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Abstract

Background One intrastriatal administration of quinolinic acid (QA) in rats induces a lesion with features resem-
bling those observed in Huntington’s disease. Our aim is to evaluate the effects of the cysteinyl leukotriene receptor
antagonist montelukast (MLK), which exhibited neuroprotection in different preclinical models of neurodegeneration,
on QA-induced neuroinflammation and regional metabolic functions.

Methods The right and left striatum of Sprague Dawley and athymic nude rats were injected with QA and vehicle
(VEH), respectively. Starting from the day before QA injection, animals were treated with 1 or 10 mg/kg of MLK or VEH
for 14 days. At 14 and 30 days post-lesion, animals were monitored with magnetic resonance imaging (MRI) and posi-
tron emission tomography (PET) using ['8F1-VC701, a translocator protein (TSPO)-specific radiotracer. Striatal neuroin-
flammatory response was measured post-mortem in rats treated with 1 mg/kg of MLK by immunofluorescence. Rats
treated with 10 mg/kg of MLK also underwent a ['®F]-FDG PET study at baseline and 4 months after lesion. ['8F]-FDG
PET data were then used to assess metabolic connectivity between brain regions by applying a covariance analysis
method.

Results MLK treatment was not able to reduce the QA-induced increase in striatal TSPO PET signal and MRI lesion
volume, where we only detected a trend towards reduction in animals treated with 10 mg/kg of MLK. Post-mortem
immunofluorescence analysis revealed that MLK attenuated the increase in striatal markers of astrogliosis and acti-
vated microglia in the lesioned hemisphere. We also found a significant increase in a marker of anti-inflammatory
activity (MannR) and a trend towards reduction in a marker of pro-inflammatory activity (iNOS) in the lesioned stria-
tum of MLK—compared to VEH-treated rats. ['8F]-FDG uptake was significantly reduced in the striatum and ipsile-
sional cortical regions of VEH-treated rats at 4 months after lesion. MLK administration preserved glucose metabolism
in these cortical regions, but not in the striatum. Finally, MLK was able to counteract changes in metabolic connectiv-
ity and measures of network topology induced by QA, in both lesioned and non-lesioned hemispheres.
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Conclusions Overall, MLK treatment produced a significant neuroprotective effect by reducing neuroinflammation
assessed by immunofluorescence and preserving regional brain metabolism and metabolic connectivity from QA-

induced neurotoxicity in cortical and subcortical regions.

Keywords Montelukast, Neuroinflammation, Positron emission tomography, Quinolinic acid, Neurodegeneration,
Cysteinyl leukotriene receptor antagonist, Metabolic connectivity, 18-kDa translocator protein, Medium spiny neurons

Background

Huntington’s disease (HD) is an autosomal dominant
genetic disorder caused by a CAG triplet expansion
in the huntingtin gene (HTT), encoding an expanded
polyglutamine (polyQ) tract near the N-terminus of
the HTT protein. This mutation induces a progres-
sive neurodegenerative disease characterized by motor
symptoms including chorea and dystonia, as well as
psychiatric and cognitive abnormalities [1]. In the early
phases, HD pathology is characterized by neuronal loss,
particularly of the medium-sized projection neurons of
the dorsal striatum, which then spreads to cortical and
sub-cortical regions [2].

Several post-mortem and clinical studies highlighted
a clear role of microglia and astrocytes in the pathogen-
esis and progression of HD. In particular, the accumu-
lation of mutated HTT (mHTT) in neurons stimulates
the NFkB pathway, leading to microglia activation and
pro-inflammatory cytokines release [3-5]. Moreo-
ver, mHTT accumulates also in the astrocytes, where
it promotes oxidative stress and reduces BDNF levels
[6-8]. In line with these post-mortem findings, human
positron emission tomography (PET) studies using
ligands for the translocator protein (TSPO), a widely
used marker for microglia activation, showed that neu-
roinflammation is present in pre-symptomatic HD gene
carriers, suggesting that microglial activation starts at
early stages of HD [9, 10]. In HD patients, TSPO bind-
ing increases in striatal and cortical regions where it
positively correlates with disease severity [11]. For
these reasons, the modulation of neuroinflammation
represents an attractive strategy for the development of
novel HD treatments.

Montelukast (MLK) is a cysteinyl leukotriene recep-
tor 1 (CysLT1R) and G protein-coupled receptor 17
(GPR17) antagonist, approved as adjuvant therapy for
asthma in both children and adults [12—14]. Previous
studies have reported these receptors to be involved
in different neurological disorders [15-19]. Further-
more, increased levels of leukotrienes have been found
after injuries of the central nervous system (CNS) and
during aging [20, 21], where they are thought to play
an important role in modulating the neuroinflamma-
tory response. For these reasons, cysteinyl leukotriene
receptors (CysLTRs) have been proposed as a potential

drug repurposing target for conditions associated with
neuroinflammation and neurodegeneration [22].

Different lines of evidence from preclinical models of
neurological disorders, including Alzheimer’s disease,
Parkinson’s disease, ischemia—reperfusion and aging con-
cur to support the ideas that MLK exerts a neuroprotec-
tive effect, including preservation and restoration of the
blood-brain barrier (BBB) [23], neurogenesis stimula-
tion [24], reduction of inflammation, oxidative stress and
apoptosis together with amelioration of brain functions
and cognition [25-33].

Based on these accumulated data in preclinical mod-
els of neurodegeneration, it is reasonable to hypothesize
that MLK might similarly have neuroprotective effects
in HD by attenuating the neuroinflammatory response
which accompanies the disease. However, no studies to
date have comprehensively tested this hypothesis. In this
study, we sought to bridge this gap by investigating the
effects of MLK treatment on the brain pathology under-
lying HD using intrastriatal injection of quinolinic acid
(QA) in rats. Intrastriatal injection of QA in rats has been
demonstrated to induce neuropathological and behav-
ioral alterations whose features and pattern of time pro-
gression resemble those observed in patients with HD
[34-36]. QA is an excitotoxin that selectively stimulates
NMDA receptors (NMDAR) and, when in high levels,
it is able to induce neurodegeneration, particularly in
NMDAR-expressing neurons. QA also affects astrocytes,
reducing their buffering effects on glutamate levels and
increasing the inflammatory response to brain insults
(see Guillemin 2012 for a review on QA effects [37]).
Moreover, QA is an endogenous downstream product
of the kynurenine pathway (KP) and abnormalities in KP
metabolism in microglia and astrocytes may explain the
increased levels of QA found in the neostriatum and cor-
tex of early-stage HD patients favoring neurodegenera-
tion [38, 39]. Altogether, these data support the validity
of the QA model as a tool to study the brain pathology
underlying HD and the effects of putative innovative
disease-modifying drugs. To date, only one study has
investigated the effects of MLK on the QA model, show-
ing that MLK attenuated behavioral impairments, oxida-
tive stress and mitochondrial dysfunctions [40]. However,
this study did not thoroughly investigate the effects of
the drug on the neuroinflammatory response, which is
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likely to play a role in the beneficial effects of MLK in
this HD model. Therefore, in this work, we took a mul-
timodal approach to explore the effects of MLK on QA-
lesioned brain tissue using a combination of in vivo PET,
Magnetic Resonance Imaging (MRI) and post-mortem
immunofluorescence. In particular, we evaluated the
neuroprotective effect of MLK treatment on tissue dam-
age, neuroinflammation and brain metabolic connectiv-
ity in the QA unilateral cytotoxic rat model. Since the
role of T-cells in brain response to neurotoxins has been
recently proposed [41], this study was performed on both
immunocompetent and athymic nude rats.

Material and methods

Animals

Twenty-four Sprague Dawley (SD) and 30 athymic NIH
FOXN1-RNU nude male rats, approximately 6 weeks
old (mean body weight: 180 g) were purchased from
ENVIGO RMS SRL (Italy). Animals were housed in the
San Raffaele Scientific Institute animal facility and main-
tained under constant temperature and humidity condi-
tions, with a 12/12-h light/dark cycle and access to food
and water ad libitum. All procedures involving animals
were carried out in accordance with national guidelines
for animal use in research and approved by Institutional
Animal Care and Use Committee of San Raffaele Scien-
tific Institute (Prot.N. 722/2016-PR D.sg 26/2014 and
Prot.N.842/2019-PR).

Study design and experimental model

Quinolinic acid (QA, Sigma-Aldrich) was used to induce
striatal damage in all 54 rats. In brief, the lesion was gen-
erated by unilateral intracerebral injection of 210 nmol
of QA in the right striatum using the following stere-
otaxic coordinates: AP,+0.6; L,+2.8; V, 5.5 (Stoelting
Europe, Dublin) [42] (see Additional file 1 for a repre-
sentation of the coordinates used). An equivalent volume
of phosphate-buffered saline (PBS) was injected in the
contralateral striatum as a control. The whole procedure
was carried out under general anesthesia (Isoflurane, 4%
for induction and 2% for maintenance, in medical air;
Isoflurane-Vet 100%, Merial Italy). Starting from the day
before QA lesion, animals were treated intraperitoneally
(i.p.) with montelukast (MLK; D.B.A. Italia s.r.l) or vehi-
cle (VEH, i.e., saline solution) for 14 days (Fig. 1). Dif-
ferent groups of SD and nude rats received either a dose
of 1 mg/kg (SD: n=4 VEH and n=4 MLK; nude: n=7
VEH and n=7 MLK) or 10 mg/kg (SD: n=8 VEH and
n=8 MLK; nude: »=8 VEH and n=8 MLK). In both
nude and SD rats, the protective effect of the 1 mg/kg
dose was evaluated in vivo using MRI and ['®F]-VC701
PET at 14 and 30 days post-injury and post-mortem by
immunofluorescence (Fig. 1A). The effect of the 10 mg/
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kg dose in nude rats was evaluated only with MRI, due to
the impossibility to access PET facilities during Covid-19
lockdown. SD rats that received 10 mg/kg were evaluated
with both [*®F]-VC701 PET and MRI at 14 and 30 days
post-lesion and underwent also a 2-Deoxy-2-['*F]fluoro-
glucose ([*®F]-FDG) PET before and at 4 months after
QA (Fig. 1B), which was used to assess glucose metabo-
lism and metabolic connectivity.

Sample size for ['8F]-VC701 PET studies was calcu-
lated based on mean and standard deviation values from
a previous ['®F]-VC701 PET study in lesioned striatum
at 7 days after intrastriatal QA injection [43]. We used
G*Power Software (http://www.gpower.hhu.de/), setting
1-$=0.8 and a=0.05 with the hypothesis of a 20% of
tracer uptake reduction in the lesioned striatum in MLK-
treated animals, considering nude and SD rats separately.
For [®F]-FDG PET studies, sample size was estimated
based on a previous ['®F]-FDG PET on QA-lesioned rats
[44]. More details about the sample size for each experi-
ment are reported in Fig. 1.

Tissue collection, immunofluorescence and quantitative
analysis

Nude and SD rats treated with the low MLK dose (1 mg/
kg) and their controls were killed by perfusion at the end
of MRI and [*®F]-VC701 PET monitoring. Animals were
deeply anesthetized with 1.7% tribromoethanol solution
(20 ul/mg, i.p) and intracardially perfused with 0.1 M
phosphate buffer (PB) (pH 7.4) followed by 4% paraform-
aldehyde (PFA) in 0.1 M PB. Brains were removed, post-
fixed in PFA 4% for 24 h at 4 °C and then cryo-protected
in 30% sucrose (Sigma-Aldrich) diluted in 0.1 M PB.
Brains were embedded and frozen in cryostat medium
(Killic, Bio-Optica, Milan, Italy) and 40 pum sections were
cut on the cryostat (Leica) for histological analysis by
immunofluorescence.

For immunofluorescence (IFL), brain sections con-
taining the striatum were permeabilized with 0.5%
Triton X-100 (Sigma-Aldrich) and blocked with 10%
donkey serum (NDS) (Sigma-Aldrich) for 30 min at
room temperature (RT). Here, we sought to assess
neuroinflammatory markers, in particular activated
microglia, marked by Ibal and astrogliosis, marked by
GFAP. In addition, we wanted to evaluate microglia
phenotypes, by measuring the expression of mannose
receptor (MannR), a marker of the anti-inflammatory
phenotype and iNOS, a marker of the pro-inflammatory
phenotype, as well as their co-localization with Ibal,
GFAP and CD68, a macrophage marker, in the lesioned
striatum. Thus, sections were incubated in 0.5% Triton
X-100 with 2% NDS overnight at 4 °C with the follow-
ing primary antibodies and dilutions: anti-Ibal (rabbit,
1:1000; 019-19471; Fujifilm Wako Chemicals, U.S.A.
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Fig. 1 Experimental design and details about sample size for each group of rats (A, B). Representative illustration of the generation of the QA

unilateral cytotoxic HD model (C)

Corporation, Richmond VA); anti-Ibal (goat, 1:600;
ab5076; Abcam; Cambridge, UK); anti-GFAP (rabbit,
1:500; Z0334; DAKO Cytomation, Agilent, Santa Clara,

CA, USA); anti-iNOS (rabbit; 1:400; orb13614; Biorbyt,
Cambridge, UK); anti-mannose receptor (rabbit; 1:500;
ab64693; Abcam; Cambridge, UK); anti-CD68 (mouse;
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1:500, MCA1957; Bio-Rad, Hercules, CA, USA). The
following day, the sections were incubated for 2 h at RT
with specific secondary antibodies (Cy™3 AffiniPure
anti-rabbit and anti-goat; Alexa Fluor anti-rabbit; Jack-
son Immunoresearch Laboratories, West Grove, PA,
USA), and finally with DAPI (1:100) for 3 min, to stain
the nuclei. Brain slices were then washed, mounted on
2% gelatin-coated slides and cover slipped with Mowiol
embedding medium.

Images were acquired at Nikon Eclipse 90i (Nikon,
Melville, NY) confocal microscope (1 um z-step size,
acquisition speed 100 Hz, format 1024 x 1024 pix-
els; 20x magnification for GFAP and Ibal analysis,
40x magnification for iNOS and MAnnR analysis),
examining 3 sections containing the lesioned striatum
for every animal and acquiring at least 4 images for
each section.

For the analysis of astrogliosis (GFAP) and microglial
activation (Ibal), and iNOS and MannR-positive signals,
the confocal images of positive immunolabelling were
converted in black and white images, then the density of
immunopositive pixels over the threshold in the field of
view was quantified, for each experimental group, using
Image] software (NIH).

MRI data acquisition

All magnetic resonance imaging (MRI) studies were per-
formed on a 7 T preclinical scanner (Bruker, BioSpec
70/30 USR, Paravision 6.0.1), equipped with 450/675
mT/m gradients (slew-rate: 3400—4500 T/m/s; rise-time
140 ps) and a circular polarized rat body volume coil with
an inner diameter of 40 mm. All rats underwent imaging
under inhalational anesthesia (Isoflurane, 3% for induc-
tion and 2% for maintenance in 2L/minute oxygen);
lying prone on MRI bed and controlled with a dedicated
temperature control apparatus to prevent hypother-
mia, having breathing rate and body temperature con-
tinuously monitored (SA Instruments, Inc., Stony Brook,
NY, USA). MRI protocol included Rapid Acquisition
with Relaxation Enhancement (RARE) T2-weighted
sequence in coronal plane (slices 30, thickness 0.70 mm,
gap=0, TR/TE=4000/48 ms, MTX=180x 180,
FOV =22 x 22 mm). Extraction of the lesion volume was
performed manually using the Medical Image Process-
ing, Analysis, and Visualization (MIPAV) software. Man-
ual segmentation was performed by manually drawing a
volume of interest (VOI) for the lesion (ipsilateral hemi-
sphere, including edema), and one around both left and
right total brain hemisphere (contralateral and ipsilateral)
from the olfactory bulbs up to the cerebellar region. Cor-
rected lesion volumes were obtained by normalizing to
the ratio between healthy and lesioned hemispheres.
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PET data acquisition

['®F]-VC701 PET imaging

[8F]-VC701 PET was performed to assess neuroin-
flammation by applying the TSPO-specific radioligand
[8F]-VC701, in line with previous work from our lab
[43, 45]. PET images were acquired with the YAP(S)-
PET II small animal tomograph (ISE S.r.l, Pisa, Italy) in
the three-dimensional mode. Animals were injected in
the tail vein with 6.5141.83 MBq of ['®F]-VC701 tracer
for SD rats and with 8.04+ 1.5 MBq for nude rats. After
120 min of radiotracer uptake, animals were acquired for
30 min (6 frames of 5 min each) under gas anesthesia (2%
isoflurane in medical air). Images were reconstructed
using the expectation maximization (EM) algorithm,
calibrated with dedicated phantom and corrected for
radioisotope decay (T, of '®F: 109.8 min). After that,
PET images were manually co-registered to MRI scans.
PMOD 4.1 software (Zurich, Switzerland) was used to
calculate average radioactivity values in left and right
striatum by applying the VOI brain template Px Rat-W.
Schiffer [46]. Radiotracer uptake values for each VOI
were expressed as percentage of injected dose per gram
(%ID/g).

['®F]-FDG PET imaging

['8F]-FDG PET experiments were performed using an
advanced PET/CT scanner (B-cube®/X-cube®, Mole-
cubes, Gent, Belgium) which exhibits higher resolu-
tion and sensitivity properties (field of view: 130 mm
X 72 mm, spatial resolution: 0.85 mm, sensitivity:
12.6%) than the tomograph used for [*®F]-VC701 PET.
['8F]-FDG, a radiotracer that measures glucose metabo-
lism, was prepared as for clinical use (European Phar-
macopoeia VIII Edition). Animals were food-deprived
for 12 h prior to the experiment and injected in the tail
vein with an average of 10.7 0.5 MBq of [*F]-FDG for
SD rats and with 15.54+0.73 MBq for nude rats. After
40 min of uptake, PET images were acquired for 20 min
under gas anesthesia (2% isoflurane in medical air). Dur-
ing acquisition, animals were constantly monitored for
respiratory rate and maintained at constant temperature
with a heating pad. ['®F]-FDG PET images were recon-
structed (GPU-based iterative OSEM reconstruction; 30
iterations, 400 pum), automatically corrected for radioiso-
tope decay and manually co-registered to MRI. Images
were then quantified with PMOD software by apply-
ing a VOIs template based on the Schiffer rat brain atlas
[46] and extracting the mean tracer uptake values from
the following 28 brain areas: left and right olfactory bulb
(L_OIfB, R_OIfB), left and right prefrontal cortex (L_PFC,
R_PFCQC), left and right frontal cortex (L_Front, R_Front),
left and right orbitofrontal cortex (L_OFC, R_OFC), left
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and right cingulate cortex (L_Cg, R_Cg), left and right
motor cortex (L_MC, R_MC), left and right somatosen-
sory cortex (L_SSC, R_SSC), left and right striatum (L_S,
R_S), left and right anterior hippocampus (L_AntHip, R_
AntHip), left and right posterior hippocampus (L_Post-
Hip, R_PostHip), left and right thalamus (L_Tha, R_Tha),
left and right hypothalamus (L_HTha, R_HTha), left and
right midbrain (L_MB, R_MB), left and right cerebellum
(L_CRB, R_CRB). These brain regions were selected from
the atlas since they are known to be directly or indirectly
involved in HD pathogenesis [47]. Radiotracer uptake
values were expressed as %ID/g and normalized dividing
them by the mean whole-brain uptake in order to account
for intra-subject variability in glucose metabolism.

Statistical analysis

Statistical analyses were performed using Prism 8
(GraphPad Software Inc., CA, USA) and R software
(R Core Team). In particular, a mixed-effects two-way
ANOVA and ordinary one-way ANOVA with bootstrap
re-sampling, followed by Sidak’s multiple comparison
correction, were employed. Statistical significance was
accepted when p <0.05.

['8F]-FDG PET regional values were also analyzed by
applying a covariance analysis method to assess meta-
bolic connectivity between brain areas. This analysis is
based on the observation that regions with significantly
correlated ['®F]-FDG uptake values are also functionally
connected [48, 49]. The metabolic connectivity analy-
sis was performed by using the brainGraph toolbox
(https://github.com/cwatson/brainGraph) available in
R. In detail, Spearman’s correlation coefficient (p) was
calculated for each pair of brain regions and a 28 x 28
weighted undirected correlation matrix was obtained for
each treatment group (pre-lesion VEH, pre-lesion MLK,
QA+VEH and QA+MLK) where each interregional
correlation coefficient (p) indicates the strength of con-
nection. The obtained p values were then converted into
z-scores by applying Fisher transformation, with the fol-
lowing equation:
a+)

1

z==ln——-.
2 (1)

To statistically compare each correlation coefficient

between different treatment groups, we performed a Z

test, using the following equation:
2] — 22
Vs T
where z; and zp represent the z-scores from the two

groups compared and #; and ny the sample size. The
associated p-values were obtained from Z test results to

7 =
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determine the significance of between-group differences
and false discovery rate (FDR) was applied to correct the
p-values for the total number of tests.

Finally, a network analysis was performed on the same
data to characterize the topology of the patterns of meta-
bolic connectivity and each node regional properties. In
particular, we focused on measures of centrality, such as
node degree and betweenness centrality, but also meas-
ures of functional integration, such as local efficiency.
Node degree is the number of edges (i.e., connections
between nodes) connected to a given node (i.e., VOIs),
while betweenness centrality is defined as the fraction
of all shortest paths in the network passing through a
node [50]. Both these measures are important to identify
central nodes (hubs) that are connected to several other
nodes [50]. On the other hand, functional integration can
be explained as the efficiency of a network to combine
information from different regions and can be measured
by local efficiency [50]. A permutation test was applied to
determine between-group statistical differences in these
network metrics.

Results

Evaluation of the neuroprotective effects of MLK treatment
on MRl lesion volume

MR imaging study was conducted to assess potential
structural modifications induced by MLK treatment on
QA brain injury. In the lesioned hemisphere, QA admin-
istration induced an enhancement of T2-MRI signal in
the striatum and in some rats this effect was present also
in ipsilateral cortical regions, especially near the striatum
(Fig. 2). We have previously reported similar structural
alterations in the same model in an independent study
[51]. We also observed ventricle enlargement in most
animals, which is a recurrent feature in HD patients [52]
(Fig. 2). A mixed-effects two-way ANOVA with boot-
strap revealed no significant interaction between time
point (within-subjects) and treatment (between-subjects)
(MLK 1 mg/kg) or significant main effects of time or
treatment on MRI lesion volume, in both nude and SD
rats (Fig. 2A, B). The same results were obtained in rats
treated with an higher MLK dose (10 mg/kg) (Fig. 2C,
D); however, we note that here the main effect of treat-
ment approached significance (F;;,=4.533, p=0.06),
suggesting a reduction in lesion volume in SD rats when
MLK-treated were compared with VEH-treated animals
(Fig. 2D).

Evaluation of the neuroprotective effects of MLK treatment
on neuroinflammation

In the low MLK dose (1 mg/kg) group, a mixed-effects
ANOVA with bootstrap revealed no significant interac-
tion between lesion hemisphere (within-subjects) and


https://github.com/cwatson/brainGraph

Tassan Mazzocco et al. Journal of Neuroinflammation (2023) 20:34 Page 7 of 17

Nude (1 mg/kg)

A
VEH MLK 1 mg/kg
T2MRI14d_ T2-MRI30d T2.MRI 14d R &~ 1507 ® 14days
g D 30days
1] 1
£ 100 D
=] 0
9 D
> D
S  5p- ._Tn_.
kel .
0w
<2
e 5 oo
VEH MLK 1mg/kg
B SD (1 mg/kg)
VEH MLK 1 mg/k
T2-MRI14d  T2-MRI30d T2MRI14d  T2-MRI30d
«’»E“15°' e 14days
£ o 30days
o U
£ 100
2
o
B4
S5 e o
38 o
» LT ER
VEH MLK 1mg/kg
Nude (10 mg/kg)
c  ven MLK 10 mg/kg
T2-MRI14d  T2-MRI30d T2-MRI14d  T2-MRI 30d
1501

504

T2 lesion volume (mmd)
° 8
.0 H—*‘..
ERES-
(1) ¢ e
0
Lafe o o

VEH MLK 10 mgkg
SD (10 mg/kg)
D
VEH MLK 10 mgkg
T2-MRI14d  T2-MRI30d T2-MRI 14d  T2-MRI 30d
v ; . &~ 1501 o
£ ™ e 14days
£ - =] D 30days
] 4
£ 100 o
=]
g : Op
S 501
8 (=}
< .2
&, B *°| |go
VEH MLK 10 mg/kg
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mean = standard error of the mean (SEM). Mixed-effects two-way ANOVA with bootstrap

treatment (between-subjects) in nude rats, at both time  p<0.0001; Fig. 3C), suggesting an increase in neuroin-
points (Fig. 3B, C). QA lesion had a significant main  flammation. At 14 days, we also observed a significant
effect on ['®F]-VC701 uptake both at 14 (F),,=35.77, main effect of treatment (F, ;,=5.470, p =0.048; Fig. 3B),
p<0.0001; Fig. 3B) and 30 days after lesion (F) ;,=29.13, driven by decreases in ['®F]-VC701 uptake in the group
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Fig. 3 Representative ['®F]-\VC701 PET coronal images of nude (A) and SD rats (D, G) injected with QA and treated with VEH or MLK, co-registered
to MRI scans from the same time points. Striatal ['8F1-VC701 uptake was evaluated at 14 (B, E, H) and 30 days (C, F, I) post-lesion both in the left
PBS-injected and the right QA-injected striata and it is expressed as %ID/g. Data are plotted as mean = SEM. Mixed-effects two-way ANOVA with

bootstrap

treated with MLK irrespective of the lesion hemisphere.
We did not find any significant interaction between
lesion hemisphere and treatment in immunocompetent
SD rats (Fig. 3E, F). A significant main effect of QA lesion
on [F]-VC701 uptake was detected also in SD rats at
14 (F; =24.39, p=0.02; Fig. 3E) and 30 days post-QA
(F16=9.265, p=0.02; Fig. 3F), but the main effect of
treatment was not significant.

Similarly to what we observed in the group of animals
treated with MLK 1 mg/kg, we also did not observe an
interaction between lesion hemisphere and treatment
in animals treated with MLK 10 mg/kg (Fig. 3H,I). QA
lesion had a significant effect, increasing ['3F]-VC701
uptake in the lesioned striatum compared to the non-
lesioned one in SD rats at both 14 days (F);3=15.68,
p=0.019; Fig. 3H) and 30 days after lesion (F} ;3=10.47,
p=0.009; Fig. 3I); however, we did not observe any sig-
nificant main effect of treatment.

Since the target of ['®F]-VC701, TSPO, is expressed
by both microglia and astrocytes, we performed IFL on

post-mortem brain tissue from the animals treated with
1 mg/kg of MLK to measure Ibal- and GFAP-positive
signals (that, respectively, identify activated microglia
and astrocytes) in the striatum. A mixed-effects two-
way ANOVA with bootstrap accounting for the effects
of lesion hemisphere (within-subjects) and treatment
(between-subjects) on GFAP and Ibal signal intensity in
nude rats revealed an interaction between the two fac-
tors for GFAP (F, 3=68.63, p<0.0001; Fig. 4A) but not
for Ibal (Fig. 4B). As expected, after multiple compari-
son correction, we found that QA injection significantly
increased GFAP-positive signal in comparison with the
non-lesioned striatum in both VEH- (p<0.0001) and
MLK-treated animals (p <0.0001). Treatment with 1 mg/
kg of MLK significantly reduced GFAP-positive signal
(p<0.0001) in the lesioned striatum in comparison with
VEH-treated rats. We only found a significant main effect
of the lesion (F) g=243.7, p<0.0001) on Ibal signal, but
no significant effect of the treatment. In SD rats, mixed-
effects two-way ANOVA with bootstrap revealed an
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Fig. 4 Post-mortem immunofluorescence analysis of striatal neuroinflammation in nude and SD rats at 30 days post-lesion. GFAP- and Iba1-positive
signals were measured in the PBS- (left panels) and QA-injected striatum (right panels) of nude (A, B) and SD rats (C, D) after treatment with
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interaction between the two factors (lesion x treatment)
in both GFAP (F, 5=19.31, p=0.007; Fig. 4C) and Ibal
(F15=29, p=0.04; Fig. 4D). Post hoc analysis revealed a
significant increase in GFAP-positive signal in the QA-
lesioned striatum compared to the control one in both
VEH- (p<0.0001) and MLK-treated animals (p <0.0001).
This increase was diminished by MLK, which signifi-
cantly reduced GFAP signal in the lesioned striatum
compared with vehicles (p<0.0001). Similar results
were obtained for Ibal signal: we observed a significant
increase in the lesioned striatum compared to the healthy
counterpart in VEH- (p<0.0001) and MLK-treated rats
(p<0.0001), as well as a significant reduction in the
lesioned striatum of MLK-treated animals in comparison
with the vehicles (p <0.0001).

To better understand the nature of these effects, we
also quantified the expression of MannR and iNOS

SD

Nude
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signals, markers of anti-inflammatory and pro-inflam-
matory microglial phenotypes, respectively, as well as
their co-localization with macrophages (CD68), astro-
cytes (GFAP) and microglia (Ibal), in the QA-lesioned
striatum only (Fig. 5). One-way ANOVA with bootstrap
revealed that MannR-positive signal intensity was sig-
nificantly increased in the lesioned striatum of MLK-
treated rats when compared to VEH-treated animals
(F3,14=19.15, p<0.0001), for both nude (p<0.0001)
and SD strain (p<0.0001) animals (Fig. 5A). On the
other hand, iNOS expression intensity in the lesioned
striatum of MLK-treated rats showed a trend towards
reduction compared with VEH-treated animals
(F3,14=3.007, p=0.0659; Fig. 5B). In addition, we found
that iNOS and MannR did not co-localize with CD68-
and Ibal-positive cells (Additional file 2: Fig. S2A, B, D,
E), but co-localized with GFAP-expressing cells (Addi-
tional file 2: Fig. S2C, F).

*kkkk
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O MLK 1mg/kg

% MannR signal

ude
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O VEH
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Fig. 5 Post-mortem immunofluorescence analysis of striatal MannR (A) and iNOS expression (B) in the QA-lesioned striatum of SD (top panels)
and nude rats (bottom panels) treated with VEH (left panels and black histogram bars) or 1 mg/kg of MLK (right panels and blue histogram bars) at
30 days post-lesion. One-way ANOVA with bootstrap: ****p <0.0001, VEH vs MLK. Scale bars: 50 um. Data are plotted as mean 4 SEM
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Evaluation of the neuroprotective effects of MLK treatment
on glucose metabolism

SD animals used for the evaluation of the high dose
of MLK (10 mg/kg) were monitored with [**F]-FDG
PET before and 4 months after QA administration. At
4 months, the lesion was still evident (Fig. 6A) and we
found a significant reduction in [**F]-FDG uptake in the
regions of the lesioned hemisphere of VEH-treated rats
compared with the baseline. In particular, we focused on
the right striatum, where the lesion was first induced, and
some cortical regions of the lesioned hemisphere, such
as the right MC, right SSC and right OFC (Fig. 6B-E).
Using a mixed-effects two-way ANOVA with bootstrap,
we found a significant interaction between QA lesion
(within-subjects) and treatment (between-subjects)
on ['8F]-FDG uptake in all the above-mentioned VOIs
(right striatum: F, ;3=>5.813, p=0.034; right motor cor-
tex: F)3=7.987, p=0.015; right somatosensory cor-
tex: F);3=12.02, p=0.002; right orbitofrontal cortex:
F) ,3=28.214, p=0.02). Furthermore, post hoc analysis
showed a significant reduction in [*®F]-FDG uptake after
lesion in the right striatum, in both VEH- (» <0.0001) and
MLK-treated animals (p <0.0001). However, MLK treat-
ment was able to attenuate this reduction in lesioned
animals (p=0.0208) (Fig. 6B). Regarding cortical regions
of the ipsilesional hemisphere, we observed a signifi-
cant reduction in radiotracer uptake in the right MC of
VEH-treated rats after QA lesion, compared to pre-lesion
(p=0.0008); this reduction was attenuated by MLK
treatment, as shown by the higher values of [**F]-FDG
uptake compared to vehicles (p=0.0106) (Fig. 6C). Simi-
lar results were obtained also for the right SSC (Fig. 6D)
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and right OFC (Fig. 6E), where we observed a signifi-
cant reduction in ['8F]-FDG uptake in VEH-treated
animals that received QA compared to pre-lesion (right
SSC: p=0.0002; right OFC: p=0.001). In both regions,
the administration of 10 mg/kg of MLK prevented this
reduction, with ['8F]-FDG uptake values in QA +MLK
rats higher than those measured in QA + VEH rats (right
SSC: p=0.0013; right OFC: p =0.0026).

Effects of QA-induced lesion and MLK treatment on brain
interregional metabolic connectivity
In Fig. 7, we present ['®F]-FDG PET correlation matrices
and connectivity graphs, one for each group of SD rats.
In the baseline condition (Fig. 7A, B), we observed a
pattern of positive correlations between ipsi- and contra-
lesional cortical regions (upper left part of the matri-
ces) and between ipsi- and contra-lesional sub-cortical
regions (lower right part of the matrices). On the con-
trary, cortical and subcortical regions generally cor-
related negatively (upper right and lower left parts of
the matrices). As expected, the baseline matrices from
the two treatment groups, those treated with VEH and
those treated with MLK, did not statistically differ from
each other (Fig. 7E). From the comparison between pre-
and post-lesion in the VEH group we observed that the
administration of QA caused a reorganization of inter-
regional correlations, compared to the baseline (Fig. 7B,
C). Overall, QA injection increased intra- and inter-
hemisphere correlation between cortical regions. Corti-
cal regions were positively correlated with the lesioned
striatum and negatively correlated with the contral-
esional one. After FDR correction, we found that the
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Fig. 6 Representative ['®F]-FDG PET coronal images of SD rats before (red histogram bars) and 4 months after QA injection (blue histogram
bars), treated with VEH or 10 mg/kg of MLK, co-registered to MRI (A). ['8F]-FDG uptake was evaluated in the right striatum (B) and cortical regions
(C-E) and it is expressed as a ratio to the global. Mixed-effects two-way ANOVA with bootstrap: #p < 0.01, #4p <0.001, #*p <0.0001, pre-lesion vs
post-lesion; *p < 0.05, **p < 0.01, VEH vs MLK. Data are plotted as mean £ SEM
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networks are visualized using BrainNet Viewer [53]

correlation between the ipsilesional frontal cortex and
SSC was significantly higher after lesion (p<0.0001;
Fig. 7F). The same finding was observed for the correla-
tion between contralesional olfactory bulb and hypo-
thalamus (p<0.0001; Fig. 7F). MLK treatment partially
modified regional connectivity to pre-lesion conditions,
at both cortical and subcortical levels. In particular, MLK
decreased the correlation between ipsilesional fron-
tal cortex and SSC in comparison with QA + VEH ani-
mals (p<0.0001; Fig. 7G). Similar effects were observed
between contralesional olfactory bulb and hypothala-
mus and between ipsilesional frontal and motor cortex,
where we found a reduced correlation in QA+ MLK
compared to QA + VEH rats (p <0.0001; Fig. 7G). Finally,
the correlation between ipsilesional hypothalamus and
OFC was significantly different between the two groups
(p=0.0027): it was positive in the QA+ VEH group and
returned negative in the QA +MLK group, as it was in
the baseline condition (Fig. 7G).

The network analysis revealed a significant decrease
in node degree (p=0.0419) and betweenness centrality
(»p=0.0149) in the ipsilesional anterior hippocampus of
QA+ VEH animals, compared to pre-lesion (Fig. 7H).
Interestingly, MLK treatment counteracted this reduc-
tion by significantly increasing node degree (»p=0.0389)
and betweenness centrality (p =0.0329) in the ipsilesional
anterior hippocampus as compared to VEH-treated rats,
to levels close to the baseline (Fig. 7H). Furthermore, in
the contralesional midbrain we observed a significant
decrease in local efficiency (p=0.0249) in the QA+ VEH
group compared to baseline, while we observed a trend
for increase (p=0.0749) in QA+ MLK rats when com-
pared to the QA + VEH group (Fig. 71).

Discussion

In this work, we sought to explore the neuroprotective
effects of MLK treatment on QA-induced neurotoxic-
ity in rats, by evaluating tissue damage and metabolism,
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neuroinflammation and brain metabolic connectivity.
We studied both immunocompetent SD and athymic
nude rats to investigate the contribution of T-cells to the
neuroinflammatory response to the lesion and poten-
tial effects of MLK. Results from in vivo imaging stud-
ies revealed a similar susceptibility of both strains to
MLK administration and neuroinflammatory response
to QA as reported by post-mortem immunofluorescence
data. Overall, MLK exhibited a significant neuroprotec-
tive effect by reducing astrogliosis, preserving regional
brain metabolism and metabolic connectivity from QA-
induced insult in cortical and subcortical regions.

As  expected, QA  administration enhanced
T2-weighted signal in the right striatum and in some
cortical regions (for some of the animals), replicating
previous studies [51]. However, MLK failed to attenu-
ate the volume of QA-induced lesions, as we only found
a non-significant trend for decreased lesion volume in
animals treated with the 10 mg/kg dose, which was more
evident in SD rats. Similar null findings were obtained in
the [*®F]-VC701 PET studies, where MLK treatment did
not attenuate the increase of TSPO signal induced by QA
injection. However, we cannot exclude that our sample
size might have lacked power to detect smaller treatment
effects with ['*F]-VC701 PET imaging.

TSPO-specific radiopharmaceuticals are largely used,
in both preclinical and clinical studies, to image micro-
glia/macrophage activation and to a lesser extent astrocy-
tosis [54, 55]. In order to better understand the nature of
TSPO signal and overcome the sensitivity limits of PET
imaging, we also measured the striatal expression of Ibal
and GFAP, markers of microglia and astrocyte activation,
respectively, in post-mortem rat brain slices. At 30 days
after QA lesion, the administration of 1 mg/kg of MLK
produced an attenuation of the increase in Ibal in the
lesioned striatum of SD rats—this effect was not present
for nude rats. For both strains, we found that MLK atten-
uated increases in GFAP signal intensity; however, MLK
did not reduce GFAP to the levels observed in the con-
tralateral non-lesioned striatum, as a result of the inflam-
matory state persisting at the striatal level 30 days after
QA injection [35].

Microglia, as peripheral macrophages, can acquire dif-
ferent phenotypes depending on the brain microenviron-
ment. These phenotypes can be simplified as M1 or M2
phenotypes, mainly associated with a pro-inflammatory
or an anti-inflammatory activity, respectively [56, 57].
Therefore, to obtain a clearer picture of the effect of MLK
on brain immune cells, we also looked at the expression
of iNOS, that preferentially labels M1 phenotype, and
MannR, marker of M2 phenotype [58-60]. We found a
significant increase in MannR as well as a trend towards
reduction in iNOS signal in the lesioned striatum of
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MLK—compared to VEH-treated rats, in both strains.
However, surprisingly, MannR and iNOS signals mainly
co-localized with GFAP-expressing cells, suggesting that
changes in expression of these markers are likely to be
driven by astrocytes. While this observation might be
counterintuitive, we note that the expression of MannR
and iNOS in GFAP-positive cells has been described
in the literature [60—64], even if their role in astrocyte
regulation is not fully understood yet. MannR is known
to be upregulated following anti-inflammatory stimuli,
while it is downregulated by pro-inflammatory cytokines
or immune stimuli [59, 62]. After induction of unilat-
eral focal cortical ischemia in the rat brain, MannR was
found to be highly expressed in GFAP-positive cells in
the lesioned side, but not in the non-lesioned one [61].
The authors suggested that MannR, besides its functions
in innate immunity, might be involved in regenerative
processes induced by acute brain injury. Taken together,
our results suggest that MLK treatment might have an
anti-inflammatory effect at 30 days after QA lesion, but
this effect is likely to be primarily associated with astro-
cytic cells. In line with our results, previous in vitro
findings revealed that MLK attenuates the proliferation
of primary cultured rat astrocytes in response to meta-
bolic insults (oxygen—glucose deprivation) in a CysLT1R-
mediated manner [65]. Interestingly, NMDA injection
has been shown to upregulate CysLT1R expression in the
brain [66]. Since high concentrations of QA also stimu-
late the NMDA receptor, it is possible that CysLT1R
might be involved in QA-induced excitotoxicity and that
blocking CysLT1R engagement using MLK might have a
beneficial effect.

MLK antagonizes not only CysLT1R, but also the
GPR17 receptor [27]. CysLT1R is predominantly
expressed in astrocytes, microglia and at lower levels
also in oligodendroglia. The GPR17 receptor is mainly
expressed in cells of neuronal lineage and oligodendro-
cytes, where it regulates neurogenesis and myelination
[27, 67]. Therefore, beyond neuroinflammation, it is not
implausible that MLK might similarly have effects on
neuronal function and plasticity. Based on this hypoth-
esis, we evaluated long-term effects of MLK on regional
brain function using ['®F]-FDG PET imaging. ['*F]-FDG
is a well-established brain marker of synaptic function
used in both clinical and preclinical studies. Impor-
tantly, ['®F]-FDG uptake has been found to be signifi-
cantly decreased in caudate, putamen and in the frontal
lobe of HD patients and uptake in these regions corre-
lated with disease severity [68]. Accordingly, we found
that QA administration led to a reduction in [**F]-FDG
uptake in the striatum, but also in several other cortical
regions connected with the striatum, at 4 months after
QA injection. MLK produced a significant protective
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effect on metabolism, preserving regional glucose con-
sumption levels in ipsilesional cortical areas, such as the
right MC, SSC and OFC; however, the same effect was
not observed in the lesioned striatum, where MLK only
produced attenuation of the decreases in metabolism, but
not a normalization. Taken together, these data indicate
that MLK treatment exerted protective effects on brain
metabolism, preventing extension of QA-induced excito-
toxicity to the cortex and attenuating intrastriatal effects
of QA.

Regional brain ['®F]-FDG retention is complex and
involves not only neurons, but also astrocytes [69]. More-
over, it is well known that at sub-nanomolar concentra-
tions QA is toxic for both neurons and astrocytes [70],
therefore modifications observed in regional glucose
metabolism levels might be associated with both cell
types. Given our results on the effect of MLK in reducing
QA-induced astrogliosis, we cannot exclude the involve-
ment of these cells in the protective action exerted by
MLK on regional metabolism. Region-specific metabolic
reprogramming of astrocytes in HD preclinical models
has been recently proposed by Polyzos et al. [71]; thus, a
possible effect of MLK on astrocyte metabolism warrants
further investigations.

[®F]-FDG PET data can be also useful to explore how
different brain regions are functionally interconnected
between each other. Abnormalities in metabolic connec-
tivity have been previously reported in preclinical models
of neurodegenerative disorders and stroke [72, 73]. Here,
we found that the injection of QA generally resulted in
an increase in metabolic connectivity for both lesioned
and non-lesioned hemispheres as compared to baseline,
particularly in cortical and subcortical regions integrat-
ing the basal ganglia functional circuit. MLK treatment
seems to prevent this effect, since MLK lesioned animals
tend to show connectivity patterns that are more alike
their respective baseline. We also applied a graph-based
analysis on the same data in order to explore the effects
of QA and MLK administration on metabolic network
topology and found that QA lesion produced decreases
in measures of centrality (both node degree and
betweenness centrality) of the ipsilesional anterior hip-
pocampus in the VEH group, which were counteracted
by MLK treatment. On the other hand, in the contral-
esional midbrain we observed a significant reduction in
local efficiency after lesion in the VEH group, which was
counteracted by MLK treatment. These results highlight
an important role of MLK in preserving the key role of
hippocampus and midbrain as central nodes transmitting
information within networks of the brain. These findings
are compelling since both regions are known to be part
of the brain networks controlling, for instance, grooming
behavior or spatial learning, which have been described
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to be progressively impaired in the QA rat model of HD
[74, 75].

Overall, using the QA injection model of the HD brain
pathology, we showed that MLK can exert neuroprotec-
tive effects by reducing astrogliosis, preserving regional
brain metabolism and promoting plastic changes in meta-
bolic connectivity across cortical and subcortical regions
to bypass lesion-induced functional modifications. The QA
injection model recapitulates most of the behavioral and
pathological features of HD, but induces a strong and fast
neurotoxic effect on striatal medium spiny neurons, unlike
HD patients where progressive neuronal death has been
described. Therefore, the recent development of novel pre-
clinical models of HD will allow a better evaluation of MLK
effects also in prodromic or early stages of the disease [76].

Conclusions

In conclusion, our study lends support to the idea that
MLK might merit further clinical investigation as a neu-
roprotective agent in HD patients and non-symptomatic
carriers.
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Additional file 1: Fig. S1. Coronal section from the Rat Brain Atlas
(Paxinos & Watson) [42] showing the stereotaxic coordinates used for
intracerebral administration of QA, leading to the caudate putamen (CPu)
as indicated by the red dot.

Additional file 2: Fig. S2. Representative confocal images from immu-
nofluorescence co-localization analysis in the QA-lesioned striatum of
nude and SD rats treated with either VEH or MLK 1 mg/kg, at 30 days
post-lesion. Co-localization of CD68 and DAPI with MannR is represented
in panel A and with iNOS in panel D. Co-localization of Ibal and DAPI with
MannR is represented in panel B and with iNOS in panel E. Finally, co-
localization of GFAP and DAPI with MannR is represented in panel C and
with iNOS in panel F. Scale bars: 50 um.
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