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Abstract

The concentration and metabolism of the primary carbohydrate store in the brain, glycogen, is unknown in the conscious human
brain. This study reports the first direct detection and measurement of glycogen metabolism in the human brain, which was achieved
using localized13C NMR spectroscopy. To enhance the NMR signal, the isotopic enrichment of the glucosyl moieties was increased by
administration of 80 g of 99% enriched [1-13C]glucose in four subjects. 3 h after the start of the label administration, the13C NMR signal
of brain glycogen C1 was detected (0.36± 0.07�mol/g, mean± S.D., n = 4). Based on the rate of13C label incorporation into glycogen
and the isotopic enrichment of plasma glucose, the flux through glycogen synthase was estimated at 0.17± 0.05�mol/(g h). This study
establishes that brain glycogen can be measured in humans and indicates that its metabolism is very slow in the conscious human. The
noninvasive detection of human brain glycogen opens the prospect of understanding the role and function of this important energy reserve
under various physiological and pathophysiological conditions.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glycogen is the main storage form of glucose in mammals
and is found in high quantities in the liver and muscle and, to
a lesser degree, in the heart and kidney. Albeit at much lower
concentrations, the brain also contains glycogen, which is
primarily located in astrocytes (Wiesinger et al., 1997). Al-
though accepted as the principal energy reserve in the CNS
by many (Dringen et al., 1993; Swanson, 1992; Watanabe
and Passonneau, 1973), the role of glycogen in the brain is
largely unknown.

Studies in astrocyte cultures have shown that the cellular
glycogen content is regulated by the concentration of glu-
cose in the culture medium. Thus, glycogen was synthesized
when glucose was abundant (Cummins et al., 1983) and de-
graded under glucose deprivation (Dringen and Hamprecht,
1992). This regulation is thought to result in a neuroprotec-
tive role for astrocytic glycogen under glucose deprivation,
which was observed both in mixed cultures (Swanson and
Choi, 1993) and the rat optic nerve (Wender et al., 2000).
Glycogen may also support axonal function under normal
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physiological conditions by responding to sudden increases
in energy demand during neurotransmission (Swanson et al.,
1992; Wender et al., 2000). Several lines of evidence sug-
gest that this is accomplished by breaking down glycogen to
lactate, which is then transferred to neurons as fuel (Dringen
et al., 1993; Wender et al., 2000). Interestingly, glycogen
has been observed to accumulate after hypoglycemia, is-
chemia (Folbergrova et al., 1996), brain injury (Guth and
Watson, 1968; Shimizu and Hamuro, 1958) and cell swelling
(Dombro et al., 2000). Several studies suggested the involve-
ment of brain glycogen in sleep cycle regulation (Kong et al.,
2002; Petit et al., 2002). These changes in glycogen content
may be brought about by a number of factors (Wiesinger
et al., 1997) including hormones (Dringen and Hamprecht,
1992) and neurotransmitters (Hamai et al., 1999; Sorg and
Magistretti, 1992; Swanson et al., 1990).

Apart from these studies in cell cultures and animal
models, our understanding of glycogen metabolism in the
human brain has been hampered by the lack of a noninva-
sive method to detect glycogen in the conscious human. To
date, the few isolated studies in humans have been limited
to biopsies (Castejon et al., 2002; Lowry et al., 1983) and
postmortem samples (Gertz et al., 1985). The biopsy sam-
ples were collected under conditions of surgery, therefore
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such investigations are not widely applicable, in addition to
the fact that the results may be influenced by anesthesia. The
postmortem studies, on the other hand, bear another chal-
lenge due to the well-known rapid postmortem breakdown
of glycogen (Choi et al., 1999; Lowry et al., 1964; Nelson
et al., 1984; Swanson et al., 1989). A recent study underlined
the challenges associated with biochemical extraction of
brain glycogen and suggested that previous studies may have
underestimated its levels in resting rodent brain (Cruz and
Dienel, 2002). These issues and the important role of glyco-
gen in cerebral carbohydrate metabolism suggested by the
cell culture and animal studies render a noninvasive method
to detect glycogen in the conscious human brain essential.

Nuclear magnetic resonance spectroscopy (NMR) enables
noninvasive studies of neurochemistry in vivo (Gruetter,
2002) and has been instrumental in furthering the under-
standing of liver and muscle glycogen metabolism (see, e.g.
Casey et al., 2000; Kunnecke and Seelig, 1991; Shulman
et al., 1990; Shulman and Rothman, 2001; Van Den Bergh
et al., 2000and references therein).13C NMR has been
shown to provide accurate measurements of glycogen con-
centrations based on the C1 resonance at 100.5 ppm that is
well resolved from the C1 resonances of�- and�-glucose
(Gruetter et al., 1991, 1994a). In contrast to other tissues,
however, the glycogen concentrations reported in the mam-
malian brain range from 2 to 5�mol/g (Choi et al., 1999
and references therein), which precludes detection of natural
abundance13C glycogen signals from individual subjects.
Therefore, transfer of label from infused13C glucose to
glycogen is necessary in order to increase the13C isotopic
enrichment and hence the sensitivity of the experiment.
Additionally, when measuring brain glycogen by NMR,
any contribution to the signal from the 10-fold more con-
centrated glycogen in the superficial muscle tissue needs
to be eliminated. One preliminary study reported evidence
for a glycogen signal detected from the head of a subject
following subtraction of a pre-infusion spectrum in con-
junction with use of surface dephasing gradients (Chhina
et al., 2001). However, considering the potential contri-
bution of non-cerebral muscle glycogen to the NMR, use
of three-dimensional localization methods is of paramount
importance in establishing the cerebral origin of the sig-
nal. While many localization methods have been described
for in vivo NMR spectroscopy, localization of a molecule
as large as glycogen (107–109 Da) with short longitudinal
(T1) and transverse (T2) relaxation times presents partic-
ular challenges that were recently overcome by use of a
non-echo method for the detection of brain glycogen in the
rat (Choi et al., 1999, 2000). However, the localized mea-
surement of human brain glycogen additionally requires
that specific absorption rate (SAR) limits set forth by the
FDA be observed, while maintaining optimal sensitivity.

The purpose of the present study was to establish the de-
tection of the fully localized13C NMR signal of glycogen
in the human brain and to estimate the rate of label incor-
poration into glycogen from [1-13C]glucose.

2. Experimental procedures

2.1. Subjects

Four healthy males (age 41± 5.2 years, BMI 26.4 ±
1.13 kg/m2, mean± S.E.M.) were studied after giving in-
formed consent using procedures approved by the Institu-
tional Review Board: Human Subjects Committee. On the
morning of the study, subjects reported between 6 and 7
a.m. to the General Clinical Research Center in the fasting
state. An intravenous catheter placed antegrade in a forearm
was used for infusion and a catheter placed retrograde in a
foot was used for blood sampling. Venous blood was arte-
rialized by heating the lower extremity bearing the catheter
with preheated pads and water-soaked towels. A total of 80 g
of [1-13C]glucose (Isotec Inc., Miamisburg, OH, prepared
as 20% (w/v)d-glucose in water with 99% isotopic enrich-
ment) was administered into the arm vein in the form of
10–20 g bolus injections approximately every hour in order
to raise and maintain the isotopic13C enrichment of blood
glucose above 50% for the first 4.5 h of the study. To achieve
this, plasma glucose concentrations were maintained above
100 mg/dl, which were measured immediately on a nearby
glucose autoanalyzer (Beckman, Fullerton, CA) in blood
samples taken from the foot vein every 10 min. Additional
blood samples were frozen for the later determination of
plasma insulin concentrations by a chemiluminescent assay
(Immulite, Diagnostic Products Corporation, Los Angeles,
CA), as well as the isotopic enrichment of the plasma glu-
cose by gas-chromatography–mass spectroscopy (GC–MS)
as described previously (Gruetter et al., 2001).

2.2. MR spectroscopy

All measurements were performed on a 4 T, 90 cm bore
magnet (Oxford Magnet Technology, Oxford, UK) with an
INOVA console (Varian, Palo Alto, CA). Subjects were po-
sitioned supine on the patient bed with the occipital lobe just
above the surface coil, which was a quadrature 14 cm1H
surface coil combined with a 9 cm diameter linearly polar-
ized 13C coil (Adriany and Gruetter, 1997). Subjects wore
earplugs to minimize gradient noise and were positioned in
the coil holder using cushions to minimize head movement.
In three of the four subjects, two sessions of NMR mea-
surements were performed per study (the first session∼2 h,
the second∼1 h in length), between which the subject was
taken out of the magnet for a break. The position of the
voxel relative to the plane of the13C coil (y-dimension in
Fig. 1) was kept constant between sessions. This resulted in
a maximum displacement of the position relative to the head
of 5% of the voxel dimensions.

Following the positioning of the subject in the magnet
and prior to the13C NMR measurements, the following ad-
justments were performed in each session: after tuning the
coil, axial magnetic resonance imaging was acquired using
a multi-slice RARE sequence (repetition time(TR) = 4 s,
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Fig. 1. Proton-decoupled13C NMR spectrum of the human head without
(A) and with (B) localization (TR= 0.3 s, 32 scans). The voxel in the
occipital lobe is shown on the transverse RARE image.

echo train length= 8, echo time(TE) = 60 ms, seven
slices) to determine the voxel position for spectroscopy.
All first- and second-order shim terms were adjusted using
FAST(EST)MAP (Gruetter and Tkac, 2000), which resulted
in water linewidths of 10–11 Hz in a 210 ml voxel.

The localization was achieved by outer volume sup-
pression (OVS) in three dimensions combined with
one-dimensional image-selected in vivo spectroscopy (ISIS)
(Ordidge et al., 1986), similar to what was achieved in rat
brain (Choi et al., 2000), following modification and opti-
mization of the method for use on humans. Briefly, OVS
was achieved with double-banded broadband hyperbolic
secant pulses (6–8 ms) applied as nominal 90◦ pulses and
the selection of the slice parallel to the13C coil was im-
proved with one-dimensional ISIS. The time required for
the localization was 35 ms. RF power requirements were
calibrated in phantoms relative to the signal from a small
sphere containing 99% enriched13C formic acid placed at
the 13C coil center. For this, double-chambered phantoms
were employed and the signal from the outer chamber was
suppressed. The power calibrations were checked each time
after positioning the subject in the magnet and through-
out the measurement by assessing the suppression of the
extra-cerebral lipid signal. Excitation was achieved with a
2 ms adiabatic half-passage 90◦ pulse. Bi-level WALTZ-16
(Shaka et al., 1983) was used for nuclear Overhauser ef-
fect (NOE) generation during the relaxation delay (275 ms)
and for decoupling during acquisition (25 ms). Data were
acquired in blocks of 1024 scans (5 min), each of which
was stored separately on disk prior to summation of five of
these blocks for each data point. Processing of the spectra
consisted of line broadening (30 Hz), zero-filling to 32k
points, Fourier transformation and baseline correction.

Quantitation of the13C label in the C1 position of glyco-
gen was done by the external referencing method as de-
scribed previously (Choi et al., 1999; Gruetter et al., 1991).

A phantom that contained 450 mM natural abundance oys-
ter glycogen as measured using the amyloglucosidase assay
(Gruetter et al., 1991), was prewarmed and spectra were ac-
quired from the same voxel position using identical acquisi-
tion parameters as in vivo. The following equation that takes
into account the 1.1% natural abundance of13C in the phan-
tom was used to calculate the label concentration in brain
glycogen:

[13C glycogen]

=IGlyc(brain)×IFA(phantom) × 450 mM× 0.011

IFA(brain) × IGlyc(phantom)
(1)

whereI denotes integrated signal intensity, and the subscripts
Glyc glycogen and FA formic acid. Determination of peak
areas was accomplished using the built-in spectrometer soft-
ware. Concentrations were converted to�mol/g based on a
specific density of brain tissue of approximately 1 g/ml. The
normalization of the glycogen integral to the formic acid
signal was applied to correct for small differences in coil
loading in vivo and in vitro (∼2 dB).

3. Results

Following validation in double-chambered phantoms (not
shown), the efficiency of the NMR method to localize sig-
nals in three dimensions was verified in the human brain.
It has been shown that the strong lipid signal in natural
abundance13C NMR spectra of the human head is from
extra-cerebral tissue and normal human brain does not con-
tain detectable triacyl-glycerol resonances (Gruetter et al.,
1994b, 1996). Application of the localization method to the
human head routinely suppressed the triacyl-glycerol res-
onances at 30.5 ppm more than 100-fold (n = 10 subjects
without glucose infusion,Fig. 1), indicating minimization
of extra-cerebral signals.

The low brain glycogen concentration, on the order of
a few �mol/g, precluded natural abundance detection of
brain glycogen in an individual subject, therefore, the glu-
cosyl moieties in glycogen were enriched with13C label
in four healthy human subjects by infusing [1-13C]glucose.
In all four subjects the C1 resonance of cerebral glycogen
was unambiguously detected at 100.5 ppm in the localized
13C NMR spectra, along with the C1 resonances of�- and
�-glucose (Fig. 2).

Preliminary studies showed that the reliable detection of
brain glycogen C1 signal was possible only after 2 h from the
start of 13C labeled glucose administration, which implied
that metabolism of brain glycogen was slow. Therefore,
NMR data acquisition was started 2.5 h after the start of glu-
cose administration in three subjects and the change in the
13C NMR signal of brain glycogen was followed over time.
Plasma glucose (which ranged between 4.3 and 12.8 mM)
and insulin concentrations (3–33 pmol/l) as well as the13C
isotopic enrichment of plasma glucose were measured in
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Fig. 2. Localized13C NMR spectra acquired from 210 ml volumes in four subjects. Spectra were averaged over 75 min in subjects 1, 2 and 3 and
65 min in subject 4 (TR= 0.3 s). Processing consisted of exponential multiplication corresponding to a line broadening of 30 Hz, zero-filling, fast Fourier
transformation and phase correction. The spectra are shown without baseline correction. The spectrum of subject 4 was acquired earlier in the study and
at lower isotopic enrichments compared to the other three.

all studies. The infusion protocol raised the13C isotopic
enrichment of plasma glucose rapidly to 60–70%. After all
of the 13C label was administered, the isotopic enrichment
slowly decreased to 35% in the last 2 h of the study. The
glucose isotopic enrichment for one of the subjects is shown
along with the NMR time course inFig. 3. The intensities of
the glucose resonances varied due to the changes in plasma
and concomitant brain glucose concentrations, as well as
due to changes in isotopic enrichment. The brain glycogen
signal, on the other hand, showed a steady increase. In order
to estimate the rate of label incorporation into glycogen C1,
NMR spectra were averaged over 25 min and the amount of

Fig. 3. The temporal changes in plasma glucose isotopic enrichment (y-axis) and brain glycogen signal in one study. Administration of labeled glucose
was begun at time zero. NMR spectra averaged over 25 min are shown in the top trace at the time points they were acquired. The glycogen peak is
highlighted by the shaded area in these spectra.

13C label was estimated at different time points based on the
external reference method usingEq. (1)(Fig. 4). Linear re-
gression of all data points between 2.5 and 4.5 h (measured
in the first session from three subjects) resulted in a rate of
label incorporation of 0.11 ± 0.04�mol/(g h) (R = 0.76,
P = 0.01) with ay-intercept not significantly different from
0. Performing a linear regression in the individual subjects
through zero yielded rates of 0.11, 0.12 and 0.13�mol/(g h)
indicating very small inter-individual differences. Since
the average isotopic enrichment of the precursor glucose
over this period was 64%, the flux through the glycogen
synthesis pathway was estimated at 0.17± 0.06�mol/(g h).
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Fig. 4. Quantification of13C label (�mol/g) incorporation into glycogen C1 over time. Shown are the data from three different subjects, identified by
individual symbols.

4. Discussion

In this paper the first noninvasive detection of brain
glycogen metabolism in the conscious human is reported.
The NMR signal of brain glycogen was measured after
three-dimensional localization to minimize any potential
contamination from the more concentrated muscle glyco-
gen, which establishes the detection of cerebral glycogen
in the conscious human brain. The accuracy of a method
suitable for localization of the glycogen signal was previ-
ously tested in the rat brain (Choi et al., 1999, 2000). In the
present study, similar NMR methods were used following
extensive modification for human applications. The local-
ization efficiency was thus validated in double-chambered
phantoms mimicking the in vivo localization demands and
in the human head. The 100-fold suppression of the lipid
signal originating from outside the brain (Fig. 1) implied
that contamination from a 10-fold more concentrated muscle
glycogen would constitute a maximum of 10% of the glyco-
gen signal. We therefore conclude that in the present study
more than 90% of the glycogen signal was from the brain.
An additional benefit of three-dimensional localization was
that the signal was acquired from a well-defined volume.
This ensured a reliable determination of13C label concen-
tration by the external reference method, as judged from the
highly reproducible rates of label incorporation (Fig. 4). The
excellent reproducibility was in part due to a conservative
time resolution of 25 min, however, the current sensitivity
certainly would permit a temporal resolution of 10–15 min.
Conversely, the sensitivity of the current experiment should
allow reduction of the volume size from 210 to 140 ml,
which is a spatial resolution that has been used in different,
unrelated studies (Gruetter et al., 1994b; Shen et al., 1999).

The initial amount of13C labeled glycogen produced de-
pends on the glycogen synthase flux and the isotopic enrich-
ment of the metabolic precursor glucose-6-P. The isotopic

enrichment of glucose-6-P in brain closely mimics that of
plasma glucose, due to the lack of substantial activity of the
gluconeogenic pathway. The isotopic enrichment of plasma
glucose did not vary much during our NMR measurements
(60–75% in the first session) resulting in a steady increase
of the brain glycogen signal.

From the rate of label incorporation and the prevailing
isotopic enrichment of plasma glucose, we estimated the
glycogen synthase flux in the human brain at 0.17�mol/(g h)
in the period of 2.5–4.5 h after the start of glucose admin-
istration. This rate was approximately half that observed
in rat brain after 2 h of glucose administration (Choi et al.,
1999). It is interesting to note that metabolic rates in
the conscious rat brain are typically two to three times
faster than those in humans (Gruetter et al., 2001; Nakao
et al., 2001). Independent of the precise value of the label
turnover rate, the present study clearly demonstrates that
metabolism of bulk brain glycogen is very slow. To what
extent parts of the molecule might be subjected to acceler-
ated turnover during, e.g. activation, however, remains to be
determined.

We conclude that it is possible to study the metabolism of
glycogen in the conscious human brain noninvasively using
three-dimensional localization of the NMR signal. Further-
more, the synthesis and breakdown of brain glycogen can
be followed at more specific locations and in smaller voxels.
Whether the function of brain glycogen is to supply energy
during neuronal activation (Swanson, 1992) or when energy
supplies are limited, such as during anoxia and ischaemia
(Castejon et al., 2002; Folbergrova et al., 1996; Swanson
et al., 1989), studies to test these hypotheses in the human
brain are urgently needed and the present study opens the
prospect of achieving this goal. An important application
of the localized spectroscopy of glycogen will be to ex-
amine the potential role of glycogen in hypoglycemia and
in the mechanism that leads to hypoglycemia unawareness
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following repeated episodes of insulin-induced hypo-
glycemia (Gruetter et al., 2000).
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Uğurbil for his encouragement and support, Dr. Chaodong
Wu Gerald A. Dienel and Nancy F. Cruz for assistance with
the biochemical measurement of glycogen in phantoms.
The Center for MR Research is in part supported by a Na-
tional Center for Research Resources (NCRR) biotechnol-
ogy research resource grant P41RR08079 and the General
Clinical Research Center at the University of Minnesota by
NCRR grant M01RR00400. This research was supported
by NIH grant R21DK58004 (RG), the Juvenile Diabetes
Research Foundation research grant 1-722-2001 (RG) and
the Whitaker Foundation (RG).

References

Adriany, G., Gruetter, R., 1997. A half-volume coil for efficient proton
decoupling in humans at 4 tesla. J. Magn. Reson. 125, 178–184.

Casey, A., Mann, R., Banister, K., Fox, J., Morris, P.G., Macdonald, I.A.,
Greenhaff, P.L., 2000. Effect of carbohydrate ingestion on glycogen
resynthesis in human liver and skeletal muscle, measured by13C MRS.
Am. J. Physiol. Endocrinol. Metab. 278, E65–E75.

Castejon, O.J., Diaz, M., Castejon, H.V., Castellano, A., 2002.
Glycogen-rich and glycogen-depleted astrocytes in the oedematous
human cerebral cortex associated with brain trauma, tumours and
congenital malformations: an electron microscopy study. Brain Inj. 16,
109–132.

Chhina, N., Kuestermann, E., Halliday, J., Simpson, L.J., Macdonald,
I.A., Bachelard, H.S., Morris, P.G., 2001. Measurement of human
tricarboxylic acid cycle rates during visual activation by13C magnetic
resonance spectroscopy. J. Neurosci. Res. 66, 737–746.

Choi, I.Y., Tkac, I., Ugurbil, K., Gruetter, R., 1999. Noninvasive
measurements of [1-13C]glycogen concentrations and metabolism in
rat brain in vivo. J. Neurochem. 73, 1300–1308.

Choi, I.Y., Tkac, I., Gruetter, R., 2000. Single-shot, three-dimensional
“non-echo” localization method for in vivo NMR spectroscopy. Magn.
Reson. Med. 44, 387–394.

Cruz, N.F., Dienel, G.A., 2002. High glycogen levels in brains of rats with
minimal environmental stimuli: implications for metabolic contribution
of working astrocytes. J. Cereb. Blood Flow Metab. 22, 1476–1489.

Cummins, C.J., Lust, W.D., Passonneau, J.V., 1983. Regulation of
glycogen metabolism in primary and transformed astrocytes in vitro.
J. Neurochem. 40, 128–136.

Dombro, R.S., Bender, A.S., Norenberg, M.D., 2000. Association between
cell swelling and glycogen content in cultured astrocytes. Int. J. Dev.
Neurosci. 18, 161–169.

Dringen, R., Hamprecht, B., 1992. Glucose, insulin, and insulin-like
growth factor I regulate the glycogen content of astroglia-rich primary
cultures. J. Neurochem. 58, 511–517.

Dringen, R., Gebhardt, R., Hamprecht, B., 1993. Glycogen in astrocytes:
possible function as lactate supply for neighboring cells. Brain Res.
623, 208–214.

Folbergrova, J., Katsura, K.I., Siesjo, B.K., 1996. Glycogen accumulated
in the brain following insults is not degraded during a subsequent
period of ischemia. J. Neurol. Sci. 137, 7–13.

Gertz, H.J., Cervos-Navarro, J., Frydl, V., Schultz, F., 1985. Glycogen
accumulation of the aging human brain. Mech. Ageing Dev. 31, 25–35.

Gruetter, R., 2002. In vivo13C NMR studies of compartmentalized
cerebral carbohydrate metabolism. Neurochem. Int. 41, 143–154.

Gruetter, R., Tkac, I., 2000. Field mapping without reference scan using
asymmetric echo-planar techniques. Magn. Reson. Med. 43, 319–323.

Gruetter, R., Magnusson, I., Rothman, D.L., Avison, M.J., Shulman, R.G.,
Shulman, G.I., 1994a. Validation of13C NMR measurements of liver
glycogen in vivo. Magn. Reson. Med. 31, 583–588.

Gruetter, R., Novotny, E.J., Boulware, S.D., Mason, G.F., Rothman, D.L.,
Shulman, G.I., Prichard, J.W., Shulman, R.G., 1994b. Localized13C
NMR spectroscopy in the human brain of amino acid labeling from
d-[1-13C]glucose. J. Neurochem. 63, 1377–1385.

Gruetter, R., Prolla, T.A., Shulman, R.G., 1991.13C NMR visibility of
rabbit muscle glycogen in vivo. Magn. Reson. Med. 20, 327–332.

Gruetter, R., Adriany, G., Merkle, H., Andersen, P.M., 1996. Broadband
decoupled,1H-localized13C MRS of the human brain at 4 tesla. Magn.
Reson. Med. 36, 659–664.

Gruetter, R., Seaquist, E.R., Choi, I.Y., 2000. Noninvasive measurements
of brain glycogen during hypoglycemia using localized in vivo13C
NMR. Diabetes 49, 265.

Gruetter, R., Seaquist, E.R., Ugurbil, K., 2001. A mathematical model of
compartmentalized neurotransmitter metabolism in the human brain.
Am. J. Physiol. Endocrinol. Metab. 281, E100–E112.

Guth, L., Watson, P.K., 1968. A correlated histochemical and quantitative
study on cerebral glycogen after brain injury in the rat. Exp. Neurol.
22, 590–602.

Hamai, M., Minokoshi, Y., Shimazu, T., 1999.l-Glutamate and insulin
enhance glycogen synthesis in cultured astrocytes from the rat brain
through different intracellular mechanisms. J. Neurochem. 73, 400–
407.

Kong, J., Shepel, P.N., Holden, C.P., Mackiewicz, M., Pack, A.I.,
Geiger, J.D., 2002. Brain glycogen decreases with increased periods of
wakefulness: implications for homeostatic drive to sleep. J. Neurosci.
22, 5581–5587.

Kunnecke, B., Seelig, J., 1991. Glycogen metabolism as detected by in
vivo and in vitro 13C NMR spectroscopy using [1,2-13C2]glucose as
substrate. Biochim. Biophys. Acta 1095, 103–113.

Lowry, O.H., Passonneau, J.V., Hasselberger, F., Schulz, D., 1964. Effect of
ischemia on known substrates and cofactors of the glycolytic pathway
in brain. J. Biol. Chem. 239, 18–30.

Lowry, O.H., Berger, S.J., Carter, J.G., Chi, M.M., Manchester, J.K., Knor,
J., Pusateri, M.E., 1983. Diversity of metabolic patterns in human
brain tumors: enzymes of energy metabolism and related metabolites
and cofactors. J. Neurochem. 41, 994–1010.

Nakao, Y., Itoh, Y., Kuang, T.Y., Cook, M., Jehle, J., Sokoloff, L., 2001.
Effects of anesthesia on functional activation of cerebral blood flow
and metabolism. Proc. Natl. Acad. Sci. U.S.A. 98, 7593–7598.

Nelson, T., Kaufman, E.E., Sokoloff, L., 1984. 2-Deoxyglucose incor-
poration into rat brain glycogen during measurement of local cerebral
glucose utilization by the 2-deoxyglucose method. J. Neurochem. 43,
949–956.

Ordidge, R.J., Connelly, A., Lohman, J.A.B., 1986. Image-selected in
vivo spectroscopy (ISIS): a new technique for spatially selective NMR
spectroscopy. J. Magn. Reson. 66, 283–294.

Petit, J.M., Tobler, I., Allaman, I., Borbely, A.A., Magistretti, P.J., 2002.
Sleep deprivation modulates brain mRNAs encoding genes of glycogen
metabolism. Eur. J. Neurosci. 16, 1163–1167.

Shaka, A.J., Keeler, J., Freeman, R., 1983. Evaluation of a new braodband
decoupling scheme: Waltz-16. J. Magn. Reson. 53, 313–340.

Shen, J., Petersen, K.F., Behar, K.L., Brown, P., Nixon, T.W., Mason,
G.F., Petroff, O.A., Shulman, G.I., Shulman, R.G., Rothman, D.L.,
1999. Determination of the rate of the glutamate/glutamine cycle in
the human brain by in vivo13C NMR. Proc. Natl. Acad. Sci. U.S.A.
96, 8235–8240.



G. Öz et al. / Neurochemistry International 43 (2003) 323–329 329

Shimizu, N., Hamuro, Y., 1958. Deposition of glycogen and changes in
some enzymes in brain wounds. Nature 181, 781–782.

Shulman, R.G., Rothman, D.L., 2001.13C NMR of intermediary
metabolism: implications for systemic physiology. Annu. Rev. Physiol.
63, 15–48.

Shulman, G.I., Rothman, D.L., Jue, T., Stein, P., DeFronzo, R.A., Shulman,
R.G., 1990. Quantitation of muscle glycogen synthesis in normal sub-
jects and subjects with non-insulin-dependent diabetes by13C nuclear
magnetic resonance spectroscopy. New Engl. J. Med. 322, 223–228.

Sorg, O., Magistretti, P.J., 1992. Vasoactive intestinal peptide and
noradrenaline exert long-term control on glycogen levels in astrocytes:
blockade by protein synthesis inhibition. J. Neurosci. 12, 4923–4931.

Swanson, R.A., 1992. Physiologic coupling of glial glycogen metabolism
to neuronal activity in brain. Can. J. Physiol. Pharmacol. 70, S138–
S144.

Swanson, R.A., Choi, D.W., 1993. Glial glycogen stores affect neuronal
survival during glucose deprivation in vitro. J. Cereb. Blood Flow
Metab. 13, 162–169.

Swanson, R.A., Sagar, S.M., Sharp, F.R., 1989. Regional brain glycogen
stores and metabolism during complete global ischaemia. Neurol. Res.
11, 24–28.

Swanson, R.A., Yu, A.C., Chan, P.H., Sharp, F.R., 1990. Glutamate
increases glycogen content and reduces glucose utilization in primary
astrocyte culture. J. Neurochem. 54, 490–496.

Swanson, R.A., Morton, M.M., Sagar, S.M., Sharp, F.R., 1992. Sensory
stimulation induces local cerebral glycogenolysis: demonstration by
autoradiography. Neuroscience 51, 451–461.

Van Den Bergh, A.J., Tack, C.J., Van Den Boogert, H.J., Vervoort, G.,
Smits, P., Heerschap, A., 2000. Assessment of human muscle glycogen
synthesis and total glucose content by in vivo13C MRS. Eur. J. Clin.
Invest. 30, 122–128.

Watanabe, H., Passonneau, J.V., 1973. Factors affecting the turnover of
cerebral glycogen and limit dextrin in vivo. J. Neurochem. 20, 1543–
1554.

Wender, R., Brown, A.M., Fern, R., Swanson, R.A., Farrell, K., Ransom,
B.R., 2000. Astrocytic glycogen influences axon function and survival
during glucose deprivation in central white matter. J. Neurosci. 20,
6804–6810.

Wiesinger, H., Hamprecht, B., Dringen, R., 1997. Metabolic pathways for
glucose in astrocytes. Glia 21, 22–34.


	Direct, noninvasive measurement of brain glycogen metabolism in humans
	Introduction
	Experimental procedures
	Subjects
	MR spectroscopy

	Results
	Discussion
	Acknowledgements
	References


