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Abstract

Background and Objective: Lafora disease (LD) is a rare progressive disorder
caused by mutations in the EPM2A or EPM2B genes, characterized by the ac-
cumulation of Lafora bodies, drug-resistant epilepsy, and cognitive decline. To
investigate the early molecular mechanisms of LD, we studied electrophysiologi-
cal changes in the dentate gyrus (DG) of the Epm2a™**** knock-in mouse model
at various ages.

Methods: Electrophysiological recordings measured neuronal membrane proper-
ties, epileptic-like activity, epileptic thresholds, and synaptic plasticity in Epm2a®?***
mice at 1, 3, and 12 months. We also employed Periodic Acid—Schiff (PAS) diastase
staining, immunofluorescence, and Western blotting to detect Lafora bodies, amy-
loid beta deposition, and the expression of glutamate receptor subunits.

Results: Epileptic-like activity began at 1month and intensified with age.
Aberrant long-term potentiation (LTP) appeared at 3months and worsened by
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1 | INTRODUCTION

Lafora disease (LD, OMIM #254780) presents a challenge
within the spectrum of rare, progressive neurodegenera-
tive diseases, striking without gender bias." It originates
from mutations in the EPM2A and EPMZ2B genes,z’5
which encode laforin and malin, crucial for glycogen me-
tabolism. These mutations lead to the hallmark features
of LD, including medication-resistant epilepsy and neu-
rodegeneration,6 and the accumulation of Lafora bodies
(LBs) in cerebral and peripheral tissues.>” The disease
typically manifests during adolescence, starting with gen-
eralized tonic-clonic seizures, and progressing to cogni-
tive decline, dementia, and increased seizure frequency,
ultimately causing complete physical dependency.®

Mouse models of LD have been pivotal in deciphering
disease mechanisms, particularly the role of LB accumu-
lation in neurodegeneration, and seizure susceptibility.g'11
These models emphasize the importance of energy metab-
olism in the brain, connecting impaired glycogenolysis to
increased neuronal excitability and lower seizure thresh-
olds."* Modified genes in LD mouse models lead to sig-
nificant neurodegenerative changes, such as autophagy
defects, enlarged lysosomes,  deposits, and mitochon-
drial anomalies."® Although patients with LD lack amy-
loid plaques,'* age-dependent intraneuronal amyloid beta
(AB) accumulation has been found in laforin-deficient
mice, suggesting a critical role of Ap accumulation in LD
pathology and neuronal aberrant excitability."

The interaction between epilepsy and neurodegenera-
tion is under intense research. Emerging studies suggest
that seizures can exacerbate neuronal damage and cogni-
tive decline, emphasizing the need for effective treatments
to prevent neurodegenerative outcomes. A} accumulation
may exacerbate learning disabilities linked to neuronal
hyperexcitability.">'® In addition, a compelling recip-
rocal relationship exists between AP accumulation and

12months. Notably, cannabidiol treatment reduced excitability and restored LTP
in older mice, suggesting its potential therapeutic value.

Significance: The reversibility of synaptopathy, even at advanced stages, rein-
forces the importance of early detection of hyperexcitability and the development
of effective therapeutic approaches.

cannabidiol, hippocampal synaptic dysfunction, Lafora disease, neuronal hyperexcitability,

Key points

« Epileptiform activity emerges by 1month
in Epm2a™** mice, before Lafora body
accumulation.

« Aberrant long-term potentiation (hLTP) ap-
pears at 3months and worsens by 12months in
the dentate gyrus, indicating progressive synap-
tic dysfunction.

 Cannabidiol restores normal synaptic function
in older Epm2a®™*** mice by reducing hyperex-
citability and rescuing physiological LTP.

« Translational relevance: these findings provide
arationale for early-targeted therapies in Lafora
disease to prevent or delay progression.

abnormal neuronal excitability, creating a vicious cycle
that may contribute to neurodegeneration. These dynam-
ics are supported by both preclinical and clinical studies,
indicating that mechanisms driving neurodegeneration in
Ap-related conditions may also play a role in epilepsy, es-
calating neuronal activity and harming synaptic function
and neural network dynamics.'®™®

Early abnormalities triggering learning disabilities in
LD are not yet understood, highlighting the need for re-
search into the electrophysiological disruptions affecting
synaptic communication.'” Understanding these early
pathological mechanisms of LD could unveil potential
therapeutic targets and the optimal intervention window.

The Epm2a®*®* knock-in mouse model, bearing the
R240X mutation analogous to the human R241X mutation,
exhibits the most severe pathological phenotype among
LD models.""* Studies on 12-month-old Epm2a®**X
mice reveal increased epileptic-like activity and lower
pentylenetetrazole (PTZ)-induced seizure thresholds,

U807 SUOWWIOD dA 8.0 3(deot|dde ays Aq peuleoh a1e S3o1e O ‘88N 4O Sa|nJ Joj ARG 8UIIUO AB]1M UO (SUOTPUOD-PUe-SWR}/W0D /A8 |1MAreJq 1 jeulUo//Sdiy) SUORIPUOD Pue swiie | 8L 89S *[9202/T0/SZ] Uo AriqiTauliuo A8|IMm eifelieueiyo0D Ad $200, 1d8/TTTT OT/I0p/wod A8 1M Arelq1jeul|uoj/Sdny woiy pepeojumoq ‘0 ‘Z9TT8ZST



COSTA ET AL.

alongside aberrant synaptic plasticity in the dentate gyrus
(DG). Using this model, we investigated electrophysi-
ological alterations across ages in the DG to unravel the
early molecular mechanisms of LD progression. Network
hyperexcitability was identified as an early event in LD
pathophysiology in this model, preceding the deposition
of either LBs or amyloid plaques. Amyloid plaque forma-
tion in the DG, may exacerbate LD progression, linked to
both neuronal hyperexcitability and synaptic anomalies.

In this scenario, cannabidiol (CBD), which reduces hy-
perexcitability, holds promise for addressing synaptic plas-
ticity deficits in LD models. CBD is a non-psychoactive
Cannabis sativa derivative reported to be safe and well
tolerated for clinical use.*** Its anti-seizure properties
and favorable clinical profile have led to its approval for
drug-resistant childhood epilepsy, including Dravet and
Lennox-Gastaut syndromes, as well as severe childhood-
onset epileptic encephalopathies.”*** Our findings show
that treating hippocampal slices with CBD reduced hyper-
excitability while rescuing synaptic plasticity in the DG of
Epm2a™* mice, highlighting the importance of mitigat-
ing overexcitability in LD management.

2 | MATERIALS AND METHODS

2.1 | Animals

The Epm2a®**** mouse model of LD was generated as
reported previously.*!! Mice were bred in the Animal
Facility Service of the Instituto de Investigacién Sanitaria-
Fundacién Jiménez Diaz, where they were housed in
isolated cages in a 12:12 light/dark cycle at constant
temperature (23°C), with free access to food and water.
Procedures were performed in accordance with the
Institutional Animal Care and Use Committee—approved
protocol of Cincinnati Children's Hospital and Medical
Center. For electrophysiological recordings mice were
then transferred to Centro di Ricerca Preclinica of Perugia
University and housed in the same conditions described.
All procedures involving animals were performed in con-
formity with the European Directive 2010/63/EU, and fol-
lowing protocols approved by the Animal Care and Use
Committee at the University of Perugia (authorization
number 08/2018-UT).

2.2 | Periodic Acid-Schiff-diastase
staining and immunofluorescence

Periodic Acid-Schiff (PAS)-diastase staining was per-
formed as reported previously.'! Forimmunofluorescence,

Epilepsia

sections were rehydrated in decreasing alcohol concentra-
tions, and antigen retrieval was performed in .1 M sodium
citrate buffer (pH 6) at 95°C. Primary antibodies used
were anti-nestin (10 pg/mL, R&D Systems, Minneapolis,
Minnesota, USA, Cat #AF2736) and anti-Af (4G8, 1:250
dilution; Merck, Darmstadt, Germany, Cat. #MABN10).
Secondary antibodies were Alexa Fluor 488 (donkey
anti-goat, 1:400; ThermoFisher Scientific, Waltham,
Massachusetts, USA, Cat. #A32814) and Alexa Fluor 594
(donkey anti-mouse, 1:400; Abcam, Cambridge, UK, Cat.
#ab150108). Samples from four to six mice per group were
used, with two consecutive sections stained, and evalu-
ated for reproducibility. Images were captured using a
Leica DMLB 2 microscope (Leica, Wetzlar, Germany)
connected to a Leica DFC320 FireWire digital microscope
camera (Leica), and using Zeiss Axioscope 5 (Zeiss, Jena,
Germany) connected to an Axiocam 208 color camera
(Zeiss). LBs, nestin-positive cells, and Af plaques were
quantified using ImageJ by two researchers, with values
representing the mean of these measurements.

2.3 | Drugs

Bicuculline methiodide, picrotoxin, and CBD were ob-
tained from Tocris Biosciences (Bristol, UK). Drugs were
diluted in water (bicuculline), ethanol (picrotoxin), and
dimethyl sulfoxide (DMSO;CBD) to 1:1000 for the final
solution before experiments. During electrophysiological
recordings, solutions were switched to those containing
the drugs. The final concentrations of ethanol or DMSO
(.1%) did not significantly affect the electrophysiological
parameters.

2.4 | Electrophysiology

2.4.1 | Brainslicing

Mice were sacrificed by cervical dislocation. The brain
was collected and immersed in ice-cold artificial cerebro-
spinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5
KCI, 1.2 MgCl,, 1.2 NaH,PO,, 2.4 CaCl,, 10 glucose, and
25 NaHCO;, bubbled with 95% O, and 5% CO,, pH 7.4.
Transverse hippocampal slices (400pm for extracellular
recordings, 270 pm for patch-clamp) were obtained using
avibratome (Leica, VT 1200S) with iced ACSF. Slices were
transferred to a recovery chamber with oxygenated ACSF
at 30°C for 30 min, and then at room temperature for 1-2h
before recordings. Each slice was then transferred into the
recording chamber and submerged in ACSF at a flow rate
of 2.9-3mL/min at 29°C.
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2.4.2 | Patch-clamp recordings

Whole-cell patch-clamp recordings (access resistance
10-15MQ; holding potential —70mV) were performed
with a Multiclamp 700B amplifier (Molecular Devices)
and borosilicate glass pipettes pulled by a P-97 Puller
(Sutter Instruments). Recording pipettes were filled with
the K*-gluconate-based internal solution containing (in
mM): 145K*-gluconate, .1 CaCl,, 2 MgCl,, .1 ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA), 10 4-(2-hydroxyethyl)-1-piperazineethanesulfo
nic acid (HEPES), .3 Na-GTP and 2Mg-ATP, adjusted to
pH 7.3 with KOH. Pipette resistances ranged from 4 to
7MQ. Membrane currents were monitored continuously
and access resistance, measured in voltage-clamp mode,
was in the range of 10-30 MQ. Membrane capacitance and
resistance of DG granule cells were taken online using the
membrane seal test function of pClamp 10.7 (—5mV step,
10ms). Input resistance (IR) was calculated offline from
the slope of the regression line fitted to I-V relationships
in the hyperpolarized range (—120 to —110mV). The in-
ward rectification index (IRI) was computed as the ratio of
the absolute current amplitude at —120mV to the current
measured at the resting membrane potential (Vrest) for
each recorded neuron. Depolarizing and hyperpolarizing
current steps (1200ms, 50 pA increments) were used for
current-voltage curves and action potential (AP) numbers
at suprathreshold responses. Depolarizing current steps of
increasing amplitudes (5pA increments) were used to de-
termine the AP threshold. The sag amplitude (Vsag) was
defined as the absolute voltage difference between the
peak hyperpolarization and the steady-state potential dur-
ing a —120mV current step, whereas the sag ratio was cal-
culated as (Vpeak —Vss)/Vpeak, thus normalizing sag to
the maximal deflection. AP amplitude and rise time were
quantified from the first suprathreshold AP evoked by
minimal current injection, with amplitude defined as the
difference between resting potential and peak; and rise
time as the interval from 10% to 90% of the upstroke. Fast
afterhyperpolarization (fAHP) amplitude was measured
from threshold to the negative peak following the AP, and
fAHP duration was taken as the time from AP threshold
to return to baseline. Phase-plane plots (dV/dt vs V) were
constructed from the first AP obtained with the incremen-
tal step protocol used to determine the AP threshold, in
order to analyze spike initiation and repolarization dy-
namics. For spontaneous excitatory postsynaptic currents
(SEPSCs), picrotoxin (50 pM) was added to ACSF to block
y-aminobutyric acid A (GABA,) currents, with neurons
clamped at —70mV. Data were acquired with pClamp 10.7
(Molecular Devices), filtered at .1kHz, digitized at 200 ps
using Clampex 10.7, analyzed offline with automatic de-
tection, and manually verified for accuracy.

2.4.3 | Extracellular recordings

The stimulating electrode was inserted into perforant
path fibers and the recording electrode, made of boro-
silicate glass capillaries filled with 2M NacCl (resistance
10-15MQ), it was placed in the DG close to the granular
layer. Stimuli of .1 Hz, 10 ms duration, and 20-30V ampli-
tude evoked field excitatory post-synaptic potentials (fEP-
SPs) that in the DG included a population spike (PS) that
was 50% of maximum amplitude. The PS amplitude was
defined as the average of the amplitude from the peak of
the early positivity to the peak negativity and of the am-
plitude from the peak negativity to the peak late positiv-
ity. Axoclamp 2B amplifier (Molecular Devices) was used.
Traces were filtered at 3 kHz, digitized at 10 kHz, and
stored in a PC. To induce long-term potentiation (LTP) in
the DG hippocampal region, a high-frequency stimulation
(HFS) protocol, consisting of three trains of 1s (5min in-
tervals) was delivered at 100 Hz'' after acquiring a stable
baseline for 10 min.

2.4.4 |
threshold

Epileptic-like activity and epileptic

Epileptic-like activity in hippocampal DG was induced by
perfusing slices with an Mg**-free external solution, in the
presence of bicuculline."! The epileptic-like activity was
measured both as the mean number of the PSs and as PS
amplitude %, as reported previously."" A time course of
the amplitude of the PSs in percentage is thus obtained. A
similar protocol, removing bicuculline from the solution,
can be used to assess epileptic threshold.

2.5 | Western blotting

Tissues were homogenized at 4°C in ice-cold buffer con-
taining .32M sucrose, .1 mM phenylmethylulfonyl fluo-
ride (PMSF), 1 mM HEPES, 1 mM MgCl, and 1 mM NaF,
protease inhibitors (Complete, Sigma-Aldrich), and phos-
phatase inhibitors (PhosSTOP, Sigma-Aldrich). Protein
samples were separated by Sodium Dodecyl Sulfate-
PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. Membranes
were blocked for 1h at room temperature (I-block, TBS
1X, 20% Tween 20), and then incubated overnight at 4°C
with primary antibodies: rabbit anti-GluA1 (WB 1:1000,
#13185S, Cell Signaling), mouse anti-GluA2 (WB 1:2000,
#75-002, Neuromab), mouse anti-GluA3 (WB 1:1000,
#MAB5416, Millipore), rabbit anti-phosphoSer845-GluA1l
(WB 1:1000, #ab76321, Abcam), rabbit anti-GluN2A (WB
1:1000, #M264, Sigma-Aldrich), rabbit anti-GluN2B (WB
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1:1000, #14544s, Cell Signaling), rabbit anti-ERK (WB
1:1000, #9102, Cell Signaling), rabbit anti-phosphoERK
(WB 1:1000, #9101, Cell Signaling), and mouse anti-
tubulin (WB 1:10000, #T9026, Sigma-Aldrich). After
washes, membranes were incubated with secondary anti-
bodies (goat anti-rabbit HRP, #1706515; goat anti-mouse
HRP, #1706516, Bio-Rad) for 1h at room temperature, de-
veloped using ECL reagents (Bio-Rad) and scanned with
a Chemidoc (Bio-Rad) using Image Lab software. Protein
bands were quantified as relative optical density (OD),
normalized to tubulin, and expressed as a percentage of
the control mean.

2.6 | Statistical analysis

Data analysis was performed using Clampfit 10.7
(Molecular Devices) and GraphPad Prism 9.0 (GraphPad
Software, Inc.). Values are expressed as mean + SEM. The
“n” indicates the number of cells or field potentials re-
corded for electrophysiological analysis and the number of
animals for histology. For statistical analysis we used two-
way analysis of variance (ANOVA), Student's ¢ test, or the
Mann-Whitney test, with significance set at *p <.05. No
differences in basal membrane properties, epileptic-like
activity, or synaptic plasticity were found between young
(1-3months) and old (6-12 months) wild-type (WT) mice
(data not shown), so data from these groups were pooled
for analysis.

3 | RESULTS

3.1 | Age-dependent alterations of
neuronal membrane properties in the
DG of Epm2a®***® mice

To investigate changes in the intrinsic electrical mem-
brane properties in DG granule cells of Epm2a®*% mice,
patch-clamp recordings were performed in hippocampal
slices from 1-, 3-, and 12-month-old Epm2aR240X mice and
age-matched WT animals. DG cells from Epm2a™**** ani-
mals presented increased membrane resistance at resting
potential, lower membrane capacitance, and a reduced
time constant as early as 3months (Figure 1A). Current—
voltage relationship analysis and resting membrane
potentials (V,.) revealed significant age-dependent dif-
ferences, with reduced inward currents at hyperpolariz-
ing voltage steps, and a hyperpolarized V, in Epm2a®****
animals as early as 3 months compared to WT (Figure 1B).
To shed light on potential alterations in conductances at
hyperpolarized potentials, we measured input resist-
ance (Rin) and the IRI from the I-V plots. Analysis of Rin

Epilepsia-*

between —120 and—110mV revealed a significant in-
crease in Epm2a®**** DG cells at 12 months, compared to
WT (Figure 1C left panel). IRI, calculated as the ratio of
the current amplitude at —120mV to that at the resting
potential, revealed a progressive age-dependent reduction
in Epm2a®**** cells (Figure 1C). In particular, at 1 month,
IRI values were comparable to WT, but by 3 months they
were significantly reduced, and by 12 months, inward rec-
tification was nearly abolished, indicating a progressive
loss of inward rectifier currents with age in Epm2a®**X
granule cells. In order to further assess the contribution
of hyperpolarization-activated currents, we quantified the
amplitude of Vsag and sag ratio during hyperpolarizing
steps (Figure 1D). At 1month, Epm2a™*** neurons dis-
played Vsag and sag ratio values similar to WT. However,
a significant decrease in Vsag and Sag ratio was observed
at 12months of age in Epm2a®*** cells compared to
WT, consistent with reduced activation of sag current
(Figure 1D).

To assess possible changes in intrinsic excitability, we
analyzed AP properties using a current clamp step proto-
col. The number of APs evoked was similar in Epm2a®?*X
and WT cells except at the first depolarizing current step.
Specifically, in 12-month-old Epm2a™*** mice, a 50 pA
current injection elicited significantly more APs com-
pared to WT (Figure 2A). In line with this, rheobase cur-
rent was significantly reduced in these cells (Figure 2B),
an effect likely linked to the more hyperpolarized AP
threshold observed at 12months in the Epm2a®**X
neurons (Figure 2B). To better assess AP properties, we
compared AP amplitude, rise time, and fAHP between
WT and EmeaR240X cells at 1, 3, and 12months of age
(Figure S1). AP peak amplitude was comparable between
WT and Epm2a®*** at 1 and 3 months but was signifi-
cantly reduced in Epm2a®*** neurons at 12months
compared with age-matched controls (Figure S1A). In
contrast, AP rise time and fAHP remained unchanged
across groups and ages (Figure S1B-D). Alterations in
the dynamics of AP initiation and repolarization may
not be fully captured by conventional waveform param-
eters, and to address this, we performed an AP phase-
plane analysis, which provides a sensitive readout of Na™
and K* conductance dynamics during spike generation.
Phase-plane analysis confirmed the lower AP threshold
in mutant cells compared to WT at different ages and
revealed moderate changes in both activation and repo-
larization slopes. These findings suggest altered activity
or expression of key conductances, including Nav1.6 and
voltage-gated K* channels such as Kv4.2, SK, and Kv7
(Figure 2C).

Analysis of the sEPSCs in DG granule cells revealed
no differences between WT and Epm2a®**** animals
(Figure S2).
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3.2 | Epileptic-like activity and aberrant
LTP in 3-month-old Epm2a™**** mice

Because 12-month-old Epm2a®** mice have been re-
ported to display aberrant excitability of DG

granule cells and epileptic-like activity, we aimed to
explore earlier time points in this model to identify preco-
cious events in LD progression.

Epileptic-like activity was induced in hippocampal
slices of 1-, 3-, and 12-month-old EmeaRZ"OX mice and
age-matched controls. The PS number and amplitude
were significantly increased in all ages of Epm2a®***
mice compared to WT animals, in an age-dependent
manner, indicating more intense epileptic-like activity in
12-month-old Epm2a®™*** mice relative to younger mice
(Figure 3A). Of interest, epileptic-like activity was compa-
rable between 1- and 3-month-old Epm2a®*** mice, sug-
gesting that network hyperexcitability is a very early event
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in the progression of this pathology, potentially preceding
LBs deposition (Figure S3) in this model.

To better dissect age-dependent differences, epileptic
threshold parameters were analyzed in 1- and 3-month-old
Epm2aR24OX mice (see Methods section), measuring PS
number and amplitude. We previously reported a lower
epileptic threshold in 12-month-old Epm2a®**** mice
compared to WT."* No significant differences were found
between young Epm2a™**” and WT mice (Figure 3B),
indicating that the lower epileptic threshold is displayed
only by older Epm2a®?*** mice. Taken together, these data
suggest that the DG of Epm2a™*** mice may exhibit al-
tered network excitability as early as 1 month, although
less than in older mice.

Because AP peptides are involved in neuronal hyper-
excitability linked to synaptic and network dysfunction
in various neurodegenerative models,'® we hypothesized
that amyloid plaque formation in the DG might play a
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FIGURE 1 Intrinsic membrane properties of DG granule cells in 1-, 3- and 12-month-old Epm2a mice. (A) Bar charts showing
significative age-dependent increase of membrane resistance (Rm) and reduction of membrane capacitance (Cm) and time constant (z)
(Rm: WT=136.9+5.37MQ, n=27; 1m-R240X=122.2+7.54 MQ, n=14, p=.124 vs WT; 3m-R240X=174.6 + 10.5MQ, n=15, p=.001 vs
WT; 12m-R240X =185.6 +12.7MQ, n=24, p=.0006 vs WT; Cm: WT =44.9+4.33pF, n=27; 1m-R240X=58.8 + 5.53 pF, n=16, p=.057
vs WT; 3m-R240X =22.9 +1.85pF, n=18, p=.0003 vs WT; 12m-R240X =23.67 + 1.83 pF, n=27, p=.0001 vs WT; 7: WT: 5847 + 571 ps,
n=24; 1m-R240X: 6708 + 656 pus, n=14, p=.33 vs WT; 3m-R240X: 4067 + 346 us, n=15, p=.0115 vs WT; 12m-R240X: 4413 +254 us, n=24,
p=.0284 vs WT; unpaired Student's ¢ test with Welch's correction). (B) Mean current-voltage plot showing significant age-dependent
alterations in Epm2a®**** mice (WT: n=25; 1m-R240X: n=10, p=.475, F{; 39)=.52 vs WT; 3m-R240X: n=17, p=.03, F; 49,=5.06 vs WT;
12m-R240X: n=27, p<.0001, F(; 50=53.21 vs WT; two-way ANOVA). Right: Bar graph highlighting the age-dependent hyperpolarization
of the resting membrane potential in Epm2a®*** mice (WT: —74.56 +3.04mV, n=15; 1m-R240X: —72.87 +1.75mV, n=15, p=.63 vs
WT; 3m-R240X: —88.44+4.45mV, n=16, p=.016 vs WT; 12m-R240X: —102.5+2.61 mV, n=24, p<.0001 vs WT; unpaired Student's ¢ test
with Welch's correction). (C) Bar graphs showing input resistance (left) and inward rectifying index (I_;5omv/Iyrest) (right) measured from
dentate granule cells of WT (black), 1- (magenta), 3- (green), and 12-month-old (blue) Epm2a®**°X mice. Input resistance displayed an
upward trend, reaching statistical significance at 12 months (WT=128.3+11.2 MQ, n=23; 1m-R240X=108.0+9.7MQ, n=16, p=.18 vs
WT; 3m-R240X =162.0+20.5 MQ, n=17, p=.16 vs WT; 12m-R240X =185.2 + 24.9 MQ, n=26, p=.004 vs WT; unpaired Student's ¢ test with
Welch's correction). Inward rectifying index was significantly reduced in Epm2a®**°% at 3 and 12 months of age (WT =64.14 + 14.2, n=24;

R240X

1m-R240X=75.76 +22.4, n=16, p=.66 vs WT; 3m-R240X=22.26+6.3, n=17, p=.011 vs WT; 12m-R240X =11.66 + 2.6, n=26, p=.0013
vs WT; unpaired Student's ¢ test with Welch's correction), indicating an age-dependent alteration in inward rectification. (D) Bar graphs

and representative traces showing sag potential (left) and sag ratio (right). Left: Absolute sag amplitude (Vsag, mV) showed a trend toward

reduction in Epm2a®?*X

neurons, reaching statistical significance at 12 months compared with WT (WT=-3.28 +.2mV, n=17; 1m-R240X:

—3.71+.3mV, n=15, p=.32 vs WT; 3m-R240X: —2.63+.3mV, n=13, p=.077 vs WT; 12m-R240X: —2.46 +.2mV, n=17, p=.012 vs WT;

unpaired Student's ¢ test with Welch's correction). Right: Sag ratio displayed a significant reduction in 12-month old Epm2a

R240X mice

(WT: .08 +.004, n=17; 1m-R240X: .094+.007, n=15, p=.11, vs WT; 3m-R240X: .081 +.01, n=13, p=.97 vs WT; 12m-R240X: .063 +.005,
n=17, p=.013 vs WT; unpaired Student's ¢ test with Welch's correction). Data are presented as mean + SEM; circles in bar graphs represent

individual cells. *p <.05, **p <.01, ***p <.001.

role in LD pathophysiology. A progressive significant
increase in 4G8-positive deposits was found in the DG
of 12-month-old Epm2aR24OX compared to WT mice
(Figure 4A-C).

We therefore investigated the LTP of DG granule cells.
We previously reported abnormally increased LTP in the
DG of 12-month-old Epm2a®™*** mice compared to WT
mice.!! This aberrant LTP is likely due to neuronal hyper-
excitability (hLTP) and is associated with cognitive and
learning impairments."* Epm2a®**** mice at 3 months also
displayed increased LTP compared to WT (Figure 4C).
Comparing 3- and 12-month-old knock-in mice revealed
a significant reduction in LTP amplitude at 3 months. Of
interest, LTP in the DG of 1-month-old Epm2aR240X mice
is preserved at physiological levels. These results, suggest
that hyperexcitability precedes both synaptic deficits and
LBs and Ap deposition in this LD model.

Given the role of ionotropic receptors in synaptic
plasticity, the expression levels of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-
D-aspartate (NMDA) receptor subunits were analyzed
in total homogenates prepared from hippocampal DG
areas. As shown in Figure S4A and B, western blot anal-
ysis revealed no alteration in the protein levels of the
GIluN2A and GIuN2B subunits of NMDA receptors or the
GluAl, GluA2, and GluA3 subunits of AMPA receptors in
Epm2a™** compared to WT mice. In addition, evaluation

of phosphorylation levels (pThr845) of the GluA1 subunit,
relevant for receptor anchoring at the postsynaptic mem-
brane,* and phosphorylation of the signaling protein ERK
(pERK/ERK) showed no significant change (Figure S4C).

We then investigated whether the lower epileptic
threshold and aberrant LTP could result from increased
hippocampal neurogenesis.® To this end, nestin-
expressing progenitor cells” were labeled in the hippo-
campus of WT and Epm2a®**** mice at 3 and 12 months of
age (Figure S5A). Quantification revealed that Epm2a”™**’%
mice exhibit more progenitor cells in all hippocampal
regions compared to WT mice at 12months, but not at
3months (Figure S5B-G).

3.3 | Modulating neuronal
hyperexcitability rescues LTP in the DG of
12-month-old Epm2a™**** mice

We then assessed whether reducing hyperexcitability with
CBD could counteract aberrant synaptic plasticity in this
LD model at 12months. The optimal concentration of
CBD was established by a dose-response curve of its ef-
fects on synaptic transmission. After a stable PS response
for 10min, CBD was bath applied for 20 min at 1-30 uM.
CBD dose-dependently reduced PS amplitude compared
to baseline, with a maximum effect at 30 uM (Figure 5A).
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The highest CBD dose that did not affect physiological
transmission (3 pM) was tested for its ability to rescue elec-
trophysiological alterations and epileptic-like activity in
the DG of 12-month-old Epm2a*?*** mice. CBD restored
the current-voltage relationship (Figure 5B), the resting
membrane potential, as well as the input resistance and

B s ey, .

RO 171 T 11T
o

IR

the inward rectifying index of Epm2a™*™ mice gran-

ule cells to control levels (Figure 5C). CBD also reduced
the number of action potentials in Epm2a®**** animals
(Figure 5D) by normalizing the rheobase current and the
threshold potential (Figure 5E) and restored both Vsag
and sag ratio to control levels (Figure 5F). Phase-plane
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FIGURE 2 Time-dependent alterations in intrinsic excitability and action potential dynamics of dentate granule cells in R240X mice.
(A) Patterns of action potential (AP) firing in WT (black) and Epm2a®*°X mice at 3 (green) and 12 (cyan) months. The plot representing the
mean number of AP shows a significant difference in the firing pattern discharge elicited by the first step of depolarizing current injected
between WT and 12-month-old Epm2a®*** mice (WT: .61 + .4, n=15; 3m-R240X: .3+.1, n=13, p=.27 vs WT; 12m-R240X: 1.9+ .8, n=10,
p=.0088 vs WT; unpaired Student's ¢ test with Welch's correction). (B) Current-clamp recordings (5 pA-stepped depolarizing current
injections; 1s), scaled to show AP threshold (red dotted line), in WT (black) and Epm2a®**X mice at 3 (green) and 12 (cyan) months. Bar
graphs showing a significant reduction of the rheobase current (middle, WT: 52.19 + 5.04 pA, n=16; 3m-R240X: 58.08 + 6.8 pA, n=13,
p=.48 vs WT; 12m-R240X: 36.48 +3.6 pA; n=21, p=.013 vs WT; p=.0045 3m-R240X vs 12m-R240X; unpaired Student's ¢ test with Welch's
correction) and a hyperpolarized threshold potential (right, WT: —34.4 +1.76 mV, n=20; 3m-R240X: —36.02+1.14mV, n=14, p=.49 vs WT;
12m-R240X: —41.16 +1.33mV; n=21, p=.0037 vs WT; p=.0098 3m-R240X vs 12m-R240X; unpaired Student's ¢ test with Welch's correction)
in 12-month-old Epm2a®***X Values are reported as mean + SEM; circles in bar graphs represent individual cells. *p <.05, **p <.01. (C)
Phase-plane analysis of action potentials in dentate granule cells from WT and R240X mice at different ages. Representative phase-plane
plots (dV/dt vs membrane potential) are shown for neurons recorded at 1 month (left, WT in black, Epm2a®***¥ in magenta), 3months
(middle, WT in black, Epm2a®***X in green), and 12 months (right, WT in black, Epm2a®**** in blue). Insets illustrate representative single

action potential waveforms recorded in current-clamp configuration under each condition (calibration: 10mV, 3ms).

analysis after CBD application resulted in a steeper rising
phase with respect to Epm2a™*** and a phase-plane tra-
jectory that largely overlapped with WT (Figure 5G).
Moreover, CBD completely restored epileptic-like ac-
tivity, both with and without bicuculline (Figure 6A,B),
and rescued the aberrant LTP to control levels in the DG
of Epm2a®*** mice (Figure 6C). These data demonstrate
that enhanced excitability of DG granule cells underlies
aberrant synaptic plasticity and that counteracting hyper-
excitability may be a valuable strategy to rescue LTP.

4 | DISCUSSION

This study demonstrates that network hyperexcitability
is an early event in the pathophysiology of LD, occurring
before the deposition of LBs and Ap, and prior to synaptic
deterioration (Figure 7). Furthermore, our research high-
lights progressive changes in synaptic plasticity within the
DG of the Epm2a®*** model, marked by early alterations
in neuronal excitability, a pattern observed in models of
other neurodegenerative disorders, such as Alzheimer's
disease.”®*’ These findings suggest that intervention with
targeted treatments during the early stages of the dis-
ease, potentially before the onset of neurological clinical
symptoms in humans, could significantly influence dis-
ease progression. Therefore, identifying and capitalizing
on this early therapeutic window is crucial for effectively
modifying the disease course. Of note, previous studies
have demonstrated that neuronal dysfunction in LD is not
restricted to the DG but also affects other brain regions,
including the frontal cortex, basal ganglia, and cerebel-
lum,***" highlighting the widespread nature of circuit
alterations and further supporting the need for early and
system-level therapeutic strategies.

The mechanisms underlying aberrant excitabil-
ity and synaptic dysfunction in LD remain unknown.

Neurodegeneration and seizure susceptibility in LD have
been correlated with LB deposition.10 However, recent evi-
dence demonstrates abnormalities in dendritic spines and
cognitive-behavioral deficits in LD mouse models long be-
fore LBs atppear,19 suggesting early alterations in synaptic
communication that may underlie neuronal excitability,
leading to epileptogenic events and cognitive impair-
ment. The complex bidirectional relationship between
epilepsy and cognitive decline remains a matter of scien-
tific debate. Clinical and preclinical evidence suggests that
they are closely intertwined'>'® and may share common
pathophysiological mechanisms'®'” that need further elu-
cidation. Thus, it is possible to hypothesize that hyperex-
citability is the primum movens of cognitive decline in LD.

Our previous work demonstrated enhanced excitability
and lower epileptic threshold, along with aberrant hyper-
plasticity (hLTP) in the DG of 12-month-old Epm2a®****
mice, whereas the CA1 region remained unaffected."
This aligns with previous studies showing that increased
excitability drives enhanced synaptic transmission and
LTP magnitude in the DG,**** and that this dysfunction
spreads spatiotemporally, from the DG to the CA1.* Thus,
hyperexcitability and neurodegeneration appear as a con-
tinuum encompassing epilepsy and cognitive decline,
with aberrant excitatory activity triggering compensatory
mechanisms that lead to a loss of homeostatic plasticity,
contributing to network dysfunction in a self-powering
loop.ls’16 In this scenario, the aberrant LTP observed in
the DG of older Epm2a®** mice seems to be based on
hyperexcitability and can be defined as hLTP."!

To understand the early mechanisms of the dis-
ease, we investigated whether alterations in the DG of
12-month-old Epm2a®?*** mice were present in younger
(1- and 3-month-old) mice. We first examined the intrin-
sic membrane properties of DG granule cells in WT and
Epm2a®*** mice across different ages. At 1 month, most
passive properties, including resting membrane potential
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FIGURE 3 Epileptic-like activity in DG slices of 1-, 3- and 12-month-old Epm2a®**** mice. (A) Representative traces of FPs (upper
panel) and time-course graph (lower panels) of the mean number (left) and amplitude (right) of PSs recorded in the DG of WT (black),

1- (pink), 3- (green), and 12-month-old (cyan) Epm2a®2*¥

mice in a magnesium-free ACSF in the presence of .1 pM bicuculline, showing a

time-dependent increase of the epileptic-like activity in LD mice (PS number: WT: 3.4 + .4, n=21; 1m-R240X: 4.7 +.5, n=8, p=.03, F(; ,,=5.2
vs WT; 3m-R240X: 4.2 +.6, n=10, p=.042, F(; ,5=4.53 vs WT; 12m-R240X: 6.5+ .4, n=14, p<.0001 F; 3;y=52.54 vs WT; PS amplitude: WT:
135+£17.9%, n=26; 1m-R240X: 216 + 34.8%, n=10, p=.046, F(; 3,=4.29 vs WT; 3m-R240X: 182 +34.8%, n =10, p=.024, F; 35=5.54 vs WT;
12m-R240X: 351 + 57.0%, n=18, p<.0001, F; 4,6 = 659 vs WT; p=.037, F(; 57;=4.96 1m-R240X vs 12m-R240X; p=.025, F(; ,,=5.81 3m-R240X
vs 12m-R240X; two-way ANOVA). (B) Representative traces of field potentials (FPs) (upper panel) and time-course graph (lower panels)

of the mean number (left) and amplitude (right) of PS measured in the DG of WT (black) and Epm2a®**™*

mice at 1 (pink), 3 (green), and

12 (cyan) months of age, in a magnesium-free ACSF in the absence of bicuculline, showing the lower epileptic threshold in 12-month-
old Epm2a™** mice (PS number: WT: 2.6 + .4, n=13; 1m-R240X: 2.7+ .6, n="7, p=.89 vs WT; 3m-R240X: 3.0+.53, n=8, p=.83 vs WT;
12m-R240X: 4.5+.72, n=6, p=.0012 vs WT; p <.0001 1m-R240X vs 12m-R240X; p =.0014 3m-R240X vs 12m-R240X; PS amplitude: WT:
75.8+22.9%, n=10; 1m-R240X: 118 +35.8%, n=8, p=.30 vs WT; 3m-R240X: 99.1 +29.5%, n=10, p=.46 vs WT; 12m-R240X: 240 +20.3%,
n=11, p<.0001 vs WT; p=.0029 1m-R240X vs 12m-R240X; p=.0015 3 m-R240X vs 12m-R240X; two-way ANOVA). Data are reported as

means + SEM, n refers to the number of slices.
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and input resistance, were comparable between groups,
but subtle alterations were already detectable. In partic-
ular, the time constant (tau) was reduced in Epm2aR240X
neurons, suggesting an increased responsiveness to
ionic currents, a parameter considered a sensitive pre-
dictor of hyperexcitability.** At 3months, age-dependent

3 months

12 months

Epilepsia--

differences became more evident. Current-voltage rela-
tionships revealed reduced inward current amplitudes
at hyperpolarized potentials and a significant reduction
of the IRI. Since inward rectification is mediated mainly
by Kir and HCN channels,”’ the progressive loss of
IRI suggests impaired function of these conductances.
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FIGURE 4 Quantification of amyloid beta (Ap) plaques and time-dependent LTP alteration in the DG of WT and Epm2a®***
mice. (A) Immunofluorescence using the 4G8 antibody revealed abundant presence of Ap plaques in the hippocampal region of WT
and Epm2a®**X mice. (B) Quantitative comparison of amyloid deposits in the hippocampus at 1, 3, and 12 months of age (1 month old:
WT vs Epm2a®?X p = 4684; 3 months old: WT vs Epm2a®** p=.0857; 12 months old: WT vs Epm2a®**** p=.0397). (C) Ap depositions
with age in the hippocampus of WT and Epm2a®*°X mice (WT 1month old vs 3 months old: p=>.9999; WT 1month old vs 12 months
old: p=.9982; WT 3 months old vs 12 months old: p=.9427; Epm2a®?*** 1 month old vs 3 months old: p=.0731; Epm2a®’*** 1 month

old vs 12months old: p=.1789; Epm2a®?*** 3 months old vs 12 months old: p =.9848). Data are shown as the median of independent
samples. Whiskers in box plots indicate the minimum and maximum values. For statistical analysis, a non-parametric Mann-Whitney
test and two-way ANOVA with Tukey's multiple comparisons test were carried out. Scale Bar =100 pm. n=1-6 mice per genotype. (D)
Representative PS traces recorded before (continuous line) and 40 min after (dotted line) the HFS protocol in DG slices of WT (black),

1- (pink), 3- (green), and 12-month-old (cyan) Epm2a®?*X

after HFS protocol shows a time-dependent hyper-plasticity in LD mice. Note that 1-month-old Epm2a

mice. The time-course plot of PS amplitudes recorded in the DG before and

R240X mice display a physiological

LTP (WT: 230 +26.4%, n=13; 1m-R240X: 250 + 31.4%, n=5, p=.68, F(; 15=.18 vs WT; 3m-R240X: 437 + 52.4%, n=9, p=.006, F; 1,
=9.56 vs WT; 12m-R240X: 632+ 89.3%, n=9, p=.0001, F; 55y =22.74 vs WT; p=.0137, F{; ;) =8.34 1m-R240X vs 12m-R240X; p =.032,
F(1,15)=5.35, 3m-R240X vs 12m-R240X; two-way ANOVA). Data are reported as means + SEM, n refers to the number of slices. *p <.05,

**p <.01, ¥**p <.001.

Kir dysfunction weakens the cell's ability to stabilize the
potential near EK,*® whereas impaired HCN activity re-
duces the depolarizing sag that normally opposes hyper-
polarization and contributes to temporal integration.”"41
Functionally, this results in reduced subthreshold stability
and increased excitability, consistent with the observed
changes in Rin and tau.

At 12months, excitability was overtly enhanced in
Epm2a®?** neurons. These cells displayed reduced rheo-
base current, hyperpolarized threshold potential, and an
increased number of action potentials elicited by the first
depolarizing current step. These findings suggest that, al-
though early remodeling of Kir/HCN function initiates
membrane instability, later changes in additional con-
ductances consolidate a hyperexcitable phenotype. In this
respect, the time-dependent alterations in AP dynamics
by phase-plane analysis provided further mechanistic
insights into this temporal sequence, suggesting a pro-
gressive imbalance between Na' and K* conductances
in Epm2a®** neurons. Indeed, the increased upstroke
slope (maximal dV/dt) in Epm2a®*** neurons compared
to WT, points to a gain of function in NaV* conductances
or accelerated activation kinetics, changes that lower AP
threshold, thereby accelerating the onset of APs and en-
hancing excitability.** Moreover, the descending slope
is affected only slightly in young (1- to 3-month-old) mice
while is decreased in 12-month-old Epm2a®**** mice. This
deceleration of the descending phase is consistent with a
loss or delayed activation of potassium currents, particu-
larly delayed rectifier (Kv2, Kv3)*® and possibly BK chan-
nels, which are essential for rapid repolarization.*’ This
slowing of repolarization prolongs AP duration, increas-
ing the time window for Ca®* entry through voltage-gated
calcium channels.*® The resulting elevation in intracellu-
lar Ca®* is expected to potentiate neurotransmitter release
and synaptic plasticity mechanisms.*

Moreover, the ascending phase of the phase-plane
plot at 12months displayed a “shoulder” more evident
in Epm2a®**’X, indicating a slowed but amplified depo-
larizing drive. This deflection is primarily attributable to
the recruitment of voltage-gated Na® channels, whose
increased availability results in a steeper slope during
the rising phase.*” However, the voltage window of the
shoulder also matches the activation range of T-type Ca**
channels,®! suggesting that their contribution may fur-
ther sustain depolarization. Such Ca** entry not only an-
ticipates AP initiation but also provides a powerful signal
for downstream plasticity-related pathways.* Moreover,
in DG granule cells, changes in AP threshold have been
associated with the expression of Kv7 channels at the
axon initial segment, which in turn are modulated by cal-
cium entry through T-type Ca** channels in the axon.”
In Epm2a®?*** neurons, the shoulder is broader and more
pronounced, consistent with a synergistic effect of in-
creased Na* conductance and possible upregulation or
disinhibition of low-threshold Ca®* channels. This altered
excitability profile is further reinforced by the reduced
Th-dependent rectification, which normally opposes ex-
cessive hyperpolarization and stabilizes the membrane
potential.* A diminished ITh increases input resistance at
hyperpolarized potentials, thereby amplifying the impact
of depolarizing currents. Together, these alterations create
a condition of increased excitability and a lower thresh-
old for synaptic integration. The combination of a stron-
ger Na*/Ca®*-dependent shoulder and reduced Th may
underlie the hyperplasticity observed in aged Epm2a®**X
mice. The enhanced depolarizing drive facilitates the in-
duction of Hebbian forms of synaptic plasticity, whereas
the greater Ca®* influx through T-type channels provides
a critical second messenger for long-term modifications of
synaptic strength.**>* Thus, intrinsic excitability changes
and synaptic plasticity reinforcement appear tightly
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FIGURE 5 Effect of CBD on 12-month-old Epm2a®*** mice DG granule cells excitability. (A) Effect of CBD on physiological synaptic
transmission in the DG region. Left: Representative traces of PSs recorded on increasing doses of CBD. Dose-response curve showing that
CBD 3uM is not able to alter the physiological synaptic transmission (CBD 1pM: 91.7 +2.5% of baseline; CBD 3 pM: 85.4 +5.9% of baseline;
CBD 10 pM: 63.8 +3.8% of baseline; CBD 30 uM: 34.6 +.7% of baseline; IC50: 10.96 +.08 nM). (B) CBD 3 uM restores the physiological
current-voltage relationship in the granule cells of 12-month-old Epm2a®**** mice (p <.0001, Fq 35 =126.2, R240X vs R240X + CBD, two-
way ANOVA). (C) Bar graphs showing that CBD normalizes the hyperpolarized resting membrane potential (left), the IR at hyperpolarized
potentials (middle) and the IRI (right) to control levels (V ot WT=—-74.5+3mV, n=15; R240X=-102.5+2.6 mV, n=24, p<.0001 vs WT;
R240X+CBD=-66.7+2.2mV, n=12, p<.0001 vs R240X; IR: WT=128.3 +11.18 MQ, n=23; R240X=185.2+24.9 MQ, n=26, p=.045vs
WT; R240X+ CBD =124.8+10.9 MQ, n=14, p=.033 vs R240X; IRI: WT=64.14 5+14.2, n=24; R240X=11.66+2.58, n =26, p=.013 vs WT;
R240X + CBD =50.47+13.3, n=10, p=.0174 vs R240X; unpaired Student's ¢ test with Welch's correction). (D) Patterns of AP firing of DG

granule cells in WT (black) and Epm2a®?*%

mice in the absence (cyan) and in the presence of 3uM CBD (orange). Note that CBD is able to

recover the firing pattern discharge elicited by the first step of depolarizing current in 12-month-old Epm2a®**** mice (WT: .6+ 1.4, n=15;
R240X: 3.6 +.7, n=19, p=.0016 vs WT; R240X + CBD: .9 +.6, n=10, p=.011 vs R240X; unpaired Student's ¢ test with Welch's correction).
(E) Representative current-clamp recordings (5 pA-stepped depolarizing current injections; 1s), scaled to show AP threshold (red dotted

line), in DG granule cells from WT (black) and Epm2a®***

mice in the absence (cyan) and in the presence of 3uM CBD (orange). Bar graphs

showing that 3uM CBD is able to normalize the rheobase current (WT: 52.2+ 5 pA, n=16; 12m-R240X: 36.5+ 3.6 pA, n=21, p=.0135vs WT;
R240X + CBD: 58.6 +7.3pA; n=11, p=.0048 vs R240X, p=.46 vs WT; unpaired Student's ¢ test with Welch's correction) and the threshold
potential (WT: —34.4+1.7mV, n=20; R240X: —41.2+1.3mV, n=21, p=.0037 vs WT; R240X+ CBD: —34.7+1.2mV; n=11, p=.0036 vs

R240X, p=.91 vs WT; unpaired Student's ¢ test with Welch's correction) to physiological levels in 12-month-old Epm2a

R240X mice. (F) Bar

graphs and representative traces showing that CBD normalizes Vsag (left) and sag ratio (right) to control values (Vsag: WT=-3.28 +.2mV,
n=17; R240X: —=2.46 +.2mV, n=17, p=.012 vs WT; R240X+ CBD: —3.41 +.3mV, n=8, p=.013 vs R240X, p=.72 vs WT; sag ratio:

WT: .08 +£.004, n=17; R240X: .063 +.005, n=17, p=.013 vs WT; R240X + CBD: .08 +.005, n=8, p=.027 vs R240X, p=.95 vs WT; unpaired
Student's ¢ test with Welch's correction) (G) Representative phase—plane plots (dV/dt vs membrane potential) are shown for WT (black),
12month old Epm2a®**X (cyan), and Epm2a®**** 1 CBD (orange) neurons. Insets illustrate representative single action potential waveforms
recorded in current-clamp configuration under each condition (calibration: 10mV, 3ms). Data are reported as means + SEM; circles in bar

graphs represent individual cells. *p <.05, **p <.01, ***p <.001.

coupled in the Epm2a®** model, offering a mechanistic

explanation for the age-dependent emergence of patho-
logical plasticity. Similar enhanced synaptic plasticity has
been described in several genetic neuropathologies>>>® and
is associated with cognitive impairment. We previously
demonstrated that old Epm2a®*** mice exhibit cognitive
deficits and hyperplasticity as well as enhanced epileptic-
like activity and lower epileptic threshold."" This study
assessed epileptic-like activity and synaptic plasticity in
young Epm2a”™**** mice to determine if these alterations
are present early in LD. Although the epileptic threshold
is preserved, epileptic-like activity is already increased in
1- and 3-month-old Epm2aR24OX mice, albeit less than in
older animals, demonstrating a time-dependent progres-
sion. LTP analysis in 3-month-old mice showed a signifi-
cant increase compared to WT but a decrease compared to
12-month-old EmeaR240X mice. Conversely, 1-month-old
mice exhibited physiological LTP. This indicates that net-
work overexcitability is an early event in LD progression,
preceding LBs and synaptic damage, defining a potential
therapeutic intervention window.

Of interest, although time-dependent AP deposition
has been reported in laforin knockout mice,'® we demon-
strate for the first time Ap deposits in the hippocampus of
Epm2a®*** mice. Although Ap deposition may contribute
to LD pathophysiology, further studies will be required to
determine its specific role in LD progression and in the

hyperexcitability phenotype. Clinical and preclinical stud-
ies highlight that Ap deposition and aberrant neuronal
and network excitability are closely intertwined in a vi-
cious cycle leading to dysfunctional network activity and
neurodegeneration.'>*®

Although we did not detect changes in glutamatergic
receptor subunits, recent evidence suggests that glycogen
accumulation in GABAergic interneurons may critically
contribute to the onset of hyperexcitability, later rein-
forced by glutamate homeostasis dysregulation involving
astrocytes.’””® Moreover, the presence of Ap42 aggregates
selectively in hippocampal regions of laforin-deficient
mice at advanced stages'® supports the notion of age- and
cell type-dependent vulnerability contributing to disease
progression. These observations highlight the need for fu-
ture studies directly addressing GABAergic interneurons
and astrocytic involvement in this model.

Another possibility is that altered excitability is asso-
ciated with aberrant neurogenesis in this LD model. It is
well documented that adult neurogenesis declines with
physiological aging in mammals. In rodents, neurogen-
esis significantly decreases with age in both the subven-
tricular zone and the DG niches, with proliferation almost
completely lost by 20-24 months.* In contrast, in our LD
model, we observed a progressive age-related increase in
progenitor cells across all hippocampal regions, with sig-
nificantly higher numbers in 12-month-old Epm2a®?**%
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FIGURE 6 Effect of CBD on epileptic-like activity and LTP in the DG of 12-month-old Epm2a®*** mice. (A) Representative traces and
time-course graph of FPs recorded in magnesium-free +.1 pM bicuculline ACSF solution in the DG of WT (black traces) and 12-month-old

Epm2qR24%

mice in the absence (cyan traces) or presence (orange traces) of 3uM CBD. Note that 3uM CBD is able to recover the mean

number and amplitude of PSs in 12-month-old Epm2a®*** mice to control levels (PS number: WT: 3.4 + .4, n=20; R240X: 6.5+ .4, n=13,
p<.0001, Fy 37, =52.54 vs WT; R240X + CBD: 4.5+.6, n=6, p=.0036, F{; 17 =11.36 vs R240X, p=.09 F; 4 =3.109 vs WT; PS amplitude:
WT:135+17.9%, n=26; R240X: 351 £ 57.0%, n=13, p<.0001, F(; 37=29.01 vs WT; R240X + CBD: 170 +34.3%, n=7, p=.017, F(; 13)=6.85 vs
R240X, p=.34, F(1 37y = .93 vs WT; two-way ANOVA). (B) Representative traces and time-course graph of FPs recorded in magnesium-free
ACSF solution in the DG of WT (black traces) and 12-month-old Epm2a®***® mice in the absence (cyan traces) or in the presence (orange

traces) of 3uM CBD. Note that 3uM CBD is able to recover the mean number and amplitude of PSs, in 12-month-old Epm2a

R240X mice

to control levels (PS number: WT: 2.6 +.4, n=13; R240X: 4.5+.72, n=10, p=.0012, F; 19y =14.46 vs WT; R240X + CBD: 2.7 +.28, n=7,
p<.0001, F(1,14) =35.43 vs R240X, p=.34, F(1,17) = .97 vs WT; PS amplitude: WT: 75.8 +22.9%, n=14; R240X: 240 +20.3%, n=11, p<.0001,
F(.24) =27.83 vs WT; R240X + CBD: 89.2+ 25.3%, n=7, p=.0002, F; 17, =22.56 vs R240X, p= 81, F; 15, = .057 vs WT; two-way ANOVA).

(C) Representative traces and time-course graph of PSs recorded before (continuous line) and 40 min after (dotted line) the HFS protocol

in WT (black), 12-month-old Epm2a®?**X (cyan). and in Epm2a®*** mice in the presence of 3uM CBD (orange). Note that treatment with
3uM CBD is able to restore the aberrant LTP observed in the DG of Epm2a®?*’X to physiological levels (WT: 230 + 26.4%, n=13; R240X:
632+89.3%, n=10, p=.0001, F (; 50=22.74 vs WT; R240X + CBD: 182 +15.4%, n=7, p=.0019, F; 14y=14.6 vs R240X, p= 4, F; 15=.72 vs WT;
two-way ANOVA). Data are reported as means +SEM, n refers to the number of slices.
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FIGURE 7 Network hyperexcitability
as an early event in LD progression.
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mice compared to WT mice. This suggests that aberrant
neurogenesis could be a pathological response to hyper-
excitability rather than baseline neurogenesis. Similar
increases in nestin-positive cells have been described in
multiple studies of epilepsy, including the temporal neo-
cortex of patients with intractable epilepsy,” the hippo-
campal region of patients with temporal lobe epilepsy,”
and the hippocampus of rats following status epilepti-
cus.®? A complex interplay between hyperexcitability and
aberrant neurogenesis has been proposed, where seizures
stimulate hippocampal neurogenesis, leading to an overac-
tive state due to the abnormal integration of new neurons.
These newly generated neurons may enhance network ex-
citability, creating a vicious cycle of hyperexcitability and
aberrant neurogenesis.“’65 Moreover, recent work has
suggested that immature neurons and astrocytes, gener-
ated through aberrant neurogenesis and astrogenesis in
mesial temporal lobe epilepsy may further contribute to
epileptogenesis.®® To investigate our hypothesis that hLTP
results from enhanced excitability, we reduced excitability

in the hippocampal slices of 12-month-old Epm2a®**X

mice using CBD, an emerging anti-seizure drug. CBD
has recently been proposed as a viable therapeutic substi-
tute for refractory seizure disorders like Lennox-Gastaut
syndrome and Dravet syndrome (DS).** Compared with
traditional anti-seizure drugs, CBD is an effective anti-
convulsant with fewer neurotoxic effects’” and does not
induce excitability in the CNS, thereby reducing both the
duration and amplitude of the post-discharge cAMP re-
sponse element-binding protein (CREB).®® CBD has been
tested in several epilepsy animal models,**”"* consistently
showing anti-seizure effects.

More than 50 molecular targets have been identified
for CBD,*”’>”* many of which are ionotropic and me-
tabotropic receptors involved in neuronal function, syn-
aptic calcium mobilization, and membrane potential.
CBD could indeed exert a functional antagonism of or-
phan G protein-coupled receptor-55 (GPR55),”* known
to be involved in the mobilization of cellular Ca*" stores,
and influence neuronal depolarization by activating and
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rapidly desensitizing transient receptor potential vanil-
loid-1 (TRPV1) receptors.75’76 Other studies showed that
CBD might act as positive allosteric modulator of GABA ,
receptor’’ and as negative modulator of cation-permeable
homomeric o7 nicotinic acetylcholine receptors (a7-
nAChR),78’80 and both effects reduce seizure susceptibil-
ity. Finally, the CBD-dependent modulation of neuronal
membrane potential and excitability, counteracting epi-
leptogenesis, is further supported by reports showing that
this drug can inhibit voltage-gated sodium channel (Nav),
hypothetically by stabilizing its inactivated channel
states®®* and, potentially, T-type voltage-gated calcium
channels (VGCCs).%* As expected, treating DG slices with
CBD, at a concentration that does not alter physiological
transmission, reduced epileptic-like activity and restored
the epileptic threshold to control levels in 12-month-old
Epm2a™* mice. The mechanisms through which CBD
modulates DG excitability in Epm2a™**** mice still need
to be elucidated, but may involve CBD's multi-target ac-
tion. In line with this broad pharmacological profile,
our findings indicate that CBD counteracts the age-
dependent alterations in both subthreshold currents and
suprathreshold channel dynamics in Epm2a®**** neurons,
thereby contributing to the normalization of excitability,
but future studies should characterize which molecular
pathways are implicated. Hopefully, such studies might
unveil novel therapeutic targets for LD, beyond known
metabolic effects induced by genetic abnormalities linked
to this disease.

It is intriguing that CBD treatment rescued LTP in the
DG of Epm2a™** mice to control levels. This is the first
demonstration that reducing excitability can constitute
a strategy to rescue synaptic plasticity in a mouse model
of LD. This beneficial effect on synaptic plasticity could
hypothetically lead to an amelioration of cognitive defi-
cits characterizing LD, which should be tested in future
studies. Of note, previous reports showed that CBD's anti-
seizure effects are paralleled by improvements in cogni-
tive and behavioral deficits in the Senla*~ genetic mouse
model of DS.”**

Our results shed light on neuronal alterations in the
early LD stages and provide proof of principle that mod-
ulating neuronal excitability can rescue synaptic dysfunc-
tion in this LD model.
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