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A glycogen phosphorylase inhibitor selectively enhances local
rates of glucose utilization in brain during sensory stimulation of
conscious rats: implications for glycogen turnover

Gerald A. Dienel, Kelly K. Ball, and Nancy F. Cruz
Department of Neurology, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA

Abstract

Glycogen is degraded during brain activation but its role and contribution to functional energetics in
normal activated brain have not been established. In the present study, glycogen utilization in brain
of normal conscious rats during sensory stimulation was assessed by three approaches, change in
concentration, release of 14C from pre-labeled glycogen and compensatory increase in utilization of
blood glucose (CMRyc) evoked by treatment with a glycogen phosphorylase inhibitor. Glycogen
level fell in cortex, 14C release increased in three structures and inhibitor treatment caused regionally
selective compensatory increases in CMRyc over and above the activation-induced rise in vehicle-
treated rats. The compensatory rise in CMRgc Was highest in sensory-parietal cortex where it
corresponded to about half of the stimulus-induced rise in CMRg¢ in vehicle-treated rats; this
response did not correlate with metabolic rate, stimulus-induced rise in CMRyc or sequential station
in sensory pathway. Thus, glycogen is an active fuel for specific structures in normal activated brain,
not simply an emergency fuel depot and flux-generated pyruvate greatly exceeded net accumulation
of lactate or net consumption of glycogen during activation. The metabolic fate of glycogen is
unknown, but adding glycogen to the fuel consumed during activation would contribute to a fall in
CMR@,/CMRg ratio.
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The importance of quantifying metabolic fluxes induced by brain activation at a cellular level
is emphasized by positron emission tomographic, magnetic resonance spectroscopic (MRS)
and optical (infrared or fluorescence) studies of brain function in health and disease that rely
on measurement of signals generated from endogenous or exogenous tracers metabolized by
energy-producing pathways. Astrocytes are increasingly recognized as having essential roles
in both signaling and energetics during brain activation, including modulation of
neurotransmission via gliotransmitters, synthesis and cycling of amino acid neurotransmitters,
regulation of extracellular glutamate and K* levels and blood flow control (Hertz and Peng
1992; Walz 2000; Newman 2003; Hertz and Zielke 2004; Volterra and Meldolesi 2005; Zhang
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and Haydon 2005; Takano et al. 2006; Hertz et al. 2007). Linkage of excitatory
neurotransmission to energy production has focused attention on astrocytic glycolysis and the
possibility of lactate trafficking from activated astrocytes to neurons (Pellerin and Magistretti
2004; Hyder et al. 2006), but quantitative aspects of potential lactate shuttling coupled to lactate
oxidation in nearby cells compared with lactate release from activated tissue remains to be
experimentally established (Chih and Roberts 2003; Dienel and Cruz 2004, 2006). However,
fluxes in pathways preferentially or exclusively localized in astrocytes do increase during
activation in vivo, including glycogenolysis (Swanson et al. 1992; Cruz and Dienel 2002),
CO, fixation for de novo amino acid biosynthesis via oxidative pathways (Oz et al. 2004) and
acetate oxidation (Cruz et al. 2005). Thus, working astrocytes increase glycolytic and oxidative
fluxes, and their contribution to overall energetics is higher than recognized (Hertz et al.
2007). Glycogen is the major glucose store in brain, but its functional role and contribution to
brain energetics are not well understood (Swanson 1992; Wiesinger et al. 1997; Gruetter
2003; Brown 2004; Dienel and Cruz 2006).

Brain glycogen (Cataldo and Broadwell 1986a,b) and glycogen phosphorylase (Pfeiffer et al.
1990, 1992; Pfeiffer-Guglielmi et al. 2003) are predominantly localized in astrocytes, and
immunoelectron microscopic analysis showed that glycogen phosphorylase is located
throughout astrocytes, including their processes near synapses and endfeet surrounding
capillaries; ependymal cells were also immunoreactive, but endothelial cells, pericytes and
neurons (except in the trigeminal nucleus) were not labeled (Richter et al. 1996). Astrocytes
have a complex architecture with a large fraction of their cellular volume and surface area
composed of highly specialized thin processes that surround and interact with neuronal
elements. These processes are too narrow to accommodate mitochondria and are, therefore,
likely to be dependent upon glycolytic metabolism of glucose and glycogen to satisfy energy
demands, although diffusion of high-energy metabolites from the mitochondria-containing
larger processes and cell soma may supply ATP during sustained activation (Hertz et al.
2007). Many reports of low-brain glycogen levels, slow turnover under resting conditions, and
rapid mobilization during an energy crisis have lead to the notion of glycogen as mainly an
emergency fuel reserve, but much higher-brain glycogen levels in carefully handled rats,
glycogen phosphorylase activation by behavioral activity, glycogenolysis regulation by
neuronal signals and glycogen utilization during sensory stimulation contradict this concept
(see Discussion). Furthermore, the complexity of local and diffuse regulatory mechanisms that
govern glycogen turnover suggests that glycogen has an important role in astrocytic energetics,
but functions of glycogen are poorly understood, in part, due to technical difficulties of assay
of its level and turnover in vivo and because the mechanisms that integrate energy metabolism
with neurotransmitter and intracellular signaling also confer high sensitivity of glycogen to
experimental and analytical conditions.

In vivo assays of brain glycogen have employed two general approaches, determination of
glycogen concentration or glycogen labeling using biochemical, radiochemical and MRS
methods. Glycogen level reflects the net balance between synthesis and degradation and
glycogen is generally assayed in dissected tissue samples that may contain activated and
unstimulated structures; changes in both synthesis and degradation can stabilize its level and
local concentration shifts can be masked by averaging in mixed tissue samples. Labeling studies
can target either incorporation of label from glucose into glycogen or release of label from
previously labeled glycogen. At steady state, the rate of label accumulation via biosynthesis is
inversely related to the half-life of a molecule, and incorporation rates are low for compounds
that turn over slowly. Label release is a very sensitive indicator of glycogenolysis because
changes during short intervals are readily detected by radiochemical assays; interpretation of
release after short-term labeling of outer tiers of glycogen has the limitation that the actual
quantity of glycogen degraded is not known. In vivo MRS assays can quantitatively track the
time courses of labeling and release in longitudinal assays in the same subject, but they
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generally have less temporal and spatial resolution and lower sensitivity than the radiochemical
and biochemical approaches. The present study employed a new approach to evaluate glycogen
and glucose utilization at a local level by testing the hypothesis that inhibition of glycogen
phosphorylase causes compensatory increases in utilization of blood-borne glucose in activated
brain structures. Firstly, changes in glycogen content and label release from pre-labeled
glycogen were assessed to ensure that glycogen utilization was enhanced by the stimulation
paradigm, and then local rates of glucose utilization were assayed during rest and stimulation
in vehicle and inhibitor-treated rats.

Materials and methods

Chemicals

o-[1-14C]glucose and 2-deoxy-o-[1-14C]glucose (DG) (specific activities 54-55 mCi/mmol)
were purchased from Perkin-Elmer Life Sciences (Boston, MA, USA). Amylo-a-1,4-a-1,6,
glucosidase (Aspergillus niger) and glycogen were obtained from Roche Molecular
Biochemicals (Indianapolis, IN, USA); polyethylene glycol 200 was from Sigma-Aldrich (St
Louis, MO, USA). CP-316,819 ([R-R*,S*]-5-chloro-N-[2-hydroxy-3-
(methoxymethylamino)-3-oxo-1-(phenylmethyl)propyl]-1H-indole-2-carboxamide) was
obtained from Pfizer (Groton, CT, USA).

Experimental procedures

Two types of metabolic studies were carried out, measurement of levels of unlabeled and
labeled carbohydrates in extracts of dissected samples from brain frozen in situ and in vivo
assays of local rates of glucose utilization (CMRgc) in brain during rest and activation after
treatment with vehicle or an inhibitor of glycogen phosphorylase. Male Hanover-Wistar rats
(250-400 g, Taconic Farms, Germantown, N, USA) were housed under a standard 12-h light/
dark cycle and given free access to food and water; the rats were not fasted overnight prior to
the experiment. On the morning of the experiment, the rats were surgically prepared for
metabolic and in situ-freezing assays as described (Cruz and Dienel 2002; Dienel et al. 2002;
Cruz et al. 2005), restrained by plaster casts around the hind limbs and sequestered in a shelter-
box to minimize sensory stimulation; body temperature was maintained at 37°C. Physiological
variables (mean arterial blood pressure, arterial blood PCO,, PO, and pH, hematocrit and
arterial plasma glucose and lactate levels were determined prior to and at intervals during the
experiment; all were within the normal range (data not shown). All animal use procedures were
in strict accordance with the NIH Guide for Care and Use of Laboratory Animals, and were
reviewed and approved by the local animal care and use committee.

Glycogen labeling—After 3 h recovery from surgical procedures, brain glycogen was pre-
labeled for 30 min with [1-14C]glucose (100 uCi/kg, intravenously) in 18 rats while they
remained in the shelter. Timed samples of arterial blood were drawn throughout the 30-min
labeling period interval for determination of plasma glucose and lactate levels and total 14C
contents. The integrated glucose specific activity was calculated for each rat and used to
normalize the concentration of labeled glycogen to the time-activity integral in that animal.

Sensory stimulation paradigm and metabolite assays—~Procedures for sensory
stimulation by brushing, in situ freezing, dissection of frozen tissue, powdering and weighing,
ethanol extraction of metabolites, analysis of glucose, lactate, and labeled and unlabeled
glycogen were previously described in detail (Madsen et al. 1999; Cruz and Dienel 2002;
Dienel et al. 2002; Cruz et al. 2005). In brief, at 30 min after the pulse of [1-14C]glucose, the
‘resting’ group of nine rats remained undisturbed in a sound-insulated box to minimize any
exposure to external stimuli. The activated group of nine rats was given a 10-min mixed-modal
stimulation paradigm consisting of generalized sensory, acoustic and visual components to
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produce widespread changes in neural activity and metabolism. Somatosensory stimulation
consisted of continuous gentle bilateral brushing of the head, whiskers, face, back, paws and
tail with soft paintbrushes. The acoustic stimulus was a 40 Hz—8 kHz broadband click-tone
(Grass SI0CTCM Module; Astro-Med, West Warwick, RIl, USA) with an intensity setting of
95 dB, corresponding to a measured level of ~88 dB (Digital Sound Meter; Extech Instruments,
Waltham, MA, USA); the ambient (‘resting”) sound level in the box was ~55 dB. The photic
stimulus was a 16 Hz on-off flash (Grass PS33 Plus photic stimulator at an intensity setting
of one, attenuated by three sheets of white paper). Ambient light in the room was reduced and
particular care was taken to minimize all noise and other stimuli throughout the preparative
and experimental procedures. At stimulus onset, the rats were highly alert due to the abrupt,
novel paradigm; they watched the brushes and moved around, sometimes grasping the brush
bristles, but rarely vocalized. After 10-15 min of continuous brushing, rats seemed to adapt
and they stopped moving and became much more passive. At the end of the experimental
interval, rats were anesthetized with fast-acting thiopental (25 mg/kg, i.v.), the brains quickly
frozen in situ and stored at —80°C. Tissue from three brain regions, entire dorsal cerebral cortex,
inferior colliculus and superior colliculus was dissected out, extracted and analyzed for labeled
and unlabeled metabolites. Any influence of anesthesia on metabolite levels is minimal due to
the brief time under thiopental (<30 s) prior to rapid cortical tissue freezing.

Glycogen phosphorylase inhibition—Twelve rats were pre-treated with CP-316,819, a
glycogen phosphorylase inhibitor using a protocol provided by Dr. R. Swanson (personal
communication) and another 12 were given equivalent volumes of vehicle according to the
same schedule. The solution containing CP-316,819 was freshly prepared daily by suspension
of CP-316,819 in 10% polyethylene glycol 200 in 0.9% saline, pH 7.4 with heating (40-50°
C). The total CP-316,819 dose was 250 mg/kg, given in divided doses via three intraperitoneal
injections starting the day before the metabolic assay; the initial dose was 150 mg/kg, followed
6 and 24 h later by 50 mg/kg booster injections. Rats were given the last injection 3 h prior to
metabolic assays, and each group was sub-divided for assays in resting and stimulated rats

(n =6/ group).

Glucose utilization assays—Local rates of glucose utilization (CMRyc) were determined
with the autoradiographic [14C]deoxyglucose ([14C]DG) method using a 30-min assay interval,
which is fully quantitative but shorter than the routine 45 min experimental interval (Sokoloff
et al. 1977). The stimulation paradigm was carried out exactly as described above, except that
photic stimulation was not included. Acoustic plus sensory stimulation onset coincided with
the intravenous pulse of [14C]DG (100 uCi/kg) and was continued throughout the metabolic
labeling interval. Timed samples of arterial blood were drawn for determination of plasma
glucose and lactate levels and total 14C contents in plasma. At the end of the experimental
period the rats were killed and their brains processed for determination of local CMRyc.

Brief sensory stimulation alters metabolite levels and glycogen turnover

Normal conscious rats were given 10 min of acoustic, visual, plus somatosensory (brushing)
stimulation that was initiated immediately after abrupt removal of a shelter in which the rats
were sequestered from environmental cues; ‘resting’ rats remained in the shelter and were not
given a specific stimulus. The concentrations of the major carbohydrate stores in brain and
release of 14C from glycogen pre-labeled with [1-14C]glucose were assessed in three dissected
brain regions, entire dorsal cerebral cortex, inferior colliculus (a structure in the auditory
pathway) and superior colliculus (the dorsal region receives input from the retina, whereas the
ventral region integrates input from various pathways). Sudden arousal and physical movement
of the rat in response to somatosensory stimulation with the brushes caused arterial plasma
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glucose levels to rise about 20% (Fig 1a). Glucose levels in all three brain structures increased
in proportion to the rise in plasma glucose (Fig 1a), as reflected by brain-to-plasma distribution
ratios for glucose; these ratios were equivalent (0.21-0.24) during rest and after 10-min
stimulation. Thus, brain glucose level equilibrated with that in plasma and glucose supply to
brain from blood matched the stimulus-induced rise in demand. Plasma lactate levels also rose,
presumably due to muscular activity and exceeded those in brain during rest and activation
(Fig. 1b). As lactate transport across the blood brain barrier is passive and concentration-driven,
influx into brain and altered metabolism within brain may have contributed to the small net
increases in regional lactate levels during stimulation, ranging from 0.1 to 0.5 umol/g wet
weight. Net glycogen consumption was evident only in cerebral cortex where its concentration
fell by 14% (Fig. 1c), but glycogen degradation increased in all three regions, reflected by 11—
24% lower retention of 14C in pre-labeled glycogen (Fig. 1d). Thus, glycogenolysis increased
in all dissected regions even though blood and brain glucose levels were in the normal range
(but slightly increased by the stimulus), with regional differences in the balance between
glycogen synthesis and degradation.

Heterogeneous responses of CMR)¢ to glycogen phosphorylase blockade during

stimulation

Rationale for experimental design—Hexokinase is the first irreversible step of glucose
utilization and it generates glucose-6-phosphate (glc-6-P) from glucose delivered to brain by
blood. Hexokinase is regulated by feedback inhibition by glc-6-P, a ‘branch-point’ metabolite
that can also be generated from glycogenolysis and metabolized by the glycolytic, pentose
phosphate shunt or glycogen synthesis pathways (Fig. 2). The downstream fate glycogen in
brain in vivo is not known, but in cultured astrocytes, glycogen is converted mainly to lactate
and released to the medium (Dringen et al. 1993). Functional activation of brain increases
metabolic demand, consumes ATP and activates phosphofructokinase, causing glc-6-P levels
to fall, thereby dis-inhibiting hexokinase. We hypothesize that glycogen turnover has an
important role in functional energetics of normal, activated astrocytes and, if true, inhibition
of glycogen phosphorylase to render blood glucose the sole source of glc-6-P would cause a
compensatory increase in utilization of blood-borne glucose by hexokinase during brain
activation (Fig. 2), but not during rest when glycogen turnover is slow (Watanabe and
Passonneau 1973). Experimental design optimized the influence on measured CMRy¢ of
prolonged metabolic responses to glycogenolysis blockade and minimized any potential effects
of transient hypoglycemia at stimulus onset that might trigger only brief glucose demand. The
hexokinase reaction was directly and simultaneously measured throughout brains of conscious
rats with the autoradiographic [4C]DG method, which employs pulse labeling and a routine
30-to 45-min experimental interval; it registers [14C]DG-6-P accumulation throughout the
experimental period and is relatively insensitive to brief changes in metabolic rate at onset of
the labeling period due to the lag before precursor enters brain and is metabolized (Sokoloff
et al. 1977). The glycogen phosphorylase inhibitor Pfizer compound CP-316,819 binds to the
inactive form of glycogen phosphorylase and impairs conversion to the active form; this
inhibition is enhanced by high-glucose concentration and relieved by low-glucose level
(Hoover et al. 1998;Martin et al. 1998; Treadway et al. 2001). Thus, if brief depletion of local
glucose level occurs at stimulus onset inhibion by CP-316,819 would be released, attenuating
any compensatory rise in CMRgc that may arise from transient hypoglycemia. The CP-316,819
dosing paradigm was generously provided by Dr. R. Swanson (personal communication), who
observed an 88% increase in rat brain glycogen content after a 24-h dosing regimen. To identify
brain regions with a compensatory response to glycogenolysis inhibition, CMRgc was assayed
during rest and sensory stimulation in groups of rats pre-treated for 24 h with CP-316,819 or
vehicle.
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Effects of vehicle and CP-316,819 on CMRyc during rest and sensory
stimulation—CMRg was similar in unstimulated vehicle and CP-treated rats in the 21
regions of interest (Fig. 3). The arithmetic mean rate of glucose utilization (i.e. an average not
weighted by the mass of each structure) was 1.00 + 0.27 pmol/(g min) for resting vehicle-
treated rats and 0.94 = 0.26 umol/(g min) for resting CP-treated rats. A lack of measurable
effect by glycogen phosphorylase inhibition is consistent with slow glycogen turnover under
unstimulated conditions (Watanabe and Passonneau 1973) even though the brain is
metabolically active. In contrast, during the 30 min of continuous stimulation during the [14C]
DG assay interval, there were robust, heterogeneous increases in CMRgc throughout the brain
in both treatment groups, with a higher overall increase in the CP-treated rats (Fig. 3). The
arithmetic mean percent increase for all structures assayed during activation compared with
respective control value in vehicle-treated rats was 28.7 + 20.8%, compared with 46.8 + 33.0%
in CP-treated rats (p < 0.05). Only the corpus callosum, superior colliculus and auditory cortex
did not respond to the stimulus paradigm with increased glucose utilization (Fig. 3). Baseline
plasma glucose levels were similar in all groups (means were 9—10 mmol/L) and were stable
over time during the [14C]DG assay in resting vehicle- and CP-treated rats (<3% change),
whereas after stimulus onset plasma glucose levels rose in all rats (~10% at 5 min and ~25%
at 20 min) and tended to be higher at 5 min in vehicle-treated rats (33%).

In both vehicle- and CP-treated rats, the largest increases in CMRg¢ during activation
compared with the corresponding resting structure in the same treatment group, 1.6 to 2.4-fold,
were in the superior olive and layer 4 (plus some immediately adjacent tissue) of parietal and
sensory cortex in CP-treated rats (Fig. 3). Cortical layer 4 is the location of thalamo-cortical
input known to have high-functional activity and metabolic rate (Zilles and Wree 1995), and
layer 4 is highly activated in the whisker-to-barrel cortex by brushing the whiskers (Kossut et
al. 1988). The acoustic component of the stimulus increased CMRg¢ in three auditory
structures (superior olive, lateral lemniscus and inferior colliculus) to similar levels, about 1.7-
2 umol/(g min), whereas more distal structures in this pathway had a smaller change (medial
geniculate) or no response (auditory cortex). This group of rats was not given an on—off flash
visual stimulus (in contrast to the paradigm in Fig. 1), but they actively watched the brushes
during the first 10~15 min of stimulation, and CMRg¢ increased in visual structures, the lateral
geniculate and visual cortex.

Selective increases in CMRyc evoked by glycogen phosphorylase inhibition—
Structures that responded to restricted use of glycogen with compensatory increases in the rate
of utilization of blood-borne glucose during stimulation were identified by means of activation/
rest ratios calculated for each structure in CP- and vehicle-treated rats (Fig. 4). Because
CMRgc was assayed in separate groups of rats during rest and activation, the individual values
for each activated rat were normalized to the mean value in resting rats for that structure in the
same treatment group, then used to calculate mean ratio + SD for that structure in the vehicle-
and CP-treated groups.

Glycogen phosphorylase inhibitor treatment significantly enhanced the stimulus-induced
relative rise in CMRgc in 12 of 21 regions over and above the respective relative rise in vehicle-
treated rats, and an unexpected finding was that regional responses to CP-treatment were not
in proportion to increased metabolic demand during activation (Fig. 4). For example, the largest
increases in the CMRg¢ activation/rest ratio in CP-treated rats compared with same ratio in
vehicle-controls were in layer 4 of sensory and parietal cortex (45-51%), superior olive (33%)
and the overall sensory and parietal cortical tissue (23-31%). However, this selective response
was not related to the percent rise in CMRgc during activation. For example, CP-treatment had
little, if any, differential effect on the CMRg¢ activation/rest ratio in many structures (lateral
geniculate, visual cortex, medial and ventral thalamus and sensorimotor cortex; Fig. 4), even
though these structures exhibited significant, 20-40% increases in CMRg¢ during activation
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compared with rest in both CP- and vehicle-treated rats (Fig. 3). As a contrasting example,
parietal cortex in vehicle-treated rats responded to activation with a similar, 35%, rise above
rest (Fig. 3), but had an even larger response during glycogen phosphorylase inhibition (Fig.
4). Notably, the inferior colliculus, the brain structure with the highest resting metabolic rate
in resting brain and a strong (30%) response to acoustic stimulation compared with rest (Fig.
3) showed only a 12% rise in the CMRy activation/rest ratio when use of endogenous stored
fuel was blocked (Fig. 4), suggesting low-net glycogen utilization during activation. This
conclusion is consistent with data for inferior colliculus (Fig. 1) that showed increased 14C
release during stimulation but stable glycogen concentration. In the auditory pathway, four
(superior olive, lateral lemniscus, inferior colliculus and medial geniculate) of the five
structures assayed had significant increases in CMRyc during activation in vehicle-treated rats,
with the lateral lemniscus having the greatest percent increase above rest (77%) (Fig. 3) but
only the superior olive had a large response to glycogenolysis blockade in CP- versus vehicle-
treated rats (33%; Fig. 4). Among the cortical structures, only sensory and parietal cortex
consumed substantially more blood-borne glucose when glycogenolysis was inhibited (Figs 3
and 4). In CA1 hippocampus, the fiber-rich lacunosum and molecular layers (denoted as *‘mid-
layer’ in Figs 3 and 4) have a higher-metabolic rate than the more dorsal and ventral laminae
(Beck etal. 1990), but this sector was not activated by CP-316,819 treatment to a greater extent
than other hippocampal regions during this stimulation paradigm, contrasting the differential
laminar responses to the inhibitor in sensory-parietal cortex (Fig. 4). Note that the
‘compensatory increase’ in CMRg¢ arising from glycogen phosphorylase inhibition
(calculated as the mean CMRyc in activated CP-treated rats minus the mean CMRg in the
same structure in activated vehicle-treated rats) was about half the magnitude of the activation-
induced rise in CMRy¢ in vehicle treated rats (Figs 3 and 4); for the overall sensory and parietal
cortex, this net increase over and above the CMRyc in the activated vehicle-treated rats was
0.2-0.5 umol/ (g min).

To summarize, neither the sequential order of the processing stations in ascending sensory
pathways nor resting CMRc are predictive of a requirement for compensatory CMRy or the
magnitude of increased CMR¢ during activation with glycogenolysis blockade.

Fuel consumption and metabolite generation

Increased pathway fluxes during brain activation can deplete or fill metabolic pools, and
changes in pool size are sometimes used to infer shifts in pathway rates. For example, the brain-
to-plasma distribution ratio is similar during rest and after 10-min stimulation (Fig. 1) even
though CMRg¢ increased markedly (Fig. 3), indicating that overall glucose supply matched
local demand, but some glycogen was consumed to help satisfy demand and small amounts of
lactate accumulated (Fig 1). Because increased lactate level in activated brain is often
interpreted in terms of a predominance of glycolytic metabolism, it is important to evaluate
whether concentration changes are predictive of the magnitude of flux changes. Net global
changes in levels of glucose, lactate and glycogen in cerebral cortex during the 10-min
stimulation interval (data from Fig. 1) were, therefore, compared with the amount of flux-
generated pyruvate that could be formed from glucose during the same 10-min interval,
calculated from measured overall cortical glucose utilization rates (Fig. 3) using the conversion,
one molecule glucose or glucosyl unit from glycogen forms two pyruvate molecules. As shown
in Fig. 5, metabolite levels after activation interval do not appropriately reflect the direction
or magnitude of changes in pathway fluxes. For example, in the absence of additional data,
one might infer from the increase in brain glucose content that its rate of utilization slowed,
whereas the converse was actually true; plasma glucose rose and brain glucose equilibrated
with that in plasma (Fig. 1). Stability of brain glucose during activation was also observed in
our parallel microdialysis studies to assay extracellular metabolites in the inferior colliculus
of conscious rats given only an acoustic stimulus; dialysate glucose levels were similar in
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samples collected during 10-min intervals before, during and after acoustic stimulation,
whereas lactate levels transiently doubled during the first 10 min of a 20-min stimulation
interval, then fell between 10 and 20 min (Cruz et al. 2007).

The net gains in tissue lactate content in dissected cortex, inferior colliculus and superior
colliculus during the 10-min stimulation interval were large percentage increases (150%, 53%,
63%, respectively; Fig. 1) but they represented rather small quantities of lactate (0.51, 0.18,
0.12 umol/g, respectively). The amount of pyruvate/lactate generated by cortical metabolism
of glucose during a 10-min interval in resting and activated vehicle-treated rats was calculated
from the arithmetic mean rates (1.07 and 1.36 pmol/[g min], respectively; Fig. 3) measured in
all cortical structures (Fig. 5). The net increase in lactate and glucose concentrations in cerebral
cortex corresponded to <4% of the total amount of pyruvate generated from the flux of blood
glucose during rest or activation. Also, cortical lactate accumulation corresponded to (i) <10%
of the net (activation-rest) amount of pyruvate generated from glucose or of the compensatory
glucose utilization (i.e. the rate in activated CP-treated rats over and above that in activated
vehicle-treated rats) and (ii) about 40% of the net glycogen consumed. The paucity of lactate
accumulation indicates that most pyruvate/lactate generated must be metabolized or released.
Finally, the decrement in mean cortical glycogen level is also small compared with the net
activation-induced flux-generated pyruvate in the vehicle and CP-treated rats (Fig. 5). To
summarize, fluxes through glucose, glycogen, pyruvate and lactate pools respond to shifts in
energy demand with changes in functional activity, whereas metabolite concentrations reflect
net difference in rates of formation and disappearance, which are influenced by many factors,
including their blood levels, transport, relative fluxes of glycolytic and oxidative pathways in
all cell types, malate aspartate shuttle activity, pH, cellular redox state and diffusion within
brain.

Discussion

Compensatory CMRg ¢ during activation

The major finding of this study is that pre-treatment of normal conscious rats with the glycogen
phosphorylase inhibitor CP-316,819 using a protocol that causes an 88% increase in brain
glycogen content (R. Swanson, personal communication) selectively stimulates local rates of
utilization of blood-borne glucose in specific gray matter structures during sensory stimulation,
but not during rest or in corpus callosum (Figs 3 and 4). These compensatory increases in
CMRyc were not predictable on the basis of sequential stage of sensory information processing,
basal metabolic rate of the structure, or percent increase in CMRgc during activation compared
with rest. Because the hexokinase reaction and glycogenolysis generate glc-6-P that is used by
various pathways (Fig. 2), increased reliance on blood glucose in activated CP-treated rats is
linked to impaired utilization of glycogen in astrocytes. This relationship suggests preferential,
active utilization of glycogen in substantial amounts compared with direct metabolism of blood
glucose by the glycolytic or pentose pathways (Fig. 2) in stimulated astrocytes located in
specific brain regions. High-glycogen turnover during sensory stimulation could arise if local
neuronal activity triggers pulsatile glycogen degradation and re-synthesis, particularly in
astrocytic fine processes that surround synaptic structures, as well as in their soma and endfeet.
Increased extracellular K* levels (Hof et al. 1988) and many neuromodulators and
neurotransmitters, especially monoamines, stimulate astrocytic glycogenolysis (Hertz and
Peng 1992;Hertz et al. 2007), whereas glutamate, GABA and aspartate do not (Magistretti et
al. 1981), even when assayed in cultured astrocytes or brain slices using media containing 3
mmol/L glucose. Localized release of label from glycogen occurs in structures in the whisker-
to-barrel pathway during whisker stimulation (Swanson et al. 1992), and the compensatory
increase in CMRyc during glycogenolysis blockade was greatest (~50% of the additional
glucose consumed during activation in vehicle-treated rats; Fig. 4) in sensory-parietal cortex
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that contains the whisker “barrels’. CP-316,819 was developed as a glycogen phosphorylase
inhibitor to help achieve glycemic control in diabetic patients (Hoover et al. 1998;Martin et
al. 1998; Treadway et al. 2001); this drug did not significantly alter plasma glucose levels
during rest or activation in the present study, and the robust, compensatory shift to utilization
of blood glucose should minimize any potential deleterious consequences of glycogen
phosphorylase blockade or brain glycogen depletion.

The activation-dependent, CP-induced compensatory rise in CMRgc may represent, at least in
part, the contribution of glycogen turnover to the overall flux into the glc-6-P pool in astrocytes
in the absence of the glycogen phosphorylase inhibitor. In the CP-treated rats, the glycogen
turnover-related flux could manifest itself as increased glycogen synthesis and increased
downstream metabolism via the pentose phosphate shunt and glycolytic pathways. If the
activation-induced compensatory rise in CMRyc in sensory-parietal cortex (~0.2-0.4 umol/[g
min]; Figs 3 and 4) reflects glycogen turnover, then during a 10-min period as much as 2—4
umol/g of glucose is predicted to cycle through glycogen via synthesis and degradation in
activated control rats, consistent with the expected smaller overall fall in glycogen level in
dissected samples of cortex, ~0.6 umol/g (Fig. 1) due to blunting by tissue averaging and re-
synthesis. To summarize, the local compensatory increases in CMRy identify brain structures
in which glycogen metabolism is most likely to be linked to astrocytic functional activities
evoked by the physiological stimulation paradigm. The possibility of increased glycogen
turnover due to pulsatile ‘on—off” activation of its utilization and replenishment suggests that
assays of glycogen levels and of glycogen labeling during activation will underestimate or fail
to detect changes in glycogenolytic activity due to re-synthesis that would stabilize levels and
degradation that may remove newly incorporated label.

Physiological roles of glycogen in activated astrocytes

Brain glycogen is often considered to be a slowly turning over emergency fuel reservoir, but
many lines of evidence indicate that glycogen is tapped for fuel without overt or prolonged
energy deficits. (i) Glycogen phosphorylase can be activated within seconds by conversion
from the inactive b-form to the active a-form (Folbergrova et al. 1978), and its activation occurs
during behavioral activities, including intracranial reward self-stimulation and exposure to a
novel environment (Harley et al. 1995; Konkle et al. 1999; Konkle and Bielajew 2004; Walling
et al. 2006). (ii) Glycogenolysis in cultured astrocytes and brain slices assayed in vitro under
normoglycemic conditions is initiated by many signals arising from neuronal activity,
including the wide-spread locus coeruleus noradrenergic arousal-stress-response systems,
diverse neurotransmitter systems and specific electrolytes (Magistretti et al. 1981; Hof et al.
1988; Hertz and Peng 1992; Stone 1994; Dienel and Cruz 2006; Hertz et al. 2007). (iii)
Glycogenolysis occurs in retina of the intact honeybee during light stimulation (Evéquoz et
al. 1983), chick brain during early memory consolidation (Hertz et al. 2003; Gibbs et al.
2006) and rat whisker-to-barrel cortex in vivo during vibrissae stimulation (Swanson 1992;
Swanson et al. 1992). (iv) Recent studies in carefully handled rats using improved enzyme-
inactivation procedures found much higher-brain glycogen levels (9—12 umol/g compared with
the usual range of 2-3 umol/g) that fell after brief sensory stimulation (Madsen et al. 1999;
Cruz and Dienel 2002; Fig. 1). In the present study, glycogen levels in resting rats were lower
and the concentration fall during stimulation was smaller than our studies cited above; the
reasons for these differences are unidentified, but may include (i) less control of ambient
conditions in our current laboratory resulting in higher ‘background’ sensory stimulation and
lower-glycogen levels and (ii) change of rat supplier and strain from Sprague—Dawley to
Wistar—Hanover rats. Rat strains differ in their response to stress (Bielajew et al. 2002,
2003), which may influence the impact of abrupt arousal and sensory stimulation on glycogen.
High-brain glycogen levels have also been reported by Kong et al. (2002), who found that
glycogen level fell during prolonged sleep deprivation induced by gentle handling and
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presentation of novel environments; conceivably, the sensory stimulation procedure itself may
have induced glycogenolysis contributing to the lower levels attributed to sleep deprivation.
To summarize, combination of local (e.g. neurotransmitters and K*) plus diffuse (e.g. locus
coeruleus innervation) regulatory mechanisms that control glycogen turnover integrate
astrocytic energy metabolism with inter- and intra-cellular signaling.

The interactive controls that regulate glycogen utilization also render glycogen level highly
sensitive to the physiological state, history and ‘handling’ of experimental subjects, as well as
analytical procedures. Therefore, ‘negative findings’ in studies of glycogen could be expected
in previously activated or -stressed subjects due to glycogen depletion, in anesthetized (e.g.
during MRS studies) or habituated subjects in which an arousal-stress-response is blunted, and
in brain regions that are activated by the stimulus paradigm but do not show a strong glycogen-
related CMRyc response to the specific stimulus (e.g. visual, auditory, frontal or sensorimotor
cortex; Figs 3 and 4). For example, visual cortex responded to the stimulus paradigm by
increasing CMRgc ~50% in vehicle-treated rats (Fig. 3), but there was no compensatory
response to glycogen phosphorylase inhibition (Fig. 4) implying no glycogenolytic response.
The stability of [13C]glycogen in human visual cortex when assayed by MRS during visual
stimulation after prolonged pre-labeling with [13C]glucose (Oz et al. 2007) is consistent with
our findings.

Metabolic fate of glycogen

Physiological roles of glycogen are tied to its metabolic functions, which can vary with cellular
needs. Rapid glycogen turnover associated with tight temporal coupling of its degradation and
re-synthesis would require twice as much blood glucose to obtain the same ATP yield as direct
glycolytic metabolism of glucose (Shulman et al. 2001; Hertz et al. 2007), perhaps underlying
the large rise in CMRg in specific structures during activation (Figs 3 and 4), but not during
rest when glycogen turnover is low (Watanabe and Passonneau 1973). A ‘tight-coupling’
hypothesis predicts that accumulation of label from glucose into glycogen should rise markedly
during activation compared with rest in CP-treated rats but that labeling should be low in
activated controls because rapid turnover would eliminate the label; our finding of no increase
in glycogen labeling during sensory stimulation compared with rest in dissected cortical
samples is consistent with this notion (Dienel et al. 2002). During CP-treatment, there may,
however, be increased downstream flux directly to the glycolytic and pentose shunt pathways,
not just incorporation of glucose into glycogen; direct tests of these possibilities are technically
difficult, minimally requiring sensitive assays with high temporal-spatial resolution.

In cultured astrocytes, glycogen is converted to lactate and released to the medium (Dringen
et al. 1993), and depending on the fate of glycogen-derived glc-6-P in brain in vivo, net
glycogen consumption and increased turnover may enhance the fall in the ratio of oxygen to
glucose utilization (CMRo2/CMRgc) during sensory stimulation that we previously observed
with a similar stimulation paradigm (Madsen et al. 1999). For example, inclusion of the fuel
consumed in addition to glucose during activation, including glycogen (Fig. 1) and acetate
(Cruz et al. 2005), would further depress the CMRo,/CMRy ratio. Because lactate does not
accumulate in brain in proportion to the amount of flux-generated pyruvate in vivo (Fig. 5)
pyruvate/lactate must be metabolized or quickly released from the tissue sampling volume.
The fall in CMRo2/CMRgc ratio and the large underestimation of CMRy using [1- or 6-14C]
glucose as the tracer during activating conditions (Collins et al. 1987; Lear and Ackermann
1988, 1989; Ackermann and Lear 1989; Dienel and Cruz 2004; Cruz et al. 2007) suggest
increased non-oxidative metabolism of glucose and rapid release of quickly labeled
metabolites. An alternative scenario is lactate shuttling among cells followed by lactate
oxidation; a “tightly coupled” shuttle process requires that CMRg, match CMRgjc+glycogens @
stoichiometry that is not observed in most activation studies (Dienel and Cruz 2004, 2006).
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Putative lactate shuttling from astrocytes to neurons has been implicated under aglycemic
conditions or intense electrical stimulation because glycogenolysis does support compound
action potentials in excised optic nerve for a duration related to the glycogen amount at stimulus
onset (Brown 2004; Brown et al. 2005; Tekkok et al. 2005). The identity of the lactate-
oxidizing cells and fraction of lactate formed from glycogen actually transferred to other cells
compared with that released to the perfusate have not been established, and an interesting
alternative explanation is that astrocytic lactate utilization may, in fact, help maintain neuronal
function. Hargittai and Lieberman (1991) concluded that glial metabolism is governed by
axonal metabolic activity and accounts for most of the normal respiratory activity in isolated
crayfish giant axons (also see Dienel and Hertz 2005). Even if a shuttle process exists under
specific experimental conditions, it may not apply to normal brain tissue. For example, during
an energy crisis provoked by severe hypoglycemia, compensatory metabolic shifts that do not
reflect normal fuel usage are used in an attempt to maintain ATP levels, including oxidative
consumption of endogenous amino acids, fatty acids and other compounds (Siesjo 1978; Ghajar
et al. 1982). White matter has a low-metabolic rate and does not require as much energy as
gray matter, and the corpus callosum, a white matter structure, did not increase CMRgc or
show a compensatory response during activation (Figs 3 and 4). Isolated nerves have no blood
flow so diffusion limitation of metabolite efflux may lead to greater availability for metabolism,
contrasting the in vivo situation where rapid transmembrane transport compared with oxidation
rate, diffusion in extracellular fluid and release to blood may be favored in gray matter (Dienel
and Hertz 2001; Hertz and Dienel 2005). To summarize, analysis of the utilization and
metabolic fate of glycogen can help understand its functional roles and contribution to
astrocytic and overall brain energetics. The intriguing possibility of high-glycogen turnover in
specific brain regions during activation complicates interpretation of standard approaches that
assess concentration and labeling changes to evaluate roles or utilization of glycogen under
various conditions.
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Fig. 1.

Sensory stimulation activates glycogenolysis and increases regional glucose and lactate levels
in brain. Stimulus-induced changes in plasma (umol/mL) and brain (umol/g wet wt.) glucose
(a) and lactate (b) level, brain glycogen content (c) and 14C-labeled brain glycogen (d) were
determined at 10 min after onset of visual (16 Hz on—off flashing light), acoustic (95 dB
broadband tone) and generalized sensory stimulation (gentle brushing of the whiskers and
body) of conscious rats. Brain metabolite levels were assayed in tissue extracts. Glycogen
turnover was determined as 14C retained in glycogen after pre-labeling with [1-14C]glucose
for 30 min prior to stimulation; the [14C]glycogen level in each rat was normalized by dividing
by the time-activity integral of arterial plasma glucose for that animal (ISA = integrated specific
activity); see Materials and methods. Values are means; vertical bars = 1 SD (n = 9/group).
Statistically significant differences between activation and rest were identified with the t-test.
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Compensatory increase in glucose utilization in astrocytes during sensory stimulation with
blockade of glycogen phosphorylase. Schematic diagram of glucose metabolic pathways
illustrating the three major pathways for utilization of glucose-6-phosphate (glc-6-P) in
astrocytes: the glycolytic pathway to form pyruvate, the pentose phosphate shunt pathway to
generate NADPH and pentose phosphates (most of which re-enter the glycolytic pathway after
transformation by the transketolase/transaldolase reactions) and the glycogen pathway (for
more details, see Hertz et al. 2007). Note that glc-6-P feedback inhibits hexokinase (negative

sign) and activates the glycogen synthesis pathway (plus sign). Inhibition of glycogen

phosphorylase with CP-316,819 during brain activation renders blood glucose the sole source

for glc-6-P via the hexokinase reaction, which is specifically measured with the [14C]
deoxyglucose (DG) method (see text). CP-316,819-induced compensatory changes in

utilization of blood-borne glucose (hatched symbols) at the hexokinase step are quantified by
means of changes in the rate of [14C]DG phosphorylation, from which rates of glucose

utilization are calculated.
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Fig. 3.

Sensory stimulation increases local rates of glucose utilization (CMRgc) in many brain
structures. Rats were pre-treated with the glycogen phosphorylase inhibitor, CP-316,819 (the
abbreviation Pase Inhib denotes phosphorylase inhibitor), or an equal volume of vehicle and
CMRyc assayed during a 30-min interval of rest or activation. Acoustic plus generalized
sensory stimulation commenced with the pulse intravenous injection of [14C]deoxyglucose
and continued throughout the 30-min experimental interval. CMRyc in regions of cerebral
cortex corresponds to all laminae; in parietal and sensory cortex, layer 4 plus the immediately
adjacent tissue was also assayed (Zilles and Wree 1995). The dorsal hippocampal layer includes
the alveus, oriens, pyramidal and radiatum layers of dorsal CA1 hippocampus; the mid-layer
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includes the lacunosum-molecular layer of CA1 sector plus the molecular layer of the external
limb of dentate gyrus; and the ventral layer includes the multiform layers of the external limb
plus granular and molecular layers of the internal limb (Beck et al. 1990). Values are means;
bars = 1 SD (n = 6/group). Statistically significant differences between activated and resting

groups: *p < 0.05; **p < 0.01; ***p < 0.001; t-test.
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Fig. 4.

Differential activation of CMRc in functional pathways during glycogenolysis blockade. The
relative change in CMRy¢ during stimulation compared with rest in the same treatment group
(vehicle- and CP-316,819-treated) was calculated from data shown in Fig. 3 by dividing each
value for stimulated rats by the respective mean value for resting CMRy for that structure in
that group. Values are mean ratios (bars = 1 SD); ratios > 1.0 indicate activation due to sensory
stimulation. Statistically significant differences between ratios for each structure in
CP-316,819- compared with vehicle-treated rats were identified with the t-test after logarithic
transformation of the ratio data (Zar 1974).
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Fig. 5.

Comparison of flux-generated pyruvate/lactate with net concentration change. The amount of
pyruvate generated in cerebral cortex via flux of blood-borne glucose through the glycolytic
pathway during a 10-min interval was calculated from the arithmetic mean CMRgc of measured
values in all six cerebral cortical structures during rest (1.07 £ 0.13 umol glucose/[g min]) and
stimulation 1.36 + 0.19 umol glucose/(g min) in vehicle-treated rats (Fig. 3); there was an
overall 27% increase (p < 0.05) due to activation. During rest, pyruvate equivalents generated

from flux of glucose = 1.07 umol glucose/(g mi
Compensatory increases in CMRgc induced by

n) x 10 min x 2 pyruvate/glucose = 21.4.
the glycogen phosphorylase inhibitor were

calculated as the difference in the mean activated CMRy¢ in CP-316,819-treated rats minus
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that in activated vehicle-treated rats [i.e. 0.22, 0.52, 0.37 and 0.41 pmol/(g min) for overall
parietal cortex, parietal layer 4, sensory cortex and sensory layer 4, respectively] and pyruvate
equivalents were calculated by multiplying by 20, as described above. Because the value for
sensory cortex approximates the mean value for all four regions, this representative structure
was plotted. Net changes in brain cerebral cortical concentrations of glucose, lactate and
glycogen during the 10-min stimulation (Fig. 1) are expressed as triose equivalents (1 glucose
= 2 pyruvate/ lactate).
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