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Original Article
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Mucopolysaccharidoses (MPSs) are childhood diseases caused
by inherited deficiencies in glycosaminoglycan degradation.
Most MPSs involve neurodegeneration, which to date is un-
treatable. Currently, most therapeutic strategies aim at correct-
ing the primary genetic defect. Among these strategies, gene
therapy has shown great potential, although its clinical applica-
tion is challenging. We have shown previously in an MPS-IIIA
mouse model that the molecular tweezer (MT) CLR01, a
potent, broad-spectrum anti-amyloid small molecule, inhibits
secondary amyloid storage, facilitates amyloid clearance, and
protects against neurodegeneration. Here, we demonstrate
that combining CLR01 with adeno-associated virus (AAV)-
mediated gene therapy, targeting both the primary and second-
ary pathologic storage in MPS-IIIA mice, results in a synergis-
tic effect that improves multiple therapeutic outcomes
compared to each monotherapy. Moreover, we demonstrate
that CLR01 is effective therapeutically in mouse models of
other forms of neuronopathic MPS, MPS-I, and MPS-IIIC.
These strongly support developing MTs as an effective treat-
ment option for neuronopathic MPSs, both on their own and
in combination with gene therapy, to improve therapeutic effi-
cacy and translation into clinical application.

INTRODUCTION
Mucopolysaccharidoses (MPSs) are devastating, progressive, in-
herited diseases belonging to the large family of lysosomal-storage
diseases (LSDs). There are seven types of MPSs: MPS-I, MPS-II,
MPS-III, MPS-IV, MPS-VI, MPS-VII, and MPS-IX, each caused by
deficiency in lysosomal hydrolases required for the degradation of
glycosaminoglycans (GAGs), which consequently accumulate as pri-
mary lysosomal storage.1 MPSs are rare conditions, with an estimated
total incidence of�1 in 20,000 live births. They affect predominantly
4108 Molecular Therapy Vol. 32 No 11 November 2024 ª 2024 The Au
Published by Elsevier Inc. on behalf of The American Society of Ge
This is an open access article under the CC BY-NC-ND license (ht
children, causing multisystemic clinical manifestations and leading to
death, typically by the second decade of life.1,2 Progressive neurolog-
ical deterioration is the most prominent clinical feature of MPSs and
is characterized by developmental delay, behavioral dysfunctions, and
cognitive and motor dysfunctions. Neuronopathy affects most MPS
patients, namely MPS-I (Hurler syndrome), MPS-II (Hunter syn-
drome), MPS-III (Sanfilippo types A, B, C, and D syndromes), and
MPS-VII (Sly syndrome), in which degradation of heparan sulfate
is impaired. It is therefore the major therapeutic target for these
disorders.1

As in many other LSDs, impairment of the autophagy-lysosomal
pathway (ALP), the major degradation process in the cell, is a key
pathophysiological feature of MPSs.3,4 We and others have shown
previously that in several neuronopathic MPSs, impairment of the
ALP occurs due to blockage of the autophagy flux.5–7

There are no therapies that treat effectively the neurological deficits in
patients with MPSs, and developing disease-modifying therapies for
these diseases is an urgent, unmet medical need. The vast majority
of therapies tested pre-clinically or clinically for MPSs to date have
been based on enzyme replacement therapy (ERT), gene therapy, or
stem cell-based therapy aimed at correcting the specific hydrolytic
lysosomal defects and the primary storage of GAGs by supplying a
functional copy of the deficient enzyme or gene.8–13 However, effec-
tive clinical application of these strategies is highly challenging due to
the difficulty in achieving and maintaining therapeutic threshold
thor(s).
ne and Cell Therapy.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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levels of the corrective enzyme in the target tissues, particularly in the
brain, before irreversible neurodegenerative processes take place.
High dosage and/or repeated administration of the therapeutic en-
zymes/viral vectors are not only costly but also potentially toxic.
Moreover, such therapies must be developed separately for each
MPS type.

Adeno-associated virus (AAV)-mediated gene delivery by different
administration routes has been explored widely in preclinical models
of MPS, and some candidates have reached clinical trials.8,14,15

Phase 1/2 clinical trials based on AAV9-mediated genes administered
intravenously (these trials are registered at ClinicalTrials.gov:
NCT02716246, NCT04088734, and NCT03315182) or intrathecally
(European Union Drug Regulating Authorities Clinical Trials Data-
base [EudraCT]: 2015-000359-26) are ongoing for MPS-IIIA and
-IIIB. Two clinical trials based on intracerebral injection of AAV sero-
type rh10 already have been completed for MPS-IIIA and -IIIB,16,17

and two for MPS-IIIA have started more recently (NCT03612869;
EudraCT: 2015-000359-26). Trials based on the intrathecal delivery
of AAV9 (NCT03580083) or AAV serotype 6-mediated intravenous
delivery of zinc-finger nuclease (NCT02702115) are ongoing for
MPS-I and MPS-II (NCT03566043).

All these approaches have shown potential benefits in animal models,
yet effective application to patients with MPS has encountered sub-
stantial obstacles.13,14,18 The doses of the AAV vectors are a limiting
factor for achieving wide CNS distribution and sustained efficacious
levels of the therapeutic enzyme. Scaling up these doses for human
use has led to toxicity and neutralizing immune responses, especially
upon systemic administration.14,19–21 Importantly, animal studies
and clinical trials have shown that treatments based on supplying a
functional protein or gene, including AAV-mediated gene therapies,
were largely ineffective when applied during late disease stages, high-
lighting the importance of intervening before extensive neurologic
damage occurs.18 Thus, although therapies targeting the primary
lysosomal-storage defect are rational and promising, new strategies
are urgently needed to improve the therapeutic efficacy in clinical tri-
als. Here, we tested the hypothesis that combining a corrective gene
therapy with targeting the secondary amyloid accumulation down-
stream of the inherited primary defect could meet this need.

Amyloidogenic proteins, including a-synuclein (a-syn), tau, and am-
yloid b-protein (Ab) have been reported to accumulate as secondary
storage materials in multiple MPSs. Accumulation of Ab deposits in
patients with MPS-I and -III was first reported 25 years ago.22 A later
report found phosphorylated a-syn aggregates in swollen cortical
neurons of patients with MPS-II and -IIIB,23 and recently, amyloid
deposition was found postmortem in the neurons of patients with
MPS-I, -II, and -III.24 Animal studies have provided additional
evidence for the accumulation of Ab, tau, p-tau, prion protein,
and a-syn in mouse models of MPS-I,25 -IIIA,7,26–29 -IIIB30–32

and -IIIC.33 Nonetheless, the neuropathogenic relevance of amyloid
accumulation in MPSs has remained largely unexplored and often
was regarded as an epiphenomenon.
Recently, we have shown that brain deposition of multiple amyloid
proteins was a key contributor to neurodegenerative processes in a
mouse model of MPS-IIIA,34 one of the most common and severe
types of neuronopathic MPS, causing impairment of the ALP and
severe neuroinflammation.7,35 Moreover, we found that inhibiting
amyloid deposition by treating MPS-IIIA mice with the molecular
tweezer (MT) CLR01 dramatically reduced amyloid accumulation
in their brains and protected the mice against neurodegeneration,
neuroinflammation, and memory loss, providing prolonged relief
and considerable delay of disease onset.7

MTs act as potent broad-spectrum inhibitors of the self-assembly of
amyloidogenic proteins into toxic oligomers and aggregates using un-
conventional mechanisms based on competing with a combination of
hydrophobic and electrostatic interactions that are key to abnormal
self-assembly.36–39 Moreover, MTs rapidly concentrate in lyso-
somes,40 exactly where the toxic secondary storage occurs in MPS,
and facilitate the degradation of the amyloid proteins in vivo.34

Here, we explored further the therapeutic potential of CLR01 for neu-
ronopathic MPSs by (1) testing whether combining CLR01 treatment
with AAV9-mediated gene therapy would lead to significant synergy
and (2) testing the therapeutic efficacy of CLR01 in additional mouse
models of MPS with prominent CNS involvement, namelyMPS-I, the
most common form of MPS, and MPS-IIIC, another severe neurono-
pathic form of Sanfilippo syndrome.

Our results indicate that CLR01 is broadly effective against neurono-
pathicMPS, and its combination with AAV-mediated gene therapy in
MPS-IIIA mice results in synergistic, therapeutic effects, positioning
the combination therapy as a particularly promising direction for
clinical translation.

RESULTS
CLR01 treatment and gene therapy reduce neuroinflammation

synergistically in MPS-IIIA mice

AAV-mediated gene therapy, although highly promising for the
treatment of neuronopathy in MPSs, has been faced with several
challenges when translated to clinical trials, resulting in insufficient
therapeutic outcomes. Therefore, we tested whether the therapeutic
efficacy of a combination of AAV-mediated gene therapy and
CLR01 treatment in MPS-IIIA mice would lead to significant
improvement compared to each monotherapy. A proof of efficacy
of CLR01 administered subcutaneously (SC) at 1 mg/kg was initially
demonstrated in this mouse model.7 Moreover, a gene therapy proto-
col based on AAV serotype 9-mediated intracerebroventricular (ICV)
administration of the SGSH (N-sulfoglucosamine sulfohydrolase)
gene was tested successfully inMPS-IIIAmice at an early disease stage
(2 months of age)41,42 and is now in a clinical trial (EudraCT: 2015-
000359-26).

Based on these results, here, we administered AAV9-SGSH (4 � 1012

genome copies [GC]s/kg) ICV to MPS-IIIA mice at 2 months of age
followed by 1 mg/kg CLR01 administered SC three times per week
Molecular Therapy Vol. 32 No 11 November 2024 4109
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Figure 1. Combining CLR01 with AAV gene therapy

results in a synergistic effect reducing

neuroinflammation

(A) MPS-IIIA mice were treated with 1.0 mg/kg CLR01 SC

three times per week starting at 4.5 months of age,

4 � 1012 GCs/kg AAV9-SGSH viral vectors ICV at 2 months

of age, or with the combination of both treatments. As

controls, WT and MPS-IIIA mice were treated with saline.

Mice were analyzed at 9 months of age for astrogliosis by

IHC using an anti-GFAP antibody on sagittal cortical or

striatal sections. Scale bars represent 30 mm. The bar

graphs depict the percentage of GFAP+ area quantified in

11–21 different fields (represented by individual dots) from

at least three mice in each experimental group. The data are

presented as mean ± SEM. (B) Microglial and astroglial

activation markers were evaluated by real-time PCR

analysis in brain extracts. Gene expression is reported as

fold change over WT mice. A total of 3–4 mice (represented

by individual dots) in each group were analyzed. The data

are presented as mean ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. p > 0.05 are not presented.

One-way ANOVA with Tukey’s post hoc multiple

comparison test.
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starting at 4.5 months of age (combination therapy group). The com-
bination therapy group was compared to two monotherapy groups:
mice injected ICV with 4 � 1012 GCs/kg AAV9-SGSH at 2 months
of age but not receiving CLR01, or mice injected SC three times per
week with 1 mg/kg CLR01 starting at 4.5 months of age without prior
administration of the gene therapy. An additional control group
included wild-type (WT) and MPS-IIIA mice receiving PBS to pro-
vide the full range between healthy mice and mice displaying the
full disease phenotype, respectively. All the mice were sacrificed at
9 months of age, and their brains were examined using biochemical
and histological assays.

Neuroinflammation is a prominent sign of neuropathology in both
patients with neuronopathic MPSs and mouse models of these dis-
eases, including MPS-IIIA.43 To assess the effect of the combina-
4110 Molecular Therapy Vol. 32 No 11 November 2024
tion therapy on neuroinflammation compared
to each monotherapy, frontal cortex and striatum
were analyzed by immunohistochemistry (IHC)
for astrogliosis and microgliosis using anti-glial
fibrillary acidic protein (GFAP) and anti-ionized
calcium binding adaptor molecule 1 (Iba1) anti-
bodies, respectively. The analysis showed that the
combination of gene therapy and CLR01 reduced
the neuroinflammatory markers more efficiently
than each single treatment (Figure 1A: GFAP
cortex: p < 0.0001 MPS-IIIA combination ther-
apy vs. MPS-IIIA CLR01; p < 0.05 MPS-IIIA
combination therapy vs. MPS-IIIA AAV-SGSH.
Striatum: p < 0.0001 MPS-IIIA combination
therapy vs. MPS-IIIA CLR01; p < 0.01 MPS-
IIIA combination therapy vs. MPS-IIIA AAV-
SGSH. Figure S1: Iba1 cortex: p < 0.05 MPS-IIIA combination
therapy vs. either MPS-IIIA CLR01 or MPS-IIIA AAV-SGSH.
Striatum: p < 0.01 MPS-IIIA combined therapy vs. either MPS-
IIIA CLR01 or MPS-IIIA AAV-SGSH. One-way ANOVA with Tu-
key’s multiple comparison test). To corroborate these results, we
quantified mRNA markers of activated astrocytes (H2T3 and Serp-
ing1) and microglia (interleukin-1 b [IL-1b] and tumor necrosis
factor a [TNF-a]) in MPS-IIIA mouse brain using real-time
PCR analysis. These markers were significantly reduced in MPS-
IIIA mouse brain receiving either each monotherapy or the com-
bination therapy. The p values for the differences among the three
therapy groups were >0.05, yet the combination therapy consis-
tently yielded the lowest mRNA level of each marker and the p
values for the combination therapy compared to the mice receiving
PBS (saline) for IL-1b, Serping1, and H23 (Figure 1B).
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The combination therapy reduces lysosomal pathology and

synaptic deficits in MPS-IIIA mice to a larger extent than each

monotherapy

Lysosomal enlargement, a prominent pathological sign in MPS-IIIA
mice, was assessed by IHC for LAMP1 and by electron microscopy
(EM). As expected, MPS-IIIA mouse brains showed extensive enlarge-
ment of the lysosomal compartment compared to age-matched WT
mice. This was evident both by a significantly increased signal in
LAMP1 staining (Figure 2A) and the average lysosome size detected
by EM (diameter >800 nm in MPS-IIIA mouse brains; Figure 2B).
Although all the treatments reduced the lysosomal enlargement, the
combined therapy decreased the LAMP1 signal and lysosomal size
more efficiently than each monotherapy (Figure 2A: LAMP1 cortex:
p < 0.01 for MPS-IIIA combined therapy vs. MPS-IIIA CLR01;
p < 0.05 for MPS-IIIA combined therapy vs. MPS-IIIA AAV-SGSH.
Striatum: p < 0.01 for MPS-IIIA combined therapy vs. MPS-IIIA
CLR01; p < 0.001 for MPS-IIIA combined therapy vs. MPS-IIIA
AAV-SGSH. Figure 2B: lysosomal size: p < 0.01 for MPS-IIIA com-
bined therapy vs. MPS-IIIA CLR01; p < 0.05MPS-IIIA combined ther-
apy vs. MPS-IIIA AAV-SGSH. One-way ANOVA with Tukey’s multi-
ple comparison test).

Alterations of presynaptic structure and function are associated with
lysosomal dysfunction inMPS-IIIA.28 Consistently, reduced numbers
of synaptic vesicles have been reported in mouse models of MPS,
including MPS-IIIA.7,28,44 EM analysis of cortical synapses showed
that all treatments rescued the loss of synaptic vesicles, yet, again,
the combined treatment rescued this loss significantly more efficiently
than did the monotherapies (Figure 2C: synaptic vesicle/synaptic cleft
length ratio: p < 0.05 for MPS-IIIA combined therapy vs. either MPS-
IIIA CLR01 or MPS-IIIA AAV-SGSH. One-way ANOVA with Tu-
key’s multiple comparison test).

Overall, these data demonstrate that CLR01 and AAV-mediated
gene therapy act synergically and provide significantly improved
therapeutic outcomes relative to each monotherapy. Therefore,
the combination therapy can be considered superior to each treat-
ment on its own.

The combination of CLR01 with gene therapy fully rescues

behavioral deficits in MPS-IIIA mice

Our previous studies demonstrated that MPS-IIIA male mice develop
a severe, age-dependent memory impairment in the contextual fear-
conditioning test.7,42 Here, we evaluated whether the combination
therapy offered an advantage compared to the monotherapies. As ex-
pected, untreated 9-month-old MPS-IIIA mice showed a substan-
tially reduced freezing time compared to WT mice (Figure 3A), indi-
cating a memory deficit, and the monotherapies increased the
freezing time compared to the untreated MPS-IIIA animals. Howev-
er, a significant rescue of the memory deficit was observed in these ex-
periments only in the combination therapy group (Figure 3A: per-
centage of freezing time: p < 0.05 for MPS-IIIA combined therapy
vs. MPS-IIIA saline, two-way ANOVA with Tukey’s multiple com-
parison test).
We also assessed the locomotor activity of the mice in the open field
test. In agreement with previous findings,45,46 measurements of dis-
tance traveled and immobility time showed a hypoactive behavior
of MPS-IIIA mice compared to WT animals (Figure 3B). Neither
gene therapy nor CLR01 alone significantly improved the distance
traveled, yet, encouragingly, the combined therapy fully rescued
this phenotype (Figure 3B). Immobility time was partially recovered
by CLR01 but not by AAV-SGSH alone, whereas the combined ther-
apy again fully rescued this behavioral deficit. The majority of the
rescue may be attributed to the CLR01 treatment in this case because
the improvement in the combination-therapy group was not signifi-
cantly different from the CLR01 group. Nonetheless, the p values for
the combination treatment were lower than those for the CLR01-only
group compared to the saline control (Figure 3B: percentage of
immobility time: p < 0.001 for MPS-IIIA combined therapy vs.
MPS-IIIA saline and p < 0.05 for MPS-IIIA CLR01 vs. MPS-IIIA sa-
line, one-way ANOVA with Tukey’s multiple comparison test).

These data further demonstrate the advantage of the combination
therapy compared to the AAV-mediated gene therapy or CLR01
treatment on their own in the MPS-IIIA mouse model.

The improved efficacy of the combined therapy is associated

with enhanced clearance of amyloid deposits inMPS-IIIAmouse

brain

We further addressed whether the mechanisms underlying the
observed synergistic therapeutic effect were related to improved clear-
ance of the toxic amyloid proteins in the MPS-IIIA mouse brain. GAG
accumulation is thought to initiate and stabilize amyloid deposition,
thus contributing to its storage in MPS.35,47 Therefore, we evaluated
whether the amyloid burden in the brain of the mice was relieved
following mono- or combination therapies. The amyloid burden was
analyzed using both thioflavin-S (ThS) staining, which measures total
amyloid, and IHC staining of a-syn, the most abundant amyloidogenic
protein found previously in the amyloid deposits.7

These analyses showed that although both the gene therapy and
CLR01 on their own reduced the amyloid deposits significantly
compared to MPS-IIIA mice treated with saline (Figure 4A: ThS
staining: p < 0.0001 for either MPS-IIIA CLR01 or MPS-IIIA AAV-
SGSH vs. MPS-IIIA saline. Figure 4B: IHC anti-a-syn: p < 0.0001
for either MPS-IIIA CLR01 or MPS-IIIA AAV-SGSH vs. MPS-IIIA
saline. One-way ANOVA with Tukey’s multiple comparison test.),
substantial residual deposits remained compared to control WT
mice (Figure 4A: ThS staining: p < 0.05 for MPS-IIIA CLR01 vs.
WT saline; p < 0.01 for MPS-IIIA AAV-SGSH vs. WT saline. Fig-
ure 4B: IHC anti-a-syn: p < 0.01 for either MPS-IIIA CLR01 or
MPS-IIIA AAV-SGSH vs.WT saline. One-way ANOVAwith Tukey’s
multiple comparison test.). Notably, analysis of brain samples from a
previous efficacy study. where AAV9-SGSH vectors were adminis-
tered ICV at 5.4 � 1012 GCs/kg in 2-month-old MPS-IIIA mice,42

highlighted the inability of this gene therapy to fully clear amyloid de-
posits in the MPS-IIIA mouse brain (Figure S2). Remarkably, howev-
er, the combination therapy reduced the amyloid deposit burden to
Molecular Therapy Vol. 32 No 11 November 2024 4111
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Figure 2. The combined therapy corrects lysosomal

dysfunction and synaptic deficits more efficiently than

the monotherapies

(A and B) MPS-IIIA and WT mice were analyzed for lysosomal

enlargement by IHC using anti-LAMP1 antibodies (A) and EM

analysis of lysosomal size (diameter of lysosomes) (B). Scale

bars represent 30 mm (A) or 1 mm (B). Arrowheads indicate

lysosomal-like structures; N = nuclei (B). The bar graphs in

(A) show the percentage of LAMP1+ area quantified in 12–

22 fields (represented by individual dots) from the cerebral

frontal cortex or striatum of at least three mice for each

experimental group. The data are presented as mean ±

SEM. The size of lysosome-like structures was quantified for

45–49 lysosomes (represented by individual dots in the

graph in B) from 15 cortical region fields of three animals for

each experimental group. The data are presented as

mean ± SEM. (C) Transmission electron microscopy

analysis of synaptic-vesicle number was performed in the

cerebral frontal cortex of MPS-IIIA and control mice. The bar

graph shows the synaptic vesicles/synaptic cleft length ratio

for 22–31 synapses (represented by individual dots) from

three mice for each experimental group. The data are

presented as mean ± SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. p > 0.05 are not presented.

One-way ANOVA with Tukey’s post hoc multiple

comparison test.
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levels that were indistinguishable from those of the WT mice (Fig-
ure 4A: ThS staining: p < 0.05 MPS-IIIA combined therapy vs.
MPS-IIIA CLR01 and p < 0.01 MPS-IIIA combined therapy vs.
MPS-IIIA AAV-SGSH. One-way ANOVA with Tukey’s multiple
comparison test.). These results demonstrate that under our experi-
mental settings, neither the gene therapy nor CLR01 alone fully
cleared the secondary amyloid deposits in MPS-IIIA; however, the
combined therapy successfully removed the persistent amyloid
4112 Molecular Therapy Vol. 32 No 11 November 2024
burden, in agreement with the synergistic behav-
ioral and pathological therapeutic effects. Notably,
the SGSH activity levels in the brains of MPS-IIIA
mice treated with AAV9-SGSH only were similar to
those measured in MPS-IIIA mice treated with
both CLR01 and AAV9-SGSH (Figure 4C). Consis-
tently, the measurement of AAV vector copy num-
ber showed similar AAV transduction efficiency in
the MPS-IIIA mouse brain treated with gene ther-
apy and combined therapy (Figure 4D). Therefore,
the observed synergistic effect observed upon addi-
tion of CLR01 treatment to AAV9-SGSH therapy
was not due to an increased efficiency of the gene
therapy, but rather most likely due to the reduction
in the amyloid burden facilitated by CLR01.

The combination of AAV9-SGSH therapy and

CLR01 is safe in MPS-IIIA mice

Although previously the AAV9-SGSH and CLR01
therapies have been shown to be safe in preclinical
animal models,41,48,49 to address whether together
they might have caused unexpected safety concern, we evaluated
the safety of the combination therapy. First, we assessed whether
the treatment caused a significant change in body weight. The analysis
showed that body weight did not change significantly in MPS-IIIA
mice treated with the combination therapy compared to control
WT mice or MPS-IIIA mice treated with saline (Figure S3A). We
also assessed kidney weight as a marker of nephrotoxicity,50 and
the activity of aspartate transaminase (AST) and alanine



Figure 3. Behavioral correction in MPS-IIIA mice treated with combined

therapy

(A and B) Memory function and exploratory activity were tested at 9months of age in

MPS-IIIA and control mice treated using the contextual fear-conditioning (A) and

open field (B) tests. The percentage of time freezing during the fear-conditioning

test, the total distance moved, and the percentage of immobility time in the open

field test are presented as mean ± SEM. A total of 7–14 male mice (represented by

individual dots) were tested in each group. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001. p > 0.05 are not presented. Open field test: one-way ANOVA with

Tukey’s post-hoc multiple comparison test. Fear-conditioning test: repeated

measures two-way ANOVA followed by Tukey’s post hoc test.
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transaminase (ALT) in the blood as markers of liver damage. Kidney
weight, AST activity, and ALT activity were increased significantly in
MPS-IIIA mice treated with saline but were reduced to levels similar
to those in WT animals (Figures S3B and S3C). This indicated not
only that the combination therapy was safe but also that in addition
to its neurotherapeutic effects, it corrected peripheral pathologic phe-
notypes in the MPS-IIIA mice.
Inhibiting amyloid deposition by CLR01 is effective in additional

neuronopathic MPS mouse models

Given the therapeutic potential of CLR01 for the treatment of MPS-
IIIA, we hypothesized that amyloid reduction mediated by CLR01
could also be beneficial in other neuronopathic MPSs. To test the hy-
pothesis we used mouse models of MPS-I,51 the most common form
of MPS, and MPS-IIIC,33 another severe neuronopathic form of Sanfi-
lippo syndrome. These mouse models were generated by targeted
disruption of the specific gene encoding the involved lysosomal enzyme
(a-L-iduronidase [IDUA] and acetyl-coenzyme A:a-glucosaminide N-
acetyltransferase [HGSNAT], respectively). Both mouse strains show a
progressive CNS pathology, which recapitulates features observed in
the human diseases and were shown to be useful for testing the preclin-
ical efficacy of new therapeutic approaches.33,44,51–54

ThS staining of brain tissue fromMPS-I and -IIICmice at different ages
showed that amyloid deposition was only minimal at 3 months of age
but became robust at 5–6 months of age (Figure S4). Based on these
findings, we initiated SC administration of 1 mg/kg CLR01 three times
per week (the same as in theMPS-IIIAmice) at 3 months of age, before
massive protein aggregation occurred (prevention paradigm). Mice
were treated until 7 months of age, at which point they underwent
behavioral testing and then were sacrificed for histopathological brain
analysis. ThS staining revealed a significant and substantial reduction
of amyloid deposition following CLR01 treatment in both MPS-I and
-IIIC mice (Figures 5A and 5B). The decrease in amyloid deposition
was associated with a significant reduction in both astrogliosis
(GFAP staining) and lysosomal enlargement (LAMP1 staining) in
the cortex (Figures 5A and 5B) and striatum (Figures S5A and S5B).

Memory function was evaluated using the fear-conditioning test.
Similar to that in MPS-IIIA mice,7,42 the test indicated a severe mem-
ory impairment in the MPS-I compared to WTmice, while it showed
an “apparent” deficit in MPS-IIIC mice (freezing time was reduced in
MPS-IIIC mice compared to WT control; however, the difference be-
tween the two groups was not statistically significant) (Figures 5C and
5D). CLR01 treatment significantly rescued the deficit in MPS-I mice
(Figure 5C: percentage of freezing time: p < 0.01 for MPS-I CLR01 vs.
MPS-I saline. Two-way ANOVA with Tukey’s multiple comparison
test.) and increased the freezing time in MPS-IIIC mice, although
the difference between MPS-IIIC mice treated with CLR01 and con-
trol WT mice was not statistically significant (Figures 5C and 5D).

Overall, these results show that the strategy of reducing amyloid
burden by treatment with CLR01 ameliorates the disease phenotype
in two additional MPS mouse models, MPS-I andMPS-IIIC mice, ex-
tending the proof of efficacy beyond MPS-IIIA mice.

DISCUSSION
To date, no effective treatment exists to cure CNS pathology in MPS
patients. Accumulation of amyloid deposits in neuronopathic MPS
has been known for over 2 decades, yet it has only recently been
recognized as a major contributor to the underlying pathologic pro-
cesses. We have demonstrated that the accumulation of amyloid trig-
gers lysosomal enlargement and reduces autophagosome fusion with
lysosomes, thus impairing the autophagy flux, which in turn may
exacerbate amyloid deposition in a vicious cycle.7,35 Moreover, amy-
loids trigger inflammatory cascades in MPS by triggering microglia
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Figure 4. Amyloid protein deposits and AAV

transduction in the brain of MPS-IIIA mice upon

different treatments

(A) Amyloid deposition was analyzed in the frontal cortical

regions of MPS-IIIA and control mice treated using ThS and

⍺-syn staining. Persistent amyloid burden was observed

following each monotherapy, whereas the combined

treatment (AAV-SGSH + CLR01) reduced it to levels

indistinguishable from those in WT mice. The bar graphs

show the percentage of ThS fluorescence (top) quantified in

12–15 fields (represented by individual dots) and the

percentage of ⍺-syn+ staining (bottom) quantified in 10–11

fields (represented by individual dots) from the frontal

cortical sections of three mice for each experimental group.

Data are represented as mean ± SEM. Scale bars represent

30 mm in the ThS stain images and 15 mm in the ⍺-syn-

stained images. (B) Sulfamidase activity was measured in

the MPS-IIIA mouse brain samples and expressed as a

percentage of the activity found in age-matched WT mice

treated with saline. Five animals (represented by individual

dots) were used in each group. The data are presented as

mean ± SEM. (C) The AAV vector copy number was

measured in the MPS-IIIA mouse brain samples and

expressed as GCs/mouse diploid genome (mdg). AAVs

were undetectable in MPS-IIIA mouse brains treated with

saline. Three animals (represented by individual dots) were

used per group. Data are presented as mean ± SEM.

*p < 0.05; **p < 0.01; ****p < 0.0001. p > 0.05 are not

presented. One-way ANOVA with Tukey’s post hoc multiple

comparison test.
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and astrocyte activation, leading to a destructive neuroinflammatory
environment.27,43 Of note, a recent clinical trial testing the anti-in-
flammatory IL-1R antagonist anakinra has shown significant
improvement in multiple neurobehavioral domains of patients with
MPS-III.55 Therefore, amyloid storage is a key factor underlying mul-
tiple deleterious mechanisms downstream of the primary enzyme
defect and GAG storage in different neuronopathic MPSs.

To date, targeting the secondary storage of toxic amyloidogenic pro-
teins has only been explored for the treatment of neuronopathic MPS
by our team.We demonstrated previously significant, beneficial, ther-
apeutic effects of an anti-amyloid strategy inMPS-IIIAmice, in which
daily SC injection of CLR01 between 4.5 and 9 months of age amelio-
rated lysosomal dysfunction and neuroinflammation and dramati-
cally improved behavioral deficits in the mice in correlation with
the reduced accumulation of amyloid aggregates.7 Here, we showed
that CLR01 achieved similar therapeutic effects in mouse models of
two other neuronopathic MPSs, MPS-I and MPS-IIIC. Therefore,
4114 Molecular Therapy Vol. 32 No 11 November 2024
we posit that anti-amyloid treatment should be
considered as a therapeutic option more broadly
in additional MPSs and LSDs.

Although our previous and current data have
demonstrated clearly the benefit of the anti-amy-
loid strategy, this strategy on its own would be ex-
pected to have diminishing effects over time if applied to patients with
MPS without addressing the primary enzymatic defect leading to
lysosomal storage of GAGs. However, enzyme-corrective therapy
strategies such as ERT and gene therapy have shown insufficient effi-
cacy in clinical trials to date,9–13 likely due to the inefficient inhibition
of downstream neuropathologic cascades in the brains of patients
with MPS. Therefore, we hypothesized that the combination of
enzyme-corrective therapy with CLR01 would lead to improved out-
comes compared to each monotherapy. Our current results clearly
support this hypothesis.

Among therapies aimed at correcting the primary defect, we chose
AAV-mediated gene therapy, a promising treatment approach for
the neuronopathy in MPSs. We demonstrate that an AAV9-mediated
gene delivery protocol correcting the primary storage of GAGs re-
sulted in a synergistic therapeutic effect on several neurodegenerative
phenotypes when applied to MPS-IIIA mice in combination with
CLR01 to directly counteract the downstream amyloid accumulation.



Figure 5. CLR01 ameliorates multiple disease phenotypes in mouse models of MPS-I and MPS-IIIC

(A and B) MPS-I (A) andMPS-IIIC (B) mice were treated with 1.0 mg/kg CLR01 by SC injection three times per week starting at 3months of age. WTmice on the same genetic

background treated with saline were used as a control for both lines. At 7 months of age, we analyzed amyloid deposition (ThS staining), astrogliosis (GFAP staining), and

lysosomal enlargement (LAMP1 staining) using sagittal brain sections. Enlarged images are shown for the IHC staining. Bar graphs to the right part of the images show the

quantification of the ThS, GFAP, or LAMP1 staining in 8–10 different fields (represented by individual dots) from the cerebral frontal cortex of 3 mice per group. Data are

(legend continued on next page)
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In agreement with previous studies, we show that targeting the
enzyme defect and primary GAG storage by gene therapy reduces
amyloid deposition in MPS-IIIA mice (Figures 3A and 3B), further
supporting that GAG storage induces amyloid deposition.35,47 How-
ever, gene therapy alone does not clear the secondary amyloid de-
posits in MPS-IIIA mice completely (Figures 3A, 3B, and S2). Rather,
complete or near-complete reversal of the phenotype to the level of
WT mice was achieved by combining the gene therapy with targeting
the secondary storage directly by CLR01. Thanks to its concentration
in lysosomes,40 CLR01 both facilitates the degradation of existing am-
yloid stored in this compartment, which persists even when gene
therapy is applied, and prevents the buildup of new amyloid. Impor-
tantly, the enhanced therapeutic effects cannot be explained by
increased AAV transduction in the presence of CLR01 because
both AAV copy number and sulfamidase activity in the brains of
MPS-IIIA mice treated with the combination therapy were similar
to those found in MPS-IIIA mice treated with AAV-SGSH only.

The preclinical data presented here suggest that the improved thera-
peutic effect achieved using the combined strategy may enhance the
clinical efficacy in patients with MPS III (and potentially with other
MPSs) by overcoming key challenges of the current gene-therapy pro-
tocols. For example, the combination of gene therapy with CLR01,
maximizing the therapeutic effects, could employ the use of AAV vec-
tor doses lower than those used in currently exploited clinical trials
based on AAV gene delivery alone, thus reducing toxic effect associ-
ated to high virus load.

Safety parameters evaluated in the MPS-IIIA mice treated with the
combination therapy have shown not only a safe profile for the treat-
ment but also protection from peripheral disease phenotypes, such as
enlargement of kidneys and perturbation of liver enzymes (Figure S3).
Formal safety studies evaluating potential side effects inWTmice and
larger animals are planned in future studies to support clinical devel-
opment of the combined therapy.

CLR01 is a broad-spectrum small molecule that has been shown to
inhibit the aggregation and toxicity of �20 amyloidogenic proteins
and exert therapeutic effects on brain pathology upon systemic
administration in multiple animal models of different neurodegener-
ative proteinopathies, including Alzheimer disease, Parkinson dis-
ease, and other tauopathies and synucleinopathies.39,56–59 Moreover,
CLR01 has a high safety profile and sufficient brain permeability for
therapeutic applications.48,59 Our preclinical efficacy studies in mouse
models of neuronopathic MPSs confirm the safety, bioavailability,
and neuroprotective effects of CLR01 administered systemically.
Moreover, recent data show that CLR01 and other MTs concentrate
in acidic cellular compartments, primarily in lysosomes and to a lesser
extent in late endosomes and autophagosomes.40 Elevated local con-
presented as mean ± SEM. p values were calculated using one-way ANOVA with Tuke

7 months of age in MPS-I (C) and MPS-IIIC (D) mice along with control mice using the co

dots) in each group were tested. Data are presented as mean ± SEM. p values were c

**p < 0.01; ***p < 0.001; ****p < 0.0001. p > 0.05 are not presented.
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centrations in these compartments make MTs particularly efficacious
for the treatment of lysosomal diseases, allowing them to achieve
therapeutic effects at very low doses. Thus, neuronopathic MPSs
represent ideal candidate diseases for testing the potential clinical
translation of MTs.

In summary, we have demonstrated that targeting the secondary stor-
age of amyloid by CLR01 is a broad-spectrum strategy that can be effi-
cacious in multiple neuronopathic MPSs, and that coupling this strat-
egy with gene therapy, and potentially other enzyme-corrective
strategies, is a promising approach for enhancing the therapeutic po-
tential and clinical translation of the treatment. Our findings support
the further development of CLR01 and other MTs toward clinical
translation for neuronopathic MPSs, with the prospect of making
this approach the first line of therapy in the future when patients
are screened for these diseases.

MATERIALS AND METHODS
Animals

MPS-IIIAmice (homozygous mutant for Sgsh),34 MPS-I mice (homo-
zygous Idua�/�),1 and MPS-IIIC mice (homozygous Hgsnat�/�),33

together with respective control littermate WT mice (Sgsh+/+,
Idua+/+, and Hgsna+/+), were utilized in this study. All mice were
C57Bl/6 congenic. Animal studies were conducted in accordance
with the guidelines of the Animal Care and Use Committee of
CEINGE Advanced Biotechnologies Franco Salvatore in Naples and
authorized by the Italian Ministry of Health (no. 495/2021-PR).

CLR01 administration

CLR01 was prepared in the Schrader lab, University of Duisburg-
Essen, Germany. CLR01 powder was dissolved in PBS, pH 7.4, at
1.2 mg/mL. MPS-IIIA and WT mice were weighed, and a volume
of the CLR01 solution corresponding to 1 mg/kg/day (50–60 mL solu-
tion per mouse) was injected SC three times per week. Control mice,
both MPS-IIIA and WT, were injected similarly with PBS.

AVV production and administration

An expression cassette of human sulfamidase (SGSH) containing an
alternative signal peptide of the iduronate 2-sulfatase (IDS) and a
3�FLAG tag attached to the C terminus45 was cloned into a single-
strand pAAV2.1-cytomegalovirus (CMV)-expression plasmid to
generate the correspondent AAV serotype 9 viral vector according
to protocols established at the InnovaVector AAV Vector Core.
Mice 2.5 months old were anesthetized by intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed on a ste-
reotaxic instrument equipped with a motorized stereotaxic injector. A
midline incision was made to expose the skull. A hole was drilled at
bregma +0.5 mm anteroposterior, ±0.6 mm mediolateral, and
�2.7 mm dorsoventral. A total of 4.5 � 1012 GCs/kg recombinant
y’s post hoc multiple comparison test. (C and D) Memory function was measured at

ntextual fear-conditioning task. A total of 8–13 male mice (represented by individual

alculated using repeated-measures, two-way ANOVA with Tukey’s post hoc test.
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AAV9 vectors encoding human IDS-SGSH-3�FLAG was injected
into the lateral ventricles at a rate of 1 mL/min. After allowing the nee-
dle to remain in place for 5 min, the needle was slowly raised at a rate
of 0.1 cm/min. Before each injection session in the animals used for
the study, we carried out toluidine blue injections in control animals
to test the effectiveness of the ICV injection procedure.

Tissue collection

Blood samples were collected by retro-orbital bleeding and then
centrifuged at 3,000 rpm for 15 min to obtain serum. After eutha-
nizing, mice from each experimental group were perfused with PBS
to clear blood from the tissues, and kidney, liver, and brain were
collected. The brains were divided into the two hemispheres: one
was sectioned using a PA 002 Mouse Brain Blocker into five �3-
mm-thick sections (A, B, C, D, E) containing the main representative
area of the CNS (A: olfactory bulb and prefrontal cortex; B: frontal
cortex, lateral septum and basal ganglia regions; C: parietal cortex,
hippocampus, striatum, thalamus; D: occipital cortex, pons, hippo-
campus; E: cerebellum, medulla oblongata, cervical region of spinal
cord). Sections then were frozen in dry ice and used for biochemical
analysis. The other hemisphere was fixed in 4% (w/v) paraformalde-
hyde (PFA) in PBS and embedded in paraffin or in optimal cutting
temperature (OCT) compound upon sucrose incubation.

Brain cutting

Frozen OCT- or paraffin-embedded brain hemispheres were cut by
the Advanced Histology Facility (AHF) at Telethon Institute of Ge-
netics and Medicine (TIGEM). Specifically, the tissue was sectioned
into 7-mm sagittal sections collected serially for each animal. Approx-
imatively 30 serial sections were obtained from each hemisphere. For
IHC, three serial sections at the same distance from the longitudinal
fissure were analyzed. A schematic representation of tissue cutting is
shown in Figure S6.

Brain homogenization

Brain sections were weighed and powdered in 6 vol Milli-Q water by
using five freeze-thaw cycles and a mortar and pestle technique. Brain
homogenates were either clarified (3,000 rpm for 10 min) and used
for SGSH activity assay or used for RNA extraction.

SGSH activity assay

The brain homogenates were quantified for total protein content by a
Bradford assay (emission 595 nm), and sulfamidase (SGSH) activity
was measured as described previously42 in the extracts of sections
B, C, and D pooled together, representing the brain areas closest to
the injection site.

AST and ALT assays in serum samples

Serum samples were collected from mice, and transaminase activities
of AST and ALT were measured by Scil Vitro Vet analyzer.

Real-time PCR

Total RNA was isolated from MPS-IIIA and control brain homoge-
nates using TriFastII (Euroclone) using a standard phenol/chloro-
form extraction protocol. RNAs quality and concentration were eval-
uated spectrophotometrically using a NanoDrop instrument (A260/
A280 was calculated to assess potential protein contamination).
The potential contamination of genomic DNA was verified by elec-
trophoresis. A total of 2 mg isolated RNA was reverse transcribed us-
ing the 5� All-In-One RT Master Mix (ABM) according to the man-
ufacturer’s instructions. Real-time PCR analyses were carried out on
100 ng cDNA, using BlasTaq 2X qPCR MasterMix kit (ABM) and
SYBR Green as a detection system. Each primer was used at a final
concentration of 250 nM. Experiments were performed using a
7900HT Fast Real-Time PCR System (Applied Biosystems) and the
following protocol: an activation step of 2 min at 95�C followed by
40 cycles of denaturation for 5 s at 95�C, annealing for 30 s at
60�C, and extension for 30 s at 72�C. A single PCR product was pre-
sent as confirmed by melt curve analysis. Gene expression was esti-
mated using the comparative Ct (DCt, DDCt) method, normalizing
to the average of the endogenous housekeeping gene Actin.

The primer sequences were as follows:

TNF-a: forward 50-ACTGAACTTCGGGGTGATCG-30, reverse
50-ACTGATGAGAGGGAGGCCAT-30

IL-1b: forward 50-TCGGACCCATATGAGCTGAAAG-30,
reverse 50-CCACAGGTATTTTGTCGTTGCT-30

H2T3: forward 50-TCAGACCAGTATGCCCAACAG-30, reverse
50-AGCAGTGTTATCGTCTCCGTT-30

Serping1: forward 50-GAACTTGGACCAGGACGCA-30, reverse
50-TCGGGATCTGAGAAGGCTCT-30

Actin: forward 50-GGCTGTATTCCCCTCCATCG -30, reverse 50-
CCAGTTGGTAACAATGCCATGT-30

AAV vector copy-number analysis

Genomic DNA was isolated from brain homogenates using TriFast II
(Euroclone), and its concentration was estimated using a NanoDrop
instrument. Real-time PCR was carried on 100 ng of extracted DNA
using BlasTaq 2X qPCR MasterMix as a detection kit. Experiments
were performed using a 7900HT Fast Real-Time PCR System
(Applied Biosystems) and the following protocol: 2 min at 50�C,
10 min at 95�C, followed by 40 cycles of 15 s at 95�C and 1 min at
60�C. Forward (50-CCGCCATGCTACTTATCTACGTAGC-30) and
reverse (50-CGGTAGACAACAAACGGGGAGG-30) primers were
used at final a concentration of 250 nM. Genome copies were
measured using a standard curve created using plasmid pAAV2.1-
CMV-IDSspSGSH.

Antibodies

The following antibodies and dilutions were used: polyclonal rabbit
anti-a-synuclein (128102, Synaptic System, IHC: 1:300), polyclonal
rabbit anti-GFAP (Z0334, DAKO Agilent, IHC: 1:400), polyclonal
rabbit anti-IBA 1 (019–19741, Wako, IHC: 1:200), polyclonal rabbit
anti-LC3 (PM036, MBL, immunofluorescence [IF]: 1:1,000), mono-
clonal rat anti-Lamp1 (SC-19992, Santa Cruz, IF: 1:300), polyclonal
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rabbit anti-Lamp1 (ab24170, Abcam, IHC: 1:200), monoclonal mouse
anti-b-Actin (E-AB-20031, Elabscience Biotechnology), goat anti-
mouse immunoglobulin G(H + L) (peroxidase/horseradish peroxi-
dase [HRP] conjugated, E-AB-1001, Elabscience Biotechnology).
Alexa Fluor secondary antibodies used in IF experiments were pur-
chased from Molecular Probe (Invitrogen).

Proteinase K treatment

Proteinase K digestion was performed for a-syn IHC protocol as
described previously.7 Briefly, after rehydration, 7-mm-thick
paraffin-embedded sections were treated with 3% H2O2 for 1 h to
quench the endogenous peroxidases. Proteinase K (Euroclone) was
added at a concentration of 50 mg/mL for 2 min at 37�C. Unmasking
was performed by incubating the sections for 10 min in a
citrate buffer, pH 6, in a microwave oven. After blocking by using
5% (w/v) BSA in PBS, sections were incubated with the specific
antibodies.

IHC

Automated IHC

IHC standardized assays were performed by the AHF at TIGEM on
brain tissue sections using a VENTANA BenchMark Ultra automated
staining instrument (Ventana Medical Systems, Roche) and
VENTANA reagents except as noted, according to themanufacturer’s
instructions. Paraffin-embedded sections were deparaffinized using
wash buffer (catalog no. 950–510) for 16 min at 72�C. Epitope
retrieval was accomplished using CC1 solution (catalog no. 950–
500) at 95�C for 10 min. Antibodies were diluted using a blocking so-
lution into user-fillable dispensers for use on the automated stainer.
For bright-field detection, slides were developed using the Discovery
ChromoMap DAB kit (catalog no. 760-159) according to the
manufacturer’s instructions. Slides were then counterstained with
hematoxylin II (catalog no. 790–2208) for 8 min, followed by bluing
reagent (catalog no. 760–2037) for 4 min. Bright-field sections were
scanned using a ZEISS Axio Scan.Z1 microscope. Whole digital slides
were viewed by ZEN Blue software.

Non-automated IHC (a-syn IHC)

Paraffin-embedded sections were deparaffinized with xylene and then
incubated in ethanol scale to re-hydrate sections. Staining was per-
formed using the Vectastain Elite ABC-HRP Kit (PK6200, Vector
Laboratories). Visualization was performed using 3,3-diaminobenzi-
dine (DAB) tetrahydrochloride (Vector Laboratories). Stained slides
were scanned using a Hamamatsu Nanozoomer 2.0-RS scanner and
viewed with NDP.view2.

IHC quantitation

Quantitation of the immunostained area was performed by using the
tool “measure” in ImageJ after the conversion of the images to an 8-bit
format and adjusting the threshold to a fixed value.

ThS staining

OCT-embedded sections, 7 mm, were incubated in 0.01% (w/v) ThS
(T1892, Sigma) dissolved in ethanol for 10 min. Slides were washed
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in PBS 3 times and mounted using Vectashield mounting medium.
Positive staining and scan of the entire section were obtained using
a Zeiss Apotome.2 Imager.M2 using the GFP filter.

EM

EM was performed using the tools and protocols of TIGEM
Advanced Microscopy and Image facility. Cortex regions (slice C)
were fixed in 1% glutaraldehyde and 4% PFA in 200 mM HEPES,
pH 7.3, for 10 min at 37�C, post-fixed in 1% osmium tetroxide, dehy-
drated, and embedded in resin. Ultrathin sections were cut using a
LEICA EM UC7 ultramicrotome. Lysosome size and number were
evaluated using the software iTEM (Olympus). “Lysosomes” were
identified by morphometric analysis as a wide spectrum of
lysosome-like structures that includes bona fide lysosomes, autolyso-
somes, multi-vesicular bodies, and vacuoles containing stored undi-
gested material.

Behavioral analysis

Behavioral tests were carried out in a behavioral testing room main-
tained under constant light, temperature, and humidity. The mice
were tested during daylight hours (between 9 a.m. and 6 p.m.). Before
testing, animals were habituated to the testing room for at least
30 min. We used only male MPS-IIIA mice, as differences in disease
progression have been reported previously between female and male
mice.42,46,60

Contextual fear-conditioning test

The contextual fear-conditioning task allows the evaluation of the
ability of the mouse to learn and remember a Pavlovian association
between a mild electrical foot shock and a specific context. Each
mouse was trained in a conditioning chamber (30 � 24 � 21 cm;
Ugo Basile) equipped with a removable grid floor and waste pan.
The grid floor contained 36 stainless-steel rods (3 mm diameter)
spaced 8 mm center to center. When placed in the chamber, the
grid floor contacted a circuit board through which scrambled shock
was delivered. The shock intensity was 0.5 mA with a duration of 2
s, and it was presented three times and associated with a context.
At 24 h after training, the mice were tested using the same context
but in the absence of the foot shock. Freezing behavior was defined
as a complete lack of movement, except for respiration, and scored us-
ing a video tracking system (ANY-MAZE, Stoelting).

Open field test

The open field test allows evaluating the emotional changes and loco-
motor ability of the mouse. It was carried out in a chamber measuring
40 cm in length, 40 cm in width, and 30 cm in height, made of white,
high-density, non-porous plastic. The chamber was divided into pe-
riphery (40 � 40 cm), transition zone (30 � 30 cm), and center
(10 � 10 cm), designated in Nordus Ethovision XT 17 software.
Each mouse was placed in the chamber and was allowed to freely
explore the field for 30 min. The course was recorded using a Basler
Emulation video camera (0815-0000), and the immobility time, the
time in the center zone, and distance traveled were extracted from
the video recordings.
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Statistical analysis

All the data are expressed as mean ± SEM. Data in the open field test
and comparisons of brain pathology were analyzed using a one-way
ANOVA with Tukey’s post hoc multiple comparison test. The fear-
conditioning test was analyzed using a two-way ANOVA for repeated
measures with the factor group as an independent factor and trials or
test phase as repeated measures to assess differences among multiple
experimental groups at different time points, followed by Tukey’s post
hoc test when appropriate. A p < 0.05 was considered statistically
significant.
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