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Abstract

Glycogen is the major store of glucose in brain and is mainly in astrocytes. Brain glycogen levels 

in unstimulated, carefully-handled rats are 10-12 mol/g, and assuming that astrocytes account for 

half the brain mass, astrocytic glycogen content is twice as high. Glycogen turnover is slow under 

basal conditions, but it is mobilized during activation. There is no net increase in incorporation of 

label from glucose during activation, whereas label release from pre-labeled glycogen exceeds net 

glycogen consumption, which increases during stronger stimuli. Because glycogen level is 

restored by non-oxidative metabolism, astrocytes can influence the global ratio of oxygen to 

glucose utilization. Compensatory increases in utilization of blood glucose during inhibition of 

glycogen phosphorylase are large and approximate glycogenolysis rates during sensory 

stimulation. In contrast, glycogenolysis rates during hypoglycemia are low due to continued 

glucose delivery and oxidation of endogenous substrates; rates that preserve neuronal function in 

the absence of glucose are also low, probably due to metabolite oxidation. Modeling studies 

predict that glycogenolysis maintains a high level of glucose-6-phosphate in astrocytes to maintain 

feedback inhibition of hexokinase, thereby diverting glucose for use by neurons. The fate of 

glycogen carbon in vivo is not known, but lactate efflux from brain best accounts for the major 

metabolic characteristics during activation of living brain. Substantial shuttling coupled with 

oxidation of glycogen-derived lactate is inconsistent with available evidence. Glycogen has 

important roles in astrocytic energetics, including glucose sparing, control of extracellular K+ 

level, oxidative stress management, and memory consolidation; it is a multi-functional compound.
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Introduction

“In physical science the first essential step in the direction of learning any subject is 

to find principles of numerical reckoning and practicable methods for measuring 

some quality connected with it. I often say that when you can measure what you are 

speaking about, and express it in numbers, you know something about it; but when 

Correspondence and proofs to: Gerald A. Dienel, Ph.D. Department of Neurology, Slot 500 University of Arkansas for Medical 
Sciences 4301 W. Markham St. Little Rock, AR 72205 USA gadienel@uams.edu. 

The authors declare no conflict of interest.

NIH Public Access
Author Manuscript
Metab Brain Dis. Author manuscript; available in PMC 2016 February 01.

Published in final edited form as:
Metab Brain Dis. 2015 February ; 30(1): 281–298. doi:10.1007/s11011-014-9493-8.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



you cannot measure it, when you cannot express it in numbers, your knowledge is 

of a meagre and unsatisfactory kind; it may be the beginning of knowledge, but you 

have scarcely in your thoughts advanced to the state of Science, whatever the 

matter may be.”

Sir William Thomson (Lord Kelvin), Popular Lectures and Addresses, vol. 1, 2nd 

Edition, “Electrical Units of Measurement”, a lecture delivered at the Institution of 

Civil Engineers, May 3, 1883; London, Macmillan and Co., 1891, p. 80-81.

Glycogen is a glucose polymer that constitutes the major glucose storage depot in brain, and 

it is located mainly in astrocytes (Cataldo and Broadwell 1986). However, glycogen is 

sparsely detectable in some neurons (Sotelo and Palay 1968), and dysregulation of neuronal 

glycogen metabolism is associated with neurodegeneration in myoclonus epilepsy and 

Lafora disease (Duran et al. 2012; Valles-Ortega et al. 2011; Vilchez et al. 2007). Glucose is 

the obligatory fuel for brain, and glycogen levels and turnover, therefore, provide a window 

for studies of astrocytic energetics under resting and activating conditions; this is the reason 

that our laboratory studied glycogen in awake rodents. During the past two decades, the 

conceptual role of brain glycogen has shifted from an emergency energy reserve to a 

dynamic participant in metabolism during brain activation. However, studies of glycogen 

mobilization and elucidation of its functions in living brain are very difficult due to its 

lability during brain tissue sampling and extraction procedures, its sensitivity to sensory 

stimuli and physiological state, the complexity of its regulation and turnover, and the lack of 

methods with high temporal-spatial resolution to evaluate changes in glycogen level and 

labeling. This review emphasizes quantitative aspects of glycogen biology and focuses on 

brain activation in normal, awake subjects; it highlights advances in understanding glycogen 

biology in living brain. Comprehensive discussions of important in vivo, in situ, and in vitro 

studies that have helped reveal the regulatory and signaling mechanisms governing glycogen 

content, its participation in brain functions, and its relationship to overall astrocytic and 

brain energetics and physiology are found in recent reviews (Obel et al. 2012; Dinuzzo et al. 

2012; DiNuzzo et al. 2011; Schousboe et al. 2010; Brown 2004; Gruetter 2003; Hertz et al. 

2007; Tesfaye et al. 2011; Gibbs and Hutchinson 2012).

Paradigm shift for roles of glycogen: From energy failure to sensory 

stimulation

Emergency fuel

Many studies of glycogenolysis during the 1960-1970s focused on glycogen utilization 

during pathophysiological conditions, including ischemia, hypoxia, anoxia, seizures, and 

hypoglycemia (reviewed by (Siesjö 1978)). This work led to the concept of glycogen as a 

stockpile that can help sustain brain function for a short interval in the absence of glucose or 

oxygen, or when fuel supplies do not match energy demands. These studies also established 

that glycogen turned over very slowly in resting brain (Watanabe and Passonneau 1973), 

and its levels (expressed as glucosyl units) obtained in extracts of brain were similar to those 

of glucose, about 2-3 mol/g. More recent studies using microwave fixation or funnel-

freezing of carefully-handled animals have reported values in the range of about 5-12 mol/g 

(see Discoveries arising from investigation of the basis for unexpected, discrepant results, 
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below). Thus, if the total pool of carbohydrate fuel in brain comprised of glucose plus 

glycogen were 7 mol/g it could sustain brain metabolism for about 7 min in normal, resting 

cerebral cortex that has a rate of glucose utilization (cerebral metabolic rate [CMR] for 

glucose [glc], or CMRglc) of about 1 mol/g/min (Sokoloff et al. 1977). However, this fuel 

supply is consumed much more quickly when glycolysis is upregulated during abnormal 

states, such as ischemia (Lowry and Passonneau 1964; Lowry et al. 1964), and rodents lose 

consciousness due to energy failure within about 30 seconds after onset of ischemia. 

Together, this work led to the notion that brain glycogen is quickly consumed during an 

energy crisis, but it is probably not very important for normal brain function due to its very 

slow turnover.

Physiological roles

Modulation of glycogen mobilization by various neurotransmitters and neuromodulators, 

particularly the stress-activated noradrenergic system, was well-documented in the 

1980-1990s and indicated that astrocytes respond to neuronal signaling (see discussion in 

(Cruz and Dienel 2002)). In 1992, Swanson and colleagues demonstrated that glycogen was 

consumed specifically in the activated barrel cortex during whisker stimulation of the 

conscious rat (Swanson et al. 1992; Swanson 1992). This important discovery was the 

turning point that directed attention to roles for glycogen in astrocytic energetics when 

neuronal information processing increases. As noted by the authors, glycogenolysis provides 

a rapid source of glucose-6-phosphate (Glc-6-P) to astrocytes independent of glucose 

delivery from blood. Subsequent work in our and other laboratories confirmed and extended 

these findings by demonstrating that brain glycogen levels are much higher than generally 

recognized and turnover and net utilization of glycogen rise during and after sensory 

stimulation of the awake rat.

Very high glycogen concentration in brain

Why does the CMRO2/CMRglc ratio fall during brain activation?

Our first study involving glycogen during sensory stimulation (Madsen et al. 1999) was 

designed to determine if the ratio of oxygen to glucose utilization (i.e., CMRO2/CMRglc that 

was measured by arteriovenous differences) fell during sensory stimulation of awake rats, as 

was previously observed in humans during mental testing and physiological activity 

(Madsen et al. 1995; Fox et al. 1988). If this metabolic ratio fell in the animal model, the 

basis for the disproportionately higher consumption of glucose compared with oxygen 

during brain activation could be studied. The CMRO2/CMRglc did, in fact, fall during 

generalized stimulation of rats that had been very carefully handled and sequestered to 

minimize environmental stimuli prior to the experiment. Analysis of the major carbohydrate 

pools in brain revealed that glucose content was stable, lactate concentration and efflux from 

brain to blood increased, and glycogen content gradually fell, reaching statistical 

significance only at 15 min after cessation of stimulation. However, changes in the amounts 

of glucose, glycogen, and lactate and lactate efflux from brain to blood did not fully account 

for the excess glucose consumed during sensory stimulation compared with oxygen 

utilization indicating that the analysis was incomplete.
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Impact of glycogen turnover on whole-brain metabolic studies

Arteriovenous assays of brain metabolism are based on global utilization of blood-borne 

substrates, and are calculated as cerebral blood flow (CBF) times the difference in substrate 

concentration in arterial (A) and venous (V) blood (i.e., CBF[A-V]), and ratios of metabolic 

rates are calculated as CMRO2/CMRglc (i.e., [CBF(A-V)O2]/[CBF(A-V)glc]. Under resting 

conditions, the CMRO2/CMRglc ratio is close to the theoretical maximum of 6.0, indicating 

that most of the glucose is completely oxidized (i.e., 6 O2 + 1 glucose → 6 CO2 + 6 H2O). 

When non-oxidative utilization of glucose is enhanced, the CMRO2/CMRglc ratio falls; the 

basis for this phenomenon is not understood.

Because glycogen is an endogenous substrate that is not taken into account in studies of 

glucose utilization, an important outcome of our above study was recognition of the 

following consequences of glycogen turnover. (i) If glycogen were consumed and oxidized 

during brain activation it would contribute to oxygen consumption, thereby inflating the 

apparent oxidation of blood-borne glucose. Use of glycogen as oxidative fuel would 

disproportionately increase CMRO2 or (A-V)O2 compared with CMRglc or (A-V)glc because 

arteriovenous difference assays and ratios of net uptake of these two fuels into brain does 

not account for metabolism of other compounds. (ii) If glycogen were glycolytically 

metabolized with release of the lactate to blood, it would inflate the apparent amount of 

lactate produced from blood-borne glucose. (iii) Re-synthesis of glycogen after its depletion 

requires non-oxidative glucose utilization, thereby lowering the whole-brain CMRO2/

CMRglc ratio while glycogen level is being restored. Thus, astrocytic glycogen turnover is 

important because it could influence the overall balance between oxygen and glucose 

utilization in whole-brain assays, and it could also influence interpretation of routine in vivo 

glucose utilization assays using labeled precursors by providing an additional source of fuel 

that is not taken into account. We, therefore, carried out parallel series of in vivo studies of 

brain activation with emphasis on two pathways specific for astrocytes, glycogen turnover 

and oxidative metabolism using [14C]acetate as a tool; acetate is preferentially metabolized 

by astrocytes. Discussion of the acetate studies is beyond the scope of this review, but this 

work revealed that astrocytic tricarboxylic acid (TCA) cycle activity is upregulated during 

sensory stimulation and other conditions, and it is high in glial tumors (Dienel et al. 2007b; 

Cruz et al. 2005; Dienel et al. 2003; Cetin et al. 2003; Dienel et al. 2001a; Dienel et al. 

2001b; Dienel et al. 1999). Because activity of the astrocytic oxidative pathway rises during 

brain activation, it is important to consider both glycolytic and oxidative fates of glycogen 

carbon within astrocytes that mobilize glycogen, as well as in their gap junction-coupled 

partners into which products of glycogen metabolism can diffuse.

Discoveries arising from investigation of the basis for unexpected, discrepant results

To evaluate incorporation of label into glycogen compared with labeling of metabolites in 

other pathways, we next used in vivo pulse-labeling with [6-14C]glucose during rest, sensory 

stimulation, and recovery. Because we planned to use anion-exchange HPLC to separate 

the 14C-labeled metabolites, an initial technical concern was that the perchloric acid 

extraction procedure (Passonneau and Lowry 1993) that is routinely used to inactivate 

enzymes and preserve levels of labile metabolites would result in high perchlorate levels that 

would interfere with the HPLC analysis. We, therefore, took advantage of an ethanol 
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extraction method that we previously used to evaluate the source of unexpectedly-high 

deoxyglucose (DG) levels in acid extracts of brains of hypoglycemic rats. The ethanol 

procedure led to our ‘re-discovery’ of the acid-lability of deoxyglucose-1-phosphate (DG-1-

P), which was first synthesized and characterized by Emil Fischer’s laboratory in the early 

1900s (Dienel et al. 1990). Use of the ethanol procedure led to two interesting and important 

findings derived from changes in levels of labile metabolites in the test tube during routine 

acid extraction, one related to apparent glucose-6-phosphatase activity in brain that would 

influence downstream metabolism of glycogen, the other related to apparent glycogen level, 

turnover, and function.

In the first case, we found that DG-1-P is degraded to DG in the test tube during routine acid 

extraction but not with ethanol-based extraction (Dienel et al. 1990). Conversion of product 

(DG-1-P) to precursor (DG) in vitro increased the apparent size of the unmetabolized 

precursor pool. This artifact interfered with determination of the factor lambda of the 

lumped constant of the [14C]deoxyglucose method as a function of plasma and brain glucose 

concentration, and it sparked detailed analyses of further metabolism of deoxyglucose-6-P 

(DG-6-P) (Dienel and Cruz 1993; Dienel et al. 1993; Dienel et al. 1991; Mori et al. 1989). 

Because the DG-1-P level is equal to 7% that of DG-6-P and DG-6-P level increases with 

time after pulse labeling, the magnitude of inflation of the apparent size of the precursor 

pool in acid extracts progressively increases with time and explains the basis for the 

artifactual glucose-6-phosphatase activity (Dienel et al. 1993; Dienel et al. 1990). In a 

previous study, modeling of the time courses of DG and DG-6-P in acid extracts of brain 

(Hawkins and Miller 1978) was based on precursor levels that were too high and product 

levels that were too low, leading to their incorrect interpretation of high glucose-6-

phosphatase activity in brain. Other studies have also shown that Glc-6-phosphatase activity 

is negligible in brain in vivo (Dienel et al. 1988; Nelson et al. 1985; Schmidt et al. 1989) and 

in cultured astrocytes (Gotoh et al. 2000). These findings not only demonstrate that the 

enzyme does not interfere with the [14C]DG method to assay CMRglc by causing product 

loss (Sokoloff et al. 1977), they are also highly relevant to the fate of brain glycogen. 

Without significant activity of glucose-6-phosphatase, Glc-6-P derived from glycogen 

cannot be converted to glucose, as in the liver; instead it must be metabolized in the cell 

where generated. In cultured astrocytes nearly all glycogen degraded is released to the 

culture medium as lactate (Dringen et al. 1993a), but it is important to take into account the 

fact that culture assays have an extremely high extracellular volume that dilutes the released 

lactate. Dilution maintains an outward intracellular-to-extracellular lactate concentration 

gradient, thereby facilitating the formation and release of lactate via equilibrative reactions 

(lactate dehydrogenase and transporters). Thus, lactate release from cultured cells may be 

much higher than in vivo.

In the second case, when unlabeled glycogen levels in ethanol extracts of samples labeled by 

[6-14C]glucose were analyzed (Cruz and Dienel 2002), the mean values during rest, sensory 

stimulation, and recovery from stimulation were about twice those of our previous study 

(Madsen et al. 1999) that used acid extraction, whereas differences in glucose and lactate 

levels in samples extracted by the two procedures were smaller. To determine if the 

discrepant results were due to biological differences between the two groups of rats or to 

technical issues, paired samples of the same brain powders were extracted in parallel with 
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both procedures. The acid extracts had lower levels of glycogen and higher levels of lactate, 

suggesting incomplete inactivation of enzymes by the acid extraction procedure. Subsequent 

assays of postmortem metabolism in the acid extracts in vitro revealed decrements in 

glycogen level accompanied by increases in lactate content. Thus, enzymes had enough 

residual activity in the test tube to cause loss of labile metabolites and accumulation of 

downstream products.

The important finding in our studies was that glycogen levels were 2-4-fold higher than 

generally recognized, with mean values of about 10-12 mol/g in resting cerebral cortex 

(Dienel et al. 2002; Cruz and Dienel 2002). Unfortunately, the high animal-to-animal 

variability of baseline glycogen levels in ethanol compared with acid extracts (coefficients 

of variation [SD/mean] of 30-40%, i.e., many animals had very high glycogen levels) made 

it difficult to obtain statistically-significant results in our studies. Nevertheless, two 

independent studies carried out about a year apart in separate groups of rats obtained similar 

glycogen levels during rest and similar percent decreases during generalized sensory 

stimulation and recovery, indicating that the results were biologically reproducible, even if 

some were not statistically significant (Dienel et al. 2002; Cruz and Dienel 2002). At about 

the same time, the Geiger laboratory (Kong et al. 2002) used high-power microwave fixation 

of brain and also found high glycogen levels in cerebral cortex (~9 mol/g) one experiment, 

whereas in other experiments they obtained lower values, in the range of ~3-6 mol/g that is 

similar to those in biochemical or magnetic resonance assays, some obtained after prolonged 

infusion of [13C]glucose into anesthetized rats ((van Heeswijk et al. 2012; Choi et al. 1999; 

Choi and Gruetter 2003; van Heeswijk et al. 2010; Morgenthaler et al. 2008)). The Kong et 

al. (2002) study also emphasized sensitivity of glycogen content to microwave-fixation 

power (i.e., 3.5 and 6 kW power gave lower cerebral cortical glycogen levels than 10 kW, 

implying incomplete enzyme denaturation) and they reported substantial regional 

differences in glycogen level (notably very high in corpus callosum white matter, >20 

mol/g), consistent with previous findings by Sagar et al. (1987) of a 2.5-fold range in 

glycogen level in various brain regions (2.7-6.9 mol/g, assuming 100 mg protein/g). Also of 

interest is the fact that various anesthetics depress brain metabolic rate and raise rodent brain 

glycogen level by 1.7-3-fold within 6 h (Brunner et al. 1971; Nelson et al. 1968). Glycogen 

levels in human brain samples obtained during surgery for temporal lobe epilepsy were 5-6 

mol/g in ‘normal’ cortical tissue, but much higher in pathological hippocampus (13 mol/g 

(Dalsgaard et al. 2007)). Thus, brain glycogen levels can vary considerably depending on 

the physiology and history of the subject and exact experimental conditions and assays. 

Glycogen content will be grossly underestimated unless considerable care is taken with the 

enzyme inactivation and extraction procedures; decapitation and freezing is not adequate. It 

is also critical to minimize sensory stimuli and stresses that are commonly associated with 

animal handling, environmental conditions, and experimental and euthanasia (e.g., during 

immobilization for freeze-blowing or microwave fixation) procedures because they can 

quickly accelerate glycogenolysis in vivo prior to tissue sampling (Cruz and Dienel 2002). 

The point of this discussion is not to belabor differences in values obtained in various 

studies. Rather, it is intended to emphasize the bottom line that assays using improved 

technical and experimental methods yield brain glycogen concentrations that are much 

higher than those historically reported and glycogen level is very labile and more important 
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than previously recognized. A take-home message is that exploration and resolution of the 

basis for unexpected and apparently-conflicting results can take a lot of time and work but 

can lead to important advances.

Glycogen mobilization during brain activation

Turnover exceeds net consumption

Label incorporation from [6-14C]glucose into glycogen isolated from ethanol extracts was 

similar during rest and generalized sensory stimulation and it doubled during recovery, but 

the net label incorporation was always very low, i.e., less than 0.7% of the total recovered in 

all metabolites (Dienel et al. 2002). In a subsequent study in which the glycogen was pre-

labeled before sensory stimulation, the percentage of label released during sensory 

stimulation from glycogen in different dissected brain regions exceeded the corresponding 

percent decrease in unlabeled glycogen concentration in the same region (Dienel et al. 

2007a), indicating that glycogen turnover (degradation and re-synthesis) increased more 

than net consumption of glycogen during stimulation. Understanding the basis for these 

findings is complicated because synthesis and degradation may take place in a different 

regions of the same glycogen molecule, in different molecules or regions in the same 

astrocyte, in different astrocytes, or all of these alternatives. Unfortunately, current 

technology cannot distinguish among these possibilities.

Compensatory rise in CMRglc evoked by blockade of glycogenolysis

To further evaluate the quantitative aspects of regional glycogenolysis during sensory 

stimulation, we reasoned that if glycogen had key roles in astrocytic energetics during brain 

activation, more blood-borne glucose would be consumed when glycogenolysis is inhibited. 

Thus, during blockade of glycogen mobilization the magnitude of the compensatory rise in 

glucose utilization would reflect contributions of glycogenolysis that may otherwise be 

masked by re-synthesis or averaging when assayed in tissue samples that were dissected 

from funnel-frozen brain. Inhibition of glycogen phosphorylase had no effect on CMRglc in 

all brain regions of interest during rest, whereas there were large, regionally-selective 

increases in CMRglc, particularly in sensory and parietal cortex, during sensory stimulation 

involving auditory, visual, and whisker pathways (Dienel et al. 2007a). The net 

compensatory increases in CMRglc in these structures in phosphorylase-inhibited rats ranged 

from about 0.2-0.4 mol/g/min or about 25-50% above the respective CMRglc in stimulated 

vehicle-treated controls; these activated controls were, in turn, about 30-60% higher than the 

corresponding CMRglc baseline values. In other words, glycogen turnover appears to be 

quite high during physiological sensory stimulation, and it is not detectable unless special 

experimental approaches are used. Remarkably, the net (activation - rest) compensatory rise 

in CMRglc in layer 4 plus surrounding tissue in the parietal cortex was greater in magnitude 

than the stimulus-induced net increase in CMRglc in the same region of vehicle-treated rats. 

In several other structures, the compensatory response was about half of the stimulus-

induced rise in CMRglc. These findings indicate that a very large fraction (50-100%) of the 

increase in CMRglc in specific structures is associated with physiological functions that 

predominate during sensory stimulation and are served by or related to glycogen 

mobilization. A notable implication of the large compensatory CMRglc responses to 
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glycogen phosphorylase blockade is that the commonly-used measures of glycogen 

contributions to brain energetics (i.e., concentration change, label incorporation, and label 

release) either cannot detect or greatly underestimate the role of glycogen during brain 

activation.

The compensatory CMRglc responses to deficits in glycogen utilization may occur solely in 

astrocytes and involve various subcellular regions (e.g., peri-synaptic processes, large 

processes, soma, and endfeet). If this is true, astrocytes account for most of the increase in 

CMRglc in specific structures during sensory stimulation. The compensatory responses may, 

however, also involve neurons. For example, impaired K+ clearance from extracellular fluid 

(Xu et al. 2012) by perisynaptic processes during blockade of glycogenolysis could raise 

extracellular K+ levels and evoke depolarizations that increase neuronal ion pumping and 

energy demand. Blood flow increases in parallel with CMRglc during activation, and loss of 

glycogen as fuel in astrocytic endfeet may require more blood-borne glucose for various 

processes. For example, ammonia rapidly diffuses from blood across the endothelium into 

brain and its detoxification occurs in endfeet with incorporation of ammonia into glutamine 

in an ATP-requiring reaction (Cooper 2012). Disturbances of glycogen-related 

neurotransmitter homeostasis and activities (Schousboe et al. 2010; Walls et al. 2009) when 

phosphorylase activity is inhibited may also contribute to metabolic changes in astrocytes 

and neurons. More work is required to establish the cellular and subcellular sites of 

compensatory CMRglc.

Shunting of glucose through glycogen

Advantages of storing glucose as glycogen include (i) the glucose polymer has low osmotic 

activity compared with an equivalent number of ‘free’ glucose molecules, (ii) both the 

synthesis and degradation of glycogen are tightly regulated, (iii) Glc-6-P can be rapidly 

generated from glycogen without using ATP at the hexokinase step, and (iv) Glc-6-P is a 

very poor substrate for passage through astrocytic gap junctions (Gandhi et al. 2009b), so it 

serves as fuel for the astrocyte where it was generated and it also regulates hexokinase 

activity in that same cell. Thus, glycogen synthesized when glucose supply exceeds demand 

has an energetic advantage for astrocytes during brain activation when demands for glucose 

and ATP increase.

The notion that a fraction of blood-derived glucose is incorporated into glycogen, then 

released and metabolized further is called the glycogen shunt (Fig. 1), i.e., some blood-borne 

glucose flows through the astrocytic glycogen pool before entering the glycolytic or pentose 

phosphate shunt pathways (Shulman et al. 2001). The existence of the glycogen shunt 

pathway is self-evident because blood glucose is the predominant precursor for glycogen, 

although gluconeogenesis does occur in cultured astrocytes (Schmoll et al. 1995; Dringen et 

al. 1993b). However, the concept is important because the crux of the shunting glucose 

through glycogen is that glycogen turnover could become an energetic drain for astrocytes if 

glucose simply cycles through glycogen without having some functional advantage. In other 

words, shunting could constitute a futile cycle in which ATP is wasted because it costs more 

ATP to make the glycogen and metabolize the same glucosyl molecule compared with direct 

glycolytic metabolism of glucose. Thus, to evaluate the overall cost-benefit of glycogen 

Dienel and Cruz Page 8

Metab Brain Dis. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



shunting it is necessary to know where and when the glycogen is consumed and where and 

when it is synthesized; cellular localization and subcellular compartmentation of glycogen 

turnover are the key issues. The existence of glucoseglycogen shunting (i.e., glycogen 

turnover) above the basal rate is supported by high glycogen mobilization during brain 

activation and by the fascinating studies in cultured astrocytes demonstrating complex roles 

of glycogen metabolism in astrocyte function (Walls et al. 2009).

Fate of glycogen carbon during brain activation

The ultimate metabolic fate of the glycogen carbon in activated brain in vivo is not known, 

and it is extremely difficult to establish experimentally. As illustrated in Fig. 2, glycogen can 

be metabolized by various routes: (i) it may fuel astrocytes via glycolytic and oxidative 

metabolism, with oxidation taking place in the cell where glycogen was degraded or in other 

gap junction-coupled astrocytes when glycogen-derived lactate is shuttled among astrocytes; 

(ii) lactate may be generated from glycogen via glycolysis and released from the cell; (iii) 

the released lactate may be discharged from brain to blood or diffuse to nearby neurons (or 

astrocytes) where it may serve as a supplemental oxidative fuel, as proposed by Dringen et 

al. (1993a) based on quantitative efflux of glycogen-derived lactate to the culture medium; 

(iv) glycogen may serve as precursor for de novo synthesis of glutamate via the astrocytic 

oxidative pathways, as in chick brain during memory consolidation (Gibbs et al. 2007; 

Gibbs et al. 2006); or (v) all of these possibilities occur to some extent. The major 

alternative fates of glycogen carbon have predicted phenotypes that can be compared with 

established metabolic characteristics of brain activation to evaluate whether a specific fate is 

dominant during brain activation (Fig. 2).

Net consumption and oxidation of unlabeled glycogen during brain activation

This pathway predicts predominant flow of glycogen carbon into the TCA cycle, causing an 

increase in CMRO2 over and above that of CMRglc (Fig. 2). One potential cause for the 

compensatory increased blood-borne glucose utilization during blockade of glycogen 

mobilization is that the glycolysis fuels the activated astrocyte and lactate generated serves 

as an oxidative fuel for nearby neurons and/or astrocytes so that the lactate-recipients must 

now consume more blood-borne glucose. However, if net glycogen utilization coupled with 

glycogen-derived lactate shuttling plus oxidation took place at a substantial rate during brain 

activation, the CMRO2/CMRglc ratio is predicted to rise, whereas almost all studies show 

that it falls (Dienel and Cruz 2008). The reason for a disproportionate rise in CMRO2 is that 

the CMRO2/CMRglc ratio is based on arteriovenous differences for the two substrates, and 

oxidation of endogenous glycogen would require more oxygen relative to uptake and 

oxidation of blood-borne glucose, causing the metabolic ratio to increase during stimulation. 

We did observe a rise in the metabolic ratio during the recovery phase at 15 min after 

cessation of sensory stimulation (Madsen et al. 1999), but the biochemical and cellular basis 

of the fall and subsequent rise in the CMRO2/CMRglc ratio remain to be established; 

oxidation of various endogenous substrates during recovery could contribute to CMRO2.
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High glycogen shunting coupled with lactate shuttling and oxidation in neurons during 
brain activation

This fate pathway predicts that labeled blood-borne glucose quickly cycles through glycogen 

during brain activation and labeled lactate generated from labeled glycogen enters the 

oxidative pathway in neurons. Thus, the CMRO2/CMRglc ratio would not change from rest 

to activation because the incoming glucose is oxidized at the same rate as during rest after a 

detour through glycogen. Also, trapping of label in TCA cycle-derived amino acids would 

be high (Fig. 2). If this process occurs at the magnitude of the compensatory rise in CMRglc 

during glycogen phosphorylase inhibition, there would have to be enormous fluxes of 

labeled blood-borne glucose into glycogen and almost immediate release of the recently-

incorporated blood-derived glucose molecules from glycogen (i.e., shunting), coupled with 

their conversion to lactate, release from the cells, oxidation in other cells, and label 

incorporation into amino acids. The reasons the newly-added outer-tier glucose molecules 

would have to be involved in the turnover-shuttling-oxidation process are that the 

compensatory CMRglc rate is quite high (0.2-0.4 mol/g/min) (Dienel et al. 2007a), whereas 

net labeling of (presumably only outer tiers) glycogen by [6-14C]glucose in brief (5 min) 

experiments in sensory stimulated rats is extremely low (<0.7% of the total label in 

metabolites, corresponding to a glucose incorporation rate of 0.002-0.005 mol/g/min (Dienel 

et al. 2002)), and release of label from pre-labeled glycogen exceeds net consumption of 

unlabeled glycogen (Dienel et al. 2007a). Thus, there is very low net incorporation (or 

retention) of label from blood-borne glucose into glycogen, more rapid release of 

previously-incorporated label compared with net decreases in glycogen content in the same 

structure and same experimental interval, and a 100-fold higher rate of compensatory 

utilization of blood glucose when glycogenolysis is impaired compared with the rate of net 

blood glucose incorporation into glycogen under similar activating conditions. These results 

infer rapid on-off trafficking of the same labeled glucosyl moieties in the outer tiers of 

glycogen during activation. In contrast, if label incorporation rate were high and residence 

time were long, more label incorporation into glycogen than the measured amount is 

expected, and the percent decreases in pre-labeled and unlabeled glycogen during activation 

should be similar in magnitude. To sum up, results of in vivo glycogen labeling studies 

discussed above are consistent with rapid shunting during brain activation, as predicted by 

this pathway for the fate of glycogen.

The second aspect of the shunt-shuttle-oxidation pathway for the fate of glycogen (Fig. 2) is 

related to metabolic studies with 14C- or 13C-labeled glucose that take advantage of label 

incorporation into metabolites in different pathways. Dilution of label into the large 

unlabeled pools of TCA cycle-derived amino acids (Fig 2) traps the label, and 13C- labeling 

of neuronal glutamate is used to calculate glucose oxidation rates (de Graaf et al. 2011; 

Rothman et al. 2011). High rates of shunting of labeled blood glucose through astrocytic 

glycogen during brain activation followed by metabolism via the glycolytic or pentose 

phosphate shunt pathways would label pyruvate and lactate, and stoichiometric lactate 

shuttling plus its oxidation would cause high label trapping in amino acids (Fig. 2). 

Similarly, shuttling of lactate derived from glycolytic metabolism of blood glucose tightly 

coupled with lactate oxidation would also cause high label retention in tissue. Because 

oxidation of lactate requires oxygen consumption, the CMRO2/CMRglc ratio would not fall 
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from rest to activation if blood glucose-derived lactate oxidation stoichiometrically matched 

lactate production, whether generated via high flux through the glycogen shunt or directly 

by glycolytic metabolism. Thus, this scenario predicts (i) stability of the CMRO2/CMRglc 

ratio from rest to activation because blood glucose would be oxidized to the same extent as 

during rest, whether it shunts through glycogen or flows directly to the TCA cycle (i.e., total 

glucose utilization would equal oxidative metabolism of glucose), and (ii) high trapping of 

glucose label in metabolites (Fig. 2). As discussed below, neither criterion is fulfilled.

Release of glycogen-derived lactate from brain during activation

This fate (Fig. 2) is compatible with any magnitude of glycogen shunting, and it predicts 

release of labeled and unlabeled lactate from activated brain regions, a fall in the 

CMRO2/CMRglc ratio during brain activation (i.e., total glucose utilization exceeds 

oxidative metabolism), a relatively small rise in CMRO2 above the resting rate due to 

predominant lactate release, and much lower retention of labeled metabolites of glucose in 

amino acid pools than expected based on assays of the hexokinase step (Fig. 2). The 

following independent lines of evidence strongly support predominant lactate release from 

brain of normal awake subjects.

(i) Trapping of [6-14C]glucose-derived label during brain activation is incomplete, and the 

rise in glucose-derived label retention in tissue corresponds to less than half of the rise in 

total glucose utilization determined with [14C]deoxyglucose when assayed in parallel 

experiments in many laboratories (reviewed in (Dienel 2012b)). This means about 50% of 

the label in metabolites of glucose is quickly (within 5 min) released from brain. Because 

lactate shuttling-oxidation would result in label incorporation into TCA cycle-derived amino 

acids, the rise in label trapping represents a maximal level of shuttling. However, this 

amount will be too high and must be corrected downwards for label incorporated into 

metabolites via other pathways and directly from pyruvate.

(ii) Lactate carries all of the label in the precursor glucose except that lost via the pentose 

phosphate pathway, and its efflux from brain would proportionately diminish label trapping 

in amino acid pools and eliminate pyruvate/lactate as oxidative fuel (Fig. 2). During 

spreading depression, labeled and unlabeled lactate are quickly released from brain to 

venous blood in amounts equal to about 20% of the 14C-labeled and unlabeled glucose 

entering the brain in the same arteriovenous samples (Cruz et al. 1999; Adachi et al. 1995). 

This lactate efflux accounted for about half the magnitude of the underestimation of CMRglc 

with [6-14C] glucose (reflecting mainly oxidative metabolism) compared with [14C]DG 

(reflecting total glucose utilization at the hexokinase step). Lactate efflux from brain also 

rises after ammonia treatment (Hawkins et al. 1973), during sensory stimulation of rats 

(Madsen et al. 1999), and mental testing of humans (Madsen et al. 1995), and large amounts 

of lactate, ranging from 20-100% of glucose influx, are released from the eye of normal 

animals (see Table 6 in (Dienel 2012a)). Our subsequent follow-up studies identified a novel 

route for metabolite release, the perivascular-lymphatic drainage system that removes 

glucose, lactate, other compounds, and proteins from interstitial fluid (Cruz et al. 2013; Ball 

et al. 2010). These data are direct proof for rapid, substantial lactate efflux from brain by at 

least two routes, perivascular-lymphatic flow and release to blood. Lactate diffusion from 
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interstitial to perivascular fluid and discharge from astrocytic endfeet can feed lactate into 

both of these pathways. Metabolite release from brain via the perivascular-lymphatic 

drainage system is consistent with clearance of various small molecules, fluorescent tracers, 

and proteins from brain interstitial fluid to lymph nodes in the neck and spine (Bradbury and 

Cserr 1985; Weller et al. 2009; Carare et al. 2008; Nagra et al. 2006; Koh et al. 2005) that is 

driven by arterial pulsations (Rennels et al. 1990; Rennels et al. 1985) and other factors 

(Bradbury and Westrop 1983) and is linked to water flow across astrocytic endfeet (Iliff et 

al. 2013; Iliff et al. 2012).

(iii) The CMRO2/CMRglc ratio falls during activation. The magnitude of the fall varies under 

different experimental conditions, but the findings rule out stoichiometric formation, 

shuttling, and oxidation of lactate that require CMRO2 to rise in proportion (i.e., 6:1) with 

CMRglc (Figs. 1, 2).

(iv) The rise in CMRO2 during activation is quite small, generally <20-30%, compared with 

much larger increases in CMRglc, consistent with loss of oxidative fuel due to lactate efflux. 

The magnitude of the net rise in CMRO2 during activation also sets the upper limit for any 

lactate shuttling coupled with its oxidation that requires oxygen. However, this value is too 

high and must be corrected downward for direct oxidation of glucose- or glycogen-derived 

pyruvate and oxidation of other endogenous substrates. Estimates of maximal lactate 

shuttling contribution to total oxidation are in the range of 10% or so (Dienel 2013; Dienel 

2012a, b).

(v) The specific activity of blood glucose-derived lactate in brain during [6-14C]glucose 

labeling experiments equals the theoretical maximum (i.e., half that of glucose because one 

lactate is labeled and one unlabeled), meaning that the labeled lactate is not diluted by 

unlabeled lactate entering brain from blood or generated in brain from glycogen during rest, 

sensory stimulation, and recovery and during spreading depression (Dienel and Cruz 2009). 

This implies that the pool of pyruvate/lactate derived from labeled blood glucose and the 

pool from unlabeled glycogen are segregated into different compartments that do not readily 

mix, as observed in cultured astrocytes (Sickmann et al. 2005). Lack of lactate specific 

activity dilution means that label incorporation from glucose- or glycogen-derived lactate 

into glutamate should be high if lactate shuttling were tightly coupled with shunting and 

oxidation. The rise in metabolite labeling by glucose during activation is, however, modest. 

Instead, release of highly-labeled and unlabeled lactate to blood would account for 

experimental findings documenting incomplete trapping of labeled products of glucose, the 

greater rise in CMRglc compared with CMRO2, and the relatively small rise in CMRO2.

(vi) Astrocytes have high lactate trafficking capacity, and are poised to clear lactate from 

activated brain regions. Astrocytes in adult rat brain slices have 2-4-fold higher rates and 

capacities for lactate uptake from extracellular fluid than neuronal uptake and for dispersal 

of lactate throughout the syncytium of gap junction-coupled astrocytes compared with 

lactate transfer from astrocytes to neurons (Gandhi et al. 2009a). Thus, lactate formed in 

astrocytes from glycogen or glucose or taken up after release from neurons can be quickly 

discharged to perivascular fluid, meninges, and blood from endfeet (Cruz et al. 2013; Ball et 

al. 2010) without mixing with lactate generated by and retained in neurons. On the other 
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hand, lactate produced by neurons may be relatively sequestered intracellularly due to near-

saturation of their low Km MCT2 transporters, leading to restricted lactate efflux from 

neurons (Chih and Roberts Jr 2003; Chih et al. 2001). Near-saturation of MCT2 during 

activation also limits lactate entry into neurons, facilitating its clearance from brain via gap 

junction-coupled astrocytes.

In sedentary subjects, the blood lactate level is lower than that in brain, and the outwardly-

directed brain-to-blood lactate concentration gradient originating in activated brain cells 

would act to ‘pull’ lactate out of the brain. ‘Pulling’ is due to concentration-driven transport, 

dilution of lactate in the large blood volume of the whole body, and fast cerebral blood flow 

rates that maintain the lower venous blood lactate level compared with brain tissue. 

Conversely, raising blood lactate level by muscular activity (or lactate infusion) creates a 

different physiological condition than during sensory stimulation of sedentary subjects. In 

this case, the elevated blood lactate level drives lactate into the entire brain, thereby 

diminishing intracerebral lactate gradients and pushing blood-derived lactate into all brain 

cells. Use of blood lactate as a supplemental oxidative fuel by brain under hyperlactemic 

conditions is important for glucose sparing during intense physical activity when large 

amounts of lactate are generated by muscles and released to blood. Some investigators have 

used lactate loading experiments (in vivo lactate infusions or high lactate levels in tissue 

culture media) to evaluate neuronal lactate oxidation and they interpreted the results as 

evidence for lactate as neuronal fuel to support the existence of astrocyte-to-neuron lactate 

shuttling during brain activation. However, the physiology of each experimental condition 

must be taken into account, and hyperlactemic conditions during which ‘lactate muscles its 

way into consciousness’ (Dienel 2004, 2012b) is not compelling evidence for substantial 

astrocyte-to-neuron lactate shuttling during brain activation in sedentary subjects; lactate 

oxidation itself is not proof of shuttling. Indeed, when plasma lactate is < 3 mM, oxidation 

of blood-borne lactate by human brain contributes <10% to the total oxidation of glucose 

plus lactate (van Hall et al. 2009; Boumezbeur et al. 2010), sharply contrasting the 45-75% 

in immature cultured neurons at 1 mM lactate (Bouzier-Sore et al. 2006; Bouzier-Sore et al. 

2003).

(vii) Glycogen is mobilized by oxidative stress to generate NADPH via the pentose 

phosphate shunt pathway in cultured astrocytes, even in the presence of high extracellular 

glucose (Rahman et al. 2000). Flux through the pentose phosphate shunt pathway in vivo 

rises from about 7% at rest to 25% of glucose oxidized in the inferior colliculus in our 

acoustic stimulation studies (see Fig 6c-1 in (Dienel 2012b). Pentose phosphate pathway 

activity causes label loss from C1-labeled glucose and, therefore, depresses the 

CMRO2/CMRglc ratio. Decarboxylation of carbon one of glucose means that 1/6 (17%) of 

the glucose carbon is converted to CO2 without consumption of an equivalent amount of 

oxygen, causing the oxygen/glucose ratio to fall by the same proportion. The remaining 83% 

of the glucose carbon re-enters the glycolytic pathway for further metabolism (if this did not 

occur, phosphate would be trapped in pentose pathway intermediates and interfere with 

ADP/ATP turnover). If oxidation of unlabeled glycogen carbon occurred to the same extent 

as the rise in pentose phosphate shunt flux to manage oxidative stress, the CMRO2/CMRglc 

ratio would be relatively stable from rest to activation instead of the predicted increase 
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discussed above. Thus, interactive effects of changes in fluxes in different pathways that can 

influence the global metabolic ratio illustrates one of the complexities in evaluation of 

alternative fates of glycogen.

To sum up, the functional roles of glycogen are important for the energetics of brain 

activation, but the details of its metabolism, compartmentation, and fate are quite complex 

and very difficult to assess experimentally. Furthermore, simultaneous changes in different 

pathways complicate interpretation of results. Nevertheless, available evidence can exclude 

or support major alternatives, and the in vivo data derived from studies discussed above 

strongly support predominant release of glycogen-derived lactate (and blood glucose-

derived lactate) from brain, not direct oxidation or shuttling plus oxidation. However, the 

fate of glycogen need not be exclusively lactate release because small or transient fluxes 

involving oxidation may occur and their detection may be masked by higher efflux rates. In 

addition, metabolic fates of glycogen and functions served by glycogen metabolism may 

vary among brain regions, even during the same activation event. For example, memory 

consolidation in the hippocampus or other structures may involve different uses of glycogen 

carbon compared with somatosensory cortex that processes input from the event (e.g., foot 

shock or adverse taste) that is the substrate of the memory. Obviously, combinations of 

alternative fates of glycogen are very difficult to evaluate, quantify, and interpret.

Glucose-sparing by glycogen, glucose, and glutamate

In spite of the considerable experimental difficulties with in vivo glycogen assays, astrocytic 

glycogen levels in brain of normal, carefully-handled, resting, awake rodents can be as high 

as ~10-24 mol/g, i.e., twice the tissue glycogen level, assuming that astrocytes occupy about 

half of the brain mass (see the section ‘Discoveries arising from investigation of the basis for 

unexpected, discrepant results’, above). Thus, astrocytic glycogen content can be 5-10 times 

higher than that of unmetabolized glucose in brain tissue (2-3 mol/g). The conclusion that 

glycogen can serve as a significant energy source for astrocytes and a regulator of their 

utilization of blood glucose during brain activation is derived from the remarkably-insightful 

modeling studies of DiNuzzo and colleagues (Dinuzzo et al. 2012; DiNuzzo et al. 2011; 

DiNuzzo et al. 2010). They proposed that glycogenolysis may serve to maintain a high 

concentration of Glc-6-P in astrocytes, thereby sustaining or increasing feedback inhibition 

of hexokinase in astrocytes by Glc-6-P, while simultaneously providing substrate for the 

astrocytic glycolytic pathway. Thus, the novel, new concepts are that blockade of glucose 

phosphorylation in astrocytes by the product of glycogen mobilization frees up extracellular 

and blood-borne glucose for use by neurons, and glycogenolysis influences cellular basis of 

utilization of blood-borne glucose during brain activation.

In addition to glycogen, unmetabolized glucose in brain can serve as an energy buffer during 

activation. The total rat brain glucose concentration is about 20% that of arterial plasma 

(Holden et al. 1991; Dienel et al. 1991), and brain level would be 2 mol/g when plasma 

glucose is 10 mM. If CMRglc increased 100% at the onset of brain activation (from 1 to 2 

mol/g/min), an additional 1 mol/g of glucose would be consumed during the first minute. 

Assuming no glucose delivery to brain from blood during this interval (glucose is, in fact, 

delivered at a rate exceeding its phosphorylation rate), the stimulus-evoked rise in CMRglc 
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would reduce the brain glucose level to 1 mol/g which is ~20 times the Km of hexokinase 

for glucose (~0.05 mM, (Wilson 2003)). However, if brain glucose level falls below ~ 0.5 

mM (10 times the Km) the rate will progressively fall as glucose concentration decreases 

and hexokinase becomes unsaturated, as predicted by Michaelis-Menten kinetics. In normal, 

activated brain, hexokinase remains saturated and able to operate at maximal velocity when 

dis-inhibited by consumption of Glc-6-P. Lowry and colleagues determined that hexokinase 

rate in normal rodent brain in vivo is only about 3% of the maximal value assayed in vitro, 

indicating the enzyme is inhibited by about 97% in vivo (i.e., the rate can rise more than 20-

fold during activation), mainly by feedback inhibition by Glc-6-P and perhaps other 

unidentified factors (Lowry and Passonneau 1964; Lowry et al. 1964). Thus, reduced 

astrocytic utilization of endogenous brain glucose and blood-borne glucose at stimulus onset 

due to hexokinase inhibition by glycogen-derived Glc-6-P further increases the ‘safety 

range’ for glucose supply to satisfy immediate neuronal energy demands at stimulus onset. 

Furthermore, unmetabolized glucose within astrocytes can diffuse down its concentration 

gradient to nearby neurons (Gandhi et al. 2009a), thereby sharing un-needed substrate with 

nearby activated neurons.

Three other physiological responses also help maintain brain glucose availability for its 

metabolism and glycogen turnover during brain activation: blood flow is quickly 

upregulated, glucose delivery exceeds demand, and alternative substrates can be oxidized. 

Hemodynamic responses to brain activation are very fast, even in anesthetized subjects, and 

many studies have shown that blood oxygen-level dependent (BOLD) signals, cerebral 

blood flow, and cerebral blood volume increase within 350-500 milliseconds and reach peak 

within a few seconds or minutes (Masamoto and Kanno 2012). Cremer, Cunningham, and 

colleagues (Hargreaves et al. 1986; Cremer and Seville 1983) demonstrated that glucose 

delivery exceeds its phosphorylation rate by about 60% over a 5-fold range of CMRglc and 

wide range of glucose concentrations (See Fig. 4 in (Dienel 2013)). Glutamate is a readily-

oxidizable fuel, and oxidation of some of the neurotransmitter glutamate taken up by 

astrocytes that contain mitochondria in their fine processes would also serve a glucose-

sparing role during excitatory neurotransmission because glutamate is delivered to the site 

where and when energy demands are enhanced (Dienel 2013). Some endogenous lactate 

may also be oxidized, but even during strong electrical stimulation the amount of lactate 

consumed is calculated to be quite small (see Table 7 in (Dienel 2012a)).

To summarize, endogenous substrates (glycogen, intracellular and extracellular glucose, 

glutamate, and lactate), along with rapid responses in glucose delivery in amounts that 

exceed demand, ensure that brain has adequate supplies of fuel and can replenish glycogen 

after its consumption. However, under mild-to-moderate hypoglycemic conditions, e.g., 

diabetic subjects given too much insulin, blood glucose levels are too low to fulfill the 

brain’s demand for glucose, and glycogen is consumed at higher rates to match supply-

demand deficits (Choi et al. 2003), and under more severe hypoglycemic states, endogenous 

substrates are oxidized in increased amounts.

Dienel and Cruz Page 15

Metab Brain Dis. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Gap junctional trafficking of metabolites within the astrocytic syncytium

The proposed role of Glc-6-P in governing fuel supplies to astrocytes and neurons has an 

added dimension because this regulatory metabolite is highly restricted from passage 

through gap junctional pores (Gandhi et al. 2009b). Deoxyglucose-6-P and the fluorescent 

glucose analog, 2-NBDG-6, also have very low gap junctional permeability, confirming the 

concept that hexose-6-phosphates do not participate in gap junctional communication. 

[14C]Glc-6-P was reported to traverse gap junctions in cultured astrocytes (Tabernero et al. 

2006; Tabernero et al. 1996), but only label transfer was measured, and apparent diffusion of 

[14C]Glc-6-P through gap junctions must have been due to its metabolism by enzymes 

released during the scrape-load procedure to produce labeled downstream gap junction-

permeant molecules that include glyceraldehyde-6-P and lactate (Gandhi et al. 2009b).

Retention of Glc-6-P in the cell where it was formed means that each astrocyte controls its 

utilization of blood-borne glucose by regulating the hexokinase reaction. Downstream fluxes 

in the pentose phosphate shunt and glycolytic pathways would be governed at the glucose-6-

phosphate dehydrogenase and phosphofructokinase steps, respectively. Coupled astrocytes 

not only regulate their own metabolic activity, they can also share glucose, downstream 

metabolites, and redox and signaling compounds with other coupled astrocytes. The large 

syncytium is comprised of as many as 10,000 cells, and it is linked to the vasculature via 

endfeet (Gandhi et al. 2009a; Gandhi et al. 2009b; Ball et al. 2007). Astrocytes are 

crossroads of metabolite trafficking to and from blood.

Physiological roles for glycogen

Mechanistic and functional studies of glycogen in living brain are especially difficult, and 

progress has depended on studies in simpler systems, including brain slices and cell cultures. 

For example, it is well known that many, but not all, neurotransmitters mobilize glycogen 

via specific receptors (see discussion in (Cruz and Dienel 2002)), oxidative stress increases 

flux of glycogen-derived Glc-6-P through the astrocytic pentose phosphate shunt pathway to 

generate NADPH (Rahman et al. 2000), and graded increases in extracellular K+ 

concentration progressively increase glycogenolysis in brain slices (Hof et al. 1988). The 

complexity of the signaling and regulatory mechanisms involved in K+ uptake from 

extracellular fluid (Walz 2000; Hertz et al. 2007) to glycogenolysis into cultured astrocytes 

has only recently been elucidated (Xu et al. 2012). Extracellular glutamate does not 

stimulate glycogenolysis in brain slices (Magistretti et al. 1981), but glycogen metabolism is 

linked to glutamatergic neurotransmission in cultured cells (Sickmann et al. 2009), and in 

vivo studies in diabetic rat brain support roles for glycogen in glutamate and GABA 

homeostasis (Sickmann et al. 2012, 2010). Brain glycogen level rises during slow wave 

sleep to 70% above waking levels and falls within minutes after awakening (Karnovsky et 

al. 1983), whereas sleep deprivation for 12-24h causes a ~40% fall in glycogen level that is 

restored with sleep (Kong et al. 2002). Of considerable interest is the evidence from recent 

studies using different experimental systems that links glycogenolysis to learning and 

memory. Knockout of glycogen synthase reduces learning ability and diminishes 

hippocampal long term potentiation, strongly supporting the concept of key roles for 

glycogen in cognitive activities (Duran et al. 2013). A series of complex in vivo learning and 
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biochemical experiments support the conclusion that glycogenolysis is required for memory 

consolidation in young chicks and that it is substrate for glutamate synthesis via the 

astrocytic TCA cycle (Gibbs and Hutchinson 2012; Hertz and Gibbs 2009). This deduction 

would be strengthened by direct demonstration of label transfer from glycogen to glutamate, 

which is especially difficult to carry out in vivo. Blockade of glycogenolysis impairs 

memory formation in rats, and glycogen-derived lactate is proposed to be shuttled from 

astrocytes to neurons during memory consolidation (Suzuki et al. 2011; Newman et al. 

2011). Although intriguing, this notion of lactate shuttling demands much more rigorous 

proof than that provided by the authors, and these are also difficult in vivo studies. For 

example, no lactate shuttling was demonstrated, inhibition of glycogenolysis does not 

identify the role or fate of glycogen, memory rescue by lactate injections raises lactate levels 

in both neurons and astrocytes and causes redox shifts in them, and depletion of MCT levels 

by siRNA injection is slow (~50% at 13h, or a decrease by about 4%/h) and was not shown 

to be relevant within the timeframe of the actual learning event close to time zero (Dienel 

2012b). To summarize, glycogen turnover not only plays an integral role in astrocytic 

energetics, it is also linked to glucose sparing, sleep-wake cycle, neurotransmitter actions on 

astrocytes, control of extracellular K+ level, management of oxidative stress, and memory 

consolidation. Astrocytic glycogen is necessary for complex brain functions.

Glycogenolysis is triggered by catecholamines released by locus coeruleus neurons that have 

a wide-spread forebrain innervation. It is, therefore, intriguing to consider the possibility that 

alerting stimuli involving responses of the locus coeruleus network may evoke widespread 

glucose-sparing responses in astrocytes by increasing their Glc-6-P levels and inhibiting 

hexokinase. According to the DiNuzzo hypothesis, catecholamine-evoked glycogen 

mobilization would shift metabolism of blood-borne glucose away from astrocytes to 

neurons in a large volume of forebrain. In other words, neurotransmitter signaling could act 

as a ‘priming’ mechanism for subsequent, larger shifts in function-activated metabolic 

activity that follow the alerting signals (as well as local functional activation and glycogen 

mobilization). The importance of locus coeruleus innervation on glycogen utilization is 

underscored by the striking observations of Harik and colleagues (1982). When the locus 

coeruleus was unilaterally ablated and the rats then subjected to ischemia or seizures, more 

glycogen remained in the ipsilateral hemisphere. Thus, neuronal signals are an important 

supplement to the metabolic regulatory mechanisms arising from energy failure to stimulate 

consumption of glycogen. Roles of various neurotransmitter systems and their receptor-

mediated signaling pathways in the control of cellular glucose and glycogen utilization are 

research areas that need more experimental attention in future in vivo studies.

Rates of glycogenolysis

The relative importance of any reaction rate or pathway flux under different physiological or 

pathophysiological conditions can be evaluated by quantitative comparisons of rates of 

interest to that of a meaningful standard rate. Many in vivo studies carried out in different 

laboratories under various conditions have shown that CMRglc is directly related to 

functional activity. CMRglc is highest in gray matter structures with the greatest energy 

demand and lowest in white matter regions due to their rather modest energy requirements; 

CMRglc rises with increases in functional activity, it is highest in the neuropil compared 
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with neuronal cell bodies, and it falls when neural activity is depressed (Sokoloff 2000). 

Based on these findings, it is reasonable to evaluate the importance of the energetic 

contributions of glycogen to specific functions in terms of glycogenolysis rates (expressed 

as mol glucosyl units/min/g) for direct comparison to rates of glucose utilization in the same 

structure under similar conditions.

Normal resting brain

Early studies of glycogen turnover in awake, non-stimulated rodents showed that the 

macromolecule turns over very slowly, with faster turnover of the outer tiers (0.010 mol/g/

min) compared with the limit dextrin (0.004 mol/g/min) that comprises inner core of the 

glycogen polymer (Watanabe and Passonneau 1973). Thus, glycogenolysis rate in awake, 

unstimulated rodents is about 1% of the rate of utilization of blood-borne glucose in cerebral 

cortex (Sokoloff et al. 1977). Calculated rates of glycogen turnover determined in magnetic 

resonance studies with [13C]glucose in resting human (~0.003 mol/g/min (Öz et al. 2003)) 

and rat (~0.007-0.01 mol/g/min (van Heeswijk et al. 2010; Choi et al. 1999) brain are also 

extremely low. When these data are considered within the context of negligible effects of 

inhibition of glycogen phosphorylase on compensatory changes in CMRglc in resting 

animals (Dienel et al. 2007a), it is reasonable to conclude that basal turnover of glycogen 

has barely detectable contributions to overall brain energetics in non-stimulated subjects. 

However, the quantitative contribution of glycogen to resting astrocytic energetics would 

probably be much higher in assays at the cellular level.

Brain activation during sensory stimulation and pathophysiological conditions

Average glycogenolysis rates were calculated by dividing the net change in unlabeled 

glycogen concentration by the time interval, and the summary presented below is based on 

the data in Table 3 of (Dienel and Cruz 2004), Table 3 of (Dienel 2012b), and Fig. 3 of 

(Dienel 2013); interested readers are referred to these reviews for details. These rate 

estimates are not as accurate as desired because they do not reflect peak rates or short bursts 

of glycogen consumption, and they may be reduced by concomitant synthesis of glycogen in 

different regions of the same tissue sample. Nevertheless, the rates are useful for comparing 

the magnitude of glycogenolysis with CMRglc.

Average glycogenolysis rates in our rat sensory stimulation studies (Dienel et al. 2007a; 

Dienel et al. 2002; Cruz and Dienel 2002) were about 0.5 and 0.2 mol/g/min during 

stimulation and recovery, respectively, corresponding to 65 and 25% of resting CMRglc. 

These values are within the range of the highest net compensatory rates of CMRglc during 

activation in the presence of a glycogen phosphorylase inhibitor (i.e., 0.2-0.4 mol/g/min) 

(discussed above), suggesting that the compensatory responses may, in fact, reflect 

astrocytic CMRglc upregulation. Rates during whisker stimulation are calculated to be much 

lower, about 0.06 mol/g/min, equivalent to 6% of CMRglc. In this case rates were estimated 

from local percent glycogen changes in barrel cortex measured by quantitative 

autoradiography (Swanson et al. 1992) and cortical glycogen concentration taken from a 

separate, earlier study from the same lab, not from the same animals. The exact conditions 

of the handling of animals prior to experiments and the specific stimulation paradigms will 
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influence the amount of glycogen present at the onset of stimulation and the rate of its 

degradation.

During insulin-induced hypoglycemia, calculated rates from a number of studies have 

shown that glycogen mobilization is very modest, ranging from 0.01 to 0.07 mol/g/min 

(Choi et al. 2003; Ghajar et al. 1982; Suh et al. 2007; Herzog et al. 2008), or about 1-8% of 

CMRglc. Thus, mild-to-moderate hypoglycemia is a weak activator of glycogen utilization 

because glucose is still present in blood and delivered to brain by increased blood flow rates 

(Horinaka et al. 1997; Choi et al. 2001). However, hypoglycemia is carried out under 

aerobic conditions, and as it becomes more prolonged or more severe, brain cells also 

oxidize endogenous substrates, especially amino acids. For example, after insulin 

administration, CMRglc decreased faster than CMRO2 during the progression from lethargy 

to stupor to coma, whereas CMRglc increased more than CMRO2 during glucose infusion 

after hypoglycemic coma (Ghajar et al. 1982). These findings are consistent with oxidation 

of endogenous compounds when plasma glucose fell below the level needed to sustain brain 

energy demand, followed by greater use of glucose for de novo synthesis of these 

compounds to replenish their levels during recovery from severe hypoglycemia. Similar 

conclusions can be drawn from work by Siesjö and colleagues (reviewed in (Siesjö 1978)) 

who showed that glycolytic and TCA cycle intermediates and amino acids (e.g., glutamate, 

glutamine, GABA, and alanine) were consumed during hypoglycemia to a greater extent 

during the isoelectric state compared with the preceding convulsive phase. To sum up, 

compensatory responses to insulin-induced glucose deficiency in normoxic subjects include 

consumption of glycogen along with oxidation of endogenous metabolites, especially 

glucose-derived amino acids involved in neurotransmission.

Severe insults, such as electroshock, flurothyl-induced seizures, anoxia, and ischemia, all of 

which cause an energy crisis and drastically increase calculated cerebral cortical glycogen 

utilization rates to as high as 1.8-2.8 mol/g/min (Gross and Ferrendelli 1980; Lowry et al. 

1964; Gatfield et al. 1966), or about 270-350% of the resting CMRglc. Deficiency or absence 

of oxygen increases dependence on the glycolytic pathway and greatly accelerates 

CMRglycogen. These enormous increases are, however, much smaller than the concomitant 

increases in CMRglc that rise as much as 6-fold high, to 6 mol/g/min (Lowry et al. 1964). 

Bicuculline-induced seizures had a smaller but substantial effect on glycogenolysis (0.24 

mol/g/min (Folbergrova et al. 1981) or 30% of CMRglc). These findings demonstrate that 

severe energy failure rapidly accelerates glycogen mobilization, generally resulting in 

consumption of nearly all glycogen within a minute or so.

Under extreme conditions when glucose is absent or its levels are inadequate to maintain 

normal brain activity, glycogen has been shown to sustain various neuronal functions, and 

the higher the initial glycogen level the longer the functions were maintained. These types of 

studies were carried out in severely hypoglycemic subjects in vivo or under aerobic 

aglycemic in vitro conditions, some with intense stimulation. As an example, the estimated 

glycogenolysis rate during prolongation of the duration of EEG in parietal cortex of rats 

during severe hypoglycemia was about 0.03 mol/g/min (Suh et al. 2007) compared with 

resting CMRglc of 1.1 mol/g/min (Sokoloff et al. 1977). Glycogenolysis rates that extend the 

duration maximally-evoked compound action potentials produced by electrical stimulation 
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of isolated optic or sciatic nerve in the absence of glucose (Brown et al. 2012; Brown and 

Ransom 2007; Brown et al. 2005) are also very low, within the range of about 0.01 to 0.06 

mol/g/min. These rates are about <10-40% of the resting CMRglc in these white-matter 

structures (e.g., 0.13-0.16 mol/g/min in optic nerve and optic chiasm (Grunwald et al. 1988)) 

that have quite low metabolic rates compared with gray matter (Sokoloff et al. 1977; 

Grunwald et al. 1988). By contrast, aglycemic cultured astrocytes consume glycogen at a 

much higher rate of 0.5 mol/g/min (Dringen et al. 1993a). These rates in maximally-

stimulated nerve are also much lower than CMRglc and CMRglycogen (0.32 and 0.17 mol/g/

min, respectively) in ischemic sciatic nerve (Stewart et al. 1965). Because ischemia blocks 

oxidative metabolism due to lack of oxygen, it is likely that the lower rates in aerobic, 

aglycemic nerve is due to concomitant oxidation of amino acids or other endogenous 

substrates. Glycogen-derived lactate shuttling is proposed to fuel axonal activities, but the 

contribution of shuttled lactate compared with oxidative metabolism of endogenous 

metabolites is not known. Because lactate (0.12 mM) was detected outside of the axon 

(Brown et al. 2012), there must be lactate loss to the perfusion medium, and the rate and 

quantity of glycogen-derived lactate that helps support axonal function is overestimated by 

changes in glycogen content. Furthermore, it is not known how much glycogen-derived 

lactate contributes to axonal or brain function during normal physiological activity when 

normal amounts of glucose are available. In studies of synaptic function in hippocampal 

slices, the calculated rate of glycogen consumption in control slices (that were not 

preincubated with pyruvate to increase glycogen level) during preservation of evoked 

potentials in the absence of glucose (0.06 mol/g/min (Shetty et al. 2012)) is much less than 

that of CMRglc in hippocampal slices (0.35 mol/g/min (Newman et al. 1996) or 

hippocampus in vivo, i.e., 0.6-0.8 mol/g/min (Grunwald et al. 1988; Sokoloff et al. 1977). 

Finally, linkage of K+-evoked glycogenolysis to astrocyte-to-neuron lactate shuttling and 

preservation of synaptic function in the absence of glucose also involves very low rates of 

glycogen and glycogen-derived lactate consumption (~0.02 mol/g/min (Choi et al. 2012). To 

sum up, the minimal function-preserving rate of glycogenolysis during aerobic aglycemia 

(0.01 mol/g/min) is 180-280-fold lower than that during severe ischemic energy crises, and 

it is 6-50-fold lower than that evoked by sensory stimulation in normal subjects.

The low function-preserving rates of glycogenolysis illustrated above are very important for 

diabetic patients and they prolong various functions in the absence of glucose, but they do 

not constitute large or major fluxes compared with normal resting glucose utilization rates. 

These results raise the possibility that the processes assayed do not require much energy 

derived from glycogen. Normal subjects are never exposed to these types of extreme 

conditions, and even obese humans starved for 5-7 weeks have normal plasma glucose 

levels and normal glucose delivery to brain due to compensatory mechanisms 

(gluconeogenesis and ketone body production) that prevent cerebral hypoglycemia (Owen et 

al. 1967). However, when at the brink of energy failure, oxidative metabolism of 

endogenous substrates during aerobic aglycemic and severe hypoglycemic conditions 

probably generate most of the ATP required, and this amount is supplemented by glycogen 

to prolong the time until ultimate energy failure. Clearly, evaluation of the roles of glycogen 

in preserving various neural functions requires detailed analysis of all substrates consumed, 
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particularly in the absence of glucose, and quantitative information regarding the fate of 

glycogen.

Summary and concluding comments

Glycogen is very difficult to study in living brain, and technical advances have enabled or 

improved quantitative and non-invasive assays of glycogen concentration, label 

incorporation into glycogen, label release from glycogen, and compensatory changes in 

CMRglc during blockade of glycogen mobilization. Glycogen is a ‘hidden’ substrate because 

the usual assays of glucose utilization (e.g., arteriovenous difference or metabolism of 

labeled deoxyglucose or glucose) cannot account for the utilization of this unlabeled 

endogenous substrate. Glycogen turnover can be of sufficiently-high magnitude that it can 

influence global ratios of oxygen to glucose utilization. Compartmentation of glycogen 

synthesis and degradation within single glycogen molecules, among different glycogen 

molecules in the same cell, and in different cells greatly complicates evaluation of these 

processes, as does compartmentation of downstream metabolism of glycogen and glucose. 

Without quantitative in vivo analysis, the physiological roles and contributions of glycogen 

to brain energy metabolism and control of astrocytic and neuronal glucose utilization cannot 

be appropriately established. The notion that glycogen- and glucose-derived lactate fuels 

neurons to a major extent is considered very unlikely because many studies provide strong 

evidence for substantial lactate release from brain and against high fluxes in this pathway; 

any lactate shuttle-oxidation model must accommodate these data. Similarly, a requirement 

for lactate shuttling in memory formation has not yet gone beyond the qualitative stage 

because knowledge of cellular source(s), rates, direction, and quantities of lactate transfer 

are lacking, and other possible roles for lactate (e.g., redox changes or receptor-mediated 

effects) have not been examined and ruled out. Roles for glycogen in brain function continue 

to emerge, revealing increasing complexity of the signaling and regulatory mechanisms that 

integrate glycogen mobilization with physiological activities. A novel function for 

glycogenolysis, besides providing substrate for astrocytes, is proposed to be regulation of 

astrocytic utilization of extracellular and blood-borne glucose during activation by inhibition 

of astrocytic hexokinase and diverting glucose for use by neurons. When combined with the 

locus coeruleus catecholaminergic-signaling system, local and global regulation of 

astrocytic glycogen utilization can have a high impact on cellular utilization of blood-borne 

glucose during various stages of a stimulatory event, i.e., alerting, onset, progression, and 

recovery. These fascinating aspects of glycogen biology need to be addressed in future 

studies.
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CMRglc rate of glucose utilization

CMRO2 rate of oxygen utilization
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DG 2-deoxy-D-glucose

DG-1-P deoxyglucose-1-phosphate

DG-6-P deoxyglucose-6-phosphate

Glc glucose

Glc-6-P glucose-6-phosphate

Lac lactate

Pyr pyruvate

TCA tricarboxylic acid
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Fig. 1. Glycogen turnover in resting brain
The glycogen shunt involves passage of blood-borne glucose (Glc) through glycogen before 

the glucose-6-phosphate (Glc-6-P) is metabolized further via the glycolytic pathway to 

pyruvate (Pyr) or by the pentose phosphate shunt pathway (PPP). The PPP causes 

decarboxylation of carbon one of glucose and generates 2 NADPH per glucose for 

management of oxidative stress; the rest of the carbon re-enters the glycolytic pathway. 

Incorporation of label from blood-borne glucose into glycogen is low and mainly labels the 

outer tiers; the inner tiers are mainly unlabeled unless glycogen is depleted prior to labeling. 

Most of the label derived from glucose is recovered in the tricarboxylic acid (TCA) cycle-

derived amino acids, mainly glutamate. However, lactate (Lac) is generated in neurons or 

astrocytes or both, and some is released from brain under resting conditions. Most of the 

glucose phosphorylated by hexokinase (HK) in brain (i.e., total glucose consumed) is 

oxidized, and the ratio of the rate of glucose to oxygen utilization (CMRO2/CMRglc) is close 

to the theoretical maximum of 6; measured values are slightly lower than 6 due to lactate 

efflux and non-oxidative biosynthetic activity.
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Fig. 2. Glycogen mobilization during brain activation
Sensory stimulation increases utilization of glucose more than oxygen, causing the 

CMRO2/CMRglc ratio to fall, along with the other listed characteristics of brain activation. 

Glycogen is also mobilized, causing release of labeled and unlabeled glucosyl units, with net 

consumption of glycogen during strong activating conditions. The fate of the glycogen 

remains to be established, and predicted predominant metabolic outcomes are shown for (i) 

glycogen oxidation, (ii) lactate release, and (iii) tightly-coupled shuttling of glycogen-

derived (or glucose-derived) lactate to neurons with oxidation leading to label incorporation 

into the TCA cycle-derived amino acid pools. Lactate release is the outcome that agrees best 

with observed metabolic changes during brain activation (see text). Abbreviations are the 

same as in Fig. 1.
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