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Glycogen is present in the mammalian brain but occurs at concentrations so low it is
unlikely to act as a conventional energy reserve. Glycogen has the intriguing feature of
being located exclusively in astrocytes, but its presence benefits neurones, suggesting
that glycogen is metabolized to a conduit that is transported between the glia and
neural elements. In the rodent optic nerve model glycogen supports axon conduction in
the form of lactate to supplement axonal metabolism during aglycemia, hypoglycemia
and during periods of increased energy demand under normoglycemic conditions. In
the hippocampus glycogen plays a vital role in supplying the neurones with lactate
during memory formation. The physiological processes that glycogen supports, such
as learning and memory, imply an inclusive and vital role in supporting physiological
brain functions.
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INTRODUCTION

The requirement for energy is a fundamental need that is shared by all living things (Tymoczko
et al., 2015). From an evolutionary point of view the emergence of life on earth commenced with the
emergence of single celled organisms in aquatic environments (Davies, 1998; Gale, 2009), although
the specific location of this is contentious (Djokic et al., 2017). The predominant view is the cells
evolved deep in the ocean near vents that spewed super hot liquid from ruptures in volcanic vents.
The latter viewpoint is that the single celled organisms evolved in pools of mud and clay and
then traveled down rivers before entering the sea (Mulkidjanian et al., 2012). This explanation is
appealing as the sodium to potassium ratio is the same as occurs in the cells (Mulkidjanian et al.,
2012), and complies with the Macallum theory that chemical traits of cells are more conservative
than changing environments, whereas in the oceans the ratios are reversed i.e., they have high
sodium and lower potassium (Gale, 2009). Whatever the origin the energy requirements of these
cells was relatively simple to meet as the nutrients were available in plentiful supply thus the cells
did not have to search for these nutrients. All that cells required to receive adequate nutrition was
a semi permeable membrane to allow entry of the nutrients and expulsion of waste products. In
single celled organism the diffusion distances were small i.e., sub-cellular. At this point in evolution
glycolysis was the sole metabolic pathway that produced energy in cells (Lane, 2015). As life become
more complex, and as single celled organisms evolved into multicellular organisms the utilization of
energy substrate became more complex as an increasing number of cells within an organism meant
that diffusion was no longer an adequate means by which to deliver nutrients, and a rudimentary
system of vessels for delivery of nutrients to all cells evolved, which would later evolve into the
vascular system (Boron and Boulpaep, 2009). As life forms evolved into land dwelling animals
they had to evolve systems for obtaining nutrients and the gastrointestinal system evolved, where

Frontiers in Neuroscience | www.frontiersin.org 1 November 2019 | Volume 13 | Article 1176

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.01176
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.01176
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.01176&domain=pdf&date_stamp=2019-11-01
https://www.frontiersin.org/articles/10.3389/fnins.2019.01176/full
http://loop.frontiersin.org/people/1832/overview
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01176 November 1, 2019 Time: 15:17 # 2

Rich et al. Glycogen in the Nervous System

energy is consumed and chemically transformed into the
constituent components of the complex foods, prior to uptake
by the vascular system and delivery to the cells (Boron and
Boulpaep, 2009). The increasing demand for energy resulted
in the development of oxidative metabolism in which bacteria
entered cells and evolved into mitochondria (Stryer, 1995), which
were able to use the presence of oxygen, that had accumulated in
the atmosphere as a result of the developments and multiplication
of blue green algae (Gale, 2009), to increase the efficiency
of the energy yield (Stryer, 1995). As mammals evolved, a
class of creatures that maintains a constant body temperature
usually above the ambient air temperature, the requirements of
energy increased dramatically (Nagy et al., 1999). Such evolution
also required the capacity for storage of energy substrate as
constant food availability was unlikely and thus the feast and
fast process of energy consumption evolved. As a result excess
substrates in the form of fat and carbohydrates were stored
as subcutaneous fat, liver and muscle glycogen respectively
(Boron and Boulpaep, 2009).

INCREASING METABOLIC DEMAND
ACCOMPANIES INCREASED BRAIN SIZE

As mammals evolved the complexity of the brain increased in
parallel, and with the evolution of humans, which commenced
about 1 million years ago, the large brain, and in particular
the development of a large frontal cortex, had its own unique
energy requirements (Wang et al., 2008; Harris and Attwell,
2012). At the current state of human evolution the energy
demands of the system may be summarized as follows. The
brain has a disproportionate energy demand relative to its size.
It contributes only 2% of the body weight but requires 20% of
the blood flow, from which it extracts 50% of available oxygen
and 20% of available glucose (Dienel, 2009). Excess glucose is
stored in the liver as glycogen, which can sustain normoglycemic
concentrations of glucose for up to 24 h in the absence of any
food intake (Stryer, 1995). The subcutaneous fat, depending on
the size of the individual, can be broken down to ketone bodies
and can support brain function for weeks to months depending
upon the extent of the reserves (Voet and Voet, 2011).

A consequence of the evolution of a larger brain and the
associated parallel increase of information processing has meant
that the energy demand has increased in a non-linear fashion,
and is now described by a power function (Wang et al.,
2008). The consequence of this is that modest increases in
brain size throughout evolution have been accompanied by
disproportionally large increases in energy demand (Wang et al.,
2008). Such development could put the brain at risk from not
receiving an adequate supply of nutrients. It is instructive to note
that in the adult human occlusion of the carotid arteries for the
briefest period of time (6 to 8 s) results in a loss of consciousness
(Rossen et al., 1943). This highlights in spectacular fashion the
energy substrate requirements of the brain, and how even the
slightest delay in delivery of such substrates, where the energy
supply can be considered as falling below energy demand, can
have catastrophic consequences on brain function (Rossen et al.,

1943). Perhaps as a consequence of this increased energy demand
the individual cells in the brain may have developed a degree
of versatility with regard to which substrates they utilize under
varying conditions (Ames, 2000).

In this review, we will describe experiments carried out in the
central nervous system (CNS) that were designed to investigate
the shuttling of lactate between glial cells and neurones, and the
source of that lactate. The dogmatic view of all brain cells taking
up glucose followed by complete oxidative phosphorylation has
progressed to support the theory that there is co-operativity
between glial cells and neurones imparted by the metabolic and
physical compartmentalization between these two cells types.

GLUCOSE METABOLISM

The role that glucose plays in supporting brain function is
paramount and is accepted by all (Dienel, 2009). Corroborating
information for this statement may be readily appreciated by
realizing the following: (1) blood glucose is maintained within
a narrow normoglycemic range (4 to 7.2 mM) via complex
endocrine control mechanisms, strongly indicative that it is of
paramount importance that blood glucose remains above a basal
level, the obvious conclusion being that this basal level is above
that required to ensure adequate delivery of glucose to the brain,
(2) there are glucose sensitive neurones in the brain which
function to induce compensatory mechanism that cause glucose
to remain at a basal level, (3) the arterial to venous blood glucose
difference is always negative i.e., the concentration of blood in
the arterial delivery to the brain exceeds that of the venous
drainage, consistent with extraction of glucose by the brain, (4)
labeled glucose shows up as metabolites after introduction into
the brain, (5) on introducing excess insulin into the systemic
circulation the brain malfunctions, evidence that there is no
alternative substrate present in sufficient concentrations in the
systemic circulation to substitute for glucose, and (6) non-
glucose substrates are converted into glucose in the liver and
kidney via gluconeogenesis, implicating glucose as a preferred
substrate that can be used by all cells (Frier et al., 2014). During
starvation ketones can be act as alternate substrates but cannot
fully substitute for glucose.

Studies into the distribution of glucose transporters have
found these proteins present at the blood brain barrier (BBB)
and also present on both neurones and glial cells, although the
expression of the transporters is cell specific, with neurones
tending to express Glut 3 and astrocytes Glut 1 (Choeiri et al.,
2002; Thorens and Mueckler, 2010). This pattern suggests
functional reasons for difference in expression, possibly due to
the affinity and maximal rate of the transporter being suited to
the particular requirements of individual cell types.

The first indication that not all cells take up glucose and
fully metabolize it into carbon dioxide and water came for
studies of brain metabolism where the ratio of oxygen uptake
was compared to the glucose consumption. In the event of full
oxidation of glucose the ratio would be 6, since 6 oxygen atoms
would be required for the oxidation of the 6 carbon molecules
in the glucose structure. However the value recorded varied at

Frontiers in Neuroscience | www.frontiersin.org 2 November 2019 | Volume 13 | Article 1176

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01176 November 1, 2019 Time: 15:17 # 3

Rich et al. Glycogen in the Nervous System

about 5.5 (Dienel, 2009). Although such recordings came from
whole brain and gave no regional indications as to whether this
discrepancy was due to one particular region of the brain or
was a global phenomenon, it implied incomplete metabolism
of glucose, which appears at odds with Rossen’s data, which
clearly shows the brain’s avid requirement for energy, surely an
indication that the brain would use all available energy supplied
to it. However studies in rat have shown that while the brain does
indeed extract glucose from the arterial delivery it also excretes
the unused glucose into the venous drainage, suggesting that
the brain takes up what glucose it requires for its immediate
energy requirements and does not store the excess (McIlwain
and Bachelard, 1985). Reasons for the disparity between the
oxygen and glucose uptake ratio have lain at the center of
a controversy that has engulfed the subject of brain energy
metabolism for over the last 30 years. The first direct evidence
for metabolic compartmentalization came from studies on the
honeybee retina model (Tsacopoulos et al., 1994). Despite its non-
mammalian lineage this is a very useful model with which to
investigate metabolic compartmentalization since the neural and
glial compartments are morphologically distinct and arranged
in an organized and easily identifiable manner. In this model
the glial elements take up the majority of the glucose, whereas
the neural elements take up the majority of the oxygen. During
periods of increased metabolic activity imposed by flashing
light onto the retina, the glia glucose uptake increases, as does
the neuronal oxygen consumption (Tsacopoulos et al., 1994).
The model that emerges is shown in Figure 1 which may be
considered the original lactate shuttle relevant to the CNS.

LACTATE SHUTTING IN MAMMALIAN
CNS

An almost contemporaneous report extended this scheme to
apply to the mammalian brain, but with notable differences and
additions. It was to prove one of the most contentious papers in
the field of brain energy metabolism and the debate raging around
the subject persists. The paper described experiments carried out
using cultures of mouse cerebral neurones and astrocytes, and
demonstrated a few key features, which were stoichiometrically
robust (Pellerin and Magistretti, 1994). The background to the
study was the realization that if metabolic signaling were to occur
between neurones and astrocytes in the mammalian CNS, there
must exist a signaling mechanism whereby the neurones signal
to astrocytes their need for delivery of metabolic substrate. The
signaling mechanism must have the following characteristics: (1)
it must be related to the frequency of activity of the neurones
i.e., the release of the compound must be related to the activity
of the neurones, (2) it must be sensed by the astrocyte i.e.,
there must be mechanism(s) whereby the astrocyte senses the
molecule, and (3) there must exist a system or process whereby
the concentration of the molecule is decreased upon cessation
of activity i.e., there must be an effective buffering system that
reduces the concentration of the molecule after activity. In this
study glutamate was shown to meet these three criteria (Pellerin
and Magistretti, 1994). The release of synaptic glutamate is

FIGURE 1 | Morphological and metabolic compartmentalization in the
honeybee retina. The glial components take up glucose, which is ultimately
converted to alanine. The alanine is then shuttled to the photoreceptors where
it is oxidatively metabolized. Such a scheme serves as a template for the
lactate shuttling present in the mammalian CNS.

related to the frequency of action potentials, and it is buffered
by astrocytes, causing its extracellular concentration to decrease
rapidly after activity. Glutamate is taken up into astrocytes using
the trans-membrane Na+ gradient (Sonnewald et al., 1997).
The results of this increased glutamate uptake into astrocytes
is an elevation in astrocytic Na+. In addition the glutamate
that is taken up is converted into glutamine, a metabolically
inert compound that can safely be released by the astrocyte
for subsequent reuptake and cycling by the neurones without
the risk of activation of glutamate receptors. However this
reaction, catalyzed by glutamine synthase, requires ATP (Pellerin
and Magistretti, 1994). Thus sequestering glutamate places a
metabolic burden upon astrocytes due to glutamate-glutamine
shuttling and extrusion of Na+ from the astrocyte via the ATP
dependent Na+ pump. The uptake of glutamate coincides with an
increased uptake of glucose from the media in a dose dependent
manner (Pellerin and Magistretti, 1994) (Figure 2). Thus, the
scheme that was proposed tied together these processes, whereby
neuronal activation led to release of synaptic glutamate, which
was taken up by astrocytes, in turn leading to an energy requiring
processes to re-equilibrate ion gradients and shuttle glutamate.
The glucose taken up by astrocytes was glycolytically metabolized
to lactate. This offered the benefit of producing ATP for re-
equilibrating the ion gradients and producing lactate, which
could be shuttled to the neurones for oxidative metabolism
(Pellerin and Magistretti, 1994).

There is insufficient space in this review to provide a detailed
analysis of the ANLSH but there are numerous reviews, which
either support or contest the concept (Korf, 2006; Mangia et al.,
2009; DiNuzzo et al., 2010; Dienel, 2012; Pellerin and Magistretti,
2012). An alternate viewpoint is that the astrocytic glycogen is
used exclusively for astrocytic metabolism, thereby preserving
interstitial glucose for neuronal uptake (DiNuzzo et al., 2010).
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FIGURE 2 | The astrocyte-neuron lactate shuttle hypothesis (ANLSH). In this
scheme glutamate released at the synapse is taken up by Na+ coupled
glutamate transporters (1). The glutamate is converted by glutaminase to
glutamine, an ATP requiring reaction (3), with the glutamine transported to the
presynaptic terminal as an inert compound that will not cause excitotoxicity.
The Na+ that is transported with the glutamate is pumped out of the astrocyte
by the energy requiring Na+ pump (2). The uptake of glutamate triggers
glucose uptake into the astrocyte, which is glycolytically converted to lactate,
producing two molecules of ATP. These ATP fuel the re-equilibration after
glutamate uptake and the lactate is shuttled to the neurones for oxidative
metabolism.

Allosteric regulation of glycogen by glucose phosphatases argues
against the ANLSH. Glucose phosphates derived from astrocytic
glycogen act as allosteric signals to reduce astrocytic uptake
of glucose, thereby sparing interstitial glucose for neurons.
Intracellular glucose-1-phosphate acts as a signal on the Na+/K+
pump to promote extracellular K+ buffering thereby controlling
extracellular ion homeostasis (DiNuzzo, 2019).

BRAIN GLYCOGEN

What the proposal of the ANLSH did was bring into focus
the manner in which neurones receive energy substrate. Before
describing this in detail it would be useful first to describe the
gross properties of whole body energy metabolism. The liver and
skeletal muscles are the main depots of glycogen in the body
(Stryer, 1995). The skeletal muscle glycogen is used as a localized
energy source to fuel muscles, with the glycogen glycolytically
metabolized to lactate, which is released from the muscle into the
systemic circulation as a waste product (Dalsgaard et al., 2004).
Liver glycogen is metabolized in response to falling systemic
blood glucose levels and is released as glucose directly into
the systemic circulation in order to maintain normoglycemic
concentrations of blood glucose (Tymoczko et al., 2015). Since
the brain is exquisitely sensitive to decreases in blood glucose
(Frier et al., 2014), the role of the liver glycogen can be considered
as maintaining an adequate delivery of glucose to the brain;
the delivery of glucose to other organs is a consequence of the

FIGURE 3 | Glycogen content dictates latency to CAP failure in the MON
model. (A) In MONs pre-incubated in 10 mM glucose (straight line), the CAP
starts to fail at about 20 min after introducing 0 mM glucose aCSF, i.e.,
simulated aglycaemia, and falls rapidly to zero in the continued presence of
aglycemia. In nerves pre-incubated for 2 h in increasing concentrations of
glucose (circle – 15 mM, triangle – 20 mM, square – 30 mM), the latency to
CAP failure increased in line with the glucose concentration. (B) There is a
linear relationship between glycogen content (pmole µg protein−1) at the
onset of aglycemia and latency to CAP failure.

FIGURE 4 | The ability of the MON to conduct CAPs is determined by the
balance between tissue and energy demand and supply of substrate to the
nerve. In MONs supplied with 10 mM glucose the imposition of 100 Hz
stimulus causes the CAP area to fall. However replacing 10 mM glucose with
30 mM glucose in the aCSF restores the CAP to its full area. The horizontal
bars indicate the glucose concentration present in the aCSF.

systemic circulation. There is glycogen present in the mammalian
CNS but it is present in low concentrations relative to that in
liver and skeletal muscle (Nelson et al., 1968). Measures of ex vivo
or in vivo glycogen levels in rodents and humans are between 8
and 12 µmol g−1 and, assuming an astrocytic volume fraction of
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FIGURE 5 | The combination of recording the stimulus evoked CAP (triangle)
with real time recordings of lactate (black line) allow for a fuller picture of the
cellular interactions to emerge. (A) At the onset of aglycemia the lactate falls
almost immediately followed by the CAP. (B) Glucose is taken up by
astrocytes and either stored as glycogen or directly processed glycolytically to
lactate. The lactate is then transported to the axons for oxidative metabolism.
Removing glucose from the aCSF or inhibiting glycogen metabolism with DAB
or isofagomine causes the lactate to rapidly fall to zero followed by the CAP.

15%, this gives a concentration of 50–80 µmol g−1, substantial
compared to the ambient interstitial (glucose concentration). It
must also be appreciated that except under conditions of severe
systemic hypoglycemia glucose is always present in the interstitial
fluid at 2–3 mM, thus glycogen acts to supplement a significant
ambient glucose concentration. If the role of liver glycogen is
primarily to fuel brain function, what then is the role of brain
glycogen? Over the last 30 years a series of experiments have
been carried which are beginning to reveal the physiological roles
of brain glycogen.

The presence of glycogen in the mammalian brain has
been known for decades (Cataldo and Broadwell, 1986). With
the advent of electron microscopy and biochemical assay the
presence and the content, respectively, of glycogen in all areas
of the body was investigated. The presence of glycogen in the
brain (Koizumi and Shiraishi, 1970a,b; Phelps, 1972; Koizumi,
1974) did not incite a detailed research program to uncover its
role, principally as it occurred in such low concentrations relative
to other areas of the body (Nelson et al., 1968). Elementary

FIGURE 6 | Glycogen metabolism underlies memory consolidation. Glycogen,
located in astrocytes in the hippocampus, is metabolized to lactate, which is
transported to the pre and postsynaptic terminals, where it fulfils separate
roles, being converted to glutamate in the presynaptic terminal, and aiding
consolidation in the postsynaptic terminal.

calculations demonstrated that the glycogen in the brain could
only fuel brain function for a few minutes in the absence of
glucose and thus its role was considered unimportant (Dienel,
2009). The fact that the glycogen was present in the astrocytes
(Cataldo and Broadwell, 1986) and appeared to be localized to
synaptic regions (Koizumi and Shiraishi, 1970a,b; Phelps, 1972;
Koizumi, 1974) did not excite interest, and it was only when
glial cells emerged from under the shadow of neurones and their
importance in brain function was discovered that interest in brain
glycogen was reawakened (Brown, 2004). Although some of the
studies in the following descriptions are un-physiological (i.e.,
0 mM glucose, 20 mM lacate in the aCSF, 100 Hz stimulus) they
were important and warranted as they revealed basic properties
and function of glycogen. The introduction of the cell culture
technique in the 1980s, in which disparate cell types could
cohabit in a petri dish bathed in a supportive medium, proved
important. The co-culturing of neurones and glia led to the
first important discovery, namely that neurones survive better in
culture when astrocytes are also present (Whatley et al., 1981).
This initial study did not reveal what aspect of the presence of
astrocytes the neurones found essential for survival. This was not
a trivial matter since the support afforded by astrocytes could be
physical, where connections between cells are essential, or the
release of some trophic factor from astrocytes that supported
the neurones. A later culture study revealed that the essential
component of astrocyte presence that supported neurones was
the glycogen contained within the astrocytes (Swanson, 1992;
Swanson and Choi, 1993). Astrocytes depleted of glycogen were
not as successful at supporting neurones as astrocytes with a
full complement of glycogen. It had been seen with preliminary
electron microscopic studies that glycogen was located almost
exclusively in astrocytes in adult mammalian brain (Cataldo and
Broadwell, 1986). Only during development (Bloom and Fawcett,
1968) and pathological conditions (Vilchez et al., 2007) do neural
elements express glycogen. This cellular location was intriguing
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for the following reasons. It was known that the cellular metabolic
rates was higher in neurones than astrocytes (Dienel, 2009),
and given the complex electrical activity that neurones display
which underlies brain function, it would appear that the neuronal
elements would require more energy than astrocytes. Consider
that the maintenance of the resting membrane potential is a
very energy dependent process, and that the firing of action
and synaptic potentials disrupts this equilibrium, which must
be reset at an energetic cost, this neural requirement for energy
can be readily appreciated. Glycogen is a polymer of glucose in
which dehydrated glucose molecules combine to from a large
molecule with a molecular weight of up to 108 (Champe and
Harvey, 2008). Studies in culture have shown that astrocytes
release lactate into the media (Dringen et al., 1995), which
provided initial clues as to the mechanism whereby glycogen
provides fuel. Glycogen is too large a molecule to be released
and travel intercellularly. In addition it appears that glycogen’s
role is not to provide energy substrate purely for astrocytes,
thus the trafficking of lactate to neural elements makes sense,
but does pose a few important questions. (1) How is the lactate
transferred to the neural elements, (2) what is the stimulus
or signaling mechanism by which neuronal elements signal to
astrocytes of the energy requirements, (3) do astrocytes benefit
from the presence of glycogen, and (4) is glycogen-derived lactate
shuttled to neurones continuously or is it supplied on demand?
An additional important question was what is the role of glucose
uptake into neurones? Is this the dominant energy substrate used
by neuronal elements, with lactate being a supplemental energy
substrate taken up by neurones as and when it is required (Korf,
2006; DiNuzzo et al., 2010; Dienel, 2012; Dienel and Cruz, 2014)?

Initial studies by Pierre Magistretti’s group investigated the
role of neurotransmitters and other compounds in regulating the
glycogen content. They found that glycogen was indeed up- and
down regulated by such compounds (Magistretti et al., 1993b,
1994; Sorg et al., 1995) and it was during the investigation of how
glutamate affects glycogen content that the ANLSH scheme was
uncovered (Pellerin and Magistretti, 1994). This labile property
of glycogen makes functional sense since it means it can be up-
and down regulated under variable physiological conditions, as
yet unknown, to meet key demands.

WHITE MATTER GLYCOGEN SUPPORTS
CAP CONDUCTION

Studies by the Ransom laboratory used a different strategy
to study glycogen, employing the rodent optic nerve as an
experiential model of central white matter (Stys et al., 1991).
The advantages of this model were that it lacked synapses
and neurotransmitters, being composed of cable like myelinated
axons, astrocytes and oligodendrocytes (Ransom et al., 1990). In
addition axon conduction could be recorded in real time, thus by
judicious addition or subtraction of energy substrates and other
compounds in the aCSF that superfuses the tissue the role of key
compounds could be investigated (Brown et al., 2001a,b). The
initial study was carried out to see what the effect of removing
glucose from the aCSF in the tissue was. This derived from

investigations into the effects of ischemia on the tissue, which
evolved into studies into the effects of the component parts of
ischemia, namely anoxia and aglycemia, which were investigated
separately. Anoxia (removal of oxygen) caused a rapid failure of
the CAP after a few minutes (Stys et al., 1992). However removal
of glucose in the presence of oxygen caused a delayed failure
in the CAP, lasting up to 30 min in the absence of exogenously
applied glucose (Ransom and Fern, 1997). This prolonged latency
to CAP failure led to the assumption that the optic nerve must
contain some form of energy reserve that sustains conduction for
30 min, but in addition, that the reserves are of limited size, and
once they have been consumed CAP conduction fails (Ransom
and Fern, 1997). The energy reserve proved to be glycogen, which
is located in the astrocytes in the optic nerve (Wender et al.,
2000). This discovery proved enlightening as it allowed for a
multitude of experiments to be carried out in the model using
different techniques to explore aspects of glycogen’s role.

The initial experiments were straightforward but provided
extremely important information regarding how glycogen fuels
the CAP. In light of evidence that the CAP was supported for
30 min prior to CAP failure the glycogen content in the tissue
was measured in 10 min increments such that a picture could
be built up of the dynamics of glycogen content in the face
of aglycemia. At the onset of aglycemia the baseline glycogen
content was measured. In parallel experiments the glycogen
content was measured every 10 min and it was found that the
glycogen content fell whereas the CAP was fully maintained
(Wender et al., 2000). The glycogen reached its nadir at 30 min,
which coincided with the point where the CAP fell (Wender
et al., 2000). These data highlight the advantage of the rodent
optic nerve as a model, as it allows two separate techniques
to be applied to the tissue, whose results can be compared to
provide a fuller picture as to glycogen’s role. The rate of fall of
the glycogen was linear during the period of aglycemia. This
suggested that if glycogen was unregulated prior to introducing
aglycemia then the latency to CAP failure could be prolonged
if glycogen was metabolized at the same steady rate. Glycogen
can be unregulated by bathing the nerve in supra-physiological
concentrations of glucose, thus incubating the nerve in 30 mM
glucose for 2 h increases the glycogen content by a factor of about
two compared to baseline levels, where the nerve is incubated in
10 mM glucose for 2 h (Wender et al., 2000). Exposing the optic
nerve to aglycemia after increasing glycogen content did indeed
lead to an increase in the latency to CAP failure. Incubating
nerves in increasing concentrations of glucose such that a variety
of glycogen levels were attained resulted in a linear relationship
whereby the latency to CAP failure was determined by the
glycogen content, i.e., increasing glycogen content in the nerve
at the onset of aglycemia prolonged the latency to CAP failure.
This was an important result for the following reason (Figure 3).
It showed that glycogen was indeed metabolized to provide
substrate to the tissue in the absence of exogenously applied
energy substrate. In addition it demonstrated that the glycogen
was metabolized at a steady rate with a constant energy demand
by the tissue (Wender et al., 2000). These results are important
for the diabetic community as they suggest that up regulating
glycogen content may be an effective therapeutic strategy to stave
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off the effects of hypoglycemia (Frier et al., 2014). However,
glycogen content would have to be appropriately regulated in
order to avoid hypoglycemia awareness (Cryer, 2013).

Additional indirect evidence was provided to show that
glycogen content determined the latency to CAP failure at the
onset of aglycemia. Experiments were carried out where nerves
were exposed to aglycaemia and the CAP recorded until it began
to fall, an indication that glycogen was depleted. The CAP was
allowed to recover to its baseline value and then aglycemia was
introduced again, the idea being that the glycogen will not be
replenished to its baseline level. The latency to CAP failure during
this second period of aglycemia was shortened compared to
the first period of aglycemia (Brown et al., 2003). The role of
glycogen under more physiological conditions was investigated.
In the presence of 2 mM glucose, which is considered to be
hypoglycemic and a systemic concentration that is reached in
type 1 diabetic patients who mismatch insulin delivery with
prevailing glucose levels, the CAP is maintained for extended
periods of time. However depleting glucose by imposing a period
of aglycemia and then reintroducing 2 mM glucose led to CAP
failure, indicating that on its own 2 mM glucose is not sufficient
to support the CAP, but is supplemented by the breakdown of
glycogen to provide supplemental energy substrate (Brown et al.,
2003). Removing that source of glycogen-derived substrate leads
to CAP failure, indicating that in type 1 diabetic patients, during
periods of hypoglycemia, glycogen is broken down to provide
supplemental substrate to support brain function. Given that
this condition is hypoglycemia and not aglycemia, the glycogen
content will not be as readily depleted thus the closer the blood
glucose is to normoglycemic levels the longer it will take for
glycogen to be depleted.

GLYCOGEN DERIVED LACTATE IS
TRANSPORTED TO AXONS

The balance between demand and supply can be investigated
using the rodent optic nerve model. In nerves bathed with 10 mM
glucose, imposing 100 Hz stimulus leads to a gradual fall in the
CAP area, proof that the increased energy demand is not met by
normoglycemic concentrations of glucose and the CAP cannot
be fully supported under these conditions (Brown et al., 2003).
However increasing the concentration of glucose to 30 mM leads
to total CAP support for extended periods of time under 100 Hz
stimulus (Brown et al., 2003) (Figure 4). These results suggest
there is no absolute threshold for CAP conduction failure, but
rather that as long as increases in demand are met by increases in
supply then the CAP can be maintained.

The role that lactate plays in the above results was investigated.
Firstly, if glycogen derived lactate is supporting the CAP, then
introduction of exogenous lactate in the absence of glucose
should support the CAP and this was shown to be the case
(Brown et al., 2003). Such data imply that there is a means
for lactate to enter axons (see later), and also indirectly for
lactate to enter astrocytes, as astrocyte function is required
for maintenance of the CAP, since astrocytes play important
roles such as buffering K+ (Clausen, 1992). The use of the

compound cinnemate, which blocks lactate uptake into axons,
was strategically used to dissect the detail of lactate use. CIN,
as well as D-lactate, must be used appropriately since they
not only block membrane surface transporters but also block
pyruvate uptake into mitochondria. In the presence of 2 mM
glucose addition of 150 µM CIN caused a rapid CAP decrease,
indicative of glycogen-derived lactate acting as a supplemental
substrate in the presence of 2 mM glucose (Brown et al., 2003).
However in the presence of 10 mM glucose CIN had no effect
(Brown et al., 2003). This control experiment has far reaching
consequences, as it suggests that not all glucose is shuttled via
astrocytes, but that axons can directly take up glucose. In nerves
exposed to 100 Hz when bathed in 10 mM glucose, the CAP failed
suggesting that even in the presence of normoglycemic glucose
additional energy substrate is required when the tissue energy
demand increases. Such data are important as they show that
glycogen has an important role under physiological conditions.
The fact that glycogen supported CAP conduction in the absence
of exogenously applied glucose probably has no value in ascribing
a role to glycogen, since aglycaemia is an artificial experimental
procedure, and hypoglycemia is an iatrogenic consequence of
insulin therapy that did not exist prior to 1922 (Frier et al.,
2014), thus cannot be glycogen’s main role. However supplying
lactate to axons when tissue energy demand increases implies a
novel role for brain glycogen and suggests it acts as an energy
buffer rather than an energy reserve, whose role is not to single-
handedly support conduction, but to act in concert with ambient
levels of normoglycemic glucose. The implications of this are that
such increases in demand can only be supported for finite periods
of time, and once such events have occurred, there has to be a
period of stability during which the glycogen can be replenished
if it is to act as a viable buffer.

Further experiments investigated the transport of lactate
from astrocytes to axons. In order for lactate to be used by
axons there must be a means by which it leaves the astrocyte
and is then taken up by the axon. This role is carried out
by a specialized family of facilitated trans-membrane spanning
transporters, which belong to the monocarboxylate family of
transporters (MCTs). Immunohistochemical studies localized the
MCT1 to the astrocyte and the MCT2 to the axon (Tekkok et al.,
2005), which is consistent with the MCT1 releasing lactate from
cells and the MCT2 taking lactate up into cells. The fact that
CIN accelerates the latency to CAP failure during aglycemia
is also supportive evidence that lactate is transferred from the
astrocyte to the axon in the absence of exogenously applied
glucose (Brown et al., 2003). Further studies which exploited
the ability of imposition of 100 Hz stimulus to increase tissue
energy demand were employed to study the role of lactate. When
100 Hz stimulus was imposed in optic nerves superfused with
10 mM glucose after a period of 4 min the CAP was maintained
at its baseline level (Brown et al., 2003). However the CAP fell
when either the glycogen metabolism blocker isofagomine was
added 20 min prior to the test stimulus (Brown et al., 2005),
or if 150 µM CIN or 20 mM D-lactate, the non-metabolizable
isomer of L-lactate that is transported at the MCT but is not
metabolized, were added (Tekkok et al., 2005). These results add
credence to the hypothesis that lactate is transferred to the axons
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under physiological conditions (albeit extremely high frequency
firing) when superfused with normoglycemic concentrations
of glucose. Thus optic nerve axons clearly show a degree of
versatility depending upon immediate energy expenditure and
substrate requirement. In the presence of normoglycemic glucose
(10 mM) blockade of lactate uptake into the axon by addition of
CIN has no effect on the CAP (Brown et al., 2005), indicating
that under such conditions there is no absolute requirement for
lactate uptake into the axon. Whether this occurs under control
conditions is not known, and it may well be that under such
baseline conditions the axons take up both glucose and lactate,
but when the route of lactate uptake is blocked the axons simply
increases its uptake of glucose to make up for the shortfall in
lactate delivery. The experiments, which showed CAP failure
when lactate uptake was blocked in optic nerves perfused with
2 mM glucose (Brown et al., 2005), demonstrates that only when
sufficient glucose is present can the axon continue to conduct the
CAP when lactate uptake is blocked. This is supported by data,
which shows that 10 mM glucose can support the CAP under
100 Hz for a short period of time, but that the CAP fails if lactate
uptake into axons is blocked (Tekkok et al., 2005). However
extended periods of 100 Hz stimulus leads to CAP failure in
optic nerves perfused with 10 mM glucose. However replacing
the 10 mM glucose with 30 mM glucose restores the CAP to it
baseline size. Under these conditions in 10 mM glucose there is
insufficient energy substrate intake, both in the form of glucose
and lactate to support the CAP under 100 Hz but given sufficient
glucose the CAP is restored (Brown et al., 2003). This versatility
is interesting as it supposes that axons are flexible in the substrate
they can use – either glucose or lactate depending upon both
availability and the nature of demand.

DYNAMICS OF LACTATE FLUX

Thus the presumed release of lactate from astrocytes is clearly
indicative of their ability to survive on the proceeds of
glycolysis. The use of lactate biosensors affords the opportunity to
determine whether lactate is released for astrocytes and what it’s
dynamics are under varying experimental conditions. A steady
concentration of between 50 and 300 µM lactate is measured
when lactate biosensors are pressed against the ex vivo optic
nerve in a chamber superfused with aCSF containing 10 mM
glucose but lacking any lactate (Yang et al., 2014). This implies
that the tissue continually releases a constant amount of lactate
into the interstitial space under baseline conditions. However it
must be appreciated that these sensors are recording the lactate
outside the nerve, so the interstitial concentration is likely to
be considerable higher. In addition, given the lack of lactate in
the aCSF, there is a very large concentration gradient forcing
lactate out of the tissue, which differs from the in vivo situation
where there is a constant lactate presence in the interstitium.
A steady recording of lactate implies a constant efflux from the
tissue as we are in effect recording a net flux, rather than a static
concentration, since the nerve is continually superfused with
aCSF at a rate of 2 ml min−1. These data do indeed imply that
astrocytes release lactate that is available to the axons for uptake

(Yang et al., 2014), but it must be appreciated that under such
circumstances there is a large gradient for lactate to move from
the interstitium out of the nerve as there is no lactate in the aCSF
superfusing the nerve.

The lactate falls rapidly to zero when glucose is removed from
the aCSF – indeed it’s decline precedes by some 10 min the failure
of the CAP (Yang et al., 2014). We assume from this that in
the absence of exogenously applied glucose the axons switch to
exclusively metabolizing lactate derived from astrocytic glycogen
and the rapid fall is indicative of axons taking up all available
lactate that is shuttled into the interstitial space and hence no
lactate is recorded by the sensor (Figure 5).

The conclusion from this optic nerve data is that astrocytes
contain glycogen and release glycogen derived lactate into the
interstitial space via the MCT1, from where it is taken up into
axons via the MCT2 transporter. In addition to this lactate
release under conditions of aglycemia, where the latency to CAP
failure can be accelerated by blocking lactate uptake or inhibiting
glycogen metabolism, lactate is also released tonically under
baseline conditions. The reason for this is not known but clearly
shows that astrocytes do not oxidatively metabolize all the glucose
they take up. The putative role for this lactate is open to debate. It
may be released from the astrocyte as a form of energy substrate
that is immediately available to axons at the onset of increased
activity. This is supported by data from in vivo recordings of cat
cortex in which lactate sensors inserted into the cortex of a live cat
temporarily falls at the onset of experimentally induced activity.
The temporary dip is followed by a rise in lactate in response to
the continuous stimulus (Hu and Wilson, 1997). The initial dip is
assumed to be due to the onset of activity requiring an immediate
increase in delivery of substrate to the neurones. The lactate in the
interstitial space meets this criterion. The latter increase in lactate
is presumably due to the mechanism whereby neurones signal
to astrocytes of their increased energy requirements, and the
astrocytes respond by releasing lactate. It is interesting to note the
unexpected results that axons in the optic nerve can survive in the
absence of oxygen (Baltan Tekkök et al., 2003), which confounds
expectations of an absolute requirement for oxygen of central
nervous system neurones. Either the removal of oxygen or the
addition of cyanide, which inhibits the complexes on the cristae of
the mitochondria where the election transport chain occurs, leads
to a fall in the CAP by 70%, but the important and unexpected
result is that many axons survive and continue to fire under these
conditions (Baltan Tekkök et al., 2003). Equivalent experiments
in the hippocampus or the cortex lead to a rapid and total loss
of neuronal firing (Tian and Baker, 2000). These data suggest
versatility in axon energy requirements that support the glycogen
data. When the optic nerve is supplied exclusively with lactate the
CAP can be maintained for a period of several hours (Brown et al.,
2003) indicating that it can survive exclusively on the proceeds of
oxidative metabolism and does not have an absolute requirement
for glycolysis. These data tend to support at least a partial
compartmentalization of metabolism, where astrocytes tend to be
glycolytic and release lactate, whereas a large proportion of axons
tend to be oxidative, but a significant subset of axons can survive
for extended periods of time on the proceeds of glycolysis (Baltan
Tekkök et al., 2003). That all axons are supported by lactate
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does not support a scenario where a distinct proportion of axons
are exclusively glycolytic (i.e., all axons contain mitochondria),
but rather points toward versatility dependent upon ambient
conditions and levels of glucose and lactate.

As well as acting as a transportable metabolic conduit, lactate
may also act independently as a signaling molecule. Lactate
inhibits neuronal activity through GPCR and HCAR1, thereby
promoting glucose diffusion to regions of high activity and low
concentration (Barros, 2013). Lactate is also proposed to enhance
memory by acting to enhance NMDA mediated currents, which
induces expression of the genes Arc, Egr 1 and Bdnf via the redox
state of the neuron (Magistretti and Allaman, 2018), a mechanism
also proposed by which lactate acts as a more general signaling
molecule (Mosienko et al., 2015).

GLYCOGEN IN GRAY MATTER

We can now focus on the result from other areas of the brain,
notable the gray matter cortex and hippocampus, to try to
reach a consensus as to the roles of glycolysis and oxidative
metabolism. In the brain the cortex and the hippocampal
slice can be supported by lactate but its conduction does
tend to fall (Bachelard et al., 1984; Cater et al., 2001, 2003),
which may either be due to run down of the tissue or a
suggestion of incomplete support. A difficulty in looking at
gray matter is that the interactions and diversity of cells
exceeds that of the white matter optic nerve, thus results
can be confusing. It is tempting to rely on such reduced
simpler systems as tissue culture, but the translatability of
these to the in vivo brain are not entirely convincing. This
is especially true where under in vivo conditions there is a
large intracellular compartment and a small interstitial space,
whereas under tissue culture conditions the extracellular volume
i.e., the media, is infinitely large compared to the intracellular
compartments. It is particularly difficult to assess the degree
of cell-to-cell communication under tissue culture conditions.
Thus the ANLSH data proposed by Pellerin and Magistretti, who
derived their hypothesis from tissue culture experiments, must
be viewed under these conditions. Unfortunately, there is no
system that is as simple or compartmentalized as the honeybee
retina, so these types of experiment tend to be compromises
at best, with conjecture and implication replacing convincing
experimental evidence.

The advance of technology has improved our knowledge of
such cellular transactions. FRET sensors can be manufactured
to respond to individual compounds (Bittner et al., 2010).
The lactate sensor has been used to investigate the release of
lactate from cultured astrocytes in combination with patch clamp
recordings. These data revealed a lactate channel that was present,
which had an amplitude of 37 pS, and was activated by cell
depolarization, which could be achieved by elevating extracellular
[K+] (Sotelo-Hitschfeld et al., 2015). Within the astrocytes there
was a pool of lactate estimated at about 1.3 mM, which could
be released very quickly in response to local neuronal activation.
This channel is distinct from the MCT and therefore does not
rely on the trans-membrane concentrations of lactate and H+,

with lactate able to be released against its concentration gradient
(Sotelo-Hitschfeld et al., 2015). This is an intriguing result as
it adds to the mechanisms by which lactate can be released
from astrocytes.

In order for astrocytic glycogen to benefit neurones during
increased neuronal activity there must exist a signaling molecule
that is released by neurones during increased activity that can be
sensed by astrocytes in an activity dependent manner. Although
initial interest focused on glutamate (Pellerin and Magistretti,
1994) it now seems more likely that interstitial K+ is the most
likely candidate. Whereas glutamate is restricted to particular
areas of the brain, K+ is released by all axons as a result of
increased activity (Hodgkin and Huxley, 1947, 1953), so is ideally
positioned to be a universal signaling molecule. In hippocampal
slice experimentally induced elevations in [K]o within the normal
physiological range (3–12 mM) increased glycogenolysis and
ultimately release of lactate into the interstitial space. The
mechanism underlying this process is K+ induced stimulation
of the Na+ coupled HCO3 transporter that results in increases
in HCO3 uptake and intracellular alkalization. This activates
soluble adenylyl cyclase, which increases cAMP levels promoting
glycogen breakdown (Choi et al., 2012). Whether this mechanism
applies to all areas of the nervous system areas is unknown, but
experiments where genetically encoded FRET nanosensors for
ATP were used, demonstrated increased intracellular ATP levels
in astrocytes whereas intracellular neuronal ATP levels remain
constant in response to increased extracellular K+ (Lerchundi
et al., 2019). The increase in extracellular K+ that results from
neuronal activity triggers astrocytic glycolysis to supply sufficient
lactate for neuronal use as an energy substrate and intercellular
signal in the hippocampus (Ruminot et al., 2019).

GLYCOGEN AND MEMORY

To date the most important functional role ascribed to lactate
has been that of facilitating learning and memory. Initial
studies in 1 day old chick demonstrated that exposure to an
experimental paradigm designed to invoke learning resulted in
a decrease in glycogen, and a temporally correlated elevation
in interstitial glutamate, suggesting that learning promotes
glycogen metabolism to produce glutamate, an anaplerotic
reaction, that is subsequently vital to the learning protocol.
The memory consolidation was attenuated when glycolysis
was inhibited via the used of iodoacetate or 2-deoxyglucose,
effects that could be circumvented by the application of
acetate, which is produced by astrocytes. Blocking glycogen
metabolism via the use of DAB, an inhibitor of glycogen
phosphorylase, attenuated the learning process, which could
again be circumvented by the addition of glutamine, aspartate
or acetate. The overall scheme that emerged was one in
which the memory storage in the chick involves three distinct
processes, (1) short term recall, (2) intermediate memory, and
(3) memory consolidation into long-term memory (O’Dowd
et al., 1994; Hertz et al., 1996, 2003; Gibbs et al., 2006a,b).
The discovery that there is a metabolic component to memory
consolidation is an extremely important one that adds additional
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complexity to a topic whose mechanism has provided
considerable debate since the initial studies in rabbit that
correlated the experimental paradigm of long term potentiation
with the retention of memories (Bliss and Lomo, 1973).

More recent experiments in rat have revealed the mechanism
by which glycogen regulates memory. Rats were housed in
one chamber and on opening a door, the rats were allowed
access to a second chamber. The time it took the rats,
naturally inquisitive animals, to enter the room was recorded.
When rats had entered the second chamber they were given
a foot shock, which served as an aversive stimulus. The
rats were then placed back in the first chamber and the
time taken to enter the second chamber recorded. The time
taken after the conditioning foot shock was an indication of
memory, an increase in time an indication that the rat had
remembered the aversive shock. Rats were tested over the
course of 7 days and the results showed that the latency to
enter the second chamber increased after the conditioning
aversive stimuli (Suzuki et al., 2011). However administration
of DAB, a glycogen phosphorylase inhibitor, 15 min prior to
the shock attenuated the latency, indicating that the memory
was not as robust if glycogen metabolism was inhibited.
Introducing lactate into the interstitial space via a dialysis
probe subsequently increased the latency to entering the room,
an indication that it is not the glycogen as such, but the
lactate derived from glycogen, and presumably delivered to the
neurones, that is the decisive factor in the memory process
(Suzuki et al., 2011). A variety of other manipulations of
lactate transfer involving down regulating the MCTs attenuated
the retention time of the memory (Suzuki et al., 2011). The
conclusion from these experiments is that glycogen derived
lactate transferred from the astrocytes to the neurones is a
requirement for laying down memory (Figure 6). These data
were supported by studies in which the glycogen synthase
enzyme was knocked out and there was impairment in the
acquisition process of learning (Duran et al., 2013). There is
evidence that up-regulation of key astrocyte-neuron metabolic
coupling genes is important for memory following learning
(Tadi et al., 2015).

Recently it has been shown that neuronal activity regulates
many astrocytic genes, in particular up-regulation of genes
associated with glycolysis and lactate, but not oxidative
metabolism. Therefore neurones clearly influence the astrocytic
transcriptome particularly genes of the lactate shuttle (Hasel
et al., 2017). Localization of glycogen in the hippocampus
using antibodies and microwave fixation provides evidence for
glycogen rich or poor astrocytes, and the role of Na+ and K+ as
regulators of glycogen content (Hirase et al., 2019).

GLYCOGEN AND NEUROLOGICAL
FUNCTION

The dogmatic view of cellular expression of glycogen in
the brain is that it is exclusively loctated in astrocytes in

adults, and is only expressed in neurones during development
(Bloom and Fawcett, 1968; Magistretti et al., 1993a) or
as a result of pathology (Vilchez et al., 2007). However
with age neurons show an increased ability to metabolize
glycogen and perform glycolysis, thereby demonstrating
a shift from dependence to independence on astrocytic
lactate (Drulis-Fajdasz et al., 2018). The reasons for
this are unknown but may well have significance to an
aging population.

There is evidence that decreased glycogen levels in the
brain can cause neurological disruption. Depleted glycogen
levels or sleep deprivation promotes cortical spreading
depression due to disrupted K+ regulation by astrocytes
(Kilic et al., 2018), and altered astrocyte morphology and
decreased glycogen content induced as a result of chronic stress
(Zhao et al., 2017).

Peripheral L-lactate administration has an antidepressant
like effect which is linked to increased hippocampal lactate
levels and regulation of a variety of signaling molecules and
genes associated with serotonin signaling, astrocyte function,
inflammation, NOS production, neurogenesis and synaptic
function (Carrard et al., 2018).

Astrocytic glycogen metabolism is shown to be fundamental
to many physiological processes with many diseases
associated with abnormal glycogen metabolism, learning and
memory, Alzheimer’s disease, epilepsy, sleep and diabetes
(Bak et al., 2018).

CONCLUSION

The presence of glycogen in the brain has been recognized for
decades, but it is only recently that it has been assigned functional
roles. It occurs at too low a concentration to be considered a
conventional energy reserve, and must be considered as a buffer
to supply energy substrate in the form of glycogen derived lactate,
which is transported intercellularly to fuel neurones during
periods of increased energy demand, such as occurs during the
process of learning and memory.
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