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Abstract
Laquinimod, an immunomodulatory agent under clinical development for Huntington disease (HD), has recently been shown to
confer behavioural improvements that are coupled with prevention of atrophy of the white matter (WM)-rich corpus callosum
(CC) in the YAC128 HDmice. However, the nature of the WM improvements is not known yet. Here we investigated the effects
of laquinimod on HD-related myelination deficits at the cellular, molecular and ultrastructural levels. We showed that laquinimod
treatment improves motor learning and motor function deficits in YAC128 HDmice, and confirmed its antidepressant effect even
at the lowest dose used. In addition, we demonstrated for the first time the beneficial effects of laquinimod on myelination in the
posterior region of the CC where it reversed changes in myelin sheath thickness and rescued Mbp mRNA and protein deficits.
Furthermore, the effect of laquinimod on myelin-related gene expression was not region-specific since the levels of theMbp and
Plp1 transcripts were also increased in the striatum. Also, we did not detect changes in immune cell densities or levels of
inflammatory genes in 3-month-old YAC128 HD mice, and these were not altered with laquinimod treatment. Thus, the
beneficial effects of laquinimod on HD-related myelination abnormalities in YAC128 HD mice do not appear to be dependent
on its immunomodulatory activity. Altogether, our findings describe the beneficial effects of laquinimod treatment on HD-related
myelination abnormalities and highlight its therapeutic potential for the treatment of WM pathology in HD patients.
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Introduction

Huntington disease (HD) is an inherited, progressive neuro-
degenerative disorder caused by a CAG repeat expansion in
exon 1 of the huntingtin (HTT) gene [1]. Clinically, HD is
characterised by a triad of symptoms which include psychiat-
ric disturbances such as depression and psychosis, cognitive
deficits and motor function impairment [1]. The neuropatho-
logical phenotypes of HD include degeneration of the caudate
putamen and thinning of the cortex as well as early and pro-
gressive atrophy of white matter structures [1–5]. No effective
therapies are currently available to prevent, slow down, or
reverse the progression of HD.

Studies in patients as well as mouse models of HD have
provided increasing evidence of a role for abnormal immune
activation as an early disease event in HD [2–12]. Profiling of
serum inflammatory markers has revealed abnormalities in
immune activation as early as 16 years prior to clinical onset
in premanifest mutation carriers, and at 9–12 months of age in
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the YAC128 mouse model of HD [6, 7]. Also, some of the
reported observations such as widespread microglial activa-
tion and elevated levels of proinflammatory immune factors in
cerebrospinal fluid and plasma samples have been shown to
correlate with disease progression [2, 6–13] supporting their
utility as potential biomarkers of disease progression as well
as possible targets for therapeutic intervention.

Laquinimod is a novel immunomodulatory agent in clinical
development for HD. Although its precise mechanism(s) of ac-
tion have not been fully elucidated [13, 14], laquinimod has
been shown to modulate the peripheral innate immune system
as well as distinct cell populations resident in the central nervous
system (CNS), especially astrocytes andmicroglia [5, 14–16]. In
addition to its anti-inflammatory properties, laquinimod has
been shown to be neuroprotective, upregulating BDNF [5, 15,
16] and also reducing demyelination and axonal damage in
mouse models of neuroinflammatory diseases such as multiple
sclerosis (MS) [14, 15]. A major mediator of laquinimod’s im-
munomodulatory effects has been shown to be the aryl hydro-
carbon receptor (AhR) pathway [14, 17]. However, the mecha-
nisms of its neuroprotective effects and whether
immunomodulation is the primary or sole mechanism of
laquinimod’s beneficial effects on myelination remain unclear.

We have recently shown that laquinimod treatment rescues
striatal, cortical and callosal atrophy, and improves in
imaging-based measures of white matter (WM) integrity in a
dose-specific manner in the YAC128 mouse model of HD
[17–19]. Here, we sought to examine the effect of lower doses
of laquinimod on behavioural outcomes, as well as to investi-
gate the nature of the improvements on WM at the cellular,
molecular and ultrastructural levels. We demonstrate that low
doses of laquinimod improved some behavioural outcomes,
such as motor learning, motor function and depression, and
reversed changes in myelin thickness in the corpus callosum
(CC) of YAC128 HD mice. In addition, we observed that
ultrastructural myelin-related alterations were accompanied
by an increase inMbp gene expression but were not associated
with changes in the number of oligodendroglia. Our findings
provide insights into the nature of the WM improvements
induced by laquinimod in HD, and offer further evidence of
the beneficial effects of laquinimod on white matter
microstructures.

Material and Methods

AnimalsMale and female YAC128HDmice (line 53) express-
ing a full-length humanHTT transgene with 128 CAG repeats
and WT mice maintained on the FVB/N strain were used [18,
19]. Mice were bred at the Biological Resource Centre
(Agency for Science, Technology and Research, ASTAR),
and housed in individually ventilated cages in groups of two
to five mice with littermates on a 12-h light cycle (lights on at

09:00). Food (Altromin 1324 irradiated modified 18% protein
and 6% fat) and water were provided ad libitum. Experiments
were performed with the approval of the Institutional Animal
Care and Use Committee (IACUC # 151067) at the
Biomedical Sciences Institute (ASTAR) and in accordance
with their approved guidelines.

Administration of Laquinimod Laquinimod was synthesised
by Teva Pharmaceutical Industries and was dissolved in sterile
water. Laquinimod and vehicle were administered by oral ga-
vage daily starting at 5 weeks of age, for a period of 7 weeks.
Mice received vehicle (sterile water), 0.25 mg/kg of
laquinimod or 1 mg/kg of laquinimod at a volume of 4 mL/
kg. Animals were weighed every 2 weeks to ensure the correct
dose was maintained.

Study Design Laquinimod was administered to three inde-
pendent cohorts of animals in the early stages of disease
(5 weeks of age). For all cohorts, animals were identified
by earmarks and divided into four groups randomly. Two
groups of YAC128 HD mice received laquinimod at a dose
of 0.25 or 1 mg/kg, whereas the remaining groups, WT and
YAC128 HDmice received an equivalent volume of vehicle
(sterile water) (Fig. 1). For the behavioural cohort (indepen-
dent cohort 1; for all groups: N = 13–14; 6–7 females/7–8
males), a battery of behavioural tests was performed in mice
between 11 and 12 weeks of age in the following order:
rotarod training (motor learning), accelerating rotarod (mo-
tor function), climbing test (motor function) and Porsolt
forced swim test (psychiatric function) (Fig. 1). All behav-
ioural tests were performed during the dark phase of the
light cycle and mice were acclimated to the room for at least
30 min before the beginning of each test. Animals from the
behavioural cohort were euthanized following completion
of behavioural testing at 13 weeks of age for stereological
analysis of glial populations (Fig. 1). For white matter pa-
thology assessment, two independent cohorts of mice were
euthanized at 12 weeks of age for myelin sheath analysis
(cohort 2; for all groups:N = 4, all males) or mRNA analysis
(cohort 3; for all groups: N = 6; all males) (Fig. 1).

Motor Learning and Accelerating Rotarod Test The rotarod
training is used to assess cognitive motor learning function
in rodents (UGO Basile 47600 Rotarod, rotating rod diam-
eter 3 cm) [17–19]. Training was carried out at 11 weeks of
age and consisted of three trials (120 s each) per day, spaced
1 h apart, at a fixed speed of 18 rpm for three consecutive
days. The rotarod test is designed to evaluate motor coordi-
nation and balance in rodents. The testing phase was also
carried out at 11 weeks of age, and consisted of three trials,
spaced 2 h apart. During each trial the rotarod accelerated
from 5 to 40 rpm over 5 min. Rotarod scores are the average
of three trials.
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Climbing Test The climbing test is used to assess motor func-
tion in rodents [17, 19]. Each trial session consisted of an
acclimatisation phase and a test phase. In the acclimatisation
phase, mice were allowed to acclimatise to the testing room
for at least 30 min before testing. In the test phase, mice were
placed at the bottom end of a closed-top wire-mesh cylinder
and their behaviour was recorded for 5 min. Time spent
climbing and the latency to climb were the two variables used
to assess motor performance in each mouse. Time spent
climbing was scored when all four paws of a mouse left the
table top to the time when the first pawwas placed back on the
table top. For each mouse, the sum of the time spent climbing
for the 5-min trial (total time climbing) and the latency of each
mouse to start climbing (latency to climb) were scored. An
investigator blinded to genotype and treatment group per-
formed the video scoring.

Porsolt Forced Swim Test of Depression The Porsolt forced
swim test (FST) was performed as described previously [20].
Briefly, mice were placed in individual cylinders (25 cm tall ×
19 cmwide) filled with room temperature water (23–25 °C) to
a depth of 15 cm for a period of 6 min. The test sessions were
recorded by a video camera placed directly above the cylin-
ders by a non-blinded investigator. The last 4 min of the test
session was scored using a time-sampling technique to rate the
predominant behaviour over 5-s intervals. The following be-
haviours were measured at the end of every 5 s: swimming/
climbing and immobility. An investigator blinded to genotype
and treatment group performed the video scoring.

Brain Sample Preparation for Histology Mice were
anaesthetised with intraperitoneal injections of ketamine

(150 mg/kg) and xylazine (10 mg/kg) mixture. For histology,
animals were perfused at 13 weeks of age with ice-cold phos-
phate-buffered saline (PBS) followed by ice-cold 4% parafor-
maldehyde (PFA) in PBS. Brains were removed and left in 4%
PFA for 24 h. The following day, brains were washed in PBS,
transferred into a 30% sucrose solution containing 0.08% sodi-
um azide in PBS and kept at 4 °C until used. For sectioning,
brains were frozen on dry ice with isopentane, mounted with
Tissue-TEK O.C.T. compound (Sakura, Torrance, CA, USA),
and sliced coronally into 25-μm sections on a cryostat (Microm
HM 525, Thermo-Fisher Scientific, Waltham, MA, USA). The
sections were collected and stored in PBS with 0.08% sodium
azide at 4 °C until use.

Immunohistofluorescence A series of 25-μm thick coronal
sections spanning the corpus callosum were treated for anti-
gen retrieval with 1 M hydrochloric acid (HCl) at 4 °C, 2 M
HCl at room temperature, 2MHCl at 37 °C and borate buffer
(pH 9) at room temperature. Sections were then incubated in
5% donkey or goat serum and 0.2% Triton X-100 in PBS,
and subsequently sections were stained with goat anti-
PDGFRα (1:200; R&D Systems, AF1062) or rabbit anti-
Olig2 (1:750; Merck KGaA, AB9610) antibodies overnight
at room temperature, respectively. Following a wash with
PBS, sections were incubated with donkey anti-goat
Alexa-488 and goat anti-rabbit Alexa-555 secondary anti-
bodies (1:500; Thermo-Fisher Scientific, A-11055, and
A-21428, respectively) for 2 h at room temperature.
Following a final wash with PBS, sections were mounted
on slides and cover slipped with Fluoromount™ mounting
medium (MerckKGaA). Validation data for each antibody is
available from the respective company.

Age (weeks) 

Study (weeks) 

C FST 

WT Vehicle only, oral gavage Sacrifice 

YAC128 Vehicle or laquinimod (0.25 or 1mg/kg), oral gavage 

5 13 9 

L RR 
2 0 1 3 8 4 5 6 7 

Start of treatment 

Behavioural assays (cohort 1): 
L  motor learning 
C  climbing test 
RR  accelerating rotarod test 
FST  forced swim test 

Assessment of WM pathology: 
Myelin sheath analysis (cohort 2) 
mRNA levels of myelin-related genes (cohort 3) 
Stereological analysis of glial  

   populations (cohort 1) 

Fig. 1 Schematic representation of the experimental design. WT mice
were administered vehicle (ddH2O) only, whereas YAC128 HD mice
were administered either vehicle (ddH2O) or laquinimod (0.25 or
1 mg/kg). Treatment started at 5 weeks of age and continued for
7 weeks. Three independent cohorts of animals were used for

behavioural and/or white matter (WM) pathology assessment.
Behavioural tests were carried out in cohort 1 as indicated: L = motor
learning, RR = accelerating rotarod, C = climbing test, FST = forced
swim test. All mice were sacrificed at 12–13 weeks of age
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Immunohistochemistry A series of 25-μm thick coronal sec-
tions spanning the corpus callosumwere incubated with rabbit
anti-GSTpi (1:1000; MBLI, #311), rabbit anti-Iba1 (1:1000;
Wako, #019-19741) or rabbit anti-GFAP antibodies (1:500;
Merck KGaA, AB5804) overnight at 4 °C in 5% normal goat
serum (NGS) and 0.2% Triton X-100 in PBS, followed by
incubation with biotinylated anti-rabbit antibody (1:200;
Vectastain ABC HRP Kit, PK-4006; Vector Laboratories,
Burlingame, CA, USA) for 1.5 h at room temperature with
1% NGS, 0.2% Triton X-100 in PBS. After three washes in
PBS, sections were incubated in Vectastain Elite ABC reagent
(Vector Labs Inc., Burlingame, CA, USA) for 2 h at room
temperature and staining was visualised using 3,3′-diamino-
benzidine (DAB) (ImmPACT DAB Peroxidase Substrate,
SK-4105; Vector Laboratories, Burlingame, CA, USA).
Sections were mounted on slides and cover slipped with
DPX mounting media (Sigma, 44581). Validation data for
each antibody is available from the respective company.

Stereological Measurements Number of PDGFRα-, Olig2-,
GSTpi-, GFAP- and Iba1-positive cells in the corpus callosum
as well as the area of the corpus callosum were determined by
examining six to nine coronal sections per mouse at 300-μm
intervals covering the corpus callosum (both hemispheres).
Analysis was done using the Stereo Investigator Software
(MBF Bioscience, Williston, VT, USA) with optical fraction-
ator (cells counts) or Cavalieri probe (area) connected to an
AxioImager M2 microscope (Carl Zeiss AG, Oberkochen,
Germany) and AxioCam MRc Digital CCD camera (Carl
Zeiss AG, Oberkochen, Germany). The following parameters
were used: 150 × 150 μm counting frame size and 450 ×
450 μm grid size for GFAP and Iba1, 50 × 50 μm counting
frame size and 300 × 300 μm grid size for GSTpi, 100 ×
100 μm counting frame size and 450 × 450 μm grid size for
Olig2, and 150 × 150 μm counting frame size and 350 ×
450 μm grid size for PDGFRα. For all stereological measure-
ments, a 10-μm dissector height and 5 μm guard were used.
For all analysis, investigator was blinded to genotype and
treatment. Representative images for all stainings were ac-
quired using a Ni-E microscope (Nikon Corporation) and
DS-Ri2 colour camera (Nikon Corporation).

Brain Sample Preparation for Transmission Electron
Microscopy For transmission electron microscopy (TEM), an-
imals from cohort 2 were perfused at 12 weeks of age with ice-
cold PBS followed by ice-cold 2.5% PFA and 2.5% glutaral-
dehyde (GlutAH) in PBS. Brains were removed and left in
2.5% PFA and 2.5% GlutAH for 24 h, washed in PBS and
then transferred to a 5% sucrose solution containing 0.08%
sodium azide in PBS at 4 °C until use.

Transmission Electron Microscopy A coronal slice of 1 mm
was made at the intersection between the CC and fornix using

a mouse brain stainless steel matrix (Roboz Surgical
Instrument Company). According to the mouse brain atlas
[21], the anterior region of the CC (from bregma 1.10 to
0.50 mm) and the posterior region of the CC (from bregma
− 1.82 to − 2.70) [22] were microdissected before post-
fixation in 1% osmium tetroxide for 1 h at room temperature.
After washing twice in deionised water, samples were
dehydrated, infiltrated with acetone and resin, embedded and
polymerised at 60 °C for 24 h. Ultra-thin slices (90 nm) were
sectioned before imaging on a transmission electron micro-
scope. Samples were viewed using a Tecnai G2 Spirit Twin/
Biotwin model (FEI, USA) and 10–12 images were taken
from each animal. Images were taken by an investigator
blinded to genotype and treatment.

G-Ratio Analysis A total of 12 images per animal were
analysed using ImageJ software (version 2.0.0). An unbiased
frame was randomly selected and superimposed on each im-
age.Within the selected region of interest, the axonal diameter
(ID) and outer diameter (OD) of regular shaped and myelin-
ated axons was measured and the g-ratio was calculated.
Approximately a total of 100 to 600 axons per animal were
measured for the anterior as well as posterior region of the
corpus callosum analysis. G-ratio analysis was performed by
an investigator blinded to genotype and treatment.

Brain Tissue Collection for Molecular Analysis Striata and cor-
pora callosa from animals from cohort 3 were dissected at
12 weeks of age, snap-frozen in liquid nitrogen and stored at
− 80 °C until use.

RNA Extraction and Quantitative Real-Time PCR Tissues were
lysed using Trizol and chloroform, and RNA was purified
using the FARB mini column (Favorgen) according to the
manufacturer’s instructions. For all samples, cDNAwas gen-
erated using SuperScript™ II Reverse Transcriptase (Life
Technologies). Quantitative real-time PCR was run on the
QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems) using primers listed in Table 1. Relative gene
expression levels were analysed using the Comparative CT
Method (ΔΔCT Method).

Immunoblotting Protein lysate of corpora callosa from female
mice were prepared using RIPA buffer (Sigma-Aldrich) with
1mMPMSF (Sigma-Aldrich), 5 μmZ-VAD (Promega), 1 mM
NaVan (Sigma-Aldrich) and 1× Complete Protease Inhibitor
Cocktail tablets (Roche). For immunoblotting, 20 μg of protein
lysates was separated on 12%Bis-Tris protein gel (Novex) with
20× MES running buffer (Novex). Samples were transferred
onto nitrocellulose membranes, blocked with Odyssey
Blocking Buffer (LI-COR, P/N 927-40000) 1 h at room tem-
perature, and then incubated with primary antibodies rat anti-
MBP (1:1000; Millipore, MAB5680) and mouse anti-Calnexin
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(1:10000; Sigma-Aldrich, C4731) overnight at 4 °C.
Membranes were then incubated with secondary antibodies
Alexa-Fluor goat anti-rat 680 (1:10,000; Thermo-Fisher
Scientific, A21096) and Alexa-Fluor goat anti-rabbit 800
(1:10,000; Thermo-Fisher Scientific, A32735) 2 h at room tem-
perature. The membrane was imaged using the LI-COR
Imaging System and Odyssey V3.0 software (LI-COR).

Statistical Analysis Unless otherwise stated, comparisons be-
tween treatment groups were assessed using a one-way
ANOVAwith Fisher’s LSD post hoc analysis. Where indicat-
ed, pair-wise comparisons between groups at individual time
points were assessed with Student’s t test or Kolmogorov-
Smirnov test. Outliers identified by Grubbs’ test (alpha <
0.05) were excluded from the analysis. GraphPad Prism v6
software was used to analyse data for statistical significance.
Differences were considered statistically significant when
p < 0.05.

Results

Laquinimod Improves Motor Learning and Depressive
Behaviour in YAC128 HD Mice

We have previously shown that laquinimod treatment (1 and
10mg/kg) rescues striatal, cortical and white matter pathology
and results in improvements inmotor function and depressive-
like behaviour in the YAC128mouse model of HD [17]. Since
most of the HD-related phenotypes rescued by laquinimod
were observed with the 1 mg/kg dose, we sought to further
explore the effects of laquinimod when given at an even lower
dose (0.25 mg/kg) as well as when administered prior to the
onset of disease-related phenotypes in the YAC128 HD mice
(5 weeks of age).

We first examined the effect of laquinimod on motor learn-
ing. Consistent with previous studies, vehicle-treated YAC128
exhibited motor learning deficits compared with vehicle-

treated WT mice as signified by a reduced latency to fall at
11 weeks of age (Fig. 2a; one-way ANOVA: p = 0.0113 at day
1, p = 0.0073 at day 2, p = 0.0432 at day 3; Fisher’s LSD post
hoc analysis: p < 0.05 at day 1, p > 0.05 at day 2 and
p < 0.01 at day 3) [18, 23]. Motor learning function of
YAC128 HD mice was improved with the lowest dose of
laquinimod treatment (0.25 mg/kg) to levels not significantly
different from that of vehicle-treated WT mice at day 1 of
training (Fig. 2a; one-way ANOVA: p = 0.0113 at day 1;
Fisher’s LSD post hoc analysis: p > 0.05), whereas both doses
partially rescued motor learning function of YAC128 HD
mice compared with vehicle-treated WT mice at day 3 of
training (Fig. 2a; one-way ANOVA: p = 0.0432 at day 3;
Fisher’s LSD post hoc analysis: n.s. for both doses compared
with vehicle-treated WT mice).

Next, mice were assessed on the accelerating rotarod task
and the climbing test to evaluate their motor function. In
agreement with previous studies, vehicle-treated YAC128
HD mice exhibited motor performance deficits compared
with vehicle-treated WT mice in the accelerating rotarod
task at 3 months of age (Fig. 2b; one-way ANOVA: p =
0.1479; paired Student’s t test, p < 0.05) [17, 18, 23–25].
Laquinimod treatment at 1 mg/kg improved motor function
in the accelerating rotarod task to levels not significantly
different from that of vehicle-treated WT mice (Fig. 2b;
one-way ANOVA: p = 0.1479) as previously shown [17],
whereas 0.25 mg/kg of laquinimod did not improve motor
function in YAC128 HD mice compared with vehicle-
treated YAC128 HD mice (Fig. 2b; one-way ANOVA: p =
0.1479).

In the climbing test, no deficits were observed in vehicle-
treated YAC128 HD mice compared with vehicle-treated WT
mice (Fig. 2c; one-way ANOVA: p = 0.8483). This finding is
consistent with previous reports, which show that YAC128
HD mice do not display a very robust climbing deficit at
3 months of age [17]. Treatment with laquinimod (0.25 and
1 mg/kg) had no effect on climbing performance in YAC128
HD mice (Fig. 2c; one-way ANOVA: p = 0.8483).

Table 1 Primers used for qRT-
PCR analysis Target (mouse) Forward primer (5′→ 3′) Reverse primer (5′→ 3′)

Mbp GGCCAGTAAGGATGGAGAGAT CCTCTGAGGCCGTCTGAGA

Plp1 GAGGCCAACATCAAGCTCAT CCAACTTGTCGGGATGTCCT

Ermn CTGAGACACTGAGCGGGAC CAACCTTGTAGTATGCCTGGG

Cnp TTTACCCGCAAAAGCCACACA CACCGTGTCCTCATCTTGAAG

Mog AGCTGCTTCCTCTCCCTTCTC ACTAAAGCCCGGATGGGATAC

Il6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

Il1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

Tnfa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Cyp1A1 CCTCTTTGGAGCTGGGTTTG TGCTGTGGGGGATGGTGA

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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Finally, the effect of laquinimod on depressive-like behaviour
was assessed using the Porsolt FST. At 3months of age, vehicle-
treated YAC128 HD mice displayed depressive-like phenotype
in the FST as shown by increased immobility time compared
with vehicle-treated WT mice, confirming previous reports [17,
20] (Fig. 2d; one-way ANOVA: p = 0.0004; Fisher’s LSD post
hoc analysis: p < 0.001). Both doses of laquinimod treatment
reduced immobility time in YAC128 HD mice, improving
depressive-like phenotype (Fig. 2d; one-way ANOVA: p =
0.0004; Fisher’s LSD post hoc analysis: p < 0.001 for
0.25 mg/kg and p < 0.01 for 1 mg/kg of laquinimod).
Altogether, these findings suggest that low doses of laquinimod
treatment (0.25 and 1 mg/kg) result in improvements in motor

learning phenotypes, and validate the beneficial effects of
laquinimod on motor function (accelerating rotarod) and
depressive-like phenotype in YAC128 HD mice [17].

No Effect of Laquinimod on Cell Densities
of Oligodendroglia, Microglia or Astrocytes in Young
YAC128 HD Mice

YAC128 HD mice have been shown to present myelination
abnormalities in the CC [26, 27], and laquinimod treatment
partially rescued aspects of these deficits [17]. To determine
whether the effect of laquinimod on myelination abnormalities
is due to an effect on glial cells, we first investigated the number
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Fig. 2 Effect of laquinimod treatment on HD-related behavioural pheno-
types in YAC128 mice. Vehicle-treated YAC128 HD mice displayed
motor learning deficits compared to vehicle-WT mice (a). Low dose of
laquinimod (0.25 mg/kg) improved motor learning deficits at day 1 of
training by increasing the latency to fall in YAC128 HD mice, whereas
both doses (0.25 and 1 mg/kg) partially rescued motor learning deficits at
day 3 of training (a). There was no effect of high dose laquinimod
(1 mg/kg) on motor learning in YAC128 HD mice on days 1 and 2 (a).
In addition, vehicle-treated YAC128 HD mice showed motor deficits in
the accelerating rotarod (b) but not in the climbing test (c). Laquinimod

treatment (1 mg/kg) partially improved motor performance in the accel-
erating rotarod test (b), but no effect of laquinimod was observed in the
climbing test (c). Also, vehicle-treated YAC128 HD mice exhibited
depression-like phenotype, which was reduced by laquinimod treatment
as signified by a decrease in immobility (d). Values shown as mean ±
SEM; *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with
Fisher’s LSD post hoc analysis; #p < 0.05 by paired Student’s t test;
N = 11–14 per genotype/group (females and males); Veh = vehicle;
LAQ = laquinimod; FST = forced swim test
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of oligodendrocytes, the myelinating cells of the CNS, and their
precursors by immunohistochemistry and stereology in vehicle-
treatedWTand YAC128 HDmice at 3 months of age (Fig. 3a).
Overall, no differences in cell density of oligodendroglial
progenitor cells (PDGFRα+), pre-myelinating oligoden-
drocytes (Olig2+) and myelinating oligodendrocytes
(GSTpi+) were observed in vehicle-treated YAC128 HD

mice compared with vehicle-treated WT mice (Fig. 3b–d;
one-way ANOVA: p = 0.7950 for PDGFRα, p = 0.8839
for Olig2, p = 0.6056 for GSTpi). Laquinimod treatment
did not have any effect on cell density of these three
oligodendroglial populations in the CC of YAC128 HD
mice (Fig. 3b–d; one-way ANOVA: p = 0.7950 for
PDGFRα, p = 0.8839 for Olig2, p = 0.6056 for GSTpi).
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Fig. 3 No effect of laquinimod on cell densities of oligodendroglia,
microglia or astrocytes in the corpus callosum of young YAC128 HD
mice. Representative images of PDGFRα+, Olig2+, GSTpi+, GFAP+

and Iba-1+ stainings in the corpus callosum (CC). Scale bar = 50 μm
(a). Vehicle-treated YAC128 HD mice did not present changes in cell
density of oligodendroglia precursor cells (PDGFRα+) (b), pre-
myelinating oligodendrocytes (Olig2+) (c), myelinating oligodendrocytes
(GSTpi+) (d), astrocytes (GFAP+) (e) or microglial cells (Iba-1+) both
resting (f) and reactive (g) in the corpus callosum compared with

vehicle-treated WT mice at 3 months of age. Laquinimod treatment did
not have any effect on the cell density of these glial populations (b–g).
Values shown as mean ± SEM; n.s. by one-way ANOVA with Fisher’s
LSD post hoc analysis; N = 9–11 per genotype/group (females and
males). Veh = vehicle; LAQ = laquinimod; PDGFRα+ = platelet-
derived growth factor receptor; Olig2+ = oligodendrocyte transcription
factor; GSTpi+ = glutathione S-transferase pi 1; GFAP+ = glial fibrillary
acidic protein; Iba1+ = ionised calcium-binding adapter molecule 1
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Because laquinimod has been shown to act on astrocytes
and microglia, reducing these two glial populations and their
activation under inflammatory conditions [28], we also
assessed the cell density of these two cell types in the CC
(Fig. 3a). We observed no differences in the cell density of
astrocytes (GFAP+) or microglia (Iba1+) in vehicle-treated
YAC128 HD mice compared with vehicle-treated WT mice
(Fig. 3e–g; one-way ANOVA: p = 0.5456 for GFAP, p =
0.5784 for Iba-1 resting, p = 0.3449 for Iba-1 reactive), sug-
gesting no overt inflammatory response in YAC128 HD mice
under baseline conditions at this young age. Laquinimod treat-
ment had no effect on the cell density of these two glial pop-
ulations in YAC128 HD mice compared with vehicle-treated
YAC128 HD mice (Fig. 3e–g; one-way ANOVA: p = 0.5456
for GFAP, p = 0.5784 for Iba-1 resting, p = 0.3449 for Iba-1
reactive). Taken together, these findings suggest that WM im-
provements previously observed in YAC128 HD mice treated
with laquinimod [17] likely result from a mechanism that does
not change glial cell numbers, but modifies intrinsic cellular
properties.

Laquinimod Reverses HD-Related Changes in Myelin
Sheath Thickness in the Posterior Region of the CC
in YAC128 HD Mice

To examine the effect of laquinimod on myelin ultrastructure,
we calculated the g-ratios of myelinated axons in the anterior
and posterior regions of the CC on images obtained by trans-
mission electron microscopy (Fig. 4a). As shown in the dia-
gram in Fig. 4b, the g-ratio is calculated as the ratio between
the axonal diameter, also referred as inner diameter (ID) or
calibre, and the outer diameter (OD) of myelinated axons.
Consistent with our previous findings [27], g-ratios were on
average higher in vehicle-treated YAC128HDmice compared
with vehicle-treated WT mice at 3 months of age in the ante-
rior region of the CC as signified by the slope of the best-fit
line in the scatter plot of g-ratio versus axonal diameters (Fig.
4c; left panel; p = 0.0026), which also suggests that axons with
a diameter below 0.5 μm mainly account for this higher g-
ratio. Cumulative frequency analysis corroborates this obser-
vation, showing that g-ratios for axons with a calibre below
0.5 μm are significantly higher in vehicle-treated YAC128
HD mice compared with vehicle-treated WT mice (Fig. 4d;
left panel; Kolmogorov-Smirnov test, p < 0.001) whereas
those for axons with a calibre of 0.5 μm or higher are not
different between the genotypes (Fig. 4d; right panel;
Kolmogorov-Smirnov test, p = 0.1319). When we examined
the effect of laquinimod treatment on this part of the CC, we
did not observe any differences on myelin thickness with the
lower dose of laquinimod in axons with a calibre below
0.5 μm, as the best-fit line from the scatter plot and the cumu-
lative frequencies were not different between vehicle- and
laquinimod-treated YAC128 HD mice (Fig. 4c; middle panel;

slope [vehicle-treated YAC128] = 0.2103 ± 0.0075, slope [0.25 mg/kg

laquinimod-treated YAC128] = 0.2292 ± 0.0081, p = 0.0906; Fig. 4d;
left panel; Kolmogorov-Smirnov test, p = 0.6083). However,
the cumulative frequency of g-ratios in axons with a calibre
above 0.5 μm revealed that the low dose of laquinimod in-
creased the g-ratio of myelinated axons compared with
vehicle-treated YAC128HDmice, suggesting that laquinimod
decreases myelin thickness or increases myelin compaction in
the anterior region of the CC of YAC128 HD mice (Fig. 4d;
right panel; Kolmogorov-Smirnov test, p < 0.05). We did not
observe any changes on myelin thickness with the higher dose
of laquinimod (Fig. 4c; right panel; slope [vehicle-treated

YAC128] = 0.2103 ± 0.0075, slope [1 mg/kg laquinimod-treated

YAC128] = 0.1984 ± 0.0077, p = 0.2706; Fig. 4d; left and right
panels; Kolmogorov-Smirnov test, p > 0.05).

Because we previously observed improvements in white
matter structures using magnetic resonance imaging-based
measures in the posterior region of the CC following
laquinimod treatment [17], we also assessed changes in mye-
lin sheath thickness in this region of the CC. Examination of
the scatter plot analysis of g-ratios versus axonal diameters
revealed differences in g-ratios, suggestive of alterations in
myelin thickness between vehicle-treated WT and YAC128
HD mice (Fig. 4e; left panel; p < 0.0001). Whereas higher g-
ratios were observed in callosal axons with an inner diameter
below 0.5 μm in vehicle-treated YAC128 HD (Fig. 4e, left
panel), suggesting thinner myelin sheaths compared with
vehicle-treated WT mice, lower g-ratios were observed in
callosal axons with an inner diameter above 0.5 μm (Fig. 4e,
left panel), suggesting thicker or less compact myelin sheaths.
These results were corroborated by the cumulative frequency
of g-ratios that showed significant differences in g-ratios be-
tween vehicle-treated YAC128 HD mice and vehicle-treated
WT mice in axons with an inner diameter below and above
0.5 μm (Fig. 4f; left and right panels; Kolmogorov-Smirnov
test, p < 0.001). In contrast to the results observed in the ante-
rior region of the CC, laquinimod treatment had a significant
effect on myelin thickness in the posterior region. Treatment
with both doses of laquinimod (0.25 and 1 mg/kg) significant-
ly reversed changes in g-ratio, and therefore, the myelin thick-
ness in callosal axons compared with vehicle-treated YAC128
HD mice (Fig. 4e; middle and right panels). An examination
of the scatter plot analysis of laquinimod-treated YAC128 HD
mice (0.25 and 1 mg/kg) compared with vehicle-treated
YAC128 HD mice showed that the best-fit lines of both treat-
ment groups (slope [0.25 mg/kg laquinimod] = 0.2249 ± 0.0067;
slope [1 mg/kg laquinimod] = 0.2034 ± 0.0080) were different from
that of the vehicle-treated YAC128 HD mice (slope = 0.1533
± 0.0075; p < 0.0001) (Fig. 4e; middle and right panels), and
closer to the best-fit line observed in the vehicle-treated WT
mice (slope = 0.2687 ± 0.0077) (Fig. 4e; left panel). Indeed,
cumulative frequency analysis indicates that the low dose of
laquinimod significantly reversed the disease driven change in
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g-ratios for axons with both an inner diameter below and
above 0.5 μm compared with vehicle-treated YAC128 HD
mice (Fig. 4f; left and right panels; Kolmogorov-Smirnov test,
p < 0.01 for axons with a calibre below 0.5 μm and p < 0.001
for axons with a calibre above 0.5 μm), whereas the high dose
of laquinimod only reversed g-ratios for axons with an inner
diameter above 0.5 μm (Fig. 4f; left and right panels;
Kolmogorov-Smirnov test, p = 0.3603 for axons with a calibre

below 0.5 μm and p < 0.01 for axons with a calibre above
0.5 μm).

Altogether, our findings identify abnormal myelin sheath
thickness in the anterior and posterior regions of the CC at
3 months of age in YAC128 HDmice, as previously described
[27]. Notably, our results suggest that the improvements con-
ferred by laquinimod treatment that were previously observed
in magnetic resonance imaging-based measures of white
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Fig. 4 Laquinimod reverses changes in myelin sheath thickness in the
posterior region of the corpus callosum in YAC128 HD mice.
Representative TEM image of callosal axons in the corpus callosum
(CC) (a). Diagram representation of g-ratio measurement and calculation
(axon diameter/outer diameter of the myelinated fibres) in myelinating
axons (b). G-ratios shown as scattered plot against axon diameter with
best vehicle-treated YAC128 vs low laquinimod-treated YAC128 (p =
0.0906) (c, middle panel), and vehicle-treated YAC128 vs high
laquinimod-treated YAC128 (p = 0.2706) (c, right panel) in the anterior
CC (c). Cumulative frequency analysis of g-ratios in axons with an inner
diameter below and above 0.5 μm in the anterior region of the CC for all
groups; Kolmogorov-Smirnov test (p < 0.0001 for vehicle-WTcompared
with vehicle-YAC128 HD mice in axons with ID < 0.5 μm; p < 0.05 for
low laquinimod-YAC128 HD mice compared with vehicle-YAC128 HD
mice in axons with ID ≥ 0.5 μm) (d). G-ratios shown as scattered plot
against axon diameter with best-fit lines for vehicle-treated WT vs

vehicle-treated YAC128 (p < 0.0001) (e, left panel), vehicle-treated
YAC128 vs low laquinimod-treated YAC128 (p < 0.0001) (e, middle
panel), and vehicle-treated YAC128 vs high laquinimod-treated
YAC128 (p < 0.0001) (e, right panel) in the posterior CC (e).
Cumulative frequency analysis of g-ratios in axons with an inner diameter
below and above 0.5 μm in the posterior region of the CC for all groups;
Kolmogorov-Smirnov test (p < 0.0001 for vehicle-WT compared with
vehicle-YAC128 HD mice; p < 0.01 and p < 0.001 for low laquinimod-
YAC128 HD mice compared with vehicle-YAC128 HD mice in axons
with ID < 0.5 μm and ID ≥ 0.5 μm, respectively; p < 0.01 for high
laquinimod-YAC128HDmice compared with vehicle-YAC128HDmice
in axons with ID ≥ 0.5 μm) (f). Data represented as scatter plot of g-ratios
against axonal diameter with best-fit line (c, e), and cumulative frequency
of g-ratios (d, f); Kolmogorov-Smirnov test (d, f); N = 4 animals per
genotype/group (all males); N = 100–600 axons per animals. Veh = vehi-
cle; LAQ = laquinimod; CC = corpus callosum
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matter abnormalities in YAC128 HD mice [17] likely reflect
laquinimod-mediated reversal of alterations in myelin sheath
thickness, particularly in the posterior region of the CC.

Increased Levels of Myelin-Related Genes in the CC
of Laquinimod-Treated YAC128 HD Mice

To understand whether the effect of laquinimod on myelin
sheath thickness may be explained by changes at the molecu-
lar level, we investigated the expression levels of several
myelin-related genes in the CC by quantitative real-time
PCR (qRT-PCR). Vehicle-treated YAC128 HD mice showed
significantly decreased levels of myelin basic protein (Mbp)
compared with vehicle-treated WT mice (Fig. 5a; one-way
ANOVA: p = 0.0282; Fisher’s LSD post hoc analysis:
p > 0.05; paired Student’s t test: p < 0.05). However, no differ-
ences were observed in other myelin-related genes such as
proteolipid protein 1 (Plp1) (Fig. 5b; one-way ANOVA: p =
0.2471), Ermin (Ermn) (Fig. 5c; one-way ANOVA: p =
0.4366), 2′,3′-cyclic nucleotide 3′ phosphodiesterase (Cnp)
(Fig. 5d; one-way ANOVA: p = 0.3641) and myelin oligoden-
drocyte glycoprotein (Mog) (Fig. 5e; one-way ANOVA: p =
0.4385). Mbp transcript levels were significantly increased
after treatment with either dose of laquinimod (Fig. 5a; one-
way ANOVA: p = 0.0282; Fisher’s LSD post hoc analysis:
p < 0.05 for 0.25 mg/kg and p < 0.01 for 1 mg/kg of
laquinimod); however, no effect of treatment was observed
on other myelin-related genes investigated (Fig. 5b–e; one-
way ANOVA: p = 0.2471 for Plp1, p = 0.4366 for Ermn,
p = 0.3641 for Cnp, p = 0.4385 for Mog). To investigate
whether the differences in Mbp transcript levels observed in
the CC were paralleled by alterations in Mbp protein levels,
we performed immunoblotting analysis for Mbp in the CC.
Consistent withMbpmRNA results, we observed lower levels
ofMbp protein in the CC of vehicle-treated YAC128HDmice
compared with vehicle-treatedWTmice (Fig. 5f), which were
increased by both doses of laquinimod (Fig. 5f). These find-
ings suggest that the increase in myelin thickness observed in
laquinimod-treated YAC128 HD mice may be the result of
laquinimod’s action at the molecular level, rescuing Mbp
mRNA and protein deficits in oligodendrocytes.

Effect of Laquinimod Treatment on Myelin-
and Inflammation-Related Genes in the Striatum
of YAC128 HD Mice

To further investigate the effect of laquinimod on myelin in
other brain regions affected in HD, transcript levels of several
myelin-related genes were assessed in the striatum by qRT-
PCR. Vehicle-treated YAC128 HD mice showed decreased
levels of Mbp and Plp1 compared with vehicle-treated WT
mice (Fig. 6a, b; one-way ANOVA: p = 0.0017 for Mbp, p =
0.0217 for Plp1; Fisher’s LSD post hoc analysis: p > 0.05 for

Mbp, p < 0.01 forPlp; paired Student’s t test: p < 0.05 forMbp).
However, no differences were observed in other myelin-related
genes such as Ermn (Fig. 6c; one-way ANOVA: p = 0.7529),
Cnp (Fig. 6d; one-way ANOVA: p = 0.4994) andMog (Fig. 6e;
one-way ANOVA: p = 0.3005).Mbp transcript levels were sig-
nificantly increased in a dose proportionate manner after treat-
ment with laquinimod (Fig. 6a; one-way ANOVA: p = 0.0017;
Fisher’s LSD post hoc analysis: p < 0.01 for 0.25 mg/kg and
p < 0.001 for 1 mg/kg of laquinimod), whereas Plp1 transcript
levels were increased only with the higher dose (Fig. 6b; one-
way ANOVA: p = 0.0217; Fisher’s LSD post hoc analysis:
p > 0.05; paired Student’s t test: p < 0.05) in YAC128 HDmice.
Since laquinimod has been shown to exert immunomodulatory
activity in both the periphery and the CNS, we also evaluated
the effect of laquinimod on the inflammatory markers
interleukin-6 (Il6), interleukin-1β (Il1b), and tumour necrosis
factor alpha (Tnfa) by qRT-PCR in the striatum (Fig. 6f–h). At
3 months of age, no differences in expression levels of these
genes were observed between any of the groups (Fig. 6f–h;
one-way ANOVA: p = 0.2012 for Il6, p = 0.9553 for Il1b, p =
0.4241 for Tnfa), similar to the observations with glial cell
densities (Fig. 3d–f). Altogether, these results suggest that the
effects of laquinimod on myelin-related genes (Mbp and Plp1)
are not limited to the CC, and that these effects are likely inde-
pendent of its immunomodulatory effects.

Effect of Laquinimod on Cyp1A1, a Marker of AhR
Activity, in YAC128 HD Mice

Laquinimod has recently been shown to induce expression of
genes associated with the AhR pathway such as the
Cytochrome P450 family 1 subfamily A member 1 (Cyp1A1)
[14]. In order to examine whether the effects of laquinimod are
mediated through AhR in the YAC128 HD mice, we measured
the expression levels ofCyp1A1 in the CC and striatum. In both
brain regions, vehicle-treated YAC128 HD mice did not show
differences in Cyp1A1 expression levels compared with
vehicle-treated WT mice (Supplementary Fig. S1a, b; one-
way ANOVA: p = 0.0160 for CC, p = 0.1565 for striatum;
Fisher’s LSD post hoc analysis: p > 0.05 for CC and striatum;
paired Student’s t test: p = 0.07 for striatum). The high dose of
laquinimod treatment (1 mg/kg) increased Cyp1A1 levels in
both the CC and striatum of YAC128 HD mice compared with
vehicle-treated YAC128 HD mice and vehicle-treated WT
mice, respectively (Supplementary Fig. S1a, b; one-way
ANOVA: p = 0.0160 for CC, p = 0.1565 for striatum; Fisher’s
LSD post hoc analysis: p < 0.01 in the CC compared with
vehicle-treated YAC128 HD mice, p < 0.05 in the striatum
compared with vehicle-treated WT mice). However, the low
dose of laquinimod treatment (0.25 mg/kg) had no effect on
Cyp1A1 levels (Supplementary Fig. S1a, b; one-way
ANOVA: p = 0.0160 for CC, p = 0.1565 for striatum; Fisher’s
LSD post hoc analysis: p > 0.05 for CC and striatum).
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Altogether, our data shows Cyp1A1 induction by the higher
dose of laquinimod in the CC supporting engagement of the
AhR pathway at this dose. However, the low dose of
laquinimod did not induce Cyp1A1 in any of the brain regions
investigated, suggesting that the improvements seen with the
administration of the lower dose of laquinimod may be medi-
ated by an AhR-independent mechanism.

Discussion

Several studies have shown laquinimod’s beneficial effects in
animal models of MS to be related to its immunomodulatory
activity and mediated largely via AhR activation [14, 15].
Much less is known about the mechanism(s) of action of
laquinimod in HD where we and others have shown it to
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Fig. 5 Effect of laquinimod treatment on myelin-related genes in the
corpus callosum of YAC128HDmice. Vehicle-treated YAC128 HDmice
showed Mbp transcriptional deficits in the corpus callosum of YAC128
HD mice (a), but no differences were observed in other myelin-related
genes including Plp1 (b), Ermn (c), Cnp (d) and Mog (e). Laquinimod
treatment (0.25 and 1 mg/kg) only rescuedMbp transcriptional deficits in
YAC128 HD mice (a) but no effect was observed in the other myelin-
related genes (b–e). Vehicle-treated YAC128 HDmice showed decreased

Mbp protein levels in the corpus callosum compared with vehicle-treated
WT mice, which were increased by both doses of laquinimod (f). Values
shown as mean ± SEM; *p < 0.05, **p < 0.01 by one-way ANOVAwith
Fisher’s LSD post hoc analysis; #p < 0.05, by paired Student’s t test; N =
6 per genotype/group (all males) for a–e; Veh = vehicle; LAQ =
laquinimod; Mbp = myelin basic protein; Plp1 = proteolipid protein 1;
Ermn = Ermin; Cnp = 2′,3′-cyclic nucleotide 3′ phosphodiesterase; Mog
= myelin oligodendrocyte glycoprotein; kDa = kilodaltons
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improve a number of behavioural and pathological aspects of
the disease, including white matter deficits [17, 29, 30]. In this
study, we explored the effects of laquinimod on white matter
at the cellular, molecular and ultrastructural levels. We first
show that early treatment with laquinimod improves motor
learning, and confirm its antidepressant properties. We then
demonstrate, for the first time, that laquinimod reverses
changes in myelin sheath thickness observed in the CC of

YAC128 HD mice, which is accompanied by an increase in
expression levels ofMbp. Our findings suggest that the bene-
ficial effects of laquinimod on white matter microstructural
abnormalities in HD may be independent of its AhR-
mediated immunomodulatory activity.

We previously showed that laquinimod treatment (1 and
10 mg/kg) resulted in behavioural improvements in YAC128
HD mice [17]. In this study, we explored whether lowering the
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Fig. 6 Effect of laquinimod treatment on myelin-related and inflamma-
tory genes in the striatum of YAC128 HDmice. Vehicle-treated YAC128
HD mice showed Mbp (a) and Plp1 (b) transcriptional deficits in the
striatum of YAC128HDmice at 3 months of age, but no differences were
observed in other myelin-related genes including, Ermn (c), Cnp (d) and
Mog (e). Whereas laquinimod treatment (0.25 and 1 mg/kg) rescuedMbp
transcriptional deficits in the striatum of YAC128 HD mice (a), only the
high dose of laquinimod rescued Plp1 transcriptional deficits (b). No
effect of laquinimod treatment was observed in the other myelin-related

genes (b–e). At 3 months of age, no differences in inflammatory-related
genes such as Il6 (f), Il1b (g) and Tnfa (h) were observed between groups.
Values shown as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 by
one-way ANOVA with Fisher’s LSD post hoc analysis; p = 0.06,
#p < 0.05 by paired Student’s t test; N = 6 per genotype/group (all males).
Veh = vehicle; LAQ = laquinimod; Mbp = myelin basic protein; Plp1 =
proteolipid protein 1; Ermn = Ermin; Cnp = 2′,3′-cyclic nucleotide 3′
phosphodiesterase; Mog = myelin oligodendrocyte glycoprotein; Il6 =
interleukin-6; Il1b = interleukin-1β; Tnfa = tumour necrosis factor alpha
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dose of laquinimod further to 0.25 mg/kg could also improve
HD-related phenotypes. We evaluated the effect of laquinimod
on cognitive function for the first time and found modest im-
provements in motor learning using the rotarod task. We also
found a very striking effect of laquinimod on depressive behav-
iour in YAC128 mice, even at the lowest dose used
(0.25 mg/kg). However, laquinimod did not improve motor
deficits in the accelerating rotarod in YAC128 HD mice at
3 months of age, which is consistent with our previous findings
showing the earliest improvements of motor deficits by
laquinimod at 4 months of age [17]. These findings support
the use of laquinimod for the treatment of certainmanifestations
of HD, and in particular depression, and also indicate that a
reduced dose of laquinimod (0.25 mg/kg) can exert similar
beneficial effects as observed with a higher dose (1 mg/kg).

Deficits in motor learning have been described to first man-
ifest at 2 months of age in YAC128 HDmice using the rotarod
task [25]. In this study we show that early administration of
laquinimod prior the appearance of disease phenotypes
(5 weeks of age) can lead to motor learning improvements,
suggesting that early treatment may be important to delay the
appearance of HD-related disease phenotypes. Another nota-
ble aspect of the current study design is the short treatment
period (7 weeks here versus 6 months in our previous study
[17]). Interestingly and despite the short period of laquinimod
treatment, we observed improvements in several HD-related
phenotypes in YAC128 HD mice. Whether the beneficial ef-
fects of 7 weeks of treatment with laquinimod would persist
after treatment cessation or would require continued adminis-
tration remains to be determined.

A primary goal of the present study was to investigate the
nature of theWM improvements identified by diffusion tensor
imaging in laquinimod-treated YAC128 HD mice [17]. Our
observations of no changes in oligodendroglial population
densities in the YAC128 mice at 3 months, with or without
laquinimod treatment, suggest that the improvements in WM
alterations are likely mediated by cell intrinsic effects.
Furthermore, the lack of effect on glial populations (astrocytes
and microglia) previously implicated in laquinimod’s immu-
nomodulatory activity [33] also suggests that the white matter
improvements in young YAC128 mice observed may be in-
dependent of immune modulation.

Studies in rodent models of HD have shown that WM-
related microstructural abnormalities are an early feature of
the disease, and involve thinner myelin sheaths and reduced
myelin-related genes expression in the CC [27, 31, 32]. Using
TEM analysis, we show that YAC128 HD mice have thinner
myelin sheaths at 3 months of age in the anterior region of the
CC as we previously reported [27]. We further describe, for the
first time, differences at the ultrastructural level in myelin
sheaths in the posterior region of the CC. Interestingly, these
differences consisted of thinner myelin sheaths in axons with a
calibre below 0.5 μm, as seen in the anterior region, and thicker

myelin sheaths in axons with a calibre above 0.5 μm.
Furthermore, we showed that laquinimod treatment reversed
myelin sheath thickness only in axons from the posterior region
of the CC in YAC128 HD mice, findings that parallel the im-
provements in fractional anisotropy observed only in the pos-
terior region of the CC in laquinimod-treated YAC128 HD
mice in our previous study [17]. Altogether, the results suggest
a region-specific effect of laquinimod on WM ultrastructure.

While these differences in myelin sheath thickness in the
posterior region of the CC in YAC128 HD mice cannot be
explained by changes in the density of glial populations, they
may be related to changes in the expression of myelin-related
genes. As previously shown in R6/2 mice [31] and in primary
OPC-differentiated oligodendrocytes obtained from YAC128
HD mice [27], we also found decreased Mbp transcript and
protein levels in the CC of YAC128 HD mice, which were
rescued by laquinimod treatment. Similar rescue ofMbp tran-
script levels was observed in the striatum of YAC128 HD
mice, where deficits in Plp1 transcript levels were also re-
versed. Interestingly, the laquinimod treatment appears to af-
fect primarily expression levels of components of compact
myelin (MBP and PLP), and not non-compact myelin (CNP,
MOG and Ermin) [33, 34]. These findings point to the possi-
bility that the thinning and decompaction of myelin seen in
HD [27, 31] may be related to deficits in protein determinants
of myelin compaction such asMBP and PLP [33, 34], and that
the beneficial effects of laquinimod on white matter and
myelination in HD is partly due to reversal of these deficits
in compact myelin components.

While the focus of the present study was to evaluate the
efficacy of laquinimod in reversing HD-related white matter
pathology, it would be interesting to investigate in future stud-
ies how laquinimod might affect oligodendroglia and
myelination under normal physiological conditions.

Laquinimod has been shown to mediate its immunomodu-
latory response through the AhR pathway and to induce genes
associated to AhR activation such as the Cyp1A1 [14]. In our
study, we observed induction ofCyp1A1with the high dose of
laquinimod (1 mg/kg) only, with no effect on expression
levels of inflammatory factors. Taken together with the im-
provements in WM and myelination seen with the low dose
(0.25 mg/kg) where no upregulation ofCyp1A1was observed,
these results suggest that laquinimod’s effect on myelination
in this dose range may be independent of AhR activation.
Nonetheless, a role for AhR cannot be formally excluded giv-
en reports of a possible role for AhR in the regulation of
myelination [35] based on studies in AhR knockout (AhR
KO) animals [35]. AhR KO mice display thinner myelin
sheaths in the sciatic nerve fibres along with dysregulation
of the expressionmyelin genes as well as myelin developmen-
tal markers [35]. Future studies are warranted to delineate the
role of AhR in mediating the effects of laquinimod on white
matter pathology and myelination deficits in HD.
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Overall, our study demonstrates that laquinimod treatment
improves a number of HD-related myelination abnormalities
by modulating the expression of compact myelin-related
genes in oligodendrocytes and reversing ultrastructural chang-
es in myelin sheaths in YAC128 HDmice. Our results support
further investigation of laquinimod as therapeutic intervention
to tackle WM abnormalities in HD.
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