reared at 27.5�C. They
were transferred to new vials with fresh food every 2/3 days, and
deaths were recorded at each transfer. The experiment ended when
there were no more live flies in the vials. Lifespan was measured in
two independent experiments (total n = 200) per treatment. Obtained
values were used to calculate mean lifespan (mean survival days of all
flies for each group), and maximum lifespan (maximum amount of
days needed to reach 90% mortality).91,92

Mass spectrometry

Snap frozen brain tissues were transferred into glass tubes and stored
at �80�C until lipid extraction. Lipids were extracted using a modi-
fied Bligh and Dyer method as described previously.19 LC-MS/MS an-
alyses of the samples were carried out on the Acquity UPLC system
coupled with a Xevo TQ-MS triple-quadrupole mass spectrometer
as described previously.93

Cell models

Conditionally immortalized mouse striatal knockin cells expressing
endogenous levels of WT (STHdh7/7) or mutant (STHdh111/111) Htt
were purchased from the Coriell Cell Repositories (Coriell Institute
for Medical Research, Camden, NJ) and were maintained as described
previously.43

Cell transfection

In both Htt siRNA and ectopic expression of EGFP-mHtt-exon1 ex-
periments, STHdh cell lines were transiently transfected using Lipo-
fectamine LTX and Plus reagent (Invitrogen, cat. no. 15338-100)
and analyzed 48 h after transfection.

Cell lysate preparation

Cells lysates were prepared in lysis buffer containing 20 mM Tris (pH
7.4), 1% Nonidet P-40, 1 mM EDTA, 20 mM NaF, 2 mM Na3VO4,
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and 1:1,000 protease inhibitor mixture (Immunological Sciences,
cat. no. IS11041), sonicated with 2 �10 s pulses and then centrifuged
for 10 min at 10,000 � g.

Semiquantitative analysis of glucosylceramide

Five micrograms of total protein lysate was spotted on nitrocellulose
membrane using a slot-blotting apparatus (Hoefer PR 648 Slot Blot
Blotting Manifold). Membranes were then blocked in 5% milk in
TBS-T and incubated with anti-GluCer antibody51 (1:1,000) (Glyco-
biotech, cat. no. RAS_0010). A polyclonal anti-rabbit HRP-conju-
gated antibody (Millipore, cat. no. 401315) was used as secondary
antibody. Protein bands were visualized by ECL and quantified as re-
ported above. Ponceau red staining served as a total protein loading
control.94

Quantitative real-time PCR

Total RNAwas extracted as described previously15 and qPCR analysis
was performed on a CFX Connect Real-Time System instrument
(Bio-Rad Laboratories). The following primers were used (50–>30):
CerS1-Fw: CACACATCTTTCGGCCCCT; CerS1-Rv: GCGGGTC
ATGGAAGAAAGGA, CerS2-Fw: GGTGGAGGTAGACCTTTTGT
CA; CerS2-Rv: CGGAACTTTTTGAGAAGACTGGG; Sptlc1-FW:
TACTCAGAGACCTCCAGCTG; Sptlc1-RV: CACCAGGGATAT
GCTGTCAT; Ugcg-FW: TTGTTCGGCTTGTGCTCTT; Ugcg-Rv:
GAGACACCAGGGAGCTTGCT; Spns2-FW: TGAAGGCCCTGA
TCCGAAAC; Spns2-RV: ATGAGGCTGTCTTTGGCTCC; Gba1-
FW: CTTCCTATTTCAGGCGGTATCTT; Gba1-RV: AGAGTCAC
AGTACGATGCATTA; Gba2-FW: CACCTATCTTGCCTCATGA
CTAC; Gba2-RV: GAAACGTCCAGAGTCTCATCTC; TGN38-
FW: GCAGCCACTTCTTTGCATATCTAG; TGN38-RV: AGTGAC
TTTGGATCTTTTCCCTTC; GM-130 FW: CAGGCAGACAGGTA
TAACAAG; GM130-RV: CGGAGTTTCTCTTCCAGTTC;

Cyc-Fw: TCCAAAGACAGCAGAAAACTTTCG; Cyc-Rv: TCTTCTTGCTGGT
CTTGCCATTCC.

Statistics

Two-way ANOVA followed by Bonferroni post-test was used
to compare treatment groups with the horizontal ladder task and ro-
tarod tests as well as for the analysis of body weight gain. Mantel-Cox
test was used for the fly lifespan. One-way ANOVA and two-tailed
unpaired t test were used in all other experiments, as indicated.

All data were expressed as mean ± SD except in the electrophysiolog-
ical studies and transmission electron microscopy analyses in which
data were expressed as mean ± SEM.
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