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Abstract
Patients with Lafora disease have a mutation in EPM2A or EPM2B, resulting in dysregulation of glycogen metabolism 
throughout the body and aberrant glycogen molecules that aggregate into Lafora bodies. Lafora bodies are particularly 
damaging in the brain, where the aggregation drives seizures with increasing severity and frequency, coupled with neurode-
generation. Previous work employed mouse genetic models to reduce glycogen synthesis by approximately 50%, and this 
strategy significantly reduced Lafora body formation and disease phenotypes. Therefore, an antisense oligonucleotide (ASO) 
was developed to reduce glycogen synthesis in the brain by targeting glycogen synthase 1 (Gys1). To test the distribution 
and efficacy of this drug, the Gys1-ASO was administered to Epm2b-/- mice via intracerebroventricular administration at 
4, 7, and 10 months. The mice were then sacrificed at 13 months and their brains analyzed for Gys1 expression, glycogen 
aggregation, and neuronal excitability. The mice treated with Gys1-ASO exhibited decreased Gys1 protein levels, decreased 
glycogen aggregation, and reduced epileptiform discharges compared to untreated Epm2b-/- mice. This work provides proof 
of concept that a Gys1-ASO halts disease progression of EPM2B mutations of Lafora disease.
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Introduction

Lafora disease (LD) is a devastating childhood-onset epi-
lepsy and dementia, brought on by autosomal recessive 
mutations in either EPM2A or EPM2B, which encode for 

the glycogen phosphatase laforin and E3 ubiquitin ligase 
malin, respectively [1–8]. These two enzymes regulate gly-
cogen storage in tissues throughout the body. When the func-
tion of either protein is impaired, aberrant glycogen with 
hyperphosphorylation and extended glucose chains form 
and aggregate into Lafora bodies (LBs) [9–14]. Patients 
with LD develop seemingly normal until early adolescence, 
when they experience seizures with increasing frequency 
and severity, coupled with neuroinflammation and neurode-
generation that is accompanied by rapid childhood dementia 
[15–17]. There is currently no approved therapy for LD, and 
the progression of the disease proves fatal after approxi-
mately 11 years from the onset of symptoms [18, 19].

Among LD patients, about half exhibit a mutation in 
EPM2A, while the other half present with a mutation in 
EPM2B [19]. Therefore, an ideal therapeutic should dem-
onstrate efficacy in LD patients regardless of which gene is 
mutated. While the precise mechanism of the disease is not 
fully understood, particularly in regard to the contribution 
of malin ubiquitination, the loss of malin or laforin function 
yields aberrant glycogen and subsequent LB aggregation 
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that drives very similar disease progression in patients with 
mutations in either gene. Multiple studies have demonstrated 
that LBs are the driving agent behind disease progression 
[20–26]. Multiple laboratories hypothesized that reducing 
glycogen synthesis would slow LB aggregation and there-
fore slow disease progression. Subsequent studies in multi-
ple murine models from numerous laboratories demonstrated 
that when glycogen synthesis is reduced by approximately 
50% in LD mice, LB accumulation is significantly reduced, 
and disease symptoms are reduced or abrogated [21–23, 
25]. Therefore, glycogen synthase 1 (GYS1), the enzyme 
that drives glycogen synthesis in the brain, was selected as a 
target for LD therapeutics.

A Gys1 antisense oligonucleotide (ASO) was recently 
developed that decreased Gys1 expression in the brain for LD 
mouse models [27]. The efficacy of the Gys1-ASO treatment 
was tested in young Epm2a-/-, laforin knockout (KO), LD 
mice compared to treatment efficacy of older mice and with 
varied length of treatment [27]. Treatment was more effective 
the earlier the Gys1-ASO was administered. Although Gys1-
ASO treatment did not clear existing LBs, the Gys1-ASO did 
halt LB formation and reduce neuroinflammation in laforin 
KO mice [27].

Given the promising results in long-term administration to 
laforin KO mice, we sought to determine if the Gys1-ASO 
therapy produced similar results in the Epm2b-/-, malin KO, 
mouse model and to define if the Gys1-ASO modulated neu-
ronal excitability. Therefore, we treated a cohort of malin 
KO mice with the same Gys1-ASO and assessed the impact  
of treatment on Gys1 expression and glycogen accumulation 
throughout the brain in each treatment cohort. Using histo-
logical and mass spectrometry analyses, Gys1-ASO treatment 
significantly reduced the expression of Gys1 and synthesis of 
glycogen in the brain, reducing glycogen accumulation in LBs. 
Furthermore, brain slices from the malin KO mice were ana-
lyzed for neuronal excitability, and slices treated with Gys1-
ASO exhibited a reduction to near WT levels of excitability, 
suggesting that treatment with the Gys1-ASO could decrease 
the neuronal hyperexcitability observed in LD. Cumulatively, 
our analyses, coupled with previous results, demonstrate criti-
cal proof of concept data that this Gys1-ASO is effective for 
LD caused by mutations in Epm2a or Epm2b.

Materials and Methods

Mice and ASO Delivery

The malin KO mouse model and injection protocol were 
described previously. All animal procedures were approved 
by Ionis Pharmaceuticals Institutional Animal Care and 
Use Committees [27, 28]. In brief, male and female mice 
were anesthetized with isoflurane, and 300-µg ASO in 

10-µL PBS was injected intracerebroventrically (ICV) at 4, 
7, and 10 months. Stereotactic injection coordinates were 
0.3 mm anterior/posterior (anterior to bregma), 1.0 mm 
to right or left medial/lateral, and − 3.0 mm dorsal/ven-
tral. The mouse-specific Gys1-ASO sequence is 5′-CAT​
GCT​TCA​TTT​CTT​TAT​TG-3′. Littermate controls received 
injections of a non-target ASO, 5′-CCT​ATA​GGA​CTA​TCC​
AGG​AA-3′ (control ASO), or PBS. Each treatment group 
began with 5 male and 5 female mice, although 2 female 
mice in the control ASO group died before the study com-
pletion. Mice were sacrificed at 13 months by cervical 
dislocation and decapitation. The hemisphere ipsilateral 
to the injection site was snap-frozen in liquid nitrogen for 
qRT-PCR and biochemical analyses, and the other was 
immersed in 10% neutral buffered formalin for histo- and 
immunohisto-pathology and matrix-assisted laser desorp-
tion/ionization (MALDI) analysis.

mRNA Expression Analysis of Gys1 
and Inflammation Markers

Sample RNA was extracted utilizing the Qiagen RNeasy 
Mini Kit. Prior to usage, samples were homogenized with a 
Qiagen QIAshredder. Homogenized tissue was centrifuged 
at full speed for 3 min, and the supernatant was added to 
RNeasy columns for subsequent steps. DNase digestion was 
performed with the RNase-Free PureLink DNase set (Inv-
itrogen). mRNA expression was measured using qRT-PCR 
with Reliance One-Step Multiplex RT-qPCR Supermix (Bio-
Rad) for cDNA synthesis and Bio-Rad PrimePCR probes for 
Gys1 (assay id: qHsaCIP0032887), CCL5 (assay id: qMmu-
CEP0057452), CXCL10 (assay id: qMmuCEP0057926), 
MMP3 (assay id: qMmuCEP0057596), and GAPDH (assay 
id: qMmuCEP0039581).

Gys1 Protein Expression Analysis

Three male and three female mice were randomly selected 
from each treatment group for analysis of Gys1 pro-
tein expression via Western blot. Frozen brain tissue was 
homogenized using a SPEX Sample Prep Freezer/mill 6775 
and placed into RIPA buffer (50 mM Tris–HCl, 2% SDS, 
pH 7.4) containing protease and phosphatase inhibitors 
(Sigma-Aldrich 5872S). Protein concentration was deter-
mined using a BCA Protein Assay Kit (Thermo Scientific 
23,225). Protein was standardized at 30 µg and diluted 
with 6 × SDS loading buffer. Samples were boiled (96 °C, 
5 min) and loaded onto a 4–15% stain-free TGX gel (Bio-
Rad #4,568,085) for Western blotting. A wet transfer was 
performed overnight at 10 V to ensure the transfer of pro-
tein onto the PVDF membrane (Bio-Rad). Anti-GYS1 (Cell 
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Signaling #3893) and anti-beta actin (Bio-Rad #12,004,163) 
were utilized as primary antibodies, and goat anti-rabbit 
HRP-conjugated secondary antibody (Bio-Rad #1,706,515) 
was utilized and developed with Clarity ECL Substrate (Bio-
Rad #1,705,060). After developing, blots were analyzed 
using a ChemiDoc Imaging System (Bio-Rad #27,444). To 
quantify the blots, blots were analyzed using ImageJ soft-
ware with the rectangle and integration tools to measure the 
intensity of each band. Data were exported and graphed in 
GraphPad Prism and analyzed using a one-way ANOVA.

Histological Analysis

Formalin-fixed brains were embedded in paraffin blocks. 
Samples were sectioned, placed on slides, and stained with 
periodic acid-Schiff (PAS) or IV58B6 anti-glycogen anti-
body [29]. Slides were scanned using a Zeiss Axio Scan 
Z1 and then loaded into HALO v3.3.2541.345 software 
designed by Indica Labs. HALO software was used to 
annotate brain regions including the hippocampus and the 
cerebellum; then, Indica Labs Area Quantification v1.0 was 
used to quantify the percent positive stain. Four male and 
four female mouse brain slices with comparable depth of 
slice through the hippocampus were analyzed for each treat-
ment group. Results were graphed in GraphPad Prism and 
analyzed using an ordinary one-way ANOVA with the Tukey 
test for multiple comparisons between treatment groups.

Glycogen Quantification via MALDI Analysis

Tissues were sectioned at 4 μm and mounted on positively 
charged glass slides for MALDI imaging with 3 brains rep-
resented on each slide according to a previously described 
protocol [30]. Slides were prepared for MALDI analysis 
using a previously described method [31, 32]. In brief, the 
slides were heated at 60 °C for 1 h, allowed to cool, and then 
deparaffinized by washing twice in xylene (3 min each). Tis-
sue sections were rehydrated by submerging the slide twice 
in 100% ethanol (1 min each), once in 95% ethanol (1 min), 
once in 70% ethanol (1 min), and twice in water (3 min 
each). After the water wash, each slide was transferred to 
a coplin mailer containing the citraconic anhydride buffer 
for antigen retrieval, and the mailer was placed in a veg-
etable steamer for 25 min. Citraconic anhydride (Thermo) 
buffer was prepared by adding 25-mL citraconic anhydride 
in 50-mL water and adjusted to pH 3 with HCl. After cool-
ing, the buffer was exchanged with water five times. The 
slide was then desiccated prior to enzymatic digestion. An 
HTX spray station (HTX) was used to coat the slide with a 
0.2-mL aqueous solution of isoamylase (4 units/slide). The 
spray nozzle was heated to 45 °C, and the spray velocity 
was 900 m/min. Slides were then incubated at 37 °C for 2 h 
in a humidified chamber and dried in a desiccator prior to 

matrix application (a-cyano-4-hydroxycinnamic acid matrix 
(0.021-g CHCA in 3-mL 50% acetonitrile/50% water and 
12-mL TFA) applied with HTX sprayer). For the detection 
of glycogen, a Waters SynaptG2-Xs high-definition mass 
spectrometer equipped with traveling wave ion mobility was 
used. The laser was operated at 1000 Hz with an energy of 
200 AU and spot size of 50 mm, and mass range is set at 
500–3000 m/z. Images of glycogen were generated using 
the waters HDI software [30].

Measurement of Neuronal Excitability

Malin KO mice and wild-type littermates at 4 months of 
age were selected and divided into treatment groups: ICV 
vehicle-injected wild-type mice, ICV vehicle-injected MKO 
mice, and ICV Gys1-ASO-injected Epm2b-/- mice, with 
n = 10 (5 males and 5 females). Mice were injected with 
vehicle or ASO as described previously [27]. Three months 
post-injection, the MKO mice and wild-type littermates were 
assessed using multiple-electrode analysis (MEA) at Neuro-
Service Alliance. Mice were sacrificed by fast decapitation 
and the brains soaked in ice-cold oxygenated buffer (2-mM 
KCl, 7-mM MgCl2, 1.2-mM NaH2PO4, 0.5-mM CaCl2, 
25-mM NaHCO3, 11-mM glucose, and 250-mM sucrose). 
Slices from the hippocampus were cut in the horizontal 
plane with a Leica VT1200S vibratome. Slices recovered 
at 32 °C for 60 min in artificial cerebrospinal fluid (aCSF) 
(125-mM NaCl, 3.5-mM KCl, 1.2-mM NaH2PO4, 2-mM 
CaCl2, 25-mM NaHCO3, and 11-mM glucose). Through-
out the experiment, slices were continuously perfused with 
oxygenated (95% O2/5% CO2) aCSF continuously heated at 
37 °C. Fifteen contralateral hippocampal slices from each 
treatment group were placed on the MEA (Multichannel 
Systems GmbH, Reutlingen, Germany), and spontaneous 
firing (SF) activity and possible occurrences of epileptiform 
discharge (ED) were monitored for 60 min after recovery in 
three different buffers designed to increase neuronal excit-
ability. For the first 20 min, slices were treated with 3.5-mM 
K+, during the next 20 min, potassium ion concentration was 
increased to 7 mM to enhance firing activity, and during 
the final 20 min, 100-nM kainic acid was administered; the 
recording was terminated with an injection of 1-μM tetro-
dotoxin (TTX), a sodium channel blocker inhibiting action 
potential firing, to validate the recording by ceasing all neu-
ronal activity.

For the spontaneous firing (SF) rate and epileptiform 
discharge (ED) event analyses, only channels that had 
confirmed action potentials were included in the calcula-
tion of mean values for each mouse. Several mice in each 
experimental group did not have usable data based on a 
failure to obtain action potentials for recording validation 
and were not included in the analyses. For the SF analysis, 
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raw data of neuron firing was filtered with a high pass fil-
ter at 200 Hz, and the firing rate detected at each electrode 
was averaged over 30-s time slots from the final 5 min of 
each treatment period to avoid any potential residual signal 
from the previous brain slice buffer conditions. The record-
ings revealed that the slices from all treatment conditions 
exhibited maximal neuronal excitability during the 7.0-mM 
K+ concentration period, resulting in no further increase of 
SF after KA was administered. Therefore, the baseline 3.5-
mM K+ 20-min control period was utilized for data analysis 
of ED events between treatment groups. For ED analysis, 
raw data were filtered with a low pass filter set at 20 Hz. 
Detected epileptiform events required an amplitude greater 
than 15 μV followed by 200 ms of dead time in order to be 
counted as an ED. The ED frequency was averaged in 1-min 
time slots for validated electrodes.

Statistical Analyses

All data points are represented with the mean ± SD, with 
the exception of the electrophysiology data and PAS histo-
gram analyses, which are represented with the mean ± SEM. 
GraphPad Prism 9.3.1 was used to perform all statistical 
analyses. An unpaired t-test or an ordinary one-way ANOVA 
with the Tukey test for multiple comparisons was used to 
assess significance as indicated in each figure. For elec-
trophysiology data analyses, the SF and ED frequency was 
averaged across slices and channels from the same mouse 
and pooled for mice in the same treatment group. Thus, for 
all statistical analyses, sample sizes were based on num-
ber of mice (that is, biological replicates) and not number 
of technical replicates (that is, slices or recording sites). A 

mixed effects ANOVA was used to compare SF between 
experimental groups and recording conditions with record-
ing condition as the repeated measure and group (WT vehi-
cle, MKO vehicle and MKO Gys1 ASO) as the independent 
factor. A Greenhouse–Geisser correction was implemented 
for unequal variances, and post hoc analyses were subject to 
Tukey’s multiple comparison tests. The same analysis pro-
cedures were used for the ED analysis, with the exception 
that time was the within subject variable. Significant levels 
are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, 
P < 0.001.

Results

Gys1‑ASO Decreases Gys1 mRNA and Gys1 Protein 
Expression

As previously demonstrated, a Gys1-ASO was developed 
to knockdown glycogen synthase expression in the brain 
and was validated as a therapeutic agent in laforin KO 
mice [27] (Fig. 1a). To test the Gys1-ASO as a therapeutic 
approach in malin KO mice, we assigned male and female 
mice into groups (n = 5 per group) for no surgery or sur-
gery with vehicle, control scrambled ASO, or Gys1-ASO 
via intracerebroventricular (ICV) injections. Mice were 
administered treatment at 4, 7, and 10 months of age and 
were sacrificed at 13 months (Fig. 1b). Brain hemispheres 
were divided via sagittal dissection with the side ipsilateral 
to the ICV injection flash frozen and the side contralateral 
to the ICV injection fixed in formalin and embedded in 
paraffin for analysis.

Fig. 1   Antisense oligonucleo-
tide (ASO) administration to 
halt Lafora body formation. a 
Schematic depicting the fate 
of glucose in Lafora disease 
(LD) compared to wild-type 
(WT) and the predicted impact 
of Gys1-ASO administration. 
b Schematic displaying the 
timeline for Gys1-ASO admin-
istration and testing in WT and 
LD mouse model. Created with 
BioRender.com
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To evaluate the efficacy of the Gys1-ASO, levels of 
Gys1 mRNA and protein expression were analyzed. The 
frozen brain tissue was pulverized, cells were lysed, 
RNA was extracted from the lysate, and qRT-PCR was 
performed to quantify mRNA expression of Gys1. Gys1 
mRNA decreased significantly in the Gys1-ASO-treated 
cohort (Fig. 2a). The lysate was then immunoblotted to 
assess Gys1 protein expression. Gys1-ASO treatment dra-
matically decreased Gys1 protein levels compared to con-
trol animals (Fig. 2b and c, Sup. Fig. 1). To assess spatial 
Gys1 reduction, anti-GYS1 immunohistochemistry (IHC) 
was performed and revealed a striking decrease in Gys1 
levels in all brain regions for mice treated with the Gys1-
ASO (Fig. 2d and e). Additionally, mRNA expression lev-
els for CCL5, CLCX10, and MPP3, three common neu-
roinflammation markers, were quantified from the brain 
tissue lysate using qRT-PCR to assess the impact of ASO 
administration on neuroinflammation. As expected, the 
MKO mice exhibited higher levels of neuroinflammation 
compared to the WT mice [33]. There was not a significant 
change in neuroinflammation between treatment groups, 
likely due to treatment timing (Sup. Fig. 2a–c).

Gys1‑ASO Treatment Reduces Glycogen Accumulation

Historically, periodic acid-Schiff (PAS) staining was 
the primary method used to assess LB accumulation. 
PAS staining targets carbohydrate macromolecules, like 
glycogen and LBs, by using periodic acid to break their 
carbon–carbon bonds and oxidize the hydroxyl groups to 
produce two aldehyde groups, and then, Schiff reagent 
reacts with the aldehyde group to produce a fuchsia or 
deep purple staining [34]. In LD murine models, the hip-
pocampus exhibits significant accumulation of LBs via 
PAS staining. Therefore, hippocampal regions from each 
of the malin KO treatment groups were analyzed by PAS 
staining [4, 35] (Fig. 3a). HALO software was used to 
quantify the number of LBs in the hippocampus and plot 
the number of LBs in each size bracket. We observed a 
significant decrease in the number of larger LB aggregates 
(area > 5 μm2) in the Gys1-ASO treatment group compared 
to the controls (Fig. 3b).

While PAS staining allows comparison to previous stud-
ies, the IV58B6 anti-glycogen antibody exhibits increased 
specificity for glycogen and decreased variability [29]. We 

Fig. 2   Gys1-ASO knockdown of brain glycogen synthase (Gys1). a 
mRNA transcription levels of Gys1 for the Epm2b-/-, malin knock-
out (MKO), and mouse cohort. b Representative blot of Gys1 protein 
expression in MKO mice, additional blots included in Sup. Fig. 1. c 
Quantitation of Western blots for Gys1 protein expression in MKO 

mice. d Representative IHC stain for Gys1 in control ASO-treated 
MKO mouse. e Representative IHC stain for Gys1 in Gys1-ASO-
treated MKO mouse. Statistical significance was calculated using 
an ordinary one-way ANOVA with post hoc Tukey test for multiple 
comparisons, where *P < 0.05, **P < 0.01, and ***P < 0.001
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performed IHC using IV58B6 to assess glycogen accumu-
lation in each malin KO treatment group (Fig. 3c). IHC of 
IV58B6 staining in the hippocampus was significantly lower 
in the Gys1-ASO-treated group compared to all the control 
groups (Fig. 3d).

A method utilizing matrix-assisted laser desorption/
ionization (MALDI) coupled with mass spectrometry 
was recently developed to define the spatial glucose chain 
length distribution of glycogen [31]. In LD mouse models, 
glucose chain length is extended compared to wild-type 
glycogen, which promotes LB aggregation [10, 36]. Sagit-
tal slices from paraffin blocks were treated with a citra-
conic acid buffer for antigen retrieval and then sprayed 
with an isoamylase matrix to hydrolyze glycogen at α-1,6-
branch points to produce linear glucose chains. The treated 
slices then underwent MALDI coupled with time-of-flight 
detection to profile the quantity of these linear glucose 
chain distributions from glycogen among different brain 
regions, which can be used to quantify glycogen levels. 
The malin KO mice treated with Gys1-ASO displayed sig-
nificantly less glycogen accumulation in all brain regions 
compared to the control groups, in agreement with the 
IHC staining (Fig. 4a). Quantification of the abundance 
of linear glucose chain lengths in both the hippocampal 

and cerebellum regions confirmed a reduction in glycogen 
levels for Gys1-ASO-treated mice compared to the control 
groups (Fig. 4b and c).

Gys1‑ASO Treatment Decreases Epileptiform 
Discharges in Malin KO Mice

Multiple studies have demonstrated that LBs drive disease 
progression. Indeed, crossing LD mouse models with genetic 
models that reduce glycogen levels eliminates early-onset neu-
rodegeneration and normalizes seizure susceptibility [21–26]. 
Recently, multiple groups have developed pre-clinical LD 
therapies that include enzyme therapy to degrade LBs and 
both Gys1-ASO and AAV-based therapies to down-regulate 
Gys1 [27, 37–41]. To date, no study has tested if treatment 
impacts epileptiform activity, which is a key hallmark of the 
disease. Since administration of the Gys1-ASO significantly 
reduced the progression of LB aggregation, we sought to test 
the impact on epileptiform discharges (ED). Four-month-old 
malin KO and wild-type littermates were administered either 
vehicle or Gys1-ASO via ICV injection. After 3 months, the 
mice were sacrificed, and slices from contralateral hippocampi 
were placed on electrodes for multi-electrode analysis (MEA) 
to record spontaneous firing (SF) and ED activity (Fig. 5a and 

Fig. 3   Lafora body aggregation in the hippocampus. a Representative 
images of PAS-stained hippocampi in MKO mice. b Quantitation of 
percent area of Lafora bodies in PAS-stained hippocampi of MKO 
mice. c Representative images of IHC using the IV58B6 α-glycogen 
antibody to stain hippocampi of MKO mice. d Percent area of hip-

pocampal staining of MKO mice with the IV58B6 antibody. Statisti-
cal significance was calculated using one-way ANOVA with post hoc 
Tukey test for multiple comparison, where *P < 0.05, **P < 0.01, and 
****P < 0.0001
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b, Sup. Fig. 3). ED activity was defined as an epileptiform 
event with an amplitude greater than 15 µV, with a 200-ms 
deadtime after each detected event. The SF rate and number 
of ED events were averaged for each mouse and plotted. The 
SF rate was significantly modulated by recording conditions, 
but the SF did not significantly vary between experimental 
groups (Fig. 5c). For all mice, the SF significantly increased 
between the 3.5- and 7.0-mM K+ concentration conditions 
(P < 0.0001). The TTX significantly reduced SF from the 
7.0-mM K+ concentration condition (P < 0.0003), confirm-
ing that SF was due to sodium spikes. These data indicate 
that the baseline firing rate did not vary between experimen-
tal groups. In contrast to SF, the malin KO vehicle-injected 
mice displayed higher rates of ED compared to the wild-type 
controls (Fig. 5d and e). Conversely, malin KO mice treated 
with Gys1-ASO exhibited a significant decrease in ED over 
the same time period when compared to the vehicle-injected 
malin KO mice (Fig. 5e).

Discussion

LD impacts seemingly previously healthy teens with pro-
gressive epilepsy and childhood dementia. There is cur-
rently no treatment for this devastating disease, but target-
ing glycogen synthesis via Gys1-ASO administration is a 
promising pre-clinical strategy. ASO treatment is a safe  
and well-tolerated technique that has been utilized in  
pre-clinical settings for more than 50 years [42]. There are 
ten ASO drugs that have received FDA approval to date 
and more than 100 ASO drugs at multiple stages of clini-
cal trials for a number of diseases [42, 43]. In this study, 
we demonstrate that the Gys1-ASO treatment is effective 
at decreasing glycogen synthase levels. The reduction in 
Gys1 protein levels corresponds to decreased glycogen 
accumulation and reduced ED in a malin KO model of 
LD, suggesting that slowing glycogen aggregation into 
LBs reduces neuronal excitability.

Fig. 4   MALDI imaging of glycogen accumulation in mice. a Left, 
H&E staining of WT mouse brain reflecting the orientation for all 
the brains analyzed via MALDI. Right, MALDI imaging display-
ing regional and relative abundance of glycogen in WT and MKO 
mouse brain sagittal sections. Glycogen in this image was assessed 
by quantifying linear glucose chains that are 7 sugar monomers long. 
b Quantification of MALDI imaging in the hippocampus. The rela-
tive abundance of each glucose polymer from triose through DP19 

(i.e. 19 glucose unit chain) was determined in the hippocampus from 
each cohort of mice (N = 3). The asterisks indicate there is a signifi-
cant difference between the MKO Gys1 ASO-treated group and the 
MKO group with no treatment. c Similar analysis as b was also per-
formed on the cerebellum (N = 3). Significance was determined using 
a one-way ANOVA with post hoc Tukey test for multiple compari-
sons between the MKO Gys1 ASO group and the MKO group with 
no treatment, where *P < 0.05, **P < 0.01, and ****P < 0.0001
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The mechanism of the Gys1-ASO functions by binding to 
Gys1 mRNA at a target site that activates RNase H1, which 
accelerates the degradation rate of the target mRNA [27, 
44]. Previous studies have demonstrated that this mecha-
nism achieves broad distribution throughout all regions of 
the brain, with the highest ASO levels detected in the cor-
tex and the lowest levels in the globus pallidus, caudate, 
and putamen [45]. While only a marginal decrease in Gys1 
mRNA was observed, the treatment with Gys1-ASO led to 
a significant decrease in Gys1 protein expression. This phe-
nomenon has been observed in multiple studies, where a 
small change in Gys1 mRNA results in a significant change 
in Gys1 protein expression [23, 37, 38]. If this phenomenon 
holds true in humans, then patients would only need to see 
a small decrease in mRNA levels to potentially experience 
significant knockdown of GYS1 activity and halt glycogen 
aggregation into LBs.

Aggregation and dysregulation of glycogen has been 
linked to multiple neurological diseases in recent years, 
including Pompe disease, amyotrophic lateral sclerosis, 
and Alzheimer’s disease [46–51]. Therefore, the ability 
to target and control glycogen synthesis in the brain is a 
potential therapeutic strategy for multiple diseases. Indeed, 
Maze Therapeutics recently demonstrated promising pre-
clinical results for small molecule inhibition of Gys1 to treat 
Pompe disease in murine and canine models [52, 53]. Gys1 

is responsible for driving glycogen synthesis in all tissues 
except the liver, which utilizes Gys2. While glycogen is an 
important energy source in many organs and plays a role in 
learning and hypoxia tolerance in the brain, multiple groups 
have demonstrated that an approximate 50% reduction in 
glycogen levels does not produce adverse health effects in 
mouse models [48, 54–58]. Indeed, Gys1-heterozygous 
animals do not exhibit abnormalities despite synthesizing 
only approximately 50% of wild-type levels of glycogen,  
and wild-type animals in our study that received the Gys1-
ASO did not exhibit any obvious negative phenotypes [54]. 
Several studies with Gys1-heterozygous mice demonstrate 
that they maintain similar weight to their wild-type coun-
terparts, normal levels of serum glucose and lactate, normal 
lifespan, and no significant change in locomotor activity, 
balance, or gait [54, 55]. Furthermore, recent case studies 
published on patients with glycogen storage disease 0, which 
is an autosomal recessive condition resulting from loss of 
function mutations in muscle glycogen synthase, reveal that 
parents with one null copy of GYS1 retain normal memory 
and learning capacity and are healthy, with adverse effects 
only noted in the offspring receiving two null copies of 
GYS1 [59, 60].

In addition to studying the impact of decreased glyco-
gen synthase activity, multiple studies have examined the 
impact of a mutation in another gene that leads to decreased 

Fig. 5   Electrophysiology analysis of the hippocampus using multi-
electrode array. a Schematic showing treatment regimen for MEA 
experiments. Created with Biorender.com. b Representative picture 
of hippocampal slice on the electrode grid with regions CA1, CA3, 
and DG labelled. Red box call-outs show representative heatmap 
depicting spontaneous firing average from hippocampal slices in WT 
vehicle, MKO vehicle, and MKO Gys1-ASO-treated mice during 
the control period. c Average of 30-s mean firing rate and SEM for 

each validated electrode aggregated from each mouse for the last 5 
min of each recording condition, significance determined using mixed 
effects ANOVA and Tukey’s post hoc comparisons. d Quantification 
of epileptiform discharge (ED) rate averaged over 1-min intervals 
for the 20-min control period. e Quantified mean ED rate and SEM 
averaged for each mouse in the different experimental groups. Signifi-
cance between groups determined using an unpaired Student’s t-test. 
*P < 0.05
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glycogen synthesis in the skeletal muscle and heart [61, 62]. 
The PPP1R3A gene encodes a positive regulator of glycogen 
synthesis, but there is a truncating mutation of PPP1R3A 
that results in ~ 65% reduction of glycogen synthesis [61]. 
When this mutation was introduced into a mouse model, 
the same ~ 65% decrease in glycogen synthesis occurred 
and no cardiac or other disease phenotype was identified 
in the mice [61]. A recent study quantified the health out-
comes in humans with this truncation mutation using UK 
Biobank data [62]. Their study reported ventricular ejec-
tion fraction, wall thickness, maximum heart rate, and maxi-
mum workload, finding no association between PPP1R3A 
truncation and cardiac defects. They also did not observe 
changes in serum metabolites or glucose levels [62]. These 
data strongly suggest that a 65% reduction in glycogen syn-
thesis in skeletal muscle and heart is well tolerated. Similar 
to PPP1R3A, reduction of glycogen accumulation by Gys1-
ASO was well-tolerated with no adverse symptoms in the 
current study. While the Gys1-ASO administered via ICV 
does not cross the blood–brain barrier, LD patients do accu-
mulate LBs in muscle and heart tissue. Future studies could 
address the potential of utilizing this therapy to reduce LB 
accumulation in the peripheral nervous system [63].

The results with malin KO mice demonstrate similar effi-
cacy in reducing LB levels as a previous study that utilized 
laforin KO mice and the same Gys1-ASO. Of the patients 
with LD, about half of them have a mutation in EPM2A 
while the other half have a mutation in EPM2B [16, 19, 64]. 
Patients who are screened for epilepsy genes and identify 
mutations in EPM2A or EPM2B could potentially receive 
this treatment to prevent glycogen accumulation and LD 
aggregation in the brain.

Equally important, the Gys1-ASO in this study achieved 
broad brain biodistribution and exhibits significant reduc-
tion of Gys1 throughout all brain regions. The Gys1 reduc-
tion resulted in decreased LB aggregates in all brain regions 
examined, including the hippocampus and cerebellum, 
where LBs are most prevalent in LD. Previous work demon-
strated that an approximate 50% knockdown of Gys1 activ-
ity was sufficient to significantly reduce LB aggregation in 
murine models, and the data from this study supports that 
finding [21–23, 25].

Early screening could also be key for treatment efficacy 
given disease progression. Our studies confirmed previous 
results that MKO mice display higher levels of the neuroin-
flammatory markers CCL5, CXCL10, and MMP3 compared 
to WT mice [33]. In this study, the Gys1-ASO did not sig-
nificantly decrease neuroinflammatory markers. This result 
is likely due to initiating treatment at 4 months of age in 
the MKO mice. Future work will define optimal timing for 
ASO treatment. Importantly, LD is a progressive disease 
where LD patients and LD mouse models develop seem-
ingly normally, indicating that there is no primary epileptic 

circuit in the LD brain [4, 16, 17, 65]. In both LD mice and 
patients, LB formation precedes symptomatic disease [4, 
66–68]. Initial symptoms arise in the teen years for patients 
and at 3–4 months of age in LD mice, while LBs are detect-
able in mice that are 8 weeks old [17, 24, 35, 69, 70]. Several 
laboratories utilizing multiple mouse models have demon-
strated that LBs cause disease sequela, including myoclonus, 
perturbed synapse electrophysiology, increased susceptibil-
ity to seizure-inducing drugs, and progressive loss of both 
neuronal cells and cognitive function [16, 21–23, 25, 70, 
71]. Current data suggest that early treatment that reduces 
total LB accumulation could ameliorate LB-driven disease.

While the specific regulation of glycogen by laforin 
and malin remains controversial, loss of function in either 
protein results in aberrant glycogen with increased phos-
phorylation and extended glucose chain lengths [24, 36, 
72–74]. Previous studies have demonstrated that extended 
glucose chains form helices that decrease water solubility 
and increase glycogen aggregation to become LBs [9, 75]. 
Recent LB characterization revealed that this aberrant glyco-
gen exhibits starch-like properties, with spontaneous forma-
tion of B-crystallinity, leading to insolubility and sequestra-
tion, forming LB aggregates [36]. Normally, there are two 
primary pathways for degrading glycogen in the brain: the 
brain isoform of glycogen phosphorylase (PYGB) is the pri-
mary enzyme responsible for degrading soluble glycogen 
in the brain, and alpha-glycosidase (GAA) is an enzyme 
expressed in the lysosome, responsible for degrading brain 
glycogen via glycophagy [48, 51, 76]. Neither of these deg-
radation pathways successfully degrade or inhibit LBs in 
LD. As the aberrant glycogen aggregates into LBs, PYGB 
can no longer access the glucose moieties for degradation, 
and the rate of glycogen synthesis surpasses the ability of 
the glycophagy pathway to clear all the aggregates through 
normal GAA activity [41]. However, if one can reduce the 
rate of glycogen synthesis, then theoretically, these pathways 
could clear more of the aberrant glycogen before it aggre-
gates into LBs. Our data, and previous work, support this 
hypothesis. Using multiple glycogen detection methods, we 
have demonstrated that treatment with Gys1-ASO signifi-
cantly reduces glycogen accumulation throughout the brain 
in the malin KO LD mouse model. Combined with previous 
work from the Minassian laboratory showing similar results 
in the laforin KO LD model, we have demonstrated that the 
Gys1-ASO therapy successfully reduces LB accumulation 
regardless of the affected LD gene.

Another important hallmark of LD is epilepsy. Patients 
display progressive myoclonus epilepsy, experiencing sei-
zures of increasing frequency and severity. In mouse mod-
els, mice display increased susceptibility to kainite-induced 
seizures. However, even before seizures are evident in 
patients, they display abnormal EEG readings with epi-
leptiform activity. Both laforin KO and malin KO mouse 
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models recapitulate this epileptiform activity as early as 3 
months old [4, 77]. Importantly, the electrophysiology data 
suggests that the prevention of LB formation through Gys1-
ASO administration reduces levels of epileptiform activity 
in the malin KO murine model. Multiple studies suggest a 
link between glycogen metabolism and neuronal excitabil-
ity [78–80]. While the precise mechanism or mechanisms 
remain to be elucidated, several compelling hypotheses have 
been presented. Glycogen is an important storage molecule 
in the brain, not just for energy, but other critical substrates. 
Our recent work demonstrated that brain glycogen stores 
glucosamine, a critical sugar for protein glycosylation [32]. 
Glycosylation disorders have been linked to neuronal degra-
dation and epilepsy [81]. Glycogenolysis is also linked with 
glutamine synthase activity. Glycogenolysis has been shown 
to promote K+ and glutamate uptake, and thereby glutamine 
synthesis, which play a critical role in neuronal excitability 
[78–80]. By reducing the rate of glycogen synthesis, it is 
possible that more glycogen remains accessible to degra-
dation pathways, allowing glycosylation and glutamatergic 
neurotransmission to be less perturbed, thereby leading to a 
reduction in neuronal excitability and ED.

ASO treatment halts LB accumulation and reduces epi-
leptiform discharges, but it does not appear to clear pre-
existing LBs. However, other therapies are in development 
that degrade the LB aggregates. Extensive pre-clinical evalu-
ation has been completed of antibody-enzyme fusions that 
employ antibody fragments as a delivery vehicle to transport 
enzymes capable of degrading LBs into the cytoplasm of 
neurons and astrocytes [39, 40, 81, 82]. This opens the pos-
sibility for a combination therapy, where existing LBs could 
be cleared with an antibody-enzyme fusion and then subse-
quent treatment with Gys1-ASO to prevent the formation 
of new LBs. Taken together, these therapies would have the 
potential to allow patients to live free from the devastating 
seizures and neurodegeneration driven by LB aggregation.
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