
Page 1/25

Pharmacological modulation of glutamatergic and
neuroin�ammatory pathways in a Lafora disease
mouse model
Belén Mollá 

Instituto Biomédico de Valencia: Instituto de Biomedicina de Valencia
Miguel Heredia 

Instituto de Biomedicina de Valencia
Ángela Campos 

Instituto de Biomedicina de Valencia
Pascual Sanz  (  sanz@ibv.csic.es )

Instituto de Biomedicina de Valencia https://orcid.org/0000-0002-2399-4103

Research Article

Keywords: Lafora disease, cognitive impairment, neuroin�ammation, riluzole, memantine, resveratrol,
minocycline

Posted Date: February 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1349685/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1349685/v1
mailto:sanz@ibv.csic.es
https://orcid.org/0000-0002-2399-4103
https://doi.org/10.21203/rs.3.rs-1349685/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/25

Abstract
Lafora disease (LD) is a fatal rare neurodegenerative disorder that affects young adolescents and has no
treatment yet. The hallmark of LD is the presence of polyglucosan inclusions (PGs), called Lafora bodies
(LBs), in the brain and peripheral tissues. LD is caused by mutations in either EPM2A or EPM2B genes,
which respectively encode laforin, a glucan phosphatase, and malin, an E3-ubiquitin ligase, with identical
clinical presentation. LD knockout mouse models (Epm2a-/- and Epm2b-/-) recapitulate PGs body
accumulation, as in the human pathology, and display alterations in glutamatergic transmission and
neuroin�ammatory pathways in the brain. In this work, we show the results of four pre-clinical trials
based on the modulation of glutamatergic transmission (riluzole and memantine) and anti-
neuroin�ammatory interventions (resveratrol and minocycline) as therapeutical strategies in an Epm2b-/-
mouse model. Drugs were administered in mice from 3 to 5 months of age, corresponding early stage of
the disease, and we evaluated the bene�cial effect of the drugs by in vivo behavioral phenotyping and ex
vivo histopathological brain analyses. The behavioral assessment was based on a battery of anxiety,
cognitive, and neurodegenerative tests and the histopathological analyses included a panel of markers
regarding PGs accumulation, astrogliosis, and microgliosis. Overall, the outcome of ameliorating the
excessive glutamatergic neurotransmission present in Epm2b-/- mice by memantine displayed
therapeutic effectiveness at the behavioral levels. Modulation of neuroin�ammation by resveratrol and
minocycline also showed bene�cial effects at the behavioral level. Therefore, our study suggests that
both therapeutical strategies could be bene�cial for the treatment of LD patients.

Introduction
Progressive myoclonus epilepsy of the Lafora type (Lafora disease, LD; OMIM#254780) is an inherited
rare neurodegenerative disease of the childhood that courses through intractable epileptic seizures,
cognitive decline, and a rapid neurological deterioration until death within ten years from onset [1]. An
early feature in LD is the accumulation of insoluble polyglucosan inclusions (PGs) named Lafora bodies
(LBs) mainly in the brain [2], [3], which drives symptomatology and remains inalterable throughout the
disease. Nowadays, effective treatment is not available yet, neither restorative nor palliative, to delay the
progression or alleviate any of the symptoms [4]. In this regard, an enormous collaborative effort has
been done within the International Lafora Epilepsy Cure Initiative (LECI) to elucidate an LD therapy or cure
[5].

Mutations in either EPM2A or EPM2B/NHLRC1 genes, which respectively encode laforin, a glucan
phosphatase, and malin, an E3-ubiquitin ligase, have been described in LD patients [6], [7], [8]. Laforin and
malin assemble into a functional complex involved in glycogen metabolism, as part of a quality control
mechanism to prevent the accumulation of insoluble glycogen [9], [10]. LD knockout (KO) mouse models
with a complete loss of function of laforin (Epm2a-/-) [11] or malin (Epm2b-/-) [12], [13], [14] partially
mimic human symptoms such as early PGs accumulation in muscle, heart, and brain from 2-months of
age [11], [14]; they also show slight impairment of motor coordination, abnormal postures of the hindlimb,
memory defects and spontaneous myoclonic seizures evident from 9 months of age [11], [14], [15]; �nally,
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they present enhanced excitability [11] with hyperactive behavior from 1 to 11-month-old [16], [17]. At the
histopathological level, the brain of LD mouse models shows neurodegeneration with loss of GABAergic
and parvalbumin+ (PV+) neurons and dendritic abnormalities in pyramidal neurons [16], [17], [18],
massive astrogliosis accumulating PGs [19], [20], as well as an early neuroin�ammatory status from 3
months of age [21], [22].

Since astrocytic functionality seems to be compromised in LD mouse models, our laboratory has studied
the possible alterations in excitatory glutamatergic transmission to gain insight into the glutamatergic
system, as an essential regulator of epileptic seizures. Successfully, Muñoz-Ballester et al [23] unraveled
a decreased level of glutamate transporter GLT-1 at the plasma membrane of LD astrocytes, which might
underlie the in vivo glutamate clearance defects present in LD mouse models [24]. Furthermore, Perez-
Jimenez et al [25] con�rmed that such defective alterations are related to insu�cient ubiquitination of
GLT-1 due to the absence of a functional laforin/malin complex. On the strength of these data, it became
clear that an altered excitatory glutamatergic system might be behind the sensitivity to convulsant agents
observed in LD mouse models [26], [27]. Recently, our laboratory has also been involved in de�ning
neuroin�ammation as a novel hallmark of LD. In this regard, we have described progressive
neuroin�ammation in the brain of LD mice which increasingly worsens from 3 to 16 months of age [22].

The work we present in this manuscript is an extension of the previous achievements of our laboratory in
preclinical studies in LD by using metformin [28], which led to the designation of metformin as an orphan
drug for the treatment of Lafora disease by the European Medicines Agency (EMA) and the USA Food and
Drug Administration (FDA). In addition, we have recently reported the bene�cial effect of the
administration of propranolol, not only in memory and attention defects but also in the accumulation of
polyglucosan inclusions, neuronal disorganization, astrogliosis, and microgliosis in the hippocampus of
LD mice [29]. Following this line of work, and to repurpose further drugs for LD, in this work we have
carried out four novel pre-clinical studies in Epm2b-/- mice with two different strategies of intervention
based on targeting glutamatergic transmission (riluzole and memantine) as well as neuroin�ammation
(resveratrol and minocycline).

Riluzole is the �rst FDA-approved medication for amyotrophic lateral sclerosis (ALS) due to its capability
to modulate glutamate neurotransmission by inhibiting both presynaptic glutamate release and
postsynaptic glutamate receptor signaling [30]. Riluzole has been effective in delaying median time to
death in a mouse model of ALS [31] and cognitive decline in Alzheimer’s Disease (AD) mouse models
[32], [33]. On the other hand, memantine is an antagonist of postsynaptic glutamate NMDA receptors,
which reduces the effects of excitotoxic glutamate release. This compound is regularly prescribed to
improve the cognitive impairments in AD [34], [35].

Resveratrol is known worldwide as a nutraceutical by its anti-oxidative, anti-aging, and anti-in�ammatory
properties [36], [37], but it also has been recognized as a promising therapeutic agent against chronic
neuroin�ammation and neurodegeneration in AD [38], [39]. In the same light, minocycline, a classical
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tetracycline antibiotic, has also been reported with novel anti-in�ammatory and neuroprotective activities
in several neurodegenerative conditions such as ALS, AD, or Huntington’s disease [40], [41].

In this work, we have administered these compounds to 3-month-old Epm2b-/- mice (corresponding to
early stages of LD) for two months. We have analyzed neurodegenerative status and cognitive tasks
(memory and anxiety-like behavior) in these mice, as well as histopathological hallmarks in the brain
[presence of polyglucosan inclusions (PGs), microgliosis, and astrogliosis] to evaluate the effectiveness
of all pharmacological interventions. We found an improvement in the performance of behavioral tests
and an amelioration of neurodegenerative signs by modulating neuroin�ammation with resveratrol and
minocycline and also by promoting neuroprotection with memantine. In the case of riluzole, we did not
�nd any signi�cant bene�cial effect. Therefore, the results presented in this work support the potential
bene�cial effects of both interventional strategies in LD.

Material And Methods
Animals

Malin knockout mice (Epm2b-/-) on a pure C57BL/6JRccHsd background and the corresponding control
mice (WT) [29] were maintained at the IBV-CSIC facility on a 12 light/dark cycle with food and water ad
libitum. A total of 63 WT and 93 Epm2b-/- male mice were randomly assigned to untreated or treated
groups along with four different pre-clinical trials (riluzole, memantine, resveratrol, and minocycline). The
number of animals per group for each trial was as follow: 1) vehicle group (N=7 WT and N=6 Epm2b-/-
mice) and treated group (N=11 WT and N=11 Epm2b-/- mice) for the riluzole study; 2) vehicle group
(N=15 WT and N=15 Epm2b-/- mice) and treated group (N=15 WT and N=15 Epm2b-/- mice) for the
resveratrol study; and 3) vehicle group (N=15 WT and N=15 Epm2b-/- mice) and treated group for
memantine and minocycline study (N=15 Epm2b-/- mice for each drug). The vehicle groups were
administered with the corresponding vehicle used in the treated groups. Since no gender-link phenotype
has been reported in mice or humans for Lafora disease, we used male mice to compare the results with
previous data obtained in the lab.

Drugs and administration

All drugs tested in this work, riluzole (R116), memantine (M9292), and minocycline (M9511) were
obtained from Sigma-Aldrich and trans-resveratrol (3,40,5-trihydroxy trans-stilbene, 70675) from Cayman
chemicals. Different pre-clinical trials were designed based on both the pathway (oral or intraperitoneal
injection) and the drug solvent of the administration (water, saline, or vehicle). Thus, three pre-clinical
trials were performed separately and consecutively: 1) the riluzole study was performed by oral
administration in drinking water; 2) the resveratrol trial by intraperitoneal administration using vehicle
solution (4% ethanol, 75 mM NaCl, 2.5% PEG4000, and 2.5% Tween20); and �nally, 3) the memantine and
minocycline assay by intraperitoneal administration in saline solution. Animals of three months of age
either received riluzole (10 mg/Kg/day) in drinking water or were injected intraperitoneally with vehicle
solution alone or containing resveratrol (12 mg/Kg), or with saline solution alone or containing
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memantine (25 mg/Kg) or minocycline (25 mg/Kg), in a volume of 100 µl, three times per week, during
two months. Drug doses were based on a bibliographic search for all of them: riluzole [42], [43],
resveratrol [44], [45], memantine [46], and minocycline [47]. These previous studies concluded that the
doses we used in our assays were safe and that all compounds reached the brain to exert their effects.

Behavioral tests

After a 2-month treatment, animals were subjected to a battery of behavioral tests conducted during the
light phase from 8:00 am to 3:00 pm. The order of the behavioral tests and resting time between them
were the same for each mouse. The battery of behavioral tests consisted of �ve tests performed in the
following order: hindlimb clasping, open �eld, elevated plus maze, Y-maze, and Object Location Memory
(OLM). Tests were conducted in order of increasing invasiveness: re�ecting action, anxiety, and memory.
Mice rested 48-72 hours between tests (Supplementary Fig. S1). Behavioral tests were recorded by using
the SMART Video Tracking software from PanLab/Harvard Apparatus to evaluate mouse movement.
This advanced image analysis allows the recording of activity, trajectories, and a wide variety of standard
calculations related to tracking such as time/distance/entries in zones both by user-de�ned zones and by
the entire area of mazes. We used the following tests:

- Hindlimb clasping: Hindlimb clasping scores abnormal postures related to neurodegeneration and has
been used as a marker of disease progression in a large number of neurodegenerative mouse models
[48]. Mice were grasped by their tail for 10 seconds and hindlimb positions were scored from 0 to 3 [49]. If
the hindlimbs were consistently splayed outward, away from the abdomen, it was assigned a score of 0
(absence). If one or two hindlimbs were partially retracted toward the abdomen for more than 5 seconds,
it received a score of 1 (mild) or 2 (moderate), respectively. If both hindlimbs were completely retracted
toward the abdomen it received a score of 3 (severe).

- Open Field maze: The Open Field test is used to assess anxiety and exploratory behaviors [50]. Mice
were placed in the middle of a peripheral zone of the arena (a wall-enclosed 50cm x 50cm area) facing
the wall and allowed to explore freely for 5 minutes. We analyzed the distance walked in peripheral and
center areas (40% of the total surface of the area), as well as the total number of entries into the center.
As anxiety levels rise, the animal tends to remain close to walls in the peripheral zone, avoiding entry into
the central zone which is considered more anxiogenic.

- Elevated plus maze: The elevated plus maze was used to evaluate anxiety-related behavior in mice [51].
Mice were placed in the intersection of the four arms of the elevated plus maze and their free movement
was recorded for 5 minutes. The elevated plus maze has two open arms and two close arms with walls.
The time spent in open and closed arms was measured, as well as the total number of arm entries made.
The tendency of a subject to remain close to walls increases as anxiety levels rise, avoiding entry and the
spent of time in open arms.

- Y-maze: To evaluate non-hippocampal short-term working memory we performed the Y-maze test as
previously detailed in [29]. % spontaneous alternations and % incomplete spontaneous alternations were
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determined.

- Object location memory (OLM): To evaluate spatial recognition memory depending on the hippocampus
we performed OLM probe as previously detailed in [29]. Discrimination index (DI) and activity time were
measured.

Tissue collection and histopathological analyses

Animals were euthanized by cervical dislocation; brains were removed, and the right hemisphere was
immediately �xed in 4% paraformaldehyde (PAF) at 4ºC overnight and embedded in para�n for
histological analyses. Five µm para�n sagittal sections were obtained by microtome and sections were
depara�nized and hydrated with deionized water. The detection of PGs by periodic acid Schiff (PAS)
staining and immunohistochemical analysis were performed as detailed in [29]. For
immunohistochemistry, primary and secondary antibodies used were: guinea pig anti-GFAP (1:500,
Synaptic Systems #173_004), rabbit anti-Iba1 (1:200, WAKO #019-19741), Alexa Fluor-conjugates [1:500,
Life Technologies: goat anti-guinea pig IgG Alexa Fluor® 594 (#A11076), and goat anti-rabbit IgG Alexa
Fluor® 488 (#A11008)]. Background controls of secondary antibodies were performed in parallel. Nuclear
staining was performed with DAPI (Sigma-Aldrich). Coverslips were mounted with Fluoromount-G™
(Thermo Fisher Scienti�c).

Image acquisition and analysis

Two sections per animal with a 24-µm-gap between them were analyzed. Three pictures per section were
taken in different hippocampal areas: Cornus Ammonis (CA1), molecular layer of CA1 plus DG (CA1-DG),
and dentate gyrus (DG). PAS staining photomicrographs were acquired using a Leica DM RXA2
microscope for the riluzole study or using a Leica DM750 microscope (Nussloch, Germany) for
resveratrol, memantine, and minocycline trials, connected to a Hamamatsu color camera with an X40
magni�cation in RGB format. Immuno�uorescence images were acquired using a Leica TCS Sp8 laser-
scanning confocal microscope with an X40 objective for the riluzole study or by a Leica DM6 B automatic
microscope connected to a Leica k5 monochrome high sensibility camera with an X20 objective for
resveratrol, memantine, and minocycline trials. 10-12 z-axis stacks separated by 0.33 µm were taken per
section and 2D reconstruction was projected as maximum intensity using ImageJ software (NIH,
Bethesda, MD, USA).

For automated computer image analysis, we used the programmed tailored macros in ImageJ for PAS
and �uorescence histological detection as detailed in [29].

Data analysis

Statistical analysis was performed with RStudio R-4.0.3 [52]. Quantitative data were represented as mean
± standard error of the mean (SEM) with a 95% con�dence interval. The normality of the data was
analyzed by the Shapiro-Wilk test and homogeneity of variance by the Levene test. To assess the
statistical signi�cance (p-value) of the effects in multiple comparisons, data with a normal distribution
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were analyzed by two-way ANOVA followed by a Tukey’s post hoc test. Non-parametric data were
analyzed by Kruskal-Wallis followed by Dunn’s test. To assess the effect size of the interventions in
multiple comparisons, Cohen’s delta coe�cient (d) was calculated and scored as negligible (d < 0.20),
small (d≥0.20), medium (d≥0.50), large (d≥0.80), and much larger (d≥1.00) size effect [53], [54]. A
descriptive and inferential statistical summary of analyzed behavioral and histopathological variables is
supplied (see Supplementary Table S1 and Table S2). A critical value for signi�cance of *p < 0.05 was
used throughout the study.

Results
In this work, we have evaluated the e�cacy of the treatment of Epm2b-/- mice with four drugs, two of
them previously used as glutamatergic modulators (riluzole and memantine) and the other two used as
neuroin�ammatory-modifying therapeutic agents (resveratrol and minocycline). Treatments were
administered in male mice of 3 months of age (corresponding to an early stage of LD) for two months.
After treatments, we performed an in vivo analysis of anxiety-like, cognitive behavior and
neurodegenerative signs followed by an ex vivo histopathological analysis of PG inclusions, astrogliosis,
and microgliosis in the corresponding mouse brains. For the sake of clarity, we present the results as
independent treatments (although memantine and minocycline were performed at the same time since
they shared the same vehicle), comparing the values of treated Epm2b-/- mice to Epm2b-/- mice that
received only water, vehicle, or saline, respectively. 

Decreased anxiety-like and hyperactive behavior of Epm2b-/- mice are attenuated by anti-
neuroin�ammatory treatments

The anxiety-like behavior was evaluated in Epm2b-/- mice at 5 months of age by carrying out Open Field
and Elevated Plus maze tests. In the Open File test, the percentage of traveled distance in the center and
the number of entries into the center were measured as key indicators of anxiety and hyperactivity,
respectively. Untreated Epm2b-/- mice showed a tendency not only to travel more distance in the center
zone (Fig. 1) [e.g., Epm2b-/- (26.17 ± 2.49) and WT (19.97 ± 2.13, p=0.073, d=-0.71 medium) (Fig. 1C)] but
they also made a greater number of entries into the center [e.g., Epm2b-/- (21.92 ± 2.53) and WT (16.92 ±
2.19, p=0.239, d=-0.56 medium) (Table S1)]. Although not statistically signi�cant, both behaviors pointed
out a tendency to decrease anxiety and hyperactive behavior in Epm2b-/- mice, as already reported by
other authors [16], [17]. After the anti-in�ammatory treatments (resveratrol and minocycline), the %
traveled distance of Epm2b-/- in the center was decreased signi�cantly by resveratrol (14.64 ± 2.15,
p=0.011*, d=0.80 large) (Fig. 1D) and minocycline (18.01 ± 2.24, p=0.032*, d=0.95 large) (Fig. 1E), in
comparison to the corresponding Epm2b-/- mice treated with the respective vehicle, normalizing its
anxiety levels up to control levels (Fig. 1D and 1E). In contrast, riluzole (24.71 ± 2.34, p=0.896, d=0.38
small) (Fig. 1B) and memantine (24.36 ± 2.79, p=0.593, d=0.17 negligible) (Fig. 1C) had only a minor
effect on this parameter. Regarding the number of entries into the center, only minocycline was capable to
decrease this parameter signi�cantly (9.63 ± 1.47, p=0.0017**, d=1.57 much large) up to control levels
(Table S1).
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We used the Elevated Plus Maze as an alternative method to con�rm the low anxiety and hyperactivity
present in Emp2b-/- mice. We observed the same abnormal behavior in Epm2b-/- mice, which showed a
slight increase in the number of entries into arms (38.53 ± 4.38) than WT (32.93 ± 4.23, p=0.310, d=-0.33
small) (Table S1), con�rming reduced anxiety and hyperactive behavior. None of the treatments were able
to modify the Epm2b-/- mice behavior in the elevated plus maze test (Table S1), except for minocycline
which signi�cantly decreased the number of entries into arms (25.33 ± 3.33, p=0.050*, d=0.87 large)
compared to Epm2b-/- treated with the corresponding vehicle. Therefore, minocycline was the only
effective treatment to control the hyperactive behavior of Epm2b-/- mice in both anxiety tests, Open Field
and Elevated Plus Maze. 

Attention defect in Epm2b-/- mice is improved by memantine and minocycline treatments

The cognitive pro�le of Epm2b-/- mice was evaluated at 5 months of age by assessing working memory,
and short-term location memory. To evaluate working memory, animals were tested for the %
spontaneous alternations in the Y-maze (Table S1), and % incomplete alternations were quanti�ed (Fig.
2). Regarding % spontaneous alternations, although a repeated tendency to a slight decrease of this
parameter in untreated Epm2b-/- mice compared to WT was present through the trials (Table S1), we
concluded that Epm2b-/- mice did not display any working memory defect due to the absence of either
statistical signi�cance (p-value) or large effect size (d) in the means, in agreement with previously
published results [29]. In contrast, % incomplete alternations were increased in untreated Epm2b-/-
compared to WT mice (Fig. 2) (e.g., 40.38 ± 7.40 in Epm2b-/- mice vs 15.03 ± 5.90, in WT mice; p=0.017*,
d=-0.97 large; Fig. 2C), suggesting an attention defect in ending the task. Interestingly, the % incomplete
alternations in Epm2b-/- mice were signi�cantly decreased by memantine (19.11 ± 6.18, p=0.035*, d=0.80
medium) and minocycline (20.46 ± 6.06, p=0.0780, d=0.80 medium), suggesting a positive effect of
memantine and minocycline in improving the staying on-task of exploration.

More related to hippocampal memory, we studied spatial short-term memory using the object location
memory test (OLM) (Fig. 3). The discrimination index (DI) of object location and the total activity time
were measured. There were no signi�cant differences (p-value) or remarkable effect size (d) in DI among
all the groups (Table S1), suggesting that short-term location memory was not affected in Epm2b-/- mice
at 5 months of age, in agreement with previous results [29]. However, we noticed a tendency to an
increase in the total activity time in Emp2b-/- compared to WT in untreated animals (e.g., 196.86 ± 14.10
sec in Epm2b-/- mice vs 157.00 ± 12.22 sec in WT mice; p=0.048*, d=-0.77 medium; Fig. 3C), highlighting
again the hyperactive behaviour in Epm2b-/- mice. Among the treatments, we nicely observed that only
memantine treatment signi�cantly decreased the total activity time in Epm2b-/- mice (145.26 ± 15.73 sec,
p=0.016*, d=-0.89 large) (Fig. 3C), reducing hyperactive behavior. 

Neurodegenerative signs detected in 5-month-old Epm2b-/- mice are ameliorated by memantine,
resveratrol, and minocycline treatments

Epm2b-/- mice were evaluated for abnormal postures related to neurodegeneration by using the hindlimb
clasping test. In untreated Epm2b-/- mice at 5 months of age the hindlimb clasping score was
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signi�cantly and repeatedly worse in all trials compared to WT (Fig. 4A-D) (Table S2). Among the
treatments, we observed a signi�cant improvement after memantine (p=0.0007***) (Fig. 4B), resveratrol
(p=1.63e-07****) (Fig. 4C), and minocycline (p=4.73e-09****) (Fig. 4D) treatments. Therefore,
neurodegenerative signs present in Epm2b-/- mice were ameliorated by these pharmacological
treatments. However, riluzole treatment worsened the neurodegenerative signs (p=2.14e-10****) (Fig. 4A)
(Table S2). 

Only glutamatergic modulators have a minor effect on the formation of polyglucosan inclusions in
Epm2b-/- mice

To evaluate the presence of PGs inclusions in mice, brain slices were obtained and stained with a periodic
acid-Schiff stain (PAS) which detects polysaccharides such as glycogen. The number of PGs per 10,000
µm2 was quanti�ed by image analysis as indicated in the Materials and Methods section and the
percentages of PGs number versus untreated Epm2b-/- mice were plotted on a graph. Representative
pictures of PAS staining (Fig. 5A) disclosed an enormous number of PGs in Epm2b-/- compared to WT
mice (e.g., 100.00 ± 17.31 in Epm2b-/- mice vs 1.18 ± 0.77 in WT mice; p=0.0099**, d=-2.75 much large;
Fig. 5B), which was signi�cantly repeated through all trials (Fig. 5B-E) (Table S1). This greater number of
PGs was ameliorated by 40% in riluzole (60.23 ± 9.26, p=0.260, d=1.13 much large) and by 15% in
memantine (84.76 ± 8.79, p=0.264, d=0.88 large) treated Epm2b-/- mice (Fig. 5B-C) compared to
Epm2b-/- mice treated with the corresponding vehicle, albeit it was not statistically signi�cant. Even
though not being signi�cant, the effect size (Cohen’s coe�cient) of the reduction in the PGs number was
much large for riluzole and large for memantine treatments, suggesting a positive reduction. Thus, we
consider that two-month glutamatergic treatments might have, if any, only a minor effect preventing the
formation of PG inclusions in Epm2b-/- mice. On the contrary, anti-neuroin�ammatory treatments did not
affect PGs accumulation (resveratrol 98.34 ± 8.58, p=0.864, d=0.05 negligible; minocycline 98.03 ± 4.51,
p=0.780, d=0.17 negligible) (Fig. 5D-E) (Table S1). 

Reactive astrogliosis in Epm2b-/- mice is not modulated by any of the pharmacological treatments  

Since we have found that the accumulation of PGs is signi�cantly correlated to the appearance of
reactive astroglia and microglia in Epm2b-/- mice [29], we examined reactive astrogliosis in Epm2b-/-
mice. We detected the astrocytic marker GFAP (in magenta), and the nuclear marker DAPI (in blue) by
immuno�uorescence (Fig. 6A). As described previously [28], [21], [29], untreated Epm2b-/- showed a
massive GFAP+ area compared to WT mice (Fig. 6A) (e.g., 100.00 ± 9.57 in Epm2b-/- mice vs 38.98.15 ±
7.05 in WT mice; p=0.0062**, d=-2.96 much large; Fig. 6C) (Table S1), which suggests a remarkable
pathological reactive astrogliosis in the brain of Epm2b-/- mice. Unfortunately, neither riluzole (Fig. 6B),
nor memantine (Fig. 6C), nor resveratrol (Fig. 6D) nor minocycline (Fig. 6E) treatments signi�cantly
modi�ed the affectation of astrogliosis in the brain of Epm2b-/- mice (Table S1).  

Only riluzole treatment has a minor effect on the microgliosis in Epm2b-/- mice
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Finally, we detected the microglial marker Iba1 (in gray) by immuno�uorescence (Fig. 7A) and the number
of Iba1+ cells with clear changes in morphology was counted as a marker of microglial activation [55].
We con�rmed an increase in activated microglia in untreated Epm2b-/- (100.00 ± 11.48) compared to WT
(77.18 ± 4.49, p=0.543, d=-0.94 large) (Fig. 7) (Table S1). Riluzole was the only pharmacological
treatment capable to decrease the number of altered microglia in Epm2b-/- (71.75 ± 4.82, p=0.090, d=1.21
much large) down to control levels. In contrast, memantine (Fig. 7C), resveratrol (Fig. 7D), and
minocycline (Fig. 7E) did not affect the number of reactive microglia (Table S1).

Discussion
Lafora disease (LD) is a fatal rare neurological disorder that leads to the death of patients around 10
years from onset. Work is underway to develop drugs that could be used as a cure or as disease-
modifying agents. These strategies have been aimed to reduce the formation of LB’s by inhibiting
glycogen synthase (GYS1) activity, either by using antisense oligonucleotides (ASOs) [56] or by small
chemical compounds that inhibit GYS1 [57]. Moreover, one approach was designed to digest LB’s by
using an antibody-enzyme fusion [58] [59]. In addition, alternative strategies aimed to ameliorate the
symptoms of LD have been implemented in LD mouse models. For example, a ketogenic diet has been
recently described as being useful in reducing the formation of LB’s [60], and our group has described the
use of repurposing drugs that ameliorate LD pathophysiology. In this sense, we reported that metformin
has a bene�cial effect on Epm2b-/- mice [28] and these results allowed the designation of this compound
as an orphan drug for the treatment of LD, both by the European Medicines Agency (EMA/3/16/1803)
and the Food and Drug Administration (FDA/#17-6161). Recently, we described that the use of
modulators of neuroin�ammation had also a bene�cial effect in Epm2b-/- mice, especially propranolol
that reduced the formation of reactive glia and had amelioration of different behavioral tests [29].

In this work, we have expanded our analysis to additional repurposing drugs focusing our attention on
compounds that affect either glutamatergic transmission or neuroin�ammation. As an example of the
�rst, we used riluzole and memantine. Riluzole is the �rst FDA-approved medication for amyotrophic
lateral sclerosis (ALS) due to its capability to modulate glutamate neurotransmission, not only by
inhibiting presynaptic glutamate release but by enhancing the clearance of this neurotransmitter by
astrocytic glutamate transporters, which results in a reduction of postsynaptic glutamate receptor
signaling [30]. We found that riluzole did not have a major effect on the behavioral tests described in this
study, except that it worsened the neurodegenerative-related hindlimb clasping test. At the
histopathological level, riluzole decreased the number of PGs by 40% and the number of reactive
microglia, although in both cases the differences were not statistically signi�cant (Table 1). 

In the case of memantine, an antagonist of postsynaptic glutamate NMDA receptors, which reduces the
effects of excitotoxic glutamate release, we found a statistically signi�cant bene�cial effect of this drug
on several behavioral tests related to exploration behavior (incomplete alternancies in Y-maze),
hyperactivity (OLM activity time) and neurodegenerative signs (hindlimb clasping). These bene�cial
effects were not related to the levels of PGs or reactive glia (Table 1), suggesting that the positive effect
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of memantine could be due to the inhibition of post-synaptic NMDA receptor signaling. It is worth
pointing out that the excitotoxicity associated with the overactivation of this receptor may cause neuronal
death and cognitive de�cits associated with dementia such as learning and memory impairments [35].
Moreover, in several clinical assays, memantine monotherapy was found to exert e�cacy on hyperactivity
and attention de�cit in adult patients with attention de�cit hyperactivity disorder (ADHD) [61]. Therefore,
the bene�cial effects of memantine on the cognitive and behavioral pro�le of Epm2b-/- mice are likely
due to an amelioration of the excitotoxicity produced by imbalanced glutamate levels present in these
mice [24]. In this sense, the effects of memantine would be analogous to the bene�cial effects obtained
with perampanel, an inhibitor of post-synaptic glutamate AMPA receptors [62]. Probably, the bene�cial
effects of both compounds are due to a decrease in neuronal hyperexcitability due to a downregulation of
the activity of the postsynaptic glutamate receptors AMPA (by perampanel) [63] and NMDA (by
memantine) (this work).

To modulate neuroin�ammation, we used resveratrol and minocycline. It has been reported that
resveratrol has anti-oxidative, anti-aging, and anti-in�ammatory properties [36], [37]. In Epm2b-/- mice,
this compound had a bene�cial effect on some behavioral tests related to anxiety (open �eld) and
neurodegenerative signs (Hindlimb clasping). However, resveratrol did not affect the levels of PGs or the
levels of reactive glia (Table 1). Perhaps, the bene�cial effect of resveratrol could be related to alternative
pathways, since it has been described that resveratrol decreases the production of pro-in�ammatory
cytokines via the activation of AMP-activated protein kinase (AMPK), SIRT1, and SOCS1, and also
reduces reactive oxygen species (ROS) production [64], [65].

Finally, we used minocycline, a tetracycline antibiotic derivative that has anti-in�ammatory and
neuroprotective activities in several neurodegenerative conditions [40], [41]. In Epm2b-/- mice we found a
bene�cial effect of this compound on different behavioral tests related to anxiety (open �eld), exploration
behavior (incomplete alternancies in Y-maze), and neurodegenerative signs (hindlimb clasping). However,
this drug did not affect the levels of PGs and, surprisingly, it did not reduce the levels of reactive glia
(Table 1), suggesting that minocycline had affected alternative pathways. In this sense, it is worth noting
that, in addition to its anti-in�ammatory properties, minocycline prevents neurons from glutamate toxicity
as this compound reduces the release of glutamate and the excitability of neurons in the hippocampus
[66], represses the expression of the NR2A subunit of the NMDA receptor [47], attenuates NMDA-induced
Ca++ entry and excitotoxicity [67], and ameliorated downregulation of glial glutamate transporters
expression promoting glutamate uptake in the spinal sensory synapses [68]. Therefore, the bene�cial
effects of minocycline on the cognitive and behavioral pro�le of Epm2b-/- mice are likely due to an
amelioration of neuronal excitotoxicity, resembling the memantine treatment described above.

In summary, among the four different compounds analyzed in this work, selected to modify either the
altered glutamatergic transmission or the neuroin�ammation pro�les present in Epm2b-/- mice,
memantine (an inhibitor of the post-synaptic NMDA receptors) and minocycline (an antibiotic derivative
with broad physiological functions) were the most promising candidates to be considered, either alone or
in combination with other repurposing drugs, in future therapeutic strategies for LD. It is interesting to
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point out that, despite targeting initially both pathways separately, we obtained interlinked
pharmacological effects between them, mainly related to amelioration of glutamate-induced
excitotoxicity. This highlights the importance of the altered glutamatergic transmission in the
development of the pathophysiological symptoms of LD.
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Figures

Figure 1

Anxiety-like behavior state in Epm2b-/- mice and the therapeutic e�cacy of riluzole, memantine,
resveratrol, and minocycline treatments. A) Representative tracks were recorded with SMART video
system to evaluate the anxiety-like behavior as measured by Open �eld (see Materials and Methods). B-E)
% Travelled distance in the center representing the anxiety levels of each animal. Bar graphs show mean
± standard error of the mean (SEM). Individual data points and the comparisons between groups which
were p<0.1 are indicated. Depending on the normal distribution and homoscedasticity of the data,
statistical differences were analyzed, by two-way ANOVA following a Tukey’s posthoc to multiple
comparisons in (B) and by one-way Kruskal-Wallis following a Dunn’s posthoc test to multiple
comparisons in (C-E). Statistical signi�cance was de�ned as *p<0.05. A summary of all descriptive (mean
± SEM) and inferential data (all comparisons between groups) is available in Table S1. Treatments
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related to glutamatergic transmission are boxed in red and those related to neuroin�ammation are in
magenta.

Figure 2

Cognitive state in Epm2b-/- mice and the therapeutic e�cacy of riluzole, memantine, resveratrol, and
minocycline treatments. A) Representative tracks were recorded with SMART video system to evaluate the
working memory as measured by y-maze (see Materials and Methods). B-E) % of the incomplete
alternations representing the attention of staying on the task of each animal. Bar graphs show mean ±
standard error of the mean (SEM). Individual data points and the comparisons between groups which
were p<0.1 are indicated. Depending on the normal distribution and homoscedasticity of the data,
statistical differences were analyzed, by two-way ANOVA following a Tukey’s posthoc to multiple
comparisons in (B, D) and by one-way Kruskal-Wallis following a Dunn’s posthoc test to multiple
comparisons in (C, E). Statistical signi�cance was de�ned as *p<0.05. A summary of all descriptive
(mean ± SEM) and inferential data (all comparisons between groups) is available in Table S1.
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Figure 3

Hyperactivity in Epm2b-/- mice and the therapeutic e�cacy of riluzole, memantine, resveratrol, and
minocycline treatments. A) Representative tracks were recorded with SMART video system to evaluate the
spatial location memory as measured by OLM (see Materials and Methods). B-E) Total activity time
representing the activity levels of each animal. Bar graphs show mean ± standard error of the mean
(SEM). Individual data points and the comparisons between groups which were p<0.1 are indicated.
Depending on the normal distribution and homoscedasticity of the data, statistical differences were
analyzed, by two-way ANOVA following a Tukey’s posthoc to multiple comparisons in (B) and by one-way
Kruskal-Wallis following a Dunn’s posthoc test to multiple comparisons in (C-E). Statistical signi�cance
was de�ned as *p<0.05. A summary of all descriptive (mean ± SEM) and inferential data (all
comparisons between groups) is available in Table S1.
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Figure 4

Neurodegenerative state in Epm2b-/- mice and the therapeutic e�cacy of riluzole, memantine, resveratrol,
and minocycline treatments. A-D) Relative frequency distribution of the hindlimb clasping score
representing the severity of neurodegenerative signs. Frequency histograms show frequency distribution
among 4 scores: absent, mild, moderate, and severe. Statistical differences between groups were
analyzed by Pearson’s Chi-square test or by Fischer’s exact test when sample sizes were zero. Statistical
signi�cance was de�ned as ***p<0.001 and ****p<0.0001. A summary of all contingency tables and
inferential data (all comparisons between groups) is available in Table S2.
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Figure 5

Accumulation of PGs in the hippocampus of Epm2b-/- mice and the therapeutic e�cacy of riluzole,
memantine, resveratrol, and minocycline. A) Representative microscopy images of PGs detection (in pink;
see also black arrows) in CA1 region of the hippocampus by PAS staining; neural nuclei are in blue. B-E)
% of PGs number versus the number present in untreated Epm2b-/- mice. Bar graphs show mean ±
standard error of the mean (SEM). Individual data points and the comparisons between groups which
were p<0.1 are indicated. Depending on the normal distribution and homoscedasticity of the data,
statistical differences were analyzed by one-way ANOVA with Welch’s correction following a Tukey’s post
hoc to multiple comparisons in (B) and by one-way Kruskal-Wallis following a Dunn’s post hoc test to
multiple comparisons in (C-E). Statistical signi�cance was de�ned as **p<0.01. A summary of all
descriptive (mean ± SEM) and inferential data (all comparisons between groups) is available in Table S1.
Scale 20 µm. 
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Figure 6

Effect of the different treatments on the reactive astrogliosis of the Epm2b-/- mice. A) Representative
immuno�uorescence confocal micrographs of the CA1 region of the hippocampus. Astrocytes (GFAP
staining) are in magenta and DAPI staining of cellular nuclei are in blue. B-E) % GFAP area related to the
value obtained in untreated Epm2b-/- mice, representing the extension of the reactive astrogliosis in the
hippocampus. Bar graphs show mean ± standard error of the mean (SEM). Individual data points and the
comparisons between groups which were p<0.1 are indicated. Depending on the normal distribution and
homoscedasticity of the data, statistical differences were analyzed by two-way ANOVA following a
Tukey’s post hoc to multiple comparisons in (D) and by one-way Kruskal-Wallis following a Dunn’s post
hoc test to multiple comparisons in (B, C, E). Statistical signi�cance was de�ned as **p<0.01. A summary
of all descriptive (mean ± SEM) and inferential data (all comparisons between groups) is available in
Table S1. Scale 75 µm. 
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Figure 7

Effect of the different treatments on the reactive microglia in the hippocampus of Epm2b-/- mice. A)
Representative immuno�uorescence confocal micrographs of Iba1 (in gray) to appreciate the remarkable
morphological changes in microglia in Epm2b-/- mice (see red arrows); B-E) % Iba1 positive cells related
to the value obtained in untreated Epm2b-/- mice, representing the extension of the reactive microglia in
the hippocampus with morphological changes. Bar graphs show mean ± standard error of the mean
(SEM). Individual data points and the comparisons between groups which were p<0.1 are indicated.
Depending on the normal distribution and homoscedasticity of the data, statistical differences were
analyzed by two-way ANOVA following a Tukey’s post hoc to multiple comparisons in (C-E) and by one-
way Kruskal-Wallis following a Dunn’s post hoc test to multiple comparisons in (B). A summary of all
descriptive (mean ± SEM) and inferential data (all comparisons between groups) is available in Table S1.
Scale 75 µm. 
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