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Abstract
Lafora disease (LD) is a fatal form of progressive myoclonus epilepsy characterized by the accumulation of insoluble poorly
branched glycogen-like inclusions named Lafora bodies (LBs) in the brain and peripheral tissues. In the brain, since its first
discovery in 1911, it was assumed that these glycogen inclusions were only present in affected neurons. Mouse models of LD
have been obtained recently, and we and others have been able to report the accumulation of glycogen inclusions in the brain
of LD animals, what recapitulates the hallmark of the disease. In this work we present evidence indicating that, although in
mouse models of LD glycogen inclusions co-localize with neurons, as originally established, most of them co-localize with
astrocytic markers such as glial fibrillary acidic protein (GFAP) and glutamine synthase. In addition, we have observed that
primary cultures of astrocytes from LD mouse models accumulate higher levels of glycogen than controls. These results sug-
gest that astrocytes may play a crucial role in the pathophysiology of Lafora disease, as the accumulation of glycogen inclu-
sions in these cells may affect their regular functionality leading them to a possible neuronal dysfunction.

Introduction
Glycogen is a glucose polymer that constitutes the major form
of glucose storage in the body. Glycogen deposits offer several
advantages: they have low osmotic activity, their synthesis and
degradation is very well regulated and they generate Glu-1P
without the use of ATP (see 1 for a review). For a long time, brain
glycogen has been considered a simple source of glucose in the
case of energy demand: glycogen breakdown (glycogenolysis)
produces eventually pyruvate which can enter the TCA cycle or

be converted into lactate. According to the astrocyte-neuron
lactate shuttle (ANLS) hypothesis, astrocyte lactate is trans-
ferred to neurons to maintain neuronal metabolism (2).
However, recent reports indicate that glycogenolysis plays key
additional roles in brain physiology as in long-term potentiation
and consolidation of memory (3–5).

Historically, the localization of glycogen in the different
brain areas and in cellular neural types has been difficult since
acute dissection of brain decreases rapidly glycogen levels,
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most likely due to the triggering of glycogenolysis as a result of
the activation of anaerobic metabolism during the hypoxia state
(6,7). In spite of these difficulties, it was proposed that astro-
cytes were the main neural cellular type that accumulated gly-
cogen (8–13). This assumption has been confirmed recently
when a technique that preserves the endogenous levels of gly-
cogen was developed (focused microwave irradiation plus
immunodetection with special anti-glycogen antibodies) (14).
These authors described that glycogen got accumulated in
astrocytes that were mainly distributed in hippocampus, cere-
bral cortex, striatum and molecular layer of cerebellum (14).
Interestingly enough, these areas correspond to those that dis-
play the highest metabolic demand due to the highest synaptic
activity. It was also indicated that glycogen particles localized in
astrocytes that were placed in the vicinity of axonal boutons
and suggested that these glycogen stores could be used directly
in that area upon energetic demand (11,14).

Lafora progressive myoclonus epilepsy (LD, OMIM#254780) is
a fatal neurological disorder characterized by the accumulation
of insoluble poorly branched forms of glycogen (polyglucosan
inclusions) in brain and other peripheral tissues. No treatment
has been established yet for this devastating disease which
leads to the death of the patients around 10 years after the
onset of the first symptoms (see 15 for a review). LD was
described by the Spanish neurologist Gonzalo Rodriguez Lafora
in 1911 (16). He depicted the accumulation of what he called
‘amyloid inclusions’ inside the neurons of affected patients
(named on his behalf, Lafora bodies, LBs). These inclusions stain
positive with the periodic acid Schiff (PAS) reagent, indicating
that they are polysaccharides. In fact the staining of axillar sam-
ples with this reagent has been used as a diagnostic test of the
disease (15). LD is due to mutations in two main genes: EPM2A,
which encodes laforin, a glucan phosphatase, and EPM2B,
encoding malin, an E3-ubiquitin ligase of the RING type (17–19).
The fact that laforin and malin form a functional complex and
the fact that patients carrying mutations in either gene are phe-
notypically indistinguishable indicates that the two proteins
participate in similar physiological pathways.

In order to get a deep insight into the pathogenesis of LD,
mouse models of the disease have been produced that recapitu-
late most of the features of this disease (20,21). For example,
both Epm2a-/- and Epm2b-/- mice accumulate insoluble polyglu-
cosans in their brain, assessed by the PASþ staining. In all these
studies, it was assumed that the PASþ inclusions were located
into neurons, as no indication about the accumulation of LBs in
cells other than neurons in the central nervous system has
been described in the literature (15). However, in this work we
present strong evidence indicating that most of the glycogen
inclusions present in the brain of LD mice co-localize actually
with astrocytic markers (glial fibrillary acidic protein, GFAP, and
glutamine synthase, GlnS). We then suggest that the accumula-
tion of these glycogen inclusions in astrocytes may affect their
functionality, what could lead to neuronal dysfunction.

Results
Most of the glycogen inclusions present in the brain of
Epm2b-/- mice co-localize with astrocytic markers

The hallmark of Lafora disease (LD) is the accumulation of
insoluble poorly branched glycogen-like inclusions named LBs
(see 15 for a review). Mouse models of LD recapitulate this hall-
mark (20,21). In agreement with these observations, in Figure 1
we show an immunofluorescence analysis of brain sections of

control and Epm2b-/- animals of 12 months of age using a spe-
cific antibody that recognizes glycogen aggregates (22).
Glycogen inclusions were clearly observed in different areas of
the brain (i.e. hippocampus, cerebellum) of Epm2b-/- mice,
whereas they were absent in similar preparations from control
animals of the same age. These results were similar to those
traditionally obtained using the PAS staining (20,21), an histo-
chemistry method that detects polysaccharide structures. The
immunodetection of glycogen inclusions remained after treat-
ing the samples with a-amylase (Fig. 1, bottom panels), indicat-
ing that, as already described in the literature (20,21), these
structures were resistant to the action of this enzyme.
Therefore, Epm2b-/- mice accumulated glycogen inclusions in
the brain that were immunoreactive to specific anti-glycogen
antibodies and, at the age of 12 months, they were resistant to
the action of a-amylase.

Then, we sought to determine which of the different neural
cells accumulated these glycogen inclusions. With this aim we
performed immuno co-localization experiments using antibod-
ies that were specific either for neurons (anti-Tuj1, which recog-
nizes neuronal class III b-tubulin, a component of the neuronal
cytoskeleton; and anti-NeuN, which recognizes the DNA-
binding neuron-specific protein NeuN, which is present in neu-
ronal nuclei, perikarya and some proximal neuronal processes),
astrocytes [anti-glutamine synthetase (anti-GlnS), which recog-
nizes a cytosolic enzyme present is astrocytes but not in neu-
rons, and anti-glial fibrillary acidic protein (anti-GFAP), which
recognizes a component of the cytoskeleton present in astro-
cytes but not in neurons], or microglia (anti-Iba1, which recog-
nizes a cytosolic ionized calcium-binding adapter molecule 1,
not present in astrocytes or neurons). As shown in Figure 2, the
anti-Tuj1 antibody stained neuronal cells in the different tested
areas (hippocampus, cerebellum and pontine), some of which
presented a glycogen inclusion in the soma (pointed with a
white arrow), as it was expected according to the initial findings
of LD (16). However, we observed that most of the glycogen
inclusions were present in areas that were not stained with the
anti-Tuj1 antibody, suggesting an alternative localization. In
order to confirm these results we used an alternative specific
neuronal marker, anti-NeuN antibody (see Supplementary
Material, Fig. S1). Again, we observed that most of the glycogen
inclusions were absent from cell structures stained with this
marker. These results suggested that most of the glycogen
inclusions present in the brain of Epm2b-/- mice were located in
structures different from neurons.

Next, we performed immuno co-localization experiments
using specific astrocytic markers (anti-GlnS and anti-GFAP). As
observed in Figure 3A, most of the glycogen inclusions co-
localized with the anti-GlnS marker, both in the hippocampus
and the cerebellum (Supplementary Material, Fig. S2A). A mag-
nification of these cells using confocal microscopy (Fig. 3B and
Supplementary Material, Fig. S2B) indicated that glycogen inclu-
sions were surrounded by GlnSþ structures, which suggests
that they were inside the astrocytes. We also noticed that glyco-
gen inclusions were more abundant in astrocytic processes,
being less abundant in the soma of the astrocyte (Fig. 3A and B).
In the same way, glycogen inclusions co-localized with
GFAPþ cell structures (Fig. 3C and D) in the hippocampus. In
this case, the number of glycogen þGFAP þ cells was less abun-
dant than in the case of glycogen þGlnS þ cells (see above), per-
haps because anti-GFAP antibody stains mainly reactive
astrocytes, whereas anti-GlnS antibody stains all types of astro-
cytes. Confocal analysis confirmed the presence of glycogen
inclusions inside the astrocytes, being more abundant
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in astrocytic processes than in the soma (Fig. 3D). Similar
results were obtained when we analyzed the cerebellum
(Supplementary Material, Fig. S2C and D).

Finally, we performed immuno co-localization experiments
using a specific microglia marker (anti-Iba1). In the hippocampus,
although Iba1þ cells contained glycogen inclusions (Fig. 4A and
B), most of these polysaccharide structures did not co-localize
with the microglia marker (Fig. 4A). Similar results were observed
in the cerebellum (Supplementary Material, Fig. S3A and B).

We repeated the analyses in Epm2a-/- mice lacking laforin
(Supplementary Material, Fig. S4). Again, most of the glycogen
inclusions co-localized with astrocytic markers but not with the
neuronal markers. All these results indicate that the majority of
the glycogen inclusions present in the brain of Epm2a-/- and
Epm2b-/- mice were located in astrocytes, and only a minor
number of glycogen inclusions were present in neuronal cells
and microglia. We quantified the presence of glycogen inclu-
sions in neurons and astrocytes and observed that, in both
mouse models of LD, only 4% of neurons contained these inclu-
sions, whereas 99% of astrocytes contained this material.

In order to know whether the accumulation of glycogen in
astrocytes was a late event in the evolution of the disease

(all the experiments presented so far were performed in ani-
mals of 12 months of age), we repeated the same experiments
in animals that were only 3 months of age. As shown in
Supplementary Material, Figure S5, brain sections from Epm2b-/-
mice at this age already contained glycogen inclusions although
they were less numerous than in the case of older animals
(compare Supplementary Material, Fig. S5 and Fig. 1). Most
importantly, the majority of the glycogen inclusions present
at 3 months of age were sensitive to a-amylase treatment
(Supplementary Material, Fig. S5, bottom panel), indicating
probably that their structure was not as complex as in the inclu-
sions present in older animals. Then, we performed similar
immuno co-localization experiments as above and observed
similar results: most of the glycogen inclusions did not co-
localize with neuronal markers [anti-Tuj1 (Supplementary
Material, Fig. S6A) and anti-NeuN (Supplementary Material, Fig.
S6B)], whereas they co-localized with astrocytic markers [anti-
GlnS (Supplementary Material, Fig. S7A) and anti-GFAP
(Supplementary Material, Fig. S7C)]. Confocal analyses of the
samples confirmed that glycogen inclusions were located inside
the astrocytes (Supplementary Material, Fig. S7B and D). All
these results indicated that the accumulation of glycogen in

Figure 1. Immunohistofluorescence analyses of glycogen inclusions in the brain of control and Epm2b-/- mice of 12 months of age. Lateral sections of hippocampus and

cerebellum of three independent mice of each type were incubated with anti-glycogen antibody and a secondary anti-IgM AlexaFluor (red) 633 conjugated antibody.

Sections were then stained with DAPI to visualize nuclei. Images were acquired with a Leica DM RXA2 microscope. Representative images are presented. Scale bars:

100 mm. Bottom panels: sections from Epm2b-/- mice were pretreated with a-amylase as described in Materials and Methods section, and then analyzed by IHF as above.

DG, hippocampus dentate gyrus; GL, cerebellar granular layer.
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astrocytes occurs at early stages of the disease, at least when
the animals are 3 months old.

Primary astrocytes from mouse models of LD
accumulate higher levels of glycogen, but they are able
to degrade the polysaccharide upon a nutritional stress
via glycogen phosphorylase

Since the results presented above suggested a role of astrocytes
in accumulating glycogen inclusions, we obtained astrocytes
from cortex and cerebellum from control, Epm2a-/- and Epm2b-/-
mice and cultured them in a medium containing high levels of
glucose (25 mM) for 24 h. Then, we collected the cells and meas-
ured the levels of accumulated glycogen. Primary cortical astro-
cytes from LD mice of 7 days of age accumulated significantly
more glycogen than astrocytes from control mice (Fig. 5A) (similar
results were obtained from cerebellar astrocytes; Supplementary
Material, Fig. S8A). As glycogen levels are in a dynamic equili-
brium between synthesis and degradation (1,23), this result could
indicate that astrocytes from LD mice have an increased synthe-
sis of the polysaccharide or, alternatively, that its degradation is
partially impaired. To solve this question, cortical astrocytes
growing in high glucose (25 mM) were shifted to a medium

without glucose for different periods of time (6 and 24 h) and
then, we measured the levels of glycogen in each case. In Figure
5B we show that glucose starvation induced the degradation of
glycogen in all the cases and that the rate of degradation was
similar in astrocytes from LD and control mice (similar results
were obtained from cerebellar astrocytes; Supplementary
Material, Fig. S8B). These results suggest that astrocytes from LD
mice have functional machinery for glycogen degradation upon a
nutritional stress condition.

It has been described that two main pathways are involved
in the degradation of glycogen: glycogen phosphorylase and
lysosomal degradation (glycophagy) (24,25). In order to know
which pathway was responsible for the degradation of glycogen
upon nutritional stress, cells growing in high glucose (25 mM)
were pretreated for 1 h with an inhibitor of glycogen phosphory-
lase (300 lM DAB; 1,4-dideoxy 1,4 iminoarabinitol) (26) or with a
combination of ammonium chloride and leupeptine (20 mM

NH4Cl plus 100 lM leupeptine) to inhibit lysosomal function (27)
and then shifted to a media without glucose in the presence of
the corresponding inhibitor. After 6 h, cells were recovered and
the levels of glycogen measured. As shown in Figure 5C, the
presence of 300 lM DAB prevented the degradation of glycogen
in astrocytes from control and Epm2a-/- mice. However, this

Figure 2. Immuno co-localization experiments using anti-Tuj1 and anti-glycogen antibodies. Lateral sections of hippocampus, cerebellum and pontine from three

independent Epm2b-/- mice of 12 months of age were immunodetected using a combination of anti-Tuj1 (neuronal marker) and anti-glycogen antibodies, and secon-

dary anti-rabbit AlexaFluor (green) 488 and anti-IgM AlexaFluor (red) 633 conjugated antibodies, respectively. Sections were then stained with DAPI to visualize nuclei.

Images were acquired with a Leica DM RXA2 microscope. Representative images are presented. Scale bars: 100 mm and 10 lm. CA1, hippocampus cornus ammonis 1;

GL: cerebellar granular layer; PC, Purkinje cells. White arrows indicate neuronal cells containing glycogen inclusions.
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inhibitor had a poor effect on the degradation of glycogen in
astrocytes from Epm2b-/- mice. On the contrary, when the cells
were grown in the presence of the lysosomal inhibitors, the deg-
radation of glycogen was enhanced in comparison to the levels
obtained in cells subjected to nutritional stress but without
lysosomal inhibitors. These results indicate that the blockage of
lysosomal function does not prevent glycogen degradation
upon nutritional stress. The enhanced degradation of glycogen
under these conditions could be a compensatory mechanism to
produce energy since it has been described that ammonium is
able to induce mitochondrial dysfunction (28). Thus, the only
way to obtain energy is the up-regulation of glycogenolysis and
glycolysis.

Taking all these results together, we suggest that primary
astrocytes from 7 days old LD mice accumulate higher levels of
glycogen than control cells when they are growing in high glu-
cose conditions. However, this glycogen is degradable in all
cases upon nutritional stress, glycogen phosphorylase playing a
major role in this induced degradation.

In order to know why astrocytes from LD mice accumulate
higher levels of glycogen than control cells we analyzed by
western blotting key enzymes in glycogen homeostasis (Fig. 6).
The total levels of glycogen synthase (GS) were similar in all the
cells (control and LD mice astrocytes) in all the conditions, and
the phosphorylation status of this enzyme was regulated simi-
larly in control and LD astrocytes (the presence of faster mobi-
lity bands, related to un-phosphorylated forms of the protein,

were present in samples obtained from astrocytes growing
without glucose and without glucoseþ lysosome inhibitors,
what was in agreement with a tendency to lower levels of
pSer641 forms of GS). No major differences were observed in the
total levels of glycogen phosphorylase, and similar significant
levels of phosphorylated forms (related to active forms of the
enzyme) were present in growth conditions without
glucoseþDAB and without glucoseþ lysosome inhibitors, in the
three different types of astrocytes. No changes in the levels of
GS kinase 3 or in its phosphorylation status were also observed
in any case. The levels of phosphorylated AMPK showed a ten-
dency to increase upon glucose starvation, but no differences
were observed among the different types of astrocytes. Finally,
the levels of p62, an autophagy marker, showed a tendency to
increase upon glucose starvation, being this increase statisti-
cally significant upon addition of lysosome inhibitors, but no
differences were observed among the different type of astro-
cytes. Therefore, we observed no major changes in the levels of
key proteins involved in glycogen biosynthesis that could
explain the higher levels of glycogen present in astrocytes from
LD mice.

As glycogen synthesis is enhanced if the levels of glycolytic
intermediates such as Glu-6P increase, any process that could
affect the levels of these intermediates such as impairment in
the mitochondrial respiratory capacity could lead to glycogen
production. For this reason we checked this parameter in astro-
cytes growing in high glucose (25 mM) and then shifted to a

Figure 3. Immuno co-localization experiments using anti-GlnS or anti-GFAP and anti-glycogen antibodies. Lateral sections of hippocampus from three independent

Epm2b-/- mice of 12 months of age were immunodetected using a combination of anti-GlnS (astrocytic marker) (A) or anti-GFAP (astrocytic marker) (C), anti-glycogen

antibodies, and secondary anti-rabbit AlexaFluor (green) 488 and anti-IgM AlexaFluor (red) 633 conjugated antibodies, respectively. Sections were then stained with

DAPI to visualize nuclei. Images were acquired with a Leica DM RXA2 microscope. Representative images are presented. Scale bars: 10 lm. CA1, hippocampus cornus

ammonis 1; DG, hippocampus dentate gyrus. White arrows indicate examples of astrocytes containing glycogen inclusions. Images were also acquired from similar

preparations using a Leica TCS SP8 confocal microscope (B, anti-GlnS; D, anti-GFAP). Four consecutive images from the Z-stacks are shown.
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media without glucose for 12 h, using the Oxygraph-2K equip-
ment. However, we did not find major differences in any ana-
lyzed respiratory parameters [basal, ATP-linked, proton leak,
maximal OCR (oxygen consumption rate, OCR), reserve respira-
tory capacity and non-mitochondrial respiration (now named
as residual oxygen consumption)], among the different tested
astrocytes growing in either high or without glucose conditions
(Fig. 7). Therefore, the higher glycogen levels present in LD
astrocytes were not a consequence of altered respiration profile
of these cells.

Figure 4. Immuno co-localization experiments using anti-Iba1 and anti-glyco-

gen antibodies. (A) Lateral sections of hippocampus from three independent

Epm2b-/- mice of 12 months of age were immunodetected using a combination

of anti-Iba1 (microglia marker) and anti-glycogen antibodies, and secondary

AlexaFluor (green) 488 and anti-IgM AlexaFluor (red) 633 conjugated antibodies,

respectively. Sections were then stained with DAPI to visualize nuclei. Images

were acquired with a Leica DM RXA2 microscope. Representative images are

presented. Scale bars: 10 lm. CA1, hippocampus cornus ammonis 1. White

arrows indicate examples of microglia containing glycogen inclusions. (B)

Images were also acquired from similar preparations using a Leica TCS SP8 con-

focal microscope. Four consecutive images from the Z-stacks are shown.

Figure 5. Primary cortical astrocytes from mouse models of LD accumulate

higher levels of glycogen. (A) Primary cultures of cortical astrocytes from 7 days

old control, Epm2a-/- and Epm2b-/- mice were grown in high glucose containing

medium (25 mM glucose) for 24 h. Then, glycogen content was measured as

described in Materials and Methods section. (B) Primary cultures of astrocytes as

above were grown in high glucose conditions for 24 h. Then, they were shifted

to a medium without added glucose for 6 and 24 h and glycogen content was

measured as described in Materials and Methods section. (C) Primary cultures of

astrocytes as above were grown in high glucose conditions for 24 h. Then, they

were pretreated or not with 300 lM DAB or a combination of 20 mM NH4Cl and

100 lM leupeptine for 1 extra hour. Then, cells were shifted to a medium without

added glucose containing or not the corresponding inhibitor for 6 h. Next, glyco-

gen content was measured as described in Materials and Methods section.

Results expressed are means of at least three independent batches of astrocytes

in each genotype. In (B) and (C), the results are normalized to the levels of glyco-

gen present in the respective basal conditions (high glucose; dotted line). Bars

indicate standard deviation. In (A), significant differences between the LD astro-

cytes and control are indicated (**P<0.01, ***P<0.001). In (B) and (C), significant

differences between the levels of glycogen respect to basal conditions (high glu-

cose) are indicated (**P<0.01, ***P<0.001).
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Discussion
Glycogen is an excellent substrate to provide a rapid way to
obtain energy under the conditions of metabolic demand. In the
brain, glycogen is mainly located in astrocytes (8–13), although
a recent report indicates that neurons have also an active glyco-
gen turnover (29). One of the difficulties in studying glycogen
homeostasis in the brain is the fact that it is rapidly removed
under the conditions of stress, so the access to the brain has to
be very fast to avoid glycogen degradation (6,7). However, a
recent report describes the use of the focused microwave

irradiation technique to stop glycogen degradation, allowing in
this way a more reliable and quantitative measurement of the
levels of glycogen in the brain (14). These authors confirmed
that astrocytes are the main cells that accumulate glycogen in
the brain since they found that only cells expressing GFAP (an
astrocyte marker) contained glycogen particles (14). In addition,
they reported that the distribution of glycogen inside astrocytes
is not uniform. In fact, glycogen deposits are more abundant in
fine astrocytic processes that are close to synapses, being less
abundant in the soma of these cells (11,12,14). Perhaps this

Figure 6. Western blot analyses of primary cortical astrocytes grown under the conditions described in the legend of Figure 5. Crude extracts (30 lg) from primary cul-

tures of cortical astrocytes treated as described in Figure 5 were analyzed by western blotting using appropriated antibodies (see Materials and Methods section). C,

control; L,: Epm2a-/-; M, Epm2b-/- astrocytes. Molecular weights are indicated in the left. A representative blot of the analysis of at least three independent batches of

astrocytes is presented. The intensity of the corresponding bands was measured using the ImageJ software (version 2.0.0). Diagrams of the intensities of the different

proteins are presented. Fold change values are means of the different measurements, bars indicate standard deviation and significant differences between the levels

of the proteins with respect to basal conditions (high glucose) in each genotype are indicated (#P<0.05, $P< 0.05, &P<0.05, for control, Epm2a-/- and Epm2b-/-, respec-

tively). HG, high glucose; NG, no glucose added; NG DAB, no glucose added plus 300 lM DAB; NG N/L, no glucose added plus 20 mM NH4Cl and 100 lM leupeptine.
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uneven distribution of glycogen allows a rapid access to energy
in areas of high synaptic activity.

Lafora disease is a fatal form of progressive myoclonus epi-
lepsy characterized by the accumulation of insoluble poorly
branched glycogen-like inclusions named LBs (see 15 for a
review). Using a regular technique to access to the brain from
control and LD mice, we and others have been able to report an
accumulation of glycogen inclusions in the brain of LD animals,
in comparison to controls (see Fig. 1 as an example).
Traditionally, the presence of these inclusions has been demon-
strated by using the PAS technique. However, in our hands the
immunohistofluorescence (IHF) technique using appropriated
anti-glycogen antibodies is more sensitive that the PAS technique

and perhaps for this reason, we detected more small glycogen
inclusions. Nevertheless, even using the IHF technique we were
not able to detect glycogen deposits in the brain from control
mice, what may suggest that during the processing of the sam-
ples it gets degraded as indicated above. Therefore, the glycogen
inclusions we detect in brains from LD mice could be either due
to an initially higher amount of glycogen than in controls (so after
a partial degradation of the polysaccharide, there is still some gly-
cogen remaining) and/or to the fact that the glycogen inclusions
present in the brain of LD mice are less competent to be
degraded. In any case, the most important evidence we present
in this work is that astrocytes are the main neural cells that accu-
mulate glycogen inclusions in mouse models of LD. Most of these
inclusions co-localize with astrocytic markers such as GFAP and
GlnS and they are mainly located in processes rather than in the
astrocytic soma. We would like to point out the strong similarities
between our results and those presented by the Hirase laboratory,
both in the definition of astrocytes as the main cell type that
accumulate glycogen in the brain and also in the subcellular
localization of glycogen deposits (see Fig. 4 in 14). In addition to
the main astrocytic location, we also found that some neurons
accumulated glycogen inclusions, a fact recognized as a hallmark
of LD. However, the number of neurons containing these glyco-
gen inclusions was minor in comparison to the huge number of
glycogen-containing astrocytes.

A confirmation of the higher accumulation of glycogen in LD
astrocytes came from the observation that in primary cultures of
astrocytes coming from animals of only 7 days of age, we
detected higher levels of glycogen in LD astrocytes than in control
cells. Interestingly, the accumulated glycogen under these condi-
tions was fully degradable under the conditions of nutritional
stress, mainly by glycogen phosphorylase. This may indicate that
LD astrocytes accumulate initially a form of degradable glycogen
which, with age, becomes less competent to be degraded. In fact,
in this work we present data indicating that glycogen inclusions
present in LD mice of 3 months of age is partially degradable by
a-amylase. On the contrary, glycogen inclusions present in LD
animals of 12 months of age become resistant to the action of a-
amylase, probably because of the poorer branching of the glyco-
gen species that make them insoluble (30).

In our opinion, the results presented in this work open a
new way to consider the pathogenicity of LD. The huge differ-
ence in the amount of glycogen inclusions present in astrocytes
versus neurons suggests a prominent role of astrocytes in LD. In
agreement with this suggestion, we have recently reported that
brain from Epm2b-/- mice shows a progressive accumulation of
reactive astrocytes and microglia, and higher levels of pro-
inflammatory markers (TNFa, IL-6, IL-1b, CXC10, etc.) (31). Here,
we also present evidence of the presence of glycogen inclusions
in microglia. Perhaps this presence is due to microglial phagocy-
tosis of astrocytes or neurons. We suggest that the accumula-
tion of glycogen inclusions in astrocytes and microglia may
alter the regular functionality of these two cell types, which
may contribute to the pathogenesis of the disease.

Our results provide the experimental evidence to an early
hypothesis which suggested that in LD, as in other disorders that
accumulate glycogen inclusions (i.e. adult polyglucosan body dis-
ease), polyglucosans should appear first in astrocytes and later
on in neurons (32,33). These authors also suggested that, as poly-
glucosan inclusions are not metabolizable, this could produce
alterations in Kþ and glutamate uptake, since the energy that
maintains these processes comes mainly from glycogenolysis
(32–34). Recently, we have also provided evidence to sustain this
hypothesis. We demonstrated that the homeostasis of the

Figure 7. Analysis of the respiratory capacity of primary cultures of cortical

astrocytes grown in high glucose (25 mM glucose) or shifted to a medium with-

out glucose for 12 h. The recorded parameters are: initial respiration (basal), cou-

pling efficiency (ATP linked), proton leak, maximal respiratory rate, reserve

capacity and non-mitochondrial respiration (now named as residual oxygen

consumption). They were calculated as described in Materials and Methods sec-

tion. Results, normalized to mtDNA content, are expressed as means of at least

three independent batches of astrocytes in each genotype. Bars indicate stand-

ard deviation.
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astrocytic glutamate transporter GLT-1 is affected in primary cul-
tures of astrocytes from LD mice (35). Perhaps, the accumulation
of glycogen inclusions in LD astrocytes may affect its general
metabolic properties and this could result in changes in the func-
tion of GLT-1 transporter. This is particularly interesting since
alterations in the functionality of the glutamate transporter are
associated with excitotoxicity, which may induce epilepsy, one of
the traits of LD (36). Thus, our results indicate that astrocytes
may play a major role in the pathophysiology of LD.

Materials and Methods
Ethic statement, animal care, mice and husbandry

This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the Consejo Superior de Investigaciones Cientificas (CSIC, Spain)
and approved by the Consellerı́a de Agricultura, Medio Ambiente,
Cambio Climático y Desarrollo Rural from the Generalitat
Valenciana. All mouse procedures were approved by the animal
committee of the Instituto de Biomedicina de Valencia-CSIC
[Permit Number: INTRA12 (IBV-14), 2015/VSC/PEA/00029]. All efforts
were made to minimize animal suffering. To eliminate the effect of
differences in the genetic background of the animals, we back-
crossed Epm2a-/- and Epm2b-/- mice (with a mixed background
129sv: C57BL/6) as described previously (21,37) with control C57BL/
6JRccHsd mice obtained from Harlan laboratories (Barcelona, Spain)
for 10 generations to obtain homozygous Epm2a-/- and Epm2b-/- in
a pure background. Mice were maintained in the IBV-CSIC facility
on a 12/12 light/dark cycle under constant temperature (23�C) with
food and water provided ad libitum.

Male mice of 3 and 12 months of age were sacrificed by cervical
dislocation. Brain was recovered and fixed in 4% paraformaldehyde
in phosphate buffered saline (PBS) for immunohistochemical analy-
ses. To obtain primary cultures of astrocytes, mice of 7 days of age
were decapitated and either both cortical hemispheres or the cere-
bellum were isolated under aseptic conditions, pressed through a
90 lm pore nylon mesh and immersed in modified DMEM medium.

Obtaining primary cultures of astrocytes and treatments

Primary cultures of cortical and cerebellar astrocytes from con-
trol, Epm2a-/- and Epm2b-/- mice of 7 days of age were obtained
as in (38,39). Cells were grown in Dulbecco’s modified eagle
medium (Lonza, Barcelona, Spain) containing 20% of inactivated
fetal bovine serum (FBS), supplemented with 1% L-glutamine, 6
mM glucose, 100 units/ml penicillin and 100 lg/ml streptomycin,
in a humidified atmosphere at 37�C with 5% CO2. After the first
week, FBS was reduced to 15%. In the third week, FBS was
reduced to 10% and 0.25 mM dibutyryl-cAMP (dbcAMP) was
added to the cultures (38). Cell cultures were used for experi-
ments after 3 weeks in vitro. For the glycogen analysis, astro-
cytes were grown in 25 mM glucose containing medium for 24 h
in the absence of dbcAMP since it influences glycogen turnover
(40). The purity of astrocytes was confirmed by immunofluores-
cence using anti-GFAP (1/500, Abcam ab7260), anti-NeuN (1/200,
Millipore ABN78) and anti-Iba1 (1/200; Waco 019–19741).

Immunohistofluorescence (IHF) analyses

Dehydrated tissues were embedded in paraffin and sectioned at
4 mm. Sections were deparaffined, rehydrated, incubated for 40
min in sodium borohydrate (1 mg/ml, in PBS) to lower back-
ground and warmed at 95�C for 20 min in 10 mM citrate buffer

(pH 6.0) for antigen retrieval. When indicated, samples were
treated with 1 mg/ml a-amylase (Sigma A3176) in PBS during 1 h
at 37�C; then they were washed three times (10 min) with PBS.
Sections were immersed in blocking buffer (1% BSA, 10% FBS,
0.2% Triton X100, in PBS) and incubated O/N at 4�C with primary
antibody diluted in blocking buffer: anti-glycogen (1/500; a gen-
erous gift from Dr Otto Baba; Tokyo Medical and Dental
University, Tokyo, Japan), anti-Tuj1 (1/500, Sigma T2200), anti-
NeuN (1/200, Millipore ABN78), anti-GlnS (1/200, Abcam
ab73593), anti-GFAP (1/500, Abcam ab7260) and anti-Iba1 (1/200,
Waco 019-19741). After three washes of 10 min in PBS, sections
were incubated for 1 h at room temperature with the appropri-
ate secondary antibody diluted at 1/500 in blocking buffer with-
out Triton X-100, washed once with PBS, incubated with DAPI
(Sigma, Madrid, Spain), washed twice with PBS and mounted in
AquaPolymount (Polysciences Inc., USA). Images were acquired
either with a vertical Leica DM RXA2 microscope with a Leica
DFC350FX high sensitivity monochrome camera, or with a
Confocal Spectral Leica TCS SP8 microscope (Leica, Wetzlar,
Germany). Images were treated with the ImageJ 1.43c software
(Wayne Rasband, National Institutes of Health, Bethesda, MD).
In order to quantify the number of cells containing glycogen
inclusions, we counted a total of 100 cells that were stained
with the appropriated cellular marker (Tuj1 for neurons; GFAP
and Gln synthase for astrocytes) from several images, from
three independent mice of each genotype.

Determination of glycogen levels

Cells were scraped on ice into 30% KOH and then heated at 100�C
for 15 min. The quantitative amounts of glycogen were assessed in
a coupled enzymatic assay by measuring the production of NADPH
in the conversion of glucose-6-phosphate to 6-phosphogluconolac-
tone as described in (41,42). The reaction was initiated by the addi-
tion of hexokinase and glucose-6-phosphate dehydrogenase to
final concentrations of 1.52 U/ml and 0.54 U/ml, respectively. The
fluorescence was measured after 30 min of incubation at 37�C using
340 and 460 nm as excitation and emission wavelengths, respec-
tively, and expressed as nmol of glucose per mg of protein.

Western blotting

Crude extracts from primary culture of astrocytes were obtained
in lysis buffer [25 mM Tris–HCl, pH 7.5; 150 mM NaCl; 15 mM

EDTA, pH 8; 0.6 M sucrose; 50 mM NaF; 15 mM Na4P2O7; 1 mM

PMSF; 15 mM 2-mercaptoethanol and complete protease inhibi-
tor cocktail (Roche, Spain)]. A total of 30 mg protein was sub-
jected to SDS-PAGE, transferred into PVDF membrane and
revealed with the appropriated antibodies: anti-pS15-glycogen
phosphorylase (1/1000, University of Dundee), anti-glycogen
phosphorylase (1/1000, Abcam ab88078), anti-pS641-GS (1/1000,
Cell Signaling #3891), anti-GS (1/1000, Abcam ab40810), anti-
pS9-GS kinase (1/1000, Cell Signaling #9336), anti-GS kinase (1/
2000, Cell Signaling #9315), anti-pT172-AMPKa (1/1000, Cell
Signaling #2535), anti-AMPKb1/b2 (1/1000, Cell Signaling #4150),
anti-p62 (1/3000, Abcam ab56416) and anti-GAPDH (1/5000,
Santa Cruz Biotechnologies sc32233). Primary antibodies were
incubated O/N at 4�C. Then membranes were incubated with
the corresponding secondary antibody [anti-sheep-HRP for the
pGP-S15; goat anti-mouse IRDye 680LT (LI-COR Biosciences,
Germany) or goat anti-rabbit IRDye 800CW (LI-COR Biosciences,
Germany)] for 1 h at room temperature. Images obtained either
with a FujiLAS4000 using ECL or ECL-Prime (Amersham
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Biosciences, GR-Healthcare) or with the Odyssey Infrared
Imaging System (LI-COR Biosciences, Germany). The results
were analyzed using the software Image Studio version 3.1 (LI-
COR Biosciences, Germany).

High-resolution respirometry in intact cells using
Oxygraph-2K (Oroboros)

OCR in astrocytes was measured using a high-resolution respirome-
ter (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria), as
described in (43). In brief, 80% confluent primary astrocytes obtained
from control, Epm2a-/- and Epm2b-/- mice of 7 days of age, were
detached at 37�C with trypsin-EDTA, resuspended in fresh growth
media without antibiotics (DMEM with or without glucose) and
analyzed in 2 ml Oxygraph chambers. A real-time OCR measure-
ment was performed at 37�C in each chamber at basal conditions
and after sequential addition of inhibitors for different mitochon-
drial respiratory complexes: oligomycin (2.5 mg/ml) to inhibit com-
plex V (to assess the non-phosphorylating resting state or leak
respiration), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(CCCP) uncoupler, with stepwise titration from 5 to 0.5 lM (to assess
maximal electron transport system respiratory capacity rate), rote-
none (0.5 mM) to inhibit complex I and antimycin A (2.5 mM) to inhibit
complex III. Data was analyzed using DatLab6 software (Oroboros,
Austria). The recorded parameters were: initial respiration rate
(basal), non-mitochondrial respiration [now named as residual
oxygen consumption (Rox); it refers to the respiration rate obtained
under rotenone and antimycin A treatment], proton leak (corre-
sponding to respiration under oligomycin inhibition minus Rox) and
maximal respiratory rate (respiration under CCCP treatment minus
Rox). Coupling efficiency (ATP linked) was evaluated as the
difference between initial respiration rate and respiration under oli-
gomycin inhibition (both after Rox subtraction). Reserve capacity
was defined as the difference between maximal respiration rate
and coupling efficiency. The relative copy number of mitochondrial
DNA (mtDNA) per diploid nuclear genome was measured by real-
time quantitative PCR analysis. For each sample analyzed, two inde-
pendent PCR reactions were set up to amplify the cytochrome b
mtDNA and the ApoB nuclear DNA targets. The primer sets used
were: Cytb-forward: 50-GCTTTCCACTTCATCTTACCATTTA-30; Cytb-
reverse: 50-TGTTGGGTTGTTTGATCCTG-30; ApoB-forward: 50-
CGTGGGCTCCAGCATTCTA-30; ApoB-reverse: 50-TCACCAGTC
ATTTCTGCCTTTG-30. The copy number ratio of mtDNA to ApoB
gene (mtDNA/ApoB) was calculated using delta Ct method, and
referred as mtDNA content. Fold changes in relative mtDNA copy
number refer to relative mtDNA copy number of control animals,
which was given a value of 1.0, as in (44,45).

Statistical analysis

The data were expressed as mean 6 standard deviation.
Statistical significance of differences between the groups was
evaluated by a paired Student’s t-test with two-tailed distribu-
tion. The significance has been considered at *P< 0.05, **P< 0.01,
***P< 0.001, as indicated in each case.
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Supplementary Material is available at HMG online.
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