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Brain glycogen, a glucose polymer, is now considered as a functional energy store to the brain. Indeed, when neurons outpace
their own possibilities to provide themselves with energy, astrocytic metabolism is in charge of feeding neurons, since brain
glycogen synthesis is mainly due to astrocyte. Therefore, malfunctions or perturbations of astrocytic glycogen content, synthesis,
or mobilization may be involved in processes of brain pathologies. This is the case, for example, in epilepsies and gliomas, two
different situations in which, brain needs high level of energy during acute or chronic conditions. The purpose of the present paper
is to demonstrate how brain glycogen might be relevant in these two pathologies and to pinpoint the possibilities of considering
glycogen as a tool for diagnostic and therapeutic approaches in brain pathologies.

1. Introduction

According to the present understanding of blood-brain
barrier (BBB) and the contribution of astrocyte end-feet to
the BBB, the nutrients coming from blood stream to brain
have to cross various barriers before reaching neurons. The
first of them is the BBB itself, that is to say, the endothelial
cells of the capillaries, whose cell contacts are constituted
by tight junctions, which limited the mass of compounds
that can cross over the BBB to about 1 kDa; otherwise, com-
pounds can pass BBB through cell capillaries themselves.
After nutrients have crossed BBB, the second barrier they
have to pass is extensions of astrocytes, named end-feet,
which contribute to BBB, whilst no tight junction exists
between end-feet of astrocytes themselves and with other
cells. However, considering the possibilities of the presence
of nutrients in the extracellular spaces, such nutrients may
directly enter target cells through specific transporters.
Nevertheless, we consider that most of these nutrients have to
enter astrocyte end-feet before reaching cells that need them.

Among nutrients needed by the brain for its functions,
glucose is one of the most important, as it constitutes the
basis of various metabolisms and energy production that

brain, and particularly neurons, need. Moreover, the brain is
largely dependent upon glucose. Indeed when glucose supply
to human brain is depressed, the brain cannot survive more
than 3–6 minutes. The brain side of capillaries is covered by
end-feet of astrocytes. Therefore, any nutrients that passed
the BBB thereafter might enter astrocytes end-feet first.
However, glucose can be detected in extracellular spaces [1–
6] indicating that not all glucose enters astrocyte end-feet.
Nevertheless, in the present approach, only glucose entering
astrocyte end-feet will be considered. Glucose transporters,
GLUT proteins, deliver glucose from the circulation to
the brain. The microvascular endothelial cells of the BBB
and astrocytes contain GLUT1, while neurons contain both
GLUT1 and GLUT3. GLUT1 exists as two different molecular
weight forms (45 and 55 kDa). The difference in their relative
molecular weight is accounted for by a differing extent of
glycosylation [7]. The 55 kDa GLUT1 is exclusively found in
endothelial cells of BBB [8–11]. The 45 kDa form of GLUT1
is found in all glial cells [8, 12, 13], as well as the basolateral
and apical membranes of the choroid plexus, and ependyma.
Under normal conditions there is very limited in vivo ex-
pression of 45 kDa GLUT1 in neurons [14–17]. GLUT3 has
been localized in the brain almost exclusively to neurons
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[13, 18–20]. Nevertheless, the still open question whether
glucose enters into neurons directly or whether astrocytes
metabolize glucose to feed neurons is not solved yet. Even
if small amount of glucose enters neurons as glucose could
be indeed detected in extracellular spaces of brain [1–6]
and even if neurons contain GLUT1 and GLUT3, it seems
quite probable that astrocytes metabolism largely contributes
to feeding neurons. To summarize, glucose from blood
stream passes the BBB essentially using glucose transporters
of capillary cells, that is to say, through cells not through
tight junctions that exist between capillary cells [21–24].
Astrocytes get glucose from blood stream through capillary
cells and metabolize it down to lactate, which is provided to
neurons in which it is used to produce ATP by mitochondria
[25–29].

2. Glucose Metabolism

As soon as glucose enters brain cells it is transformed to
glucose-6-phosphate (G-6-P) by hexokinase. Thereafter, G-
6-P cannot return to extracellular spaces due to its negative
charge. G-6-P is then used for cellular metabolism such
as glycolysis for energy production. The excess of G-6-P
produced by hexokinase or coming from gluconeogenesis
might be polymerized into glycogen (Figure 1), which is the
glucose store of mammalian cells [30–32]. The G-6-P is
first transformed to glucose-1-phosphate (G-1-P), which is
further processed to UDP-glucose that is incorporated into
preexisting glycogen, the latter step being catalyzed by gly-
cogen synthase (GS). When cell needs energy, it can use
the glucose store by depolymerizing glycogen using glycogen
phosphorylase (GP), an enzyme that produces G-1-P from
glycogen (Figure 1). Glycogen synthesis is a very complex
process involving various steps, enzymes and regulations.
The step one consists of polymerization of the first 8–
10 glucosyl units, step performed by glycogenin [33–36].
Thereafter, GS is in charge of continuing the polymerization
process in association with branching enzyme [32, 37].
These steps result in a very large molecule of glycogen cor-
responding to glucose units associated with both α-1,4 and
α-1,6 bounds. Depolymerization of glycogen is performed
essentially by GP and debranching enzyme, very efficient en-
zymes responsible for hydrolyzing of the α-1,4 and α-1,6
bounds. A regulatory protein of an enzymatic complex called
protein targeting to glycogen (PTG) has been described [38–
40]. It is a huge complex constituted of the PTG itself in
association with GS, GP, and phosphoprotein phosphatase
1a (PP1a). Therefore, GS and GP activities are modulated by
PTG, which is a regulative subunit of PP1a phosphatase that
controlled GS and GP activities by their dephosphorylation,
activating GS and inhibiting GP [32].

3. Astrocytes as Energy Providers to Neurons

As already mentioned, BBB constitutes the first barrier that
blood glucose and other brain nutrients have to cross before
entering brain. Therefore, glucose must cross the endothelial
cell of capillaries and the astrocyte end-feet before reaching

neurons. The question of glucose entering neurons is still
pending [22, 24, 27, 29, 42–44] as neurons contain GLUT3
[9, 12, 13, 18–20], while they have not direct contacts with
capillaries. However, glucose is observable in extracellular
space inside the brain [1–6] suggesting a putative direct entry
of glucose in neurons through GLUT3. However, it seems
likely that glucose enters astrocytes in which it is metabolized
to lactate through glycolysis pathway, and astrocytes provide
neurons with lactate as fuel [27, 29, 42–45]. Lactate is then
transformed to pyruvate, which is used by mitochondria to
produce ATP (Figure 1), leading to a substantial energy bud-
get economy for neurons.

Two main possibilities exist in relation to physiological
conditions to feed neuron with energy. Either glucose could
enter neurons or astrocytes metabolism of G-1-P produces
pyruvate and lactate being given to neuron. This latter is
known as the astrocyte-neuron lactate shuttle hypothesis
(ANLSH) of neurons feeding by astrocyte-produced lactate
[27, 46–49]. Whilst this ANLSH is still challenged, it seems
clear that during pathological conditions such ANLSH is
relevant and occurs [25, 27, 29, 43, 44, 50–53]. Normal
feeding through direct neuron glucose entry occurs in nor-
mal conditions. However, these two mechanisms of neuron
feeding are not exclusive to each other and may coexist giving
neuron several ways to provide itself with energy.

Considering that ANLSH might occur essentially in
pathological conditions, the glycogen astrocyte content and
metabolism are relevant processes to provide neurons with
energy. Indeed, astrocyte-accumulated glycogen is transfor-
med to G-1-P, that is, processed down to lactate. This
latter compound is transferred to neuron using MCTs. Lac-
tate is used by neuron to produce ATP with a fast and
economic way compared to normal glycolysis (Figure 1).
Therefore, astrocyte glycogen might be regarded as an im-
portant molecule to provide energy to neuron, with relevant
processing in pathological conditions and may be in normal
ones.

We here review previous works performed in our group;
the only approach which has not been published yet concerns
the one realized on human CCF-STTG-1 cell line. The pur-
pose of the present paper is to demonstrate the relevance of
brain glycogen content as a putative target and tool for thera-
peutic and diagnostic approaches.

4. Involvement of Glycogen in Brain Cancer

Abnormally high glycogen content has been reported in dif-
ferent cancer types, such as gastric tumors [54], thyroid
cancer [55], and various brain tumors [56–59]. It has also
been reported in tumors induced by the implantation of
a rat glioma-derived C6-cell line [56], in spontaneous cat
glioma [59], and in cultured human tumor cell lines from
tissues of differing origins [58]. In humans, gliomas form the
vast majority of malignant brain tumors and are among the
most lethal [60]. Ex vivo studies of human glioma tumors re-
veal high GS activity associated with high glycogen content
[57, 61]. The putative significance of GS activity on cell
proliferation is deduced from the positive correlation of
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Figure 1: Scheme of some glucose pathways, such as glycolysis, gluconeogenesis, glycogenosis, and glycogenolysis in parallel to ANLSH.
The two enzymes that will be targeted by antisense strategy are indicated by full horizontal arrow. Schematic representation of glucose-lac-
tate shuttle between neurons and astrocytes (adapted from [28, 41]). FBPase, fructose-1,6-bisphosphatase; GLAST, GLT-1: Na+-glutamate
co-transporter; Gln: glutamine; GlnS: glutamine synthetase; Glu: glutamate; GLUT, glucose transporter; GP, glycogen phosphorylase; GS,
glycogen synthase; 5-HT, serotonin; Krebs: Krebs cycle; Lac: lactate; LDH5: Lactate dehydrogenase 5; MCT: monocarbohydrate transporter;
Mito, mitochondria; NA: noradrenaline; Pyr: pyruvate; VIP: vasointestinal peptide.

glycogen content and proliferation in cloned rat astrocytes
[62]. In fact, some current front-line strategies that detect,
monitor, and treat cancer capitalize on the paradigm that
there is a particular “energy budget” that typifies cancer cells
[63]. It was suggested that biochemical hallmark of tumor
cells was a shift in glucose metabolism from oxidative phos-
phorylation to aerobic glycolysis [64]. Recently, Michelakis

and coworkers [65] tested whether the small molecule
and orphan drug dichloroacetate (DCA), a molecule that
increases pyruvate content, can reverse the cancer-specific
metabolic and mitochondrial remodeling in glioblastoma.
In five patients who had glioblastoma, they prospectively
secured baseline and serial tumor tissue, developed patient-
specific cell lines of glioblastoma and putative glioblastoma
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stem cells, and treated each patient with oral DCA for up to
15 months. They presented indications of clinical efficacy at
a dose that did not cause peripheral neuropathy.

5. Involvement of Brain Glycogen in Epilepsies

5.1. Generality on Epilepsies. Convulsions, which are the
visible signs of epilepsies, display numerous forms such as
absences, partial to generalized seizures. World Health Or-
ganization (WHO) recognizes at least 40 forms of epilepsies
[66–71] that correspond to a sudden and temporary syn-
chronization of neurons’ activities whose origins are not
well understood [72–77]. Medical imagery of epilepsies
is based on various mechanisms; the uptake of glucose
analogs represents one of them [78–80]. This allowed de-
monstrating that epileptic foci are hypermetabolic during
ictal period and hypometabolic during interictal period.
Such a hypometabolism of epileptic foci might be due to
intrinsic increase in brain energy capacities production as
a consequence of various cell alterations such as glycolysis,
gluconeogenesis, or glycogenesis, the latter resulting in accu-
mulation of glycogen. Such an increase in glycogen content is
very difficult to demonstrate in human. However it has been
reported that brain biopsies obtained from hippocampus of
epileptic patients contained high glycogen content compared
to grey and white matter from same patients [81]. During
seizures, when neurons need a lot of energy as they are
starved by their high activities, this energy might come
from different sources: blood supply, neuron glycolysis and
astrocyte source. When the first two are outpaced, the
astrocyte glycogen might be mobilized, and therefore astro-
cyte glycolysis of the G-1-P derived from glycogen might
generate lactate, which is transferred to neurons. Neurons
are therefore provided with a metabolite that can be directly
used by mitochondria for ATP production without further
processing (Figure 1).

5.2. Model of Epilepsy That Associates Seizures and Elevated
Brain Glycogen. Among the various epileptic or seizures-
induced models, one of the chemical-induced models associ-
ated both crisis and a specific increase in brain glycogen con-
tent [82–89]. This model corresponds to seizures induced by
a derivative of methionine, methionine sulfoximine (MSO).
Animals, essentially rat and mouse, developed seizures after
intraperitoneal administration of a single dose of MSO, and
such seizures look like the human “grand mal”, which is
the most striking and invaliding form of human epilepsy.
Animals developed epileptiform seizures 6–8 hours after
MSO dosing (preconvulsive period) seizures are recurrent
during 24–48 hours (convulsive or ictal period), and animals
recover normal behavior (postconvulsive period) [82, 84,
90]. High level of glycogen and the highest augmentation
of glycogen are specifically localized in cerebral cortex and
cerebellum, are demonstrable as soon as preconvulsive per-
iod, and are specifically localized to astrocytes [82, 84,
86, 90, 91]. Moreover, the action of MSO on metabolism
alterations is also demonstrable in vitro in cultured rat
and mouse astrocytes. These data demonstrate that such

metabolic effects are not consequences of seizures [82, 84,
85, 90]. Alteration of glycogen content is also observed in
other models of induced seizures, such as, for example, in
seizures induced by homocysteic acid [92]. Accumulation of
glycogen was essentially due to astrocytes metabolism, never-
theless, in progressive myoclonus epilepsy inclusion bodies,
resembling abnormal glycogen, accumulate in this disease
[93]. Moreover, it has been reported recently that mouse
neurons have enzymatic machinery for synthesizing glycogen
[94].

Some actions of MSO on glutamate receptors and inhibi-
tion of glutamine synthetase resulting in putative accumula-
tion of glutamate have been reported as responsible for
MSO-dependent seizures [95, 96]. Nevertheless, some re-
ports [97–99] describe a decrease in the brain glutamate
content after the administration of a convulsive dose of MSO
in rats, rather than the expected increase. Moreover, chronic
inhibition of brain glutamine synthetase by MSO did not
induce seizures in mice [100]. Therefore, the precise mecha-
nism responsible for MSO-dependent seizures is not well de-
fined and needs more investigations.

6. Objectives

The present work was designed to suggest that brain gly-
cogen, that is, astrocyte glycogen, is a relevant source and
store of energy in which neurons can find a support to their
needs. Moreover, we tried to contribute to demonstrate that
brain glycogen has to be considered as a tool for diagnostic
and therapeutic approaches. Therefore, we developed tools
to target glycogen synthesis and used those to demonstrate
that astrocytic glycogen is involved in gliomagenesis. In addi-
tion, we selected two lines of mice that differed by their
seizures latency to MSO, compound being specifically a brain
glycogenic agent, and used this mouse model to suggest that
brain glycogen is involved in epileptogeny. We strongly sug-
gest that brain glycogen is largely involved in these two brain
pathologies, gliomagenesis, and epilepsy, at least in a mouse
model.

7. Tools Designed for Targeting Glycogen in
Brain Pathologies

The summary of tools designed in order to target gluconeo-
genesis and glycogenesis is presented in Figure 2. They were
constructed according to previous described methods [101,
102]. Two plasmids were constructed with antisense cDNA in
order to decrease both gluconeogenesis and glycogenesis. We
developed antisense cDNA of fructose-1,6-bisphosphatase
(FBPase) (pRK5-PBF) to target gluconeogenesis and anti-
sense cDNA of GS (pRK5-SG) to target glycogenesis alone.
A third plasmid was also designed in order to increase glyco-
genesis; it corresponded to the full length encoding GS cDNA
(pRK5-GS). The empty plasmid was used as a control (pRK5-
Neo).

7.1. pRK5-PBF Plasmid (Figure 2(a)). Total cDNAs were
prepared by reversed transcription of total mRNA pools
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Figure 2: Schematic representation of design for building of plasmids. Positions of primers used for verification of both insertion and orien-
tation of insert are indicated in boxes. The sequences of primers used are as follows. IU: 5′-atccacgctgttttgacctc-3′, IL: 5′-atgctattgctttatttgta-
3′, FBP10: 5′-tgcacatcagccaccatgga-3′, and GS12: 5′-aatttcaacgtggaaaaccct-3′.

extracted from C57BL/6J mouse cerebral cortex. The partial
FBPase cDNA was prepared using specific primers as previ-
ously described [101]: upper: 5′-caactccctggtcatcaacatgc-3′;
lower:5′-tgcacatcagccaccatgga-3′. The blunt-ended FBPase
amplicon was inserted in the pBS-KS(+) digested by EcoRV
and SmaI; antisense orientation was verified by restriction

mapping. Insert was prepared from this plasmid by digestion
with ClaI and BamHI and subcloned in the pSP73 digested by
ClaI and BamHI. The resulting plasmid was digested using
BglII and SalI, and the insert was cloned in the expression
plasmid digested with BamHI and SalI. Restriction mapping
and PCR using primers specific to the expression plasmid
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and to FBPase verified the obtained plasmid, named pRK5-
PBF containing 528 bp of FBPase in antisense orientation
[101, 102].

7.2. pRK5-SG Plasmid (Figure 2(b)). An EcoRI probe specific
to mouse astrocyte GS was obtained fromPellegri et al. [103].
The probe was removed from the pBS-KS(+) by digestion
with BamHI and SalI and cloned in antisense orientation
in the expression plasmid digested using BamHI and SalI.
Restriction mapping and PCR using primers specific to the
expression plasmid and to GS verified the obtained plasmid,
named pRK5-SG containing 564 bp of GS in antisense orien-
tation [102, 103].

7.3. pRK5-GS Plasmid (Figure 2(c)). Harmonize by using
Pellegri at al. [103] have cloned a partial GS cDNA sequence.
In order to obtain full-length coding GS sequence, using
PCR we added the nine missing bases. The specific primers
we used for such a purpose were as follows, upper primer: 5′-
ccaggatccATGCCGCGCAGCCGCAGTCTCTCTGTG-TC-3′

(1/29) (underlined bases correspond to the missing bases
starting from ATG codon), lower primer: 5′-tgaactagtccaatt-
gGGGAAGCCACACAGA-3′ (2707/2693). For both primers,
small letters corresponded to additional bases for restriction
sites used for cloning. The amplicon was digested using
BamHI and SpeI and inserted in the expression plasmid dig-
ested with BamHI and XbaI. Restriction mapping and PCR
using primers specific to the expression plasmid and to GS
verified the obtained plasmid, named pRK5-GS containing
2655 bp of GS in sense orientation. The sequence of inserts
was verified by sequencing pRK5-GS various clones. Clones
with no sequence errors were only considered and used for
transfection of mammalian cells [102, 103].

7.4. Validation of Functionality of the Tools. The validity
of the functions of the above-described plasmids was per-
formed by transfection of C57BL/6J astrocytes in cell culture
(Figure 3) [102]. Enzyme activities and glycogen content
were determined in stably transfected mouse astrocytes. The
various plasmids were capable of modifying the correspond-
ing enzyme activities after their permanent transfection in
mouse astrocytes (Figure 3). The antisense FBPase decreased
significantly the astrocyte glycogen content and FBPase
activity, while it did not affect GS activity. This data suggests
that FBPase, the last key-enzyme (before G-6-P) in gluco-
neogenesis, is also implicated in the glycogen synthesis; it also
supports the existence of gluconeogenesis in the brain. The
antisense GS decreased significantly the glycogen content,
FBPase, and GS activities. Conversely, the sense GS increased
significantly the glycogen content and GS activity while
decreasing FBPase activity. The effect observed on glycogen
content with antisense FBPase was not significantly different
to that with antisense GS, both decreasing by 60% astrocyte
glycogen content [101–103].

8. Effect on Gliomagenesis

The effect of the antisense cDNA of both FBPase and GS was
analyzed to determine any potential antiproliferative action
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of the inhibition of glycogenesis on glioma cell lines. To such
a purpose, plasmids were permanently expressed in cells, and
the variations of glycogen level, proliferation, and invasi-
veness were studied.

8.1. In Vitro and In Vivo Antigliomagenesis in Cell Lines
Derived from Glioma. The plasmids mentioned above were
permanently transfected in glioma-derived cell lines coming
from human and rat gliomas. Fugen-6 transfected cells
were selected using 2000 μg/mL of geneticin. When selection
was complete, the geneticin concentration was decreased to
400 μg/mL. The antibiotic was removed from the culture
media one passage before making the analyses.

8.1.1. Glioma-Derived Cell Line from Human

Human Derived Cell Lines. Human glioma cells were
obtained from ATCC (LGC Promochem, Molsheim, France)
and cultured in DMEM medium, as previously described
for rat and mouse astrocytes [62, 85, 102, 105]. The CCF-
STTG1 cell line was established from a specimen of Grade IV
astrocytoma, or glioblastoma, from a 68-year-old Caucasian
female.

In Vitro Effects. Transfected cells were cultured and some of
their cellular properties were determined. Their capability
to induce foci and their doubling time were analyzed
and presented in Figure 4. Both antisenses were capable
of either significantly decreased number of foci formation
(Figure 4(a)) or significantly increased the doubling time
(Figure 4(b)). We also determined the activities of FBPase
and GS. These activities were significantly lower (data not
shown) in transfected CCF-STTG1 cells with either antisense
FBPase or GS cDNA when compared to the transfected cells
with empty plasmid (pRK-Neo). These data demonstrated
that the expression of both antisenses in CCF-STTG1 was
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effective and capable to induce inhibition of the correspond-
ing en-zyme activities and to decrease the in vitro studied cell
pro-perties proliferative capacities.

Invasiveness was determined as the capability of trans-
fected cells to induce foci in a semisolid medium
(Figure 4(a)). Both antisenses were able to significantly in-
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hibit the foci formation, GS antisense being more efficient
than that of FBPase. Conversely, the doubling time, deter-
mined by counting number of cells after seeding as a function
of time, was significantly increased by both antisenses.
Therefore, the antiproferative action seems to be mediated by
an action on the capability of cells to divide (Figure 4(b)), in
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relation to the accessibility to glycogen-dependent energy as
demon-strated by the effect of GS antisenses on cell glycogen
content (Figure 5). Indeed, the capacity of synthesizing
glycogen is significantly decreased by GS cDNA antisense
expression. Conversely, the data demonstrated an absence
of significant effect of FBPase cDNA antisense. Last result
may be explained by the quite low effect of anti-FBPase
on glycogen content, and therefore, glycogen synthesis is
difficult to inhibit in CCF-STTG1 transfected cells, while it
is easily inhibited in cultured mouse astrocytes (Figure 3).
If this is true, the effects of anti-FBPase may be difficult to
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∗∗P < 0.01 versus empty plasmid, and statistical analysis was made
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determine, but may be effective. This assumption needs more
investigation.

In Vivo Effects. The subcutaneous evolution of implanted
human tumors in immunodepressed mice is presented in
Figure 6. The tumor size is significantly decreased by the
expression of both GS and FBPase cDNA antisenses in
human CCF-STTG1 cell line when compared to the empty
plasmid. No significant difference could be found between
the expression of antisenses of GS and FBPase.
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Overall, these data strongly suggest that the inhibition of
synthesis of both GS and FBPase in human glioma-derived
cell line might induce an inhibition of both in vivo and in
vitro proliferation. However, regarding the putative action
of inhibition of GS it seems clear that such an effect could
be at least the result of inhibition of glycogen synthesis and,
therefore, the energy depending upon glycogen utilization.
Nevertheless, this putative explanation might not be valid for
inhibition of FBPase, as in this human cell line no effect was
demonstrable on glycogen content. It might be possible that
both glycogen synthesis and gluconeogenesis would be rele-
vant in the antiproliferative effect on human glioma-derived
cell line.

8.1.2. Glioma-Derived Cell Line from Rat

Rat-Derived Cell Lines. Rat C6 glioma cells were obtained
from ATCC (LGC Promochem, Molsheim, France) and cul-
tured in DMEM medium, as previously described for rat and
mouse astrocytes [62, 85, 102, 105]. Benda et al. cloned the
glial cell strain, C6, from a rat glial tumor induced by N-
nitrosomethylurea [106].

In Vitro Effects. As for human glioma-derived cell line,
the transfection of rat glioma-cell line, C6 cells, induces
an inhibition of the capability of these cells to form foci
(Figure 7). Indeed, both antisense cDNAs of GS and FBPase
induce an inhibition of the corresponding enzyme activity
(data not shown) in addition to inhibition of foci formation
when compared to empty plasmid (Figure 7(a)). Conversely
to human cell, these effects seem not to be mediated by
any action of doubling time of these transfected cells.
Indeed, the antisense cDNAs of GS and FBPase do not
induce a significant change in the capacity of cell to divide
(Figure 7(b)). Moreover, glycogen synthesis (Figure 8) could
be involved in the action of inhibition of proliferation of
rat glioma-derived cell by various antisenses. Indeed, both
antisense cDNAs of either GS or FBPase induce a significant
decrease in glycogen synthesis of the transfected rat glioma-
derived cell line.

In Vivo Effects. The subcutaneous evolution of implanted rat
tumors in immunodepressed mice is presented in Figure 9.
The tumor size is significantly decreased by the expression
of GS cDNA antisense, but not by FBPase cDNA antisense,
in rat C6 cell line when compared to the empty plasmid.
Indeed, the size of the subcutaneous tumor obtained with
transfected cells by antisense GS cDNA is always significantly
lower than that obtained with empty plasmid or plasmid
containing cDNA antisense of FBPase.

In the case of rat glioma-derived cell line, we can
probably conclude that glycogenosis is involved in the control
of both in vivo and in vitro proliferation of rat glioma-derived
cell line.

8.2. Putative Conclusion. In conclusion, we can assume that
targeting either glycogen synthesis or gluconeogenesis can
affect the proliferation of glioma-derived cell lines, at least in

the cell lines we used. Therefore, if transposition of obtained
in vitro and in living mice to brain tumors of human beings is
valid, brain glycogen might constitute a therapeutic target in
order to decrease the development of brain tumor. Moreover,
when it will be possible to follow the brain glycogen variation
using medical imagery [41, 107–110], such a hypothesis may
find an experimental confirmation.

9. Selection of Lines of Mouse Based upon
their Latency to Seizures Induced by
Methionine Sulfoximine

9.1. Selection of MSO-Fast and MSO-Slow Mouse Lines. After
MSO administration to mice or rats, glycogen accumulates
in large amount in brain cortices and cerebellum during
the preconvulsive period [88, 89, 91]. The glycogen content
remains high during the convulsive period and up to the
postconvulsive period. Moreover, MSO induces accumula-
tion of glycogen in mouse and rat astrocytes both in vivo
[82, 84, 86, 90, 91] and in vitro [82, 85, 111]. This in vitro
data, in addition to the in vivo effect before onset of seizures,
clearly suggested that the brain variation of glycogen is not
a consequence of epilepsy. Causal links between glycogen
accumulation and seizure remain an open and pending
question. We have demonstrated that both seizures latency
and glycogen accumulation are depending upon genetic
background in mice, and when inbred mice can accumulate
glycogen in brain cortices after MSO dosing and can mobi-
lize accumulated glycogen during seizures (C57BL/6J), the
latency of MSO-dependent seizures is high as compared to
inbred mice that cannot mobilize glycogen (CBA/J) [82, 90]
(Figure 10). We hypothesized, therefore, that the two MSO
effects, that is, elevation of glycogen and its mobilization
during seizures, might constitute a way to postpone seizures
[82, 90] and/or a mean to struggle against the epileptic
status and the unwilling consequences of epilepsies. Whether
this hypothesis is valid may have therapeutic consequences
for patient suffering from epilepsies and needs experimental
approaches for being validated.

In order to validate such a hypothesis, we have selected
two lines of mice on the basis of their latencies to MSO-
dependent seizures [112]. Three intercrosses of eight inbred
mouse lines produce the generation 1 (G1) for MSO chal-
lenging. The selection of MSO-sensitive and MSO-resistant
mouse from G1 was performed by a single injection of
75 mg/kg MSO and observation of the first generalized
seizure. Mice with the fastest latency were crossed with
care not to cross sister with brother; they were named as
MSO-Fast. Mice with the longest latency were crossed with
care not to cross sister with brother; they were named as
MSO-Slow. Such a process was conducted for 7 generations,
and additional 3 generations were performed with increased
selection pressure, by decreasing administered MSO dose
for MSO-Fast and increasing it for MSO-Slow. After these
steps, phenotypes considered as established, inbreeding was
performed using 8 sister-brother crosses for each line.

Characterization of MSO-Fast and MSO-Slow lines was
performed after 6 MSO-challenges, that is, at selection
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2002 [82, 90].

generation G6 [112, 113]. After establishment of inbreeding
by 10 sister-brother crossings, characterization was again
performed, that is, at inbreeding C8 [114]. We presented
both data here.

9.2. Epileptic Characteristics of MSO-Fast and MSO-Slow
Mouse Lines. The process of selection generated two lines of
mice that we call MSO-Fast, for their fast response to MSO in
terms of latency, and MSO-Slow, for their very long latency to
MSO [112]. We might consider these two lines as MSO sensi-
tive and MSO resistant, respectively. Indeed, EEG of MSO-
Fast mice demonstrate an epileptic profile when mice were
given a single 75 mg/kg MSO. Conversely, no EEG alteration
could be observed in MSO-Slow receiving the same dose of
MSO [112]. Data obtained regarding sensitivity toward MSO
are summarized in Table 1. All along the selection process,
the latency toward MSO-dependent seizures and ED50 of
MSO significantly varies between generation G1 and G6.
Latency decreases and increases for MSO-Fast and MSO-
Slow, respectively. The percentage of convulsive mice in-
creases from 80% to 88% for MSO-Fast mice and decreases
from 80% to 5% for MSO-Slow ones. The variation of
ED50 of MSO confirms that the two lines of mice largely
differ from each other. The establishment of 8 inbreeding

Table 1: Summarized data obtained during selection of MSO-Fast
and MSO-Slow lines.

Mouse Step n
Latency
(min)

Seizures
(%)

Death
(%)

ED50

(mg/kg)

G0 initial 343 420 ± 100 80 37 ND

MSO-Fast G6 104 320 ± 50 88 12 36,1 ± 0,3

MSO-Slow G6 80 570 ± 30 5 5 124,9 ± 10,3

MSO-Fast C8 40 240 ± 20 100 6 41.8 ± 1.6

MSO-Slow C8 40 600 0 2 >300

Data concerned sensitivity toward MSO (75 mg/kg) of mouse at different
levels of generation during the selection process. G0: after mixing of the eight
parental strains, G6: after 6 processes of crossing and MSO-challenging, C8:
after 8 inbreeding crossings of the selected lines after 10 MSO-challenges.
ND: not determined. Data adapted from Cloix et al. [112].

Table 2: Summarized latency (min) obtained during characteri-
zation of MSO-Fast and MSO-Slow lines at the 6th generation of
selection process.

Products
Mouse

MSO-Fast n MSO-Slow n

Convulsant

MSO (75 mg/kg) 295, 6± 102, 4a 20 ND

MSO (200 mg/kg) ND 347, 7± 79, 5 20

KA (25 mg/kg) 48, 8 ± 23, 2a 28 76, 8± 46, 5 27

PTZ (75 mg/kg) 1, 24± 0, 48b 30 1, 18± 0, 46 29

Anticonvulsant

MK-801 (1 mg/kg) 600c 12 600c 12

VPA (250 mg/kg) 453, 7± 65, 1d 10 470, 5± 183, 6 10

The anticonvulsants were given to mice 30 minutes before the appropriate
dose of MSO. a: P < 0.01 MSO-Fast versus MSO-Slow. b: NS. c: The anti-
convulsant effect of MK-801 is obvious, but not statistically analyzed as the
latency value in its presence has no SEM. Indeed, when the latency is above
10 hours, mice were given a score of 600. d: P < 0.001 VPA versus its ab-
sence in MSO-Fast only. ND: not determined. Data adapted from Cloix et al.
[113].

crosses improves such differences between the two lines.
The percentage of MSO-induced death of mice in both
lines indicates that the selection process in MSO-Fast mice
concerns mice that are “less sensitive” toward MSO as the
most sensitive ones died during the process of selection.
Conversely, MSO-Slow mice are not concerned, as only the
resistant mice were crossed.

These two lines of mice differ as well by their sensitivity to
other epileptic compounds and to anticonvulsants (Table 2).
Indeed, the latency to seizures induced by kainic acid (KA)
is significantly lower in MSO-Fast than that in MSO-Slow.
In addition, no significant difference between MSO-Fast and
MSO-Slow could be observed between the latency to seiz-
ures induced by pentylenetetrazol (PTZ). Moreover, MK-801
antagonizes MSO-dependent seizures in both MSO-Fast and
MSO-Slow lines. Conversely, valproic acid (VPA) partially
antagonizes MSO-dependent seizures in MSO-Fast line only.
We suggested [112], therefore, that the MSO-dependent
seizures might be mediated by an effect of MSO on glu-
tamatergic pathways rather than GABAergic ones.
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Figure 11: MSO effects on glycogen content determined on mouse
cerebral cortex of various mice. (a): Various parental inbreed mouse
strains are sacrificed 8 hours after receiving a single MSO dose
(75 mg/kg). Variation in cerebral cortex induced by MSO was deter-
mined as percentage of glycogen increase observed 8 h after MSO
administration and vehicle for the eight parental strains, n = 8. (b):
MSO-Fast and MSO-Slow from G6 were given a single MSO dose
(75 mg/kg) and were sacrificed either at various times after dosing
or at the onset of seizures (Seiz). Significance was given for the total
variation of brain glycogen content between the two lines and for
value of MSO-Slow mice at the onset of seizures compared to before
and after seizures. ∗P < 0.05, ∗∗∗P < 0.001. Values are express-
ed as mean ± SEM of at least 20 mice, and statistical analysis was
made using Student test for (a) and using ANOVA test for (b). Data
adapted from Cloix et al. [112].

9.3. Involvement of Brain Glycogen in MSO-Fast and MSO-
Slow Mouse Lines. We had already suggested, based upon
data obtained with C57BL/6J and CBA/J (Figure 10) [82, 90],
that glycogen might be involved in the control of MSO-de-
pendent seizures. Indeed, our hypothesis is that mice that
can increase their brain glycogen content and mobilize it
at the onset of seizures are able to postpone the onset of

seizures induced by MSO, conversely to mice that cannot
modify their brain glycogen content. Among the various
possibilities to validate such a hypothesis, we privilege the
analysis of brain glycogen content in various mouse inbreed
strains submitted to MSO and the selection of MSO-sensitive
and MSO-resistant mouse lines. Data obtained using this
latter are summarized in Figure 11.

The 8 parental inbreed strains, used for the production
of G1, present an excellent parallelism between increase
in brain glycogen content determined 8 hours after a
single 75 mg/kg dose of MSO and the latency to MSO-
dependent seizures (Figure 11(a)) [113]. When these data
are analyzed by plotting the MSO-dependent latency as
a function of MSO-dependent increase in brain glycogen
content, a positive correlation was demonstrable (Y = 0.89+
215.81, R2 = 0.85). In addition, in MSO-Fast and MSO-
Slow lines, brain glycogen content increases as a function
of time after MSO dosing. This increase is significantly
higher in MSO-Slow mice compared to that in MSO-Fast
ones (Figure 11(b)). Only the MSO-Slow mice are able to
decrease their brain glycogen content at the onset of seizures
(Figure 11(b)). Overall, these data confirm and validate
based on experimental results our previous hypothesis [82,
90] that suggested an involvement of brain glycogen content
in MSO-dependent seizures.

9.4. Involvement of Brain Monoamines in MSO-Fast and
MSO-Slow Mouse Lines. Variations of cerebral cortex con-
tent in monamines were analyzed in MSO-Fast and MSO-
Slow lines after a single 75 mg/kg dose of MSO. Among the
indolamines and catecholamines we determined, the most
relevant and significant changes were obtained for 5-HT and
dopamine [113]. This data is represented in Figure 12.

Brain 5-HT content is always significantly higher in
MSO-Fast mice than that in MSO-Slow ones, and this is
true for any period of time before and after MSO dosing
(Figure 12(a)). Particularly, the basal level is about 4 times
higher in MSO-Fast brain as it is in MSO-Slow brain.
Moreover, in both lines 5-HT content significantly decreases
at the onset of seizures; however, at onset of seizures brain
5-HT content is still significantly higher in MSO-Fast mice
than that in MSO-Slow. In the MSO-dependent seizure
model it was reported that 5-HT was a potent antagonist
of seizures induced by MSO [115]. MSO-dependent seizures
and 5-HT increases were abolished by treatment with either
5-HT precursor, 5-hydroxytryptophan, or benserazide, a
decarboxylase inhibitor [116]. The present data on the varia-
tions of 5-HT in cerebral cortices of the two lines of mice are
therefore in agreement with the involvement of these com-
pounds in the control of seizures. We found that 5-HT is
involved in the epileptogenicity of MSO-Fast mice because
of (i) changes in its concentration during convulsive and
postconvulsive periods and (ii) the high basal level of 5-HT
in MSO-Fast as compared with that of the MSO-Slow. In the
MSO-Slow no variation of brain 5-HT could be observed. It
is known that 5-HT has an antiepileptic action in humans
and is of greater relevance in MSO-dependent seizures. The
decrease of 5-HT content in MSO-Fast, and especially in
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Figure 12: MSO effects on monoamine content determined on
cerebral cortex of MSO-Fast and MSO-Slow mice. They were given
a single MSO dose (75 mg/kg) and were sacrificed thereafter either
at various predetermined times or at the onset of seizures (S). (a):
Variation of cerebral cortex 5-HT content. (b): Variation of cere-
bral cortex dopamine content. Significance was given for the total
variation of brain monoamine content between the two lines and
for value of MSO-Slow mice at the onset of seizures compared to
before and after seizures. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
Values are expressed as mean± SEM of 20 mice. Data adapted from
Cloix et al. [113].

MSO-Slow at the onset of convulsions, is in agreement with
previous results [84, 115]. The decrease induced by MSO
could be the reflection of a release of 5-HT in the cerebral
cortex of the mice to struggle epileptogeny.

Very similar data are obtained on brain dopamine con-
tent (Figure 12(b)), except that dopamine content increases
at the onset of seizures. Involvement of both 5-HT and dopa-
mine in the control of glycogenesis is well known. However,
while a good parallelism is observable between the variation

of both 5-HT and dopamine induced by MSO in MSO-
Fast and MSO-Slow lines, no correlation could be observed
between dopamine and glycogen content. Conversely, an
excellent and positive correlation is demonstrable between
glycogen and 5-HT brain content in both MSO-Fast and
MSO-Slow lines (Figures 13(a) and 13(b)). Both 5-HT and
dopamine have glycogenolytic effect [84, 117, 118], both
in vivo and in cell culture; so a decrease was expected in
glycogen content when monoamine contents increase. In
contrast our results showed a clear increase in glycogen
content in the two selected lines. The group of Magistretti
[103, 119–121] showed that exposure of cultures of astro-
cytes to norepinephrine resulted in a short period of time
in a small decrease in their glycogen content, which was
followed by a large increase in this content for several hours.
So monoamines may exert a dissymmetric biphasic action on
brain glycogen, that is, a short-term, short-duration, and a
small decrease followed by a large and long-term increase. In
both selected lines, although a short time action of MSO was
not evaluated in our experiments, the convulsant enhanced
the metabolism of at least one monoamine, and this may
explain the observed increase in glycogen content.

9.5. Conclusion on MSO-Fast and MSO-Slow Mouse Lines.
We have demonstrated that brain glycogen content is
a relevant marker and target for controlling the MSO-
dependent seizures. Whether this is also valid for other
animal models of epilepsies and moreover in human, the
brain glycogen content will have to take into account in
the management of this disease. We hope that this model
of chemical-induced seizures will be helpful to study the
relationship between seizures induction and control, and the
brain glycogen content. When it will be possible to follow the
in vivo variations of brain glycogen content in patients and in
animal models of epilepsies, a new age will be opened to the
diagnostic and therapeutic approaches of epilepsies.

10. Conclusion

In addition to the above-exemplified relevance of brain
glycogen content in epilepsy and cancer, it is described as
involved in other brain diseases and in neuropathologies. For
example, it has been reported that traumatic brain injury
triggers a marked accumulation of glycogen that may protect
the brain during ischemia by serving as an endogenous
source of metabolic energy [122]. Moreover, it is claimed
about the important roles of brain glycogen metabolism and
inhibition of glycogenolysis as a therapeutic approach to
cerebral ischemia [123]. Using a specific inhibitor of GP in
rat, the brain glycogen content increases. These rats main-
tained brain electrical activity longer than rats with normal
brain glycogen levels and showed markedly reduced neuronal
death [124].

Nowadays, brain glycogen content becomes an important
parameter in the process of controlling pathological pro-
cesses. Moreover, this molecule and its variation will be in
the near future a diagnostic tool and a therapeutic one as
well. This will depend upon the feasibility of determination
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Figure 13: Correlation between monoamine content and glycogen
content in cerebral cortices of MSO-Fast mice (a) and MSO-Slow
mice (b). Data adapted from Cloix et al. [113].

of brain glycogen content and variation in both living human
and animal. However, this very existing putative projection
in the near future may open new understanding of brain
pathologies in which glycogen may be involved. Moreover,
new therapeutic agents may be discovered as targeting brain
glycogen directly or not, with potential effects on various
pathologies.
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