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Abstract

The mechanism of rapid energy supply to the brain, especially to accommodate the height-

ened metabolic activity of excited states, is not well-understood. We explored the role of gly-

cogen as a fuel source for neuromodulation using the noradrenergic stimulation of glia in a

computational model of the neural-glial-vasculature ensemble (NGV). The detection of nor-

epinephrine (NE) by the astrocyte and the coupled cAMP signal are rapid and largely insen-

sitive to the distance of the locus coeruleus projection release sites from the glia, implying a

diminished impact for volume transmission in high affinity receptor transduction systems.

Glucosyl-conjugated units liberated from glial glycogen by NE-elicited cAMP second mes-

senger transduction winds sequentially through the glycolytic cascade, generating robust

increases in NADH and ATP before pyruvate is finally transformed into lactate. This astro-

cytic lactate is rapidly exported by monocarboxylate transporters to the associated neuron,

demonstrating that the astrocyte-to-neuron lactate shuttle activated by glycogenolysis is a

likely fuel source for neuromodulation and enhanced neural activity. Altogether, the energy

supply for both astrocytes and neurons can be supplied rapidly by glycogenolysis upon neu-

romodulatory stimulus.

Author summary

Although efficient compared to computers, the human brain utilizes energy at 10-fold the

rate of other organs by mass. How the brain is supplied with sufficient on-demand energy

to support its activity in the absence of neuronal storage capacity remains unknown. Neu-

rons are not capable of meeting their own energy requirements, instead energy supply in

the brain is managed by an oligocellular cartel composed of neurons, glia and the local

vasculature (NGV), wherein glia can provide the ergogenic metabolite lactate to the neu-

ron in a process called the astrocyte-to-neuron shuttle (ANLS). The only means of energy

storage in the brain is glycogen, a polymerized form of glucose that is localized largely to

astrocytes, but its exact role and conditions of use are not clear. In this computational

model we show that neuromodulatory stimulation by norepinephrine induces astrocytes

to recover glucosyl subunits from glycogen for use in a glycolytic process that favors the
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production of lactate. The ATP and NADH produced support metabolism in the astrocyte

while the lactate is exported to feed the neuron. Thus, rapid energy demands by both neu-

rons and glia in a stimulated brain can be met by glycogen mobilization.

Introduction

The management of energy in the brain is organized by an oligocellular cooperative called the

neural-glial-vasculature ensemble (NGV). Each component is assigned distinct tasks during

the chain of events that extract reducing equivalents from glucose to support every brain func-

tion. While the continuous supply of energy to the brain is critical for basal functions, rapid

boosts in energy demand during higher states of alertness, often in response to neuromodula-

tory signals, must also be met. There is much controversy about how this kind of brain activity

is supported energetically. What is agreed upon is that glucose, glycogen and lactate are the

lead actors, with a cadre of support from intermediate metabolites [1–10]. The plot is compli-

cated by dynamic changes in the relative contributions and timing of their roles; sorting all

this out requires the insights provided by computational models.

The relationship among the NGV components is still being revealed with increasing inter-

est in the role of glycogen—a form of polymerized glucose that constrains the energy storage

capacity in the brain [2,9–15]. It has long been observed that brain glycogen resides almost

exclusively in astrocytes [16–18], although its conservative presence in neurons has been noted

and associated with hypoxia resistance [19]. Recent studies have more precisely located glyco-

gen granules to the astrocytic lamelliform processes that ensheath synapses[20–23]. In fact,

among the first indications of the complexity of coupling between neurons and astrocytes

were the observations that synaptic and neuromodulatory activity promote glycogen hydroly-

sis in the mouse cerebral cortex [5,24]. Brain glycogen is the largest repository of energy in the

brain, retaining more glucose equivalents than the amount dissolved in the cytosol, and can

supplement the brain for more than an hour under conditions of hypoglycaemia [10].

The concept of the role of glycogen has evolved from a mere glucose storage depot for crisis

management [25] to being part and parcel of the dynamic energy milieu [15,26–29]. The on-

going turnover of glycogen involves the so-called glycogen shunt in which some of the blood-

borne glucose imported into the astrocyte is stored as glycogen before becoming available for

glycolysis via glycogenolysis [9,15,30,31].

Glycogenolysis not only contributes to commonplace energy supply [2,5,6,8,15,32–40], but

also to handling special requests including stability maintenance during hypoglycemia [41],

responding to rapid and high-demand needs signaled by neuromodulatory factors such as

norepinephrine (NE) [4], higher local energy demand due to regional stimulation [42–45],

memory formation and consolidation [35,46–51] drug addiction [52], as well as sleep and

development [29,53,54].

The locus coeruleus (LC) in the brainstem sends far-reaching projections throughout

numerous brain regions. In the cortex, these inputs effect neuromodulatory control of arousal,

attention and memory via the LC-norepinephrine (LC-NE) arousal circuit [55–57]. The NE is

released from axonal varicosities from which it diffuses to find adrenergic receptors on neu-

rons [58] and astrocytes [59]. The activation of β2-adrenergic receptors (β2R) on astrocytes

by the volume transmitted NE [60] is thought to mediate the neuromodulatory stimulus-

demanding energy supply and consumption in the NGV, with glycogen implicated as a key

supplier of lactate [61–71].

On-demand energy from astrocytic glycogen
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Turnover of glycogen in astrocytes is triggered by NE from LC inputs and involves signal

transduction mediated by adenyl cyclase and the second messenger cAMP [68,72,73]. Glyco-

gen and β-adrenergic dysregulation are associated with neurodegeneration [46,74] and

astrocytic β2 receptors mediate hippocampal long-term memory consolidation and stress

response management through training-dependent lactate production [47]. Neuromodulatory

stimuli can mobilize more than half of stored glycogen; such glucose dumping could provide

rapid and large energy injections into the NGV system [75]. In the cortex, NE containing

varicosities are found near glia throughout development and adulthood concomitant with the

expression of glycogen, suggesting a persistent role for this pathway, [6,48,66,76–79], and NE

release from the LC modulates glycogenolysis and memory consolidation via β2-adrenergic

receptors [77,80]. The consumption of glycogen upon circuit activity in cortex [81,82] and its

activation and mobilization appear to be rapid [35].

Of particular importance to bran energy supply is the lactate derived from glycolysis in the

astrocyte and which is required to support higher metabolic brain activities, including during

intense exercise [83], in response to neuromodulation [61,68,71,84] and in support of memory

formation [47,50,85]. The production of lactate by whatever means is followed by its export to

neighboring neurons through monocarboxylate transporters (MCTs) in a process called the

astrocyte-to-neuron lactate shuttle (ANLS) [7,86–89].

This computational model tests the feasibility that glycogenolysis within the NGV ensem-

ble can respond rapidly and sufficiently to provide energy for both astroctyes and neurons in

response to neuromodulatory signals [90]. We built on our previous computational model of

ANLS to explore the dynamics of glycogen mobilization by NE release from LC terminals

and test whether existing knowledge of the enzymatic cascades supports the role of glycogen

as a source of energy both to astrocytes and neurons. We observed a rapid degradation of

glycogen, expected enzymatic cascades, the production of NADH and ATP and lactate for

the neuron via ANLS [7,8,87]. In addition, volume transmission resulting from differences

in release distances between the LC terminals and the astrocyte is unlikely to influence out-

come, at least in a high ligand affinity second messenger transduction pathway. These results

support the idea that glycogenolytic energy supports the enhanced metabolic demand of

neuromodulation.

Results

Overview

After using 3D electron microscopy (EM) to determine the locations of glycogen granules in

the somatosensory cortex, we employed a computational approach to elucidate the role of gly-

cogen in supporting neuromodulation by building upon our previous NGV model [87]. New

model features include a complex, multi-step glycogenolysis pathway, neuromodulation via

the LC-NE system in the cortex, and second messenger transduction (cAMP) [91]. We simu-

lated astrocytic stimulation by LC noradrenergic inputs with a focus on the contribution of

glycogenolysis to the local and exported energy supplies including the role of lactate shuttling

from the astrocyte to the neighboring neuron (ANLS) [7,89].

3D electron microscopy of murine somatosensory cortex

While it has been established that glycogen is located in astrocytes, we further explored the

subcellular distribution of glycogen granules within six astrocytic processes from layer I mice

somatosensory cortex[92,93] (Fig 1A). We measured the number of granules apparent over a

period of 4 (n = 3) and 24 (n = 3) months in 3D reconstruction from EM stacks of 125 cubic

micrometers volumes of neuropil. In order to obtain the density of glycogen granules, we

On-demand energy from astrocytic glycogen
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divided the total number of granules per each of the reconstructed volumes (3038, 3738 and

11809 in 4 months old, and 6588, 7758 and 4287 in 24 months old) per the volume of the

reconstructed astrocyte (10.7 μm3, 10.8 μm3, 17.9 μm3 and 10.6 μm3, 12.3 μm3, 6.5 μm3 for 4

and 24 months old, respectively) and found a stable distribution between the two populations

(Fig 1B).

Fig 1. Visualization of glycogen granules in a 3D reconstructed astrocyte. A) Rendering of one astrocytic process (grey), in semi-transparency to highlight the

presence within its cytosol of the glycogen granules. B) Top and bottom panels, rendering of two reconstructed astrocytic processes (green, adult, red, aged), semi-

transparent to show the intracellular content of glycogen granules (grey). Whisker plot of the density of glycogen granules per astrocytic process in adult (4 months old

442.3 ± 112.2 granules / μ3, n = 3) and aged (24 months old; 526.3 ±98.6 granules / μ3, n = 3).

https://doi.org/10.1371/journal.pcbi.1006392.g001
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Modeling glycogenolysis stimulated by LC-NE volume transmission to

astrocytes

Model diagram. We integrated selected features of our previous NGV model [87] with

two new computational modules: one for NE neurotransmission and cAMP second messenger

transduction and one for glycogen metabolism Fig 2A illustrates the compartmental scheme).

The parameters for the neuromodulation and glycogen modules can be found in appendices B

and C.

Norepinephrine—β2-adrenergic receptor dynamics. We simulated the release of NE

from LC varicosities by creating simple waveforms of NE with single rise and decay time con-

stants. Volume transmission of NE at four distances from the astrocyte was simulated by vary-

ing the rise time constant (τrise) of the NE wave front as it encountered the astrocytic β2R; this

would clearly impact the amount of NE reaching the astrocytic receptors. These waveforms

were 10 seconds in duration at τrise = 10, 100, 1000, or 10000 ms, (Fig 2B). The activation of

the β2R to each of these release patterns demonstrated that the high affinity of the receptor

(Kd = 300 nM) makes for an almost all or nothing response to NE no matter what the wave-

form or corresponding concentration might be (Fig 2C and inset). A dose-response relation-

ship for NE and normalized β2R activity demonstrated the functional concentration range for

our ligand-receptor system (Fig 2D).

Based on the results from simulations of NE release (see S1 Text), we chose τrise = 10ms

for the remainder of the simulations reported in this study. We then chose 4 adenylate cyclase

amplification factors so as to yield a wide dynamic range of cAMP production in the astrocyte

in response to the NE stimulus (Fig 2E and inset zoom). The duration of NE application is

indicated by the gray shaded area in all relevant figures henceforth.

Enzyme cascade resulting from cAMP formation. The expected sequence of enzyme

activations in response to NE-elicited cAMP was observed including protein kinase A (PKA),

glycogen phosphorylase a (GPa), hexokinase/phosphofructokinase combined (HKPFK), phos-

phoglycerate kinase (PGK), pyruvate kinase (PK) and lactate dehydrogenase (LDH) (Fig 3A,

real values; Fig 3B normalized, zoomed insets in both panels A and B focus on rise trajectories

showing the slower development of LDH). Although the responses begin in less than 1 sec, it

takes about 6 seconds for the group of enzymes to reach their (1-1/e) fold levels. The expected

inverse activation relationships between protein phosphatase 1 (PP1) and PP1 bound to GPa

(PP1-GPa), as well as the between GPa and GSa, were accurately simulated (Fig 3C).

Metabolites and byproducts of glycolysis. The cascade of metabolites produced by the

sequential activation of the battery of glycogenolytic and glycolytic enzymes was observed,

including glucose-6-phosphate (G6P), glyceraldehyde-3-phosphate (GAP), phosphoenolpyr-

uvate (PEP), pyruvate (PYR) and finally lactate (LAC) (percent increase featured in Fig 4A1,

the glucose shown in panel 4A1 is only normalized ordinate in 4A2 to show smaller

responses). Plotting the normalized responses reveals an extra-slow and long LAC response, as

well as an undershoot of PYR and GAP (Fig 4A2). The glucose originating only from glycogen

and is shown in panel 4A1 to illustrate the rapid conversion to G6P. The liberation of scores of

mM equivalents of glucose that are quickly converted to G6P upon activation of cAMP path-

ways is not surprising considering the calculations in S2 Text that suggest an astrocyte might

store hundreds of mM equivalents of glucose. The cytosolic glucose concentration, as well as

that of other metabolites from panel 1, are shown in panel 3 of Fig 4A.

The robust production of the ergogenic byproducts ATP and NADH in response to cAMP

was also observed. The relative magnitudes by percent increases indicate a larger cytosolic

NADH response (Fig 4B1; >500% increase in NADH and 100% increase in ATP) and the

normalized responses showing relative time course show a slower ATP response and an

On-demand energy from astrocytic glycogen
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Fig 2. Noradrenergic modulation in glia. A) Schematic compartmental diagram of the NGV model with noradrenergic

locus coeruleus (LC) inputs, astrocyte, extracellular and neuronal compartments. The vasculature blood flow has been

clamped for these simulations for simplicity. B) Distance of NE release site from astrocyte was simulated as differences in

rise time constant (four NE waveforms with τrise = 1, 10, 100 and 1000 sec). C) Corresponding NE receptor (β2R)

activation levels show maximum receptor activation to each NE waveform. Inset: time domain zoom. Astrocytic β2R

receptor activation is largely invariant except within initial 50 ms from neurotransmitter release when source of NE release

is varied over 4 orders of magnitude. D) Dose-response relationship for NE and β2R activation (Kd = 300 nM). E) cAMP

production levels in response to 1 second pulses of NE and τrise = 10 (representing a constant, relatively close proximity of

the LC input, see S1 Text) at 4 different adenylate cyclase amplification factors selected in order to empirically produce a

wide dynamic range of cAMP. Inset: time domain zoom. NE duration indicated by gray shaded areas.

https://doi.org/10.1371/journal.pcbi.1006392.g002
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Fig 3. Activation of glycolytic enzyme cascade by cAMP in the astrocytic compartment. A) The sequence of

glycolytic enzyme cascade includes: protein kinase A (PKA), glycogen phosphorylase a (GPa), hexokinase/

phosphofructokinase combined (HKPFK), phosphoglycerate kinase (PGK), pyruvate kinase (PK) and lactate

dehydrogenase (LDH). B) Responses are normalized to emphasize temporal relationship. Insets in A and B: Zoom-in

On-demand energy from astrocytic glycogen
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undershoot of mitochondrial NADH prior to stabilization (Fig 4B2). The concentrations of

these metabolites are also shown in panel 4B3.

Glycogen mobilization and cellular energy status. NE-induced cAMP production in

the astrocyte resulted in the degradation of glycogen that scaled with the dose of cAMP in the

astrocyte (Fig 5A). For all doses significant degradation of glycogen appears in less than 5 sec-

onds, with a time constant of decay at the largest dose of 29 seconds. Indicators of cellular

energy status NAD+/NADH ratio (oxidative state, astrocytic cytosol) as well as energy charge

((ATP + 0.5ADP)/(ATP+ADP+AMP)) changed in response to the cAMP-dependent glyco-

genolysis within expected ranges (Fig 5B).

Astrocyte-to-neuron lactate shuttle ANLS. Of particular interest to our current study

was the production and fate of lactate from glycogenolysis and whether it can plausibly partici-

pate in the astrocyte-to-neuron lactate shuttle [7,87]. While the production of lactate in the

astrocyte was demonstrated (Fig 4), we further examined to what degree the lactate could be

exported and found robust and rapid transport of lactate to the extracellular space from where

it was imported into the adjacent neuronal compartment (Fig 6A). When the lactate in the

neuron, the extracellular space and the neuron were plotted together, evident was the similar-

ity in the lactate transients, shifted only slightly in time as the wave of lactate passed from one

compartment to the other. The rise time constant of the lactate response was 13 sec. The direc-

tion and timing of lactate flow in the NE- stimulated and cAMP-dependent ANLS is better

seen by magnifying the traces (zoom in 6B).

Our previous NGV model demonstrated the production of lactate from synaptic transmis-

sion activity that was characterized by an initial dip (corresponding to the use of lactate for

energy) with a nadir around 20 seconds post stimulus (Fig 6C). In contrast, in this new study,

the lactate signal resulting from NE-stimulated glycogenolysis lacked the initial dip, even in

the neuron, and rose continuously with stimulus duration and decayed immediately upon

stimulus cessation (Fig 6A). These results suggest that the astrocyte-to-neuron lactate shuttle

(ANLS) activated by glycogenolysis, while lacking the initial oxidative dip, is at least as robust

as that induced by synaptic activity.

Discussion

The role of glycogen in neuromodulation

The value of the role of glycogen in balancing the energy budget of the brain should not be dis-

counted given its abundance in astrocytes in the vicinity of synapses [21,23] and experimental

evidence for its involvement in supporting brain activity [15,35,40,48,49,65,68,82,94]. What is

not clear is the feasibility of glycogen being able to respond rapidly and sufficiently enough

to neuromodulators that regulate neuronal circuit activity and to what degree the ANLS is

involved [47,51,83,85,89,95–97]. Since glycogenolysis has been suggested to provide energy to

both neurons and astrocytes during learning, the involvement of lactate would be a likely can-

didate in this mechanism [49]. Accordingly, we have investigated the role of astrocytic glyco-

gen in fueling and mediating neuromodulation in a computational model of glycogenolytic

and noradrenergic transduction pathways along with elements of our previous NGV model

[87].

showing later activation of LDH. C) Separated from other enzymes for clarity, reciprocal enzyme relationships shown

for protein phosphatase 1 (PP1) and when complexed with glycogen phosphorylase (PP1-GPa), as well as GPa and

glycogen synthase (GSa). NE duration indicated by gray shaded areas.

https://doi.org/10.1371/journal.pcbi.1006392.g003
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Fig 4. Production of metabolites by cAMP-dependent, NE-stimulated glycogen mobilization. A1) Percent increase of sequence of metabolites

triggered by cAMP including: glucose-6-phosphate (G6P), glyceraldehyde-3-phosphate (GAP), phosphoenolpyruvate (PEP), pyruvate (PYR) and

lactate (LAC). Inset: zoom that better shows relative rises of smaller responses from phoshoenolpyruvate to lactate. A2) same metabolites as in A1 but

normalized to emphasize longer response development and duration of lactate (LAC). A3) same metabolites as in A1, shown as concentrations. B)

On-demand energy from astrocytic glycogen
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Localization of glycogen. Anatomical evidence from 3D EM for the proximity of glyco-

gen granules to synaptic regions in the somatosensory cortex demonstrates that glycogen is

well-placed for a major role in the energetic support of brain activity (Fig 1). Although lower

than muscle glycogen levels, brain glycogen is thought to store more glucosyl energy than

Production of ergogenic byproducts ATP and NADH in response to cAMP. B1) Percent increase showing relative magnitude. B2) Normalized traces

showing relative time of activation. NE duration indicated by gray shaded areas. B3) same metabolites as in B1, shown as concentrations.

https://doi.org/10.1371/journal.pcbi.1006392.g004

Fig 5. Glycogen and cellular energy status. A) mobilization of glycogen in response to NE-triggered cAMP at each of

4 cyclase amplification coefficients (cyclase coef. in panels). B) Indicators of cellular energy status: astrocytic, cytosolic

NAD+/NADH ratio (oxidative state) as well as energy charge ((ATP + 0.5ADP)/(ATP+ADP+AMP)) in response to

cAMP. NE duration indicated by gray shaded areas.

https://doi.org/10.1371/journal.pcbi.1006392.g005
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soluble glucose [10] and our calculations support this view (S2 Text). One benefit of warehous-

ing energy in the form of glycogen would be the buffering of glucose supplies locally without

contributing to the osmotic tension associated with free glucose [20,21,23,23,98]. An addi-

tional advantage might be conveyed by reducing advanced glycation end products (AGEs) that

are associated with age-related neurodegenerative disorders (e.g., [99]).

The EM results place glycogen near synapses, but to what extent is this source of energy des-

tined for local astrocytic needs versus export for neuronal consumption? A summary of experi-

mental evidence suggests both. Glycogen is degraded by neuronal stimulation [82], can sustain

gray and white matter survival in the absence of glucose [100,101] and is required to provide fast

local ATP to astrocytic SERCA pumps [6]. Many studies have shown that glycogen contributes

to the constitutive requirements of active neurons and not simply for rapid energy needs

[1,8,62,102]. In co-cultures of cerebellar neurons and astrocytes, energy from glycogen is

required both to support astrocytic demands as well as for neurotransmitter release in the

accompanying neuron [103]. ATP production in astrocytes depends on glycogenolysis [40] and

glucose deprivation in cultured astrocytes leads to glycogen depletion and export of lactate [104].

Fig 6. Glycogen derived lactate shuttle. A) Lactate (LAC) transients from 3 compartments in response to NE-

dependent cAMP signaling. Responses from astrocyte, extracellular space and neuron all show same kinetics and are

nearly overlapping, but slightly shifted in time, reflecting the transport time between compartments. B) Zoom-in of a

region of almost overlapping LAC traces from 3 compartments that demonstrates the flow of LAC from astrocyte to

extracellular space to neighboring neuron. Arrows indicate direction of LAC wave flow. C) ANLS with a characteristic

lactate oxidative dip (upper panel, arrow) produced by synaptic excitation instead of NE stimulation (lower panel, V

from neuron). The lactate dip is absent from the ANLS produced by glycogenolysis (panel A). NE duration indicated

by gray shaded areas.

https://doi.org/10.1371/journal.pcbi.1006392.g006
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Other research proposes that glycogen is mobilized to produce rapid energy during intense

neuronal activity [31,105] since glycogenolysis can be initiated by neurotransmitters (e.g., NE

and VIP) via a cAMP dependent mechanism [5,66,68,106,107] and this mechanism forms a

component of the coupling mechanism between astroglial and neuronal energy metabolism

within the NGV [108]. Glycogenolysis activated by NE inputs from the LC has been implicated

in memory consolidation, even perhaps factoring into the etiology of Alzheimer’s disease

[77,80], chronic stress-induced atrophy and depression [109], as well as diabetic neuropathy

[110].

Lactate from glycogen. A preponderance of evidence thus far implicates the glycolytic

metabolite lactate as the major energy vehicle for the astrocytic support of neuronal activity

and cognitive functions [8,88,95,96,111–114]. Much as in muscle, lactate derived from glyco-

gen can serve as an energy supply buffer between fast and slow energy requirements [115].

During intense neural activity, lactate derived from glycogen provides the necessary energy to

sustain synaptic activity in the CNS [68,116,117].

The fate of lactate specifically produced from glycogen in astrocytes remains controversial.

Lactate may be used in astrocytes where it can support local energy demands or be exported to

neurons or parts unknown [49,118,119]. Other ergogenic molecules are derived from glycogen

phosphorylation in the astrocyte such as NADH and ATP and remain there (Figs 3 and 4).

Our model tested the viability of utilizing glycogen as a source of energy locally in the astrocyte

or by the neuron, or both. Our simulation results reported here support the view that glycogen

can feasibly support both roles when the astrocyte is stimulated by neuromodulatory signals.

Mobilization of glycogen by NE-stimulated cAMP signaling rapidly degrades glycogen with a

time constant of 29 seconds (Fig 5), resulting in the production of ATP and NADH for astro-

cytic use (Fig 4) and lactate that is produced with a time constant of 13 seconds and entirely

shuttled to the neuron (Fig 6).

The fact that we observe a small increase in lactate compared to the very large amount G6P

produced suggests that lactate production from glycogen may require concomitant kinetic

control of rate-limiting glycolytic enzymes or priming reactions [120]. Glycogen degradation,

therefore, may exert a leveraging effect on glycolysis in conjunction with other glycolytic sig-

nals. If this were to be the case, one would expect a much lower or more compartmentalized

effect of cAMP on glycogenolysis in vivo. In either case, a much more detailed model in terms

of reaction steps, regulation and spatial constraints should follow these results.

The results demonstrate the rapid production and export of lactate into the extracellular

space and the neighboring neuron as a result of NE-stimulated cAMP production. The lactate

exported to the neuron via MCTs stimulated the production of neuronal NADH similarly to

the ANLS triggered by synaptic activity in our previous model (Fig 6A). The glycogen-derived

NADH signal (Fig 4) mimics the experimental observation of [121] that related ANLS to

increases in neuronal NADH. That glycogen can produce so much lactate to support neuronal

functions, as well as NADH and ATP to support astocytic energy demands, is consistent with

its observed role in preventing spreading depression through a mechanism that involves lactate

[122].

The lack of an initial dip in lactate concentration (Fig 6B; as reported by [87]), which has

been attributed to an initial oxidative consumption of lactate in the neuron in response to syn-

aptic activity prior to eventual increases in production [123], suggests that the cAMP-depen-

dent mobilization of large amounts of glucose from glycogen stores is anaerobic and that the

presence or absence of the dip could be a signature of aerobic or anaerobic lactate signaling,

respectively. The dumping of glucose observed during glygogenolysis is consistent with the

large amounts of glucose stored in glycogen (S2 Text) and supports the idea of a compartmen-

talization of energy resources [103,124,125]. If so much glucose were not stored in glycogen
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and rapidly metabolized to downstream products it would present a potentially lethal chal-

lenge to the astrocytes osmotic balance, especially in the small volumes where glycogen is

found [20]. Subsequent iterations and improvements of this model will implement a separate

compartment for the fine astrocytic processes surrounding synapses that contain glycogen.

Thus, to the already familiar ANLS described experimentally [7,87,97,102,126] and compu-

tationally from neuronal glutamatergic and electrical activity [86,87] we confidently add the

plausibility of ANLS stimulated by glycogenolysis triggered by neuromodulation. Given the

persistent lactate gradient from astrocytes to neurons [127], it is not surprising that lactate

derived from any source would rapidly be transported by the array of MCTs and even high

capacity ion channels in the astrocyte and neuron [88,113,128].

The LC-NE network. The simulation results also lend credence to the idea that β2Rs par-

ticipate in long-term hippocampal learning via a mechanism involving lactate export to neu-

rons [47,129], and validate the involvement of a lactate rescue of cocaine-induced conditioned

memory when glycogenolysis is impaired [130]. The apparent irrelevance of the distance of

NE release from the glia (Fig 2) suggests a system fine-tuned to detect and respond to neuro-

modulatory signals; the mechanism of using high-affinity receptors in a volume transmission

scenario could effectively approximate wired transmission in a volume transmission setting

[131,132].

β2R activation triggers astrocytic glycogenolysis and dysregulation of these mechanisms is

associated with neurodegenerative diseases [133]. Impairment of β2R adrenergic expression

on astrocytes has been associated with the etiology of multiple sclerosis with a mechanism pos-

sibly involving the dysregulation of glycogenolysis [74]. It is tempting, therefore, to speculate

that the involvement of neuromodulation via astrocytes in neuropsychiatric diseases might be

related to their role in energy supply [134–138].

Conclusions and predictions

The results of our 3D electron microscopy and computational modeling study supports the

plausibility that glycogenolysis plays a major mechanistic role in fueling and transducing the

neuromodulatory signals mediated by cAMP. Significantly, we conclude that 1) glycogen gran-

ule density in layer 1 of somatosensory cortex is stable between 4–24 months, the type of reli-

able expression that would be consistent with expectations for a fuel source responsible for

support of on-demand activity; 2) the distance of NE release from the astrocyte is not critically

important, implying that volume transmission effects can be mitigated by high-affinity recep-

tor or rapid transduction systems; 3) glycogenolysis evoked by cAMP elevations generate

energy in the form of ATP, NADH and lactate production, thus supplying energy to both the

astrocyte and the neuron; and 4) astrocytic lactate derived from glycogen is shuttled rapidly

and preferentially to the neuron (ANLS). 5) Altogether, our model supports observations of

the involvement of glycogen and lactate in supplying energy to both astrocytes and neurons

during learning events related to neuromodulatory inputs, as well as their involvement in

related disease states [35,45,47–49,51,52,97,108,109,139]. 6) The success of the model validates

our bottom-up modeling approach as a tool to complement and guide basic and disease-

related experimental studies.

Methods

3D EM reconstruction

We reconstructed astrocytic processes and the glycogen granules within the astrocytic profiles

of six volumes of 5x5x5 μm3 from FIBSEM image stacks (courtesy of Graham Knott, BioEM,

EPFL, Switzerland). Original samples were acquired from layer I somatosensory cortex of wild
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type mice aged 4 and 24 months (N = 3 per sample). Astrocytes were reconstructed using the

carving, semi-automated algorithm [140] of the ilastik 1.2 software (www.ilastik.org). Glyco-

gen granules were reconstructed using the trakEM2 software, by placing a sphere in the center

of each granule and adjusting its diameter to the size of the granule (Fig 1)

Modeling

Our modeling approach was to adapt our previous NGV model [87] by adding new modules

without changing the previous equations or parameters except where required for integration

of the new modules into the original model. We provide all the equations in this manuscript

for ease of reference.

Simulation environment. All simulations were carried-out in NEURON [141], using a

fixed time step of 3 μs with Euler integration, and was run either on a Ubuntu 14.04 LTS work-

station with a 3.6 GHz Intel Core i7-4790 CPU and 15.6 GB RAM, or on the Blue Gene/Q in

Lugano, Switzerland. Matlab was used for data analysis. We found that the model was highly

sensitive to the fixed time-step required for integration into larger models due to the rapid and

wide-range of biochemical reactions. Other researchers wishing to adapt our model to their

purposes should consider a variable time-step.

Neurotransmitter diffusion. To quantify the effects of diffusion on the waveform of NE,

we computed the summed concentration from a point release source at various lateral dis-

tances from the point of release of norephinephrine (NE) from the locus coeruleus (LC) vari-

cosities to the astrocytes as a function of time (t) and lateral distance (xdist) according the

procedures and equations in S1 Text. From these calculations, we chose a 10 ms rise time con-

stant (τrise) for the majority of the simulations in this study and lengthened this value 3 addi-

tional orders of magnitude in order to simulate progressively distant terminals for a dose-

response effect. Due to the saturation of the β2-adrenergic receptors (β2Rs) on the astrocytes

by the NE from the LC, a scaling factor was introduced for the cAMP production by adenylate

cyclase in order to produce a wide NE-cAMP dose-response relationship (Fig 1).

Glucose storage capacity of glycogen. We have made calculations of the glucose stor-

age capacity of glycogen in astrocytes and the effect of glycogenic glucosyl liberation on

intracellular glucose concentration (S2 Text) and found that glycogen is capable of storing

hundreds of mM equivalents of glucose in one astrocyte. These calculations were made to

support simulation results suggesting the release of scores of mM equivalents of glucose

upon stimulation.

Glycogen module. We built our glycogen shunt module with components from our pre-

vious multi-scale NGV metabolic model [87], without re-optimizing or recalibration of the

original model, such that each voxel in the circuit contains a unicompartmental point model

of the system of differential equations. Most of the equations for the glycogen module were

adapted from [91]. Additional mechanisms or rate constants were taken from [142] (cAMP

kinase rate constants), [143] (cAMP decay time constant), [144] (Kd for NE). The use of the

type of glycogen phosphorylase from [91] is supported by experimental results suggesting that

glycogen in astrocytes is mobilized by the muscle form of the enzyme glycogen phosphorylase

[145]. We chose the muscle pattern of regulation of glycogen phosphorylase over the liver

because muscle and brain isozymes share greater identity with regard to nucleotide and

deduced amino acid sequences and their role in responding to physiological activity is similar

[146]. Our model incorporated the feature of a dynamic Kd in order to account for the interac-

tions between GSa and GPa wherein GPa has an inhibitory effect on the activation of GS

[91,147]. Model equations and rate constants appear in S1 and S2 Tables, respectively, while

parameters can be found in S3 Table.
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Neuromodulation-free simulations. In order to demonstrate the ANLS produced by

neuronal excitation by glutamate in the absence of neuromodulation and glycogenolysis, the

original NGV model [87] was used (Fig 6C) in the absence of the neuromodulation and glyco-

genolysis modules.
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bète Métabolisme. 1988; 14: 237–246. PMID: 2900788

66. Quach TT, Rose C, Schwartz JC. [3H]Glycogen hydrolysis in brain slices: responses to neurotrans-

mitters and modulation of noradrenaline receptors. J Neurochem. 1978; 30: 1335–1341. PMID:

27582

On-demand energy from astrocytic glycogen

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006392 August 30, 2018 18 / 22

https://doi.org/10.1073/pnas.1605063113
http://www.ncbi.nlm.nih.gov/pubmed/27402767
https://doi.org/10.1016/j.neubiorev.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18462796
https://doi.org/10.1016/j.neuroscience.2017.06.025
https://doi.org/10.1016/j.neuroscience.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28668486
https://doi.org/10.3389/fnint.2016.00010
https://doi.org/10.3389/fnint.2016.00010
http://www.ncbi.nlm.nih.gov/pubmed/26973477
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.1016/j.cell.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/21376239
https://doi.org/10.1038/mp.2015.157
https://doi.org/10.1038/mp.2015.157
http://www.ncbi.nlm.nih.gov/pubmed/26503760
https://doi.org/10.1111/jsr.12419
http://www.ncbi.nlm.nih.gov/pubmed/27136914
https://doi.org/10.1038/jcbfm.2009.207
https://doi.org/10.1038/jcbfm.2009.207
http://www.ncbi.nlm.nih.gov/pubmed/19809466
https://doi.org/10.1523/JNEUROSCI.0446-17.2017
https://doi.org/10.1523/JNEUROSCI.0446-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28626012
https://doi.org/10.1016/j.brainres.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26969408
https://doi.org/10.1111/j.0953-816X.2004.03341.x
http://www.ncbi.nlm.nih.gov/pubmed/15128405
https://doi.org/10.3389/fnsyn.2016.00025
http://www.ncbi.nlm.nih.gov/pubmed/27616990
https://doi.org/10.3389/fphys.2012.00136
http://www.ncbi.nlm.nih.gov/pubmed/22675301
http://www.ncbi.nlm.nih.gov/pubmed/10797618
https://doi.org/10.1016/j.tins.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21236501
https://doi.org/10.1016/j.neuroscience.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25862587
https://doi.org/10.3389/fncom.2013.00114
https://doi.org/10.3389/fncom.2013.00114
http://www.ncbi.nlm.nih.gov/pubmed/23986689
http://www.ncbi.nlm.nih.gov/pubmed/2900788
http://www.ncbi.nlm.nih.gov/pubmed/27582
https://doi.org/10.1371/journal.pcbi.1006392


67. Schorderet M, Hof P, Magistretti PJ. The effects of VIP on cyclic AMP and glycogen levels in verte-

brate retina. Peptides. 1984; 5: 295–298. PMID: 6089132

68. Sorg O, Magistretti PJ. Characterization of the glycogenolysis elicited by vasoactive intestinal peptide,

noradrenaline and adenosine in primary cultures of mouse cerebral cortical astrocytes. Brain Res.

1991; 563: 227–233. PMID: 1664773

69. Walls AB, Schousboe A. Brain glycogen: emergency fuel and dynamic function in neurotransmission.

Metab Brain Dis. 2015; 30: 249. https://doi.org/10.1007/s11011-014-9619-z PMID: 25262235

70. Xue X, Wang LR, Sato Y, Jiang Y, Berg M, Yang DS, et al. Single-walled carbon nanotubes alleviate

autophagic/lysosomal defects in primary glia from a mouse model of Alzheimer’s disease. Nano Lett.

2014; 14: 5110–7. https://doi.org/10.1021/nl501839q PMID: 25115676

71. Sorg O, Magistretti PJ. Vasoactive intestinal peptide and noradrenaline exert long-term control on gly-

cogen levels in astrocytes: blockade by protein synthesis inhibition. J Neurosci Off J Soc Neurosci.

1992; 12: 4923–4931.

72. Edwards C, Nahorski SR, Rogers KJ. In vivo changes of cerebral cyclic adenosine 3’,5’-monophos-

phate induced by biogenic amines: association with phosphorylase activation. J Neurochem. 1974;

22: 565–572. PMID: 4364350

73. Murphy S, Pearce B. Functional receptors for neurotransmitters on astroglial cells. Neuroscience.

1987; 22: 381–394. PMID: 2823172

74. De Keyser J, Zeinstra E, Wilczak N. Astrocytic β2-adrenergic receptors and multiple sclerosis. Neuro-

biol Dis. 2004; 15: 331–339. https://doi.org/10.1016/j.nbd.2003.10.012 PMID: 15006703

75. Cambray-Deakin M, Pearce B, Morrow C, Murphy S. Effects of extracellular potassium on glycogen

stores of astrocytes in vitro. J Neurochem. 1988; 51: 1846–1851. PMID: 3183664

76. Cohen Z, Molinatti G, Hamel E. Astroglial and vascular interactions of noradrenaline terminals in the

rat cerebral cortex. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab. 1997; 17: 894–

904. https://doi.org/10.1097/00004647-199708000-00008 PMID: 9290587

77. Gibbs ME, Hutchinson DS, Summers RJ. Noradrenaline release in the locus coeruleus modulates

memory formation and consolidation; roles for α- and β-adrenergic receptors. Neuroscience. 2010;

170: 1209–1222. https://doi.org/10.1016/j.neuroscience.2010.07.052 PMID: 20709158

78. Hertz L, Lovatt D, Goldman SA, Nedergaard M. Adrenoceptors in brain: cellular gene expression and

effects on astrocytic metabolism and [Ca(2+)]i. Neurochem Int. 2010; 57: 411–420. https://doi.org/10.

1016/j.neuint.2010.03.019 PMID: 20380860

79. O’Dowd BS, Barrington J, Ng KT, Hertz E, Hertz L. Glycogenolytic response of primary chick and

mouse cultures of astrocytes to noradrenaline across development. Brain Res Dev Brain Res. 1995;

88: 220–223. PMID: 8665669

80. Gibbs ME. Role of Glycogenolysis in Memory and Learning: Regulation by Noradrenaline, Serotonin

and ATP. Front Integr Neurosci. 2015; 9: 70. https://doi.org/10.3389/fnint.2015.00070 PMID:

26834586

81. Madsen PL, Cruz NF, Sokoloff L, Dienel GA. Cerebral oxygen/glucose ratio is low during sensory stim-

ulation and rises above normal during recovery: excess glucose consumption during stimulation is not

accounted for by lactate efflux from or accumulation in brain tissue. J Cereb Blood Flow Metab Off J

Int Soc Cereb Blood Flow Metab. 1999; 19: 393–400. https://doi.org/10.1097/00004647-199904000-

00005 PMID: 10197509

82. Swanson RA. Physiologic coupling of glial glycogen metabolism to neuronal activity in brain. Can J

Physiol Pharmacol. 1992; 70 Suppl: S138–144.

83. Matsui T, Omuro H, Liu Y-F, Soya M, Shima T, McEwen BS, et al. Astrocytic glycogen-derived lactate

fuels the brain during exhaustive exercise to maintain endurance capacity. Proc Natl Acad Sci U S A.

2017; 114: 6358–6363. https://doi.org/10.1073/pnas.1702739114 PMID: 28515312

84. Pellerin L, Stolz M, Sorg O, Martin JL, Deschepper CF, Magistretti PJ. Regulation of energy metabo-

lism by neurotransmitters in astrocytes in primary culture and in an immortalized cell line. Glia. 1997;

21: 74–83. PMID: 9298849

85. Alberini CM, Cruz E, Descalzi G, Bessières B, Gao V. Astrocyte glycogen and lactate: New insights

into learning and memory mechanisms. Glia. 2017; 66: 1244–1262. https://doi.org/10.1002/glia.23250

PMID: 29076603

86. Genc S, Kurnaz IA, Ozilgen M. Astrocyte-neuron lactate shuttle may boost more ATP supply to the

neuron under hypoxic conditions—in silico study supported by in vitro expression data. BMC Syst Biol.

2011; 5: 162. https://doi.org/10.1186/1752-0509-5-162 PMID: 21995951

87. Jolivet R, Coggan JS, Allaman I, Magistretti PJ. Multi-timescale modeling of activity-dependent meta-

bolic coupling in the neuron-glia-vasculature ensemble. PLoS Comput Biol. 2015; 11: e1004036.

https://doi.org/10.1371/journal.pcbi.1004036 PMID: 25719367

On-demand energy from astrocytic glycogen

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006392 August 30, 2018 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/6089132
http://www.ncbi.nlm.nih.gov/pubmed/1664773
https://doi.org/10.1007/s11011-014-9619-z
http://www.ncbi.nlm.nih.gov/pubmed/25262235
https://doi.org/10.1021/nl501839q
http://www.ncbi.nlm.nih.gov/pubmed/25115676
http://www.ncbi.nlm.nih.gov/pubmed/4364350
http://www.ncbi.nlm.nih.gov/pubmed/2823172
https://doi.org/10.1016/j.nbd.2003.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15006703
http://www.ncbi.nlm.nih.gov/pubmed/3183664
https://doi.org/10.1097/00004647-199708000-00008
http://www.ncbi.nlm.nih.gov/pubmed/9290587
https://doi.org/10.1016/j.neuroscience.2010.07.052
http://www.ncbi.nlm.nih.gov/pubmed/20709158
https://doi.org/10.1016/j.neuint.2010.03.019
https://doi.org/10.1016/j.neuint.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20380860
http://www.ncbi.nlm.nih.gov/pubmed/8665669
https://doi.org/10.3389/fnint.2015.00070
http://www.ncbi.nlm.nih.gov/pubmed/26834586
https://doi.org/10.1097/00004647-199904000-00005
https://doi.org/10.1097/00004647-199904000-00005
http://www.ncbi.nlm.nih.gov/pubmed/10197509
https://doi.org/10.1073/pnas.1702739114
http://www.ncbi.nlm.nih.gov/pubmed/28515312
http://www.ncbi.nlm.nih.gov/pubmed/9298849
https://doi.org/10.1002/glia.23250
http://www.ncbi.nlm.nih.gov/pubmed/29076603
https://doi.org/10.1186/1752-0509-5-162
http://www.ncbi.nlm.nih.gov/pubmed/21995951
https://doi.org/10.1371/journal.pcbi.1004036
http://www.ncbi.nlm.nih.gov/pubmed/25719367
https://doi.org/10.1371/journal.pcbi.1006392


88. Mason S. Lactate Shuttles in Neuroenergetics-Homeostasis, Allostasis and Beyond. Front Neurosci.

2017; 11: 43. https://doi.org/10.3389/fnins.2017.00043 PMID: 28210209

89. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. JCerebBlood Flow Metab. 2012; 32: 1152–1166.

https://doi.org/10.1038/jcbfm.2011.149 PMID: 22027938

90. Nuriya M, Takeuchi M, Yasui M. Background norepinephrine primes astrocytic calcium responses to

subsequent norepinephrine stimuli in the cerebral cortex. Biochem Biophys Res Commun. 2017; 483:

732–738. https://doi.org/10.1016/j.bbrc.2016.12.073 PMID: 27965089

91. Xu K, Morgan KT, Todd Gehris A, Elston TC, Gomez SM. A whole-body model for glycogen regulation

reveals a critical role for substrate cycling in maintaining blood glucose homeostasis. PLoS Comput

Biol. 2011; 7: e1002272. https://doi.org/10.1371/journal.pcbi.1002272 PMID: 22163177

92. Calı̀ C, Wawrzyniak M, Becker C, Maco B, Cantoni M, Jorstad A, et al. The effects of aging on neuropil

structure in mouse somatosensory cortex—A 3D electron microscopy analysis of layer 1. PLOS ONE.

2018; 13: e0198131. https://doi.org/10.1371/journal.pone.0198131 PMID: 29966021

93. Cali C, Wawrzyniak M, Becker C, Maco B, Cantoni M, Jorstad A, et al. Data from: The effects of aging

on neuropil structure in mouse somatosensory cortex—A 3D electron microscopy analysis of layer 1.

2018; https://doi.org/10.5061/dryad.bh78sn5

94. Hertz L, Xu J, Song D, Du T, Li B, Yan E, et al. Astrocytic glycogenolysis: mechanisms and functions.

Metab Brain Dis. 2015; 30: 317–333. https://doi.org/10.1007/s11011-014-9536-1 PMID: 24744118

95. Barros LF. Metabolic signaling by lactate in the brain. Trends Neurosci. 2013; 36: 396–404. https://doi.

org/10.1016/j.tins.2013.04.002 PMID: 23639382

96. Bouzier-Sore A-K, Voisin P, Canioni P, Magistretti PJ, Pellerin L. Lactate is a preferential oxidative

energy substrate over glucose for neurons in culture. J Cereb Blood Flow Metab Off J Int Soc Cereb

Blood Flow Metab. 2003; 23: 1298–1306. https://doi.org/10.1097/01.WCB.0000091761.61714.25

PMID: 14600437

97. Magistretti PJ, Pellerin L. Regulation by neurotransmitters of glial energy metabolism. Adv Exp Med

Biol. 1997; 429: 137–143. PMID: 9413571

98. Cataldo AM, Broadwell RD. Cytochemical identification of cerebral glycogen and glucose-6-phospha-

tase activity under normal and experimental conditions. II. Choroid plexus and ependymal epithelia,

endothelia and pericytes. J Neurocytol. 1986; 15: 511–524. PMID: 3018177

99. Shimizu F, Sano Y, Tominaga O, Maeda T, Abe M, Kanda T. Advanced glycation end-products disrupt

the blood-brain barrier by stimulating the release of transforming growth factor-β by pericytes and vas-

cular endothelial growth factor and matrix metalloproteinase-2 by endothelial cells in vitro. Neurobiol

Aging. 2013; 34: 1902–1912. https://doi.org/10.1016/j.neurobiolaging.2013.01.012 PMID: 23428182

100. Ransom BR, Fern R. Does astrocytic glycogen benefit axon function and survival in CNS white matter

during glucose deprivation? Glia. 1997; 21: 134–141. PMID: 9298856

101. Wender R, Brown AM, Fern R, Swanson RA, Farrell K, Ransom BR. Astrocytic glycogen influences

axon function and survival during glucose deprivation in central white matter. J Neurosci Off J Soc

Neurosci. 2000; 20: 6804–6810.

102. Magistretti PJ. Neuron-glia metabolic coupling and plasticity. Exp Physiol. 2011; 96: 407–410. https://

doi.org/10.1113/expphysiol.2010.053157 PMID: 21123364

103. Sickmann HM, Walls AB, Schousboe A, Bouman SD, Waagepetersen HS. Functional significance of

brain glycogen in sustaining glutamatergic neurotransmission. J Neurochem. 2009; 109 Suppl 1: 80–

86. https://doi.org/10.1111/j.1471-4159.2009.05915.x PMID: 19393012

104. Dringen R, Hamprecht B. Differences in glycogen metabolism in astroglia-rich primary cultures and

sorbitol-selected astroglial cultures derived from mouse brain. Glia. 1993; 8: 143–149. https://doi.org/

10.1002/glia.440080302 PMID: 8225556

105. Brown AM, Tekkök SB, Ransom BR. Glycogen regulation and functional role in mouse white matter. J

Physiol. 2003; 549: 501–512. https://doi.org/10.1113/jphysiol.2003.042416 PMID: 12679378

106. Cambray-Deakin M, Pearce B, Morrow C, Murphy S. Effects of neurotransmitters on astrocyte glyco-

gen stores in vitro. J Neurochem. 1988; 51: 1852–1857. PMID: 2903222

107. Magistretti PJ, Hof P, Schorderet M. The increase in cyclic-AMP levels elicited by vasoactive intestinal

peptide (VIP) in mouse cerebral cortical slices is potentiated by ergot alkaloids. Neurochem Int. 1984;

6: 751–753. PMID: 20488103

108. Magistretti PJ, Sorg O, Yu N, Martin JL, Pellerin L. Neurotransmitters regulate energy metabolism in

astrocytes: implications for the metabolic trafficking between neural cells. Dev Neurosci. 1993; 15:

306–312. https://doi.org/10.1159/000111349 PMID: 7805583

109. Zhao Y, Zhang Q, Shao X, Ouyang L, Wang X, Zhu K, et al. Decreased Glycogen Content Might Con-

tribute to Chronic Stress-Induced Atrophy of Hippocampal Astrocyte volume and Depression-like

Behavior in Rats. Sci Rep. 2017; 7: 43192. https://doi.org/10.1038/srep43192 PMID: 28233800

On-demand energy from astrocytic glycogen

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006392 August 30, 2018 20 / 22

https://doi.org/10.3389/fnins.2017.00043
http://www.ncbi.nlm.nih.gov/pubmed/28210209
https://doi.org/10.1038/jcbfm.2011.149
http://www.ncbi.nlm.nih.gov/pubmed/22027938
https://doi.org/10.1016/j.bbrc.2016.12.073
http://www.ncbi.nlm.nih.gov/pubmed/27965089
https://doi.org/10.1371/journal.pcbi.1002272
http://www.ncbi.nlm.nih.gov/pubmed/22163177
https://doi.org/10.1371/journal.pone.0198131
http://www.ncbi.nlm.nih.gov/pubmed/29966021
https://doi.org/10.5061/dryad.bh78sn5
https://doi.org/10.1007/s11011-014-9536-1
http://www.ncbi.nlm.nih.gov/pubmed/24744118
https://doi.org/10.1016/j.tins.2013.04.002
https://doi.org/10.1016/j.tins.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23639382
https://doi.org/10.1097/01.WCB.0000091761.61714.25
http://www.ncbi.nlm.nih.gov/pubmed/14600437
http://www.ncbi.nlm.nih.gov/pubmed/9413571
http://www.ncbi.nlm.nih.gov/pubmed/3018177
https://doi.org/10.1016/j.neurobiolaging.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23428182
http://www.ncbi.nlm.nih.gov/pubmed/9298856
https://doi.org/10.1113/expphysiol.2010.053157
https://doi.org/10.1113/expphysiol.2010.053157
http://www.ncbi.nlm.nih.gov/pubmed/21123364
https://doi.org/10.1111/j.1471-4159.2009.05915.x
http://www.ncbi.nlm.nih.gov/pubmed/19393012
https://doi.org/10.1002/glia.440080302
https://doi.org/10.1002/glia.440080302
http://www.ncbi.nlm.nih.gov/pubmed/8225556
https://doi.org/10.1113/jphysiol.2003.042416
http://www.ncbi.nlm.nih.gov/pubmed/12679378
http://www.ncbi.nlm.nih.gov/pubmed/2903222
http://www.ncbi.nlm.nih.gov/pubmed/20488103
https://doi.org/10.1159/000111349
http://www.ncbi.nlm.nih.gov/pubmed/7805583
https://doi.org/10.1038/srep43192
http://www.ncbi.nlm.nih.gov/pubmed/28233800
https://doi.org/10.1371/journal.pcbi.1006392


110. Idris I, Thomson GA, Sharma JC. Diabetes mellitus and stroke. Int J Clin Pract. 2006; 60: 48–56.

https://doi.org/10.1111/j.1368-5031.2006.00682.x PMID: 16409428

111. Barros LF, Deitmer JW. Glucose and lactate supply to the synapse. Brain Res Rev. 2010; 63: 149–

159. https://doi.org/10.1016/j.brainresrev.2009.10.002 PMID: 19879896

112. Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: focus on astrocyte-neuron metabolic

cooperation. Cell Metab. 2011; 14: 724–738. https://doi.org/10.1016/j.cmet.2011.08.016 PMID:

22152301
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