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Cerebral glycogen in humans following
acute and recurrent hypoglycemia:
Implications on a role in hypoglycemia
unawareness
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Abstract

Supercompensated brain glycogen levels may contribute to the development of hypoglycemia-associated autonomic failure

(HAAF) following recurrent hypoglycemia (RH) by providing energy for the brain during subsequent periods of hypogly-

cemia. To assess the role of glycogen supercompensation in the generation of HAAF, we estimated the level of brain

glycogen following RH and acute hypoglycemia (AH). After undergoing 3 hyperinsulinemic, euglycemic and 3 hyperinsuli-

nemic, hypoglycemic clamps (RH) on separate occasions at least 1 month apart, five healthy volunteers received

[1-13C]glucose intravenously over 80þ h while maintaining euglycemia. 13C-glycogen levels in the occipital lobe were

measured by 13C magnetic resonance spectroscopy at �8, 20, 32, 44, 56, 68 and 80 h at 4 T and glycogen levels estimated

by fitting the data with a biophysical model that takes into account the tiered glycogen structure. Similarly, prior 13C-

glycogen data obtained following a single hypoglycemic episode (AH) were fitted with the same model. Glycogen levels did

not significantly increase after RH relative to after euglycemia, while they increased by �16% after AH relative to after

euglycemia. These data suggest that glycogen supercompensation may be blunted with repeated hypoglycemic episodes.

A causal relationship between glycogen supercompensation and generation of HAAF remains to be established.
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Introduction

Hypoglycemia is a common event in the lives of
patients with type 1 and advanced type 2 diabetes
who receive insulin or insulin secretagoges as therapy
for their disease. Patients who experience recurrent
episodes of hypoglycemia often develop hypoglyce-
mia-associated autonomic failure (HAAF), a clinical
syndrome in which the first symptom of hypoglycemia
is confusion or loss of consciousness.1,2 Approximately
20% of patients with type 1 diabetes have impaired
awareness of hypoglycemia3 and the fear of HAAF pre-
vents many patients with diabetes from achieving the
glycemic goals known to reduce the risk of developing
the microvascular complications of the disease.4,5

The mechanisms responsible for HAAF remain
uncertain and may include alterations in glucose
uptake or metabolism by the brain, the use of alternate
fuels and changes in hypothalamic neurotransmitter
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release among others.6 Upregulated fuel availability to
the brain, in the form of glucose or alternative fuels,
can result in a failure to detect systemic hypoglycemia,
i.e. the ‘‘unawareness’’ component of HAAF.
Therefore glycogen, the sole glucose reservoir in the
brain, is thought to be involved in the pathophysiology
of HAAF. Specifically, increased brain glycogen con-
tent above normal levels, a phenomenon termed super-
compensation, following recurrent hypoglycemia (RH)
has been proposed to play a role in the development of
HAAF by facilitating maintenance of cerebral substrate
availability, which may contribute to the blunting of
the counter-regulatory hormone response during subse-
quent episodes of hypoglycemia.7,8 Consistently, glyco-
gen is mobilized to support cerebral energy metabolism
during hypoglycemia in rodents,7,9–11 humans,8 and
lower vertebrates.12 Furthermore, evidence indicating
brain glycogen supercompensation was reported
following systemic hypoglycemia in rodents,7,11 lower
vertebrates,12 and humans,8 after recurrent 2-deoxy-D-
glucose-induced neuroglucopenia in rats13 and after
prolonged exercise in rats.14 Note however that not
all studies confirmed glycogen supercompensation fol-
lowing acute and recurrent hypoglycemia.10

To assess the role of glycogen supercompensation in
the generation of HAAF in humans, we have previ-
ously used 13C magnetic resonance spectroscopy
(MRS) in conjunction with intravenous (IV) adminis-
tration of 13C-glucose and demonstrated increased rates
of glycogen synthesis after an acute hypoglycemic (AH)
episode in healthy volunteers, suggesting glycogen
supercompensation.8 We then used the same method-
ology to investigate cerebral glycogen metabolism in
patients with type 1 diabetes and hypoglycemia
unawareness and found that these patients do not
have higher brain glycogen levels than healthy controls,
suggesting that glycogen supercompensation does not
contribute to the development of HAAF in the setting
of type 1 diabetes.15 However, in that study, the pres-
ence of diabetes itself or the relative hyperinsulinemia
seen in the control group relative to the group with
diabetes may have altered glycogen content/metabol-
ism, thereby confounding the findings regarding the
response to RH.

Therefore, in the current study, we investigated
glycogen supercompensation in healthy volunteers
who were preconditioned with RH (a HAAF model)
in order to distinguish the effects of HAAF alone
from those of diabetes. We then estimated the level of
brain glycogen supercompensation following RH using
13C MRS. As a control for insulin exposure, these vol-
unteers were exposed to the same degree of hyperinsu-
linemia during hypoglycemia and euglycemia pre-
conditioning and generated appropriate insulin secre-
tory responses during the 13C-glucose infusion period.

We further compared the level of brain glycogen super-
compensation following RH to that following AH in
healthy humans.8 To estimate glycogen content follow-
ing RH and AH, data were fitted with a biophysical
model that takes into account the tiered glycogen
structure.16,17

Materials and methods

Subjects

Five healthy male subjects (age 41� 9 years, BMI
27� 2 kg/m2) were studied after giving informed
consent using procedures approved by the University
of Minnesota Institutional Review Board: Human
Subjects Committee. All procedures performed were
in accordance with the 1975 Helsinki declaration and
its later amendments. Exclusion criteria included his-
tory of ischemic heart disease, arrhythmia, seizure dis-
order, and being on medications known to alter blood
flow or carbohydrate metabolism in addition to MR
safety criteria (claustrophobia, weight over 300
pounds, and presence of paramagnetic metal in the
body). Subjects were asked to avoid strenuous exercise
from the day before the start of the protocol through to
the completion on day 5.

Experimental design

To induce HAAF in healthy volunteers (RH protocol),
subjects underwent two hypoglycemic clamps in the
morning and afternoon on day 1 and a third hypogly-
cemic clamp in the morning on day 2 (Figure 1), as
described below. This protocol with three 2-h hypogly-
cemic, hyperinsulinemic clamps was shown to robustly
induce HAAF in healthy subjects.18 Control experi-
ments (euglycemic preconditioning) included three 2-h
euglycemic clamps at the same times of day. The eugly-
cemic preconditioning data from these subjects were
previously utilized to optimize the fitting parameters
of the novel biophysical model and to estimate glyco-
gen content in the healthy human brain.17 All subjects
underwent both euglycemic and hypoglycemic precon-
ditioning experiments in random order, separated by at
least 1 month, to allow paired comparisons between the
protocols. Approximately 2 h after the end of the third
clamp on day 2, [13C]glucose administration began with
a 20 g bolus of [1-13C]glucose (Cambridge Isotope
Laboratories, Andover, MA, USA, prepared as 20%
weight/volume D-glucose in water with 50% enrich-
ment), which was then followed by a continuous infu-
sion of [1-13C]glucose (prepared as 20% weight/volume
D-glucose in water with 25% enrichment) adjusted to
maintain blood glucose at euglycemia (�90mg/dL) for
80þ h (Figure 1). Samples for blood glucose, insulin,
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and isotopic enrichment (IE) were obtained every
10–60min. 13C glycogen levels in the occipital lobe
were measured at �8, 20, 32, 44, 56, 68, and 80 h.
The spectroscopist (GÖ) and modeler (MDN) were
blinded to the preconditioning status of the subjects
during data acquisition, quantification, and kinetic
modeling. During the [13C]glucose infusion subjects
received breakfast, lunch, and dinner with mid-
morning, mid-afternoon, and bedtime snacks if desired.
Each meal and snack had no more than 30 g of
carbohydrates.

For the AH study, data obtained previously8 from
healthy volunteers with similar age and BMI character-
istics following single euglycemic and hypoglycemic
clamps were used; procedures used for each type of
clamp were the same for both AH and RH studies.

Euglycemic and hypoglycemic preconditioning

Preconditioning studies included 2-h clamps in the
morning (8:00–10:00 AM) and afternoon (12:00–
2:00 pm) of day 1 and a third clamp on the morning
(8:00–10:00 AM) of day 2, as described previously.18

Briefly, subjects arrived at the Clinical and
Translational Science Institute in the morning after an
overnight fast. For the clamps, insulin was adminis-
tered IV at a rate of 2.0mU/kg min and potassium
phosphate administered at a rate of 4mEq/h.
Arterialized blood samples were collected every 5min
for the measurement of plasma glucose. For hypogly-
cemic clamps, plasma glucose was allowed to fall to
50mg/dL and then maintained at this level by a vari-
able infusion of 20% dextrose. For euglycemic clamps,
plasma glucose was maintained at �90mg/dL.
Approximately 2 h after starting insulin, the insulin
and potassium were discontinued and the blood glucose
was normalized with 20% dextrose infusion. Samples

for glucagon, epinephrine, norepinephrine, and cortisol
were drawn at baseline (30min after the placement of
the last IV catheter) and at minutes 60, 90, and 120
after starting insulin during the first and third clamps.

After the first and third clamps, hypoglycemia symp-
toms were quantified by using a previously validated
questionnaire.19 Subjects were asked to score from 0
(none) to 6 (severe) each of 12 symptoms: six auto-
nomic symptoms (heart pounding, shaky/tremulous,
nervous/anxious, sweaty, hungry, tingling) and six
neuroglycopenic symptoms (difficulty thinking, tired/
drowsy, weak, warm, faint, dizzy).

Laboratory analyses

Plasma glucose concentration was measured in dupli-
cates during the clamps and MR scanning using an
Analox machine (Analox Instruments, Lunenburg,
MA). Serum insulin concentrations were obtained by a
chemiluminescent assay (Immulite, Diagnostic Products
Corporation, Los Angeles, CA, USA), and the IE of the
plasma glucose by gas-chromatography-mass spectrom-
etry as described previously.20 Counterregulatory hor-
mones were assayed at the Vanderbilt Diabetes
Research and Training Center core laboratory. Plasma
epinephrine and norepinephrine were measured by high-
performance liquid chromatography (Dionex, formerly
ESA, Inc.). Radioimmunoassay was used to measure
plasma cortisol (Diagnostic Products Corporation, Inc)
and glucagon (Millipore, Merck).

MR protocol
13C-glycogen levels in the brain were measured using
methods described before.21 Briefly, measurements
were performed on a 4 T magnet (Oxford Magnet
Technology Inc., Witney, UK) interfaced to an

Figure 1. Recurrent hypoglycemia study protocol. Timing of clamps and MR scans is approximate. Time¼ 0 corresponds to the IV

administration of 13C-glucose bolus.

Öz et al. 2885



Agilent DirectDrive console (Agilent Technologies,
Santa Clara, CA, USA) using a quadrature 14 cm
1H surface coil combined with a 9 cm diameter linear
13C coil.22 Voxel placement was based on axial
multi-slice RARE images (repetition time (TR)¼ 4 s,
echo train length¼ 8, echo time (TE)¼ 60ms).
The [1-13C]glycogen signal was obtained from a
7� 5� 6 cm3 voxel in the occipital lobe by 3-D outer
volume suppression combined with 1-D image-selected
in vivo spectroscopy.21 Each data point presented was
acquired over 30min; the time points given for each
data point are mid-way through the glycogen data
acquisition. The amount of 13C label in the C1 position
of glycogen was quantified by the external reference
method.21,23 All 13C-glycogen levels were corrected for
the cerebrospinal fluid (CSF) content of the voxel as
described before.24 For the AH study data, % CSF
was set to 12%, the average value obtained from the
five subjects in the current study.

Modeling

To estimate glycogen concentration after RH and AH,
13C-glycogen data were fitted with a biophysical model
that takes into account the tiered structure of the glyco-
gen molecule.16 Details of how the model was fitted to
data from the control (euglycemic preconditioning) stu-
dies was described in a prior article.17 Briefly, the model
records the position of every glucosyl residue within an
individual glycogen molecule. Addition and removal of
each residue follows the established mechanisms under-
lying the action of glycogen synthase/glycogen branch-
ing enzyme and glycogen phosphorylase/glycogen
debranching enzyme, respectively. The rate of glycogen
synthesis and degradation vary non-linearly with the
size of the glycogen molecule being subject to the

available space for enzyme activity (steric effects) on
the molecular surface. The model takes as input par-
ameters the plasma glucose IE (to establish the prob-
ability of incorporation of labeled vs. unlabeled
glucosyl residues), as well as the plasma glucose con-
centration (to determine the variations in the reaction
rate of glycogen synthase).

Statistical analysis

Summary statistics and paired t-tests were used to com-
pare mean plasma glucose and counterregulatory hor-
mone levels and symptom scores between the first and
third clamps during the preconditioning protocols.
Total tissue glycogen content was determined by multi-
plying the overall number of residues in the model
glycogen molecule by the coefficient obtained from
least-square fitting between simulated and experimental
data. Statistical errors on the glycogen estimate were
calculated as standard deviation of the fit residuals.
Comparisons of glycogen content between either RH
or AH vs. euglycemic preconditioning groups were per-
formed using paired one-tailed t-tests. Group data were
shown as mean� standard error (SEM) and threshold
for statistical significance was set to p< 0.05.

Results

Euglycemic and hypoglycemic preconditioning

Mean plasma glucose concentrations during the three
euglycemic clamps were well matched (Figure 2,
Table 1). Similarly, mean plasma glucose concentra-
tions achieved during the hypoglycemic plateaus were
similar during all hypoglycemic clamps. The hypogly-
cemic preconditioning protocol induced HAAF in all

Figure 2. Plasma glucose levels (mean� SEM) during the clamps in the euglycemic and hypoglycemic preconditioning studies.
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volunteers, as evidenced by a blunted epinephrine and
cortisol response during the third relative to the first
hypoglycemic clamp (Table 1, Figure 3). During the
hypoglycemic clamp studies, participants experienced
symptoms that were blunted at the third vs. the first
hypoglycemic clamp in three out of five subjects, insuf-
ficient for a statistically significant difference in this
small cohort (Table 1).

Glycogen supercompensation
following recurrent hypoglycemia

Four of the five subjects completed the 5-day protocol
(Figure 1) after both eu- and hypoglycemic precondi-
tioning. The [1-13C]glucose infusion had to be stopped
after 29 h due to complications with the IV line in the
euglycemic preconditioning study of one subject.
Plasma glucose and insulin levels and [1-13C]glucose
enrichments were well matched between the eu- and
hypoglycemic preconditioning studies; euglycemia and
physiologic insulin levels were maintained throughout
the 13C-glucose infusion in all studies (Figure 4). Time
dependent plasma glucose concentrations and enrich-
ments were incorporated in the modeling of the data
and resulted in good correspondence between experi-
mental and simulated time courses for label incorpor-
ation into glycogen at single subject level (Figure 5).
Figure 5(a) shows the 13C-glycogen time courses for
the subject in whom induction of HAAF was most
robust, including blunting of all four hormones and
symptom scores, at the third vs. first hypoglycemic
clamp. These data demonstrate the similarity of
13C-labeling of glycogen following the eu- and hypogly-
cemic preconditioning protocols. Consistently, esti-
mated glycogen level was not significantly higher
following the RH protocol than the recurrent euglyce-
mia protocol based on a paired comparison in all sub-
jects who completed both protocols (Figure 5(a)).

Glycogen supercompensation
following acute hypoglycemia

Data obtained after a single euglycemic or hypogly-
cemic clamp in five other subjects from a prior article8

were fitted using the same biophysical model.
Consistent with the higher 13C-labeling of glycogen fol-
lowing the hypoglycemic than the euglycemic clamp,
estimated glycogen concentration was 16� 4%
(mean� SEM) higher following a single hypoglycemic
episode than a euglycemic episode (Figure 5(b)). This
result was consistent with the conclusion in the previous
study,8 where we had compared the 13C glycogen levels
without using a biophysical model.

Discussion

Here we demonstrated that glycogen levels in the
healthy human brain increase after single, but not
recurrent, episodes of systemic hypoglycemia. These
data show that the level of cerebral glycogen supercom-
pensation is affected by the number of hypoglycemic
episodes encountered and hence suggest that glycogen
supercompensation is blunted with repeated hypogly-
cemic episodes.

Using similar 13C MRS methods in conjunction with
IV 13C-glucose administration, we have previously
shown that bulk brain glycogen turnover is slow both
in healthy volunteers23,25 and in subjects with type 1
diabetes,15 necessitating several-day long infusions for
reliable measurement of brain glycogen metabolism
and estimation of its content in humans. The duration
of 13C-glucose administration was even longer in the
current study than our earlier studies8,15,25 and,
together with the application of a novel biophysical
model, revealed cerebral glycogen levels higher than
previous estimates in control experiments.17 The
demanding design of the studies, which required a

Table 1. Comparison of counterregulatory hormones and symptom response during final 30 min of first and third clamps during

euglycemic and hypoglycemic preconditioning studies (mean� SEM between subjects, N¼ 5 in each group).

Hypoglycemic preconditioning Euglycemic preconditioning

Clamp #1 Clamp #3 p value* Clamp #1 Clamp #3 p value*

Plasma glucose (mg/dL) 54� 2 53� 1 0.52 95� 1 97� 2 0.41

Epinephrine (pg/mL) 538� 119 277� 60 0.04 67� 57 36� 20 0.46

Norepinephrine (pg/mL) 375� 118 296� 82 0.23 231� 47 209� 34 0.36

Glucagon (pg/mL) 82� 21 56� 10 0.09 23� 8 22� 8 0.90

Cortisol (mg/dL) 40.9� 4.1 28.2� 4.9 0.02 13.9� 2.4 12.8� 1.7 0.46

Total symptom score 14.9� 4.2 12.9� 3.7 0.68 6.5� 2.8 6.1� 3.5 0.80

Plasma glucose data were averages from seven blood samples obtained from 90 to 120 min in each individual. Hormone and symptom score data

represent an average of 90 and 120 min data. *Paired, two-tailed t-test.
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Figure 3. Plasma hormone concentrations during the first and third clamps in the hypoglycemic (left) and euglycemic (right)

preconditioning studies. Error bars are SEM.
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2-week commitment from volunteers to complete the
paired experiments (Figure 1), limits the sample size.
However, the repeated 13C-glycogen measurements in
each individual and the fact that each volunteer serves
as their own control allow the observation of statistic-
ally significant differences in glycogen labeling in
response to euglycemic vs. hypoglycemic stimuli with
this sample size.8

In the current study, the physiological status of the
volunteers, including blood glucose levels during the
preconditioning clamps (Figure 2) and blood glucose,
insulin, and glucose IE during the 80þ h long infusions
(Figure 4), was well matched between the eu- and hypo-
glycemic preconditioning studies of all participants,

allowing a robust comparison of the paired experi-
ments. HAAF was also induced successfully in all vol-
unteers, based on the hormonal response during the
third vs. the first clamp (Figure 3). Consistent with
prior observations,18 epinephrine and cortisol responses
were blunted the most with this RH protocol, while the
norepinephrine and glucagon responses only showed
trends. Furthermore, based on our previous observa-
tions, we expect that this blunting of the counterregu-
latory response to persist throughout the 13C-glucose
infusion period.18

In comparing the 13C-gycogen labeling following RH
and AH, the difference in outcomes was apparent by
visual inspection of the raw data, even prior to modeling
(Figure 5). Namely, 13C-gycogen levels were clearly
higher following AH vs. euglycemia, as we had also
previously reported,8 while there was no noticeable dif-
ference in glycogen labeling following RH vs. recurrent
euglycemia. Glycogen supercompensation following
AH, and not following RH, was then confirmed upon
estimating glycogen content with a biophysical model.

There is extensive evidence for brain glycogen super-
compensation following metabolic stressors, including
hypoglycemia, from animal literature. Namely, brain
glycogen was found to be supercompensated in rats
following transient ischemia, transient hypoglycemic
coma, and methionine sulfoximine induced seizures,26

in rats subjected to transient systemic hypoxia,27 in rats
after transient neuroglucopenia upon intracerebroven-
tricular injection of 2-deoxy-D-glucose,13 in mice
recovering from hypoglycemia,11 in rats after exhaust-
ive exercise,14 and in the rainbow trout after hypogly-
cemia induced by prolonged fasting.12 In addition, a
13C MRS study indicated glycogen supercompensation
in the rat brain following insulin-induced hypogly-
cemia.7 In the one study where brain glycogen super-
compensation was not detected after acute and
recurrent hypoglycemia,10 brain glucose levels were
not restored after insulin-induced hypoglycemia, as
was done in all other studies that detected glycogen
supercompensation in the brain. Therefore, brain
glycogen supercompensates in animal brain after hypo-
glycemia as long as the blood and brain glucose are
restored following the insult. Another common obser-
vation in these studies is the transient nature of glyco-
gen supercompensation.11,12,14 Importantly, the level of
glycogen supercompensation appears dependent on the
intensity of the metabolic stress and how much glyco-
gen is mobilized during the metabolic insult: Thus,
glycogen supercompensation occurred only after pro-
longed, but not after short, fasting in the rainbow
trout.12 Consistently, the percentage of brain glycogen
supercompensation after exhaustive exercise positively
correlated with the percentage of glycogen decrease
noted during exercise across different brain regions in

Figure 4. Time courses of average (�SEM) plasma glucose,

serum insulin and plasma 13C isotopic enrichment (IE) levels

during IV infusions of [1-13C]glucose following recurrent eugly-

cemic (blue) and recurrent hypoglycemic (red) preconditioning in

five healthy volunteers.
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rats.14 Finally, repeated episodes of the metabolic stress
may lead to a blunting of the glycogen supercompensa-
tion response: In exercise trained rats, glycogen levels
were higher than controls only in two of five brain
regions examined and to a much smaller degree than
after acute exercise (7% in cortex and 9% in hippocam-
pus after exercise training vs. 60% and 33%, respect-
ively, following a single bout of exercise).14 Together
these animal studies show that glycogen supercompen-
sation transiently occurs in response to metabolic stres-
sors, its extent is dependent on the intensity of the stress
(e.g. duration and depth of hypoglycemia) and it dam-
pens with recurrent episodes of the stressor. Our study
showed that human brain glycogen supercompensation
also occurs following an episode of hypoglycemia and
is blunted with repeated episodes. This blunting effect is
consistent with normal stress adaptation in healthy
organisms.28 Perhaps glycogen supercompensation fol-
lowing the first one or two episodes provides sufficient
extra fuel during the third episode, thereby reducing the
need for further supercompensation at that time.
Alternatively, glycogen supercompensation following
acute hypoglycemia might support an adaptive response
to the stress of hypoglycemia that allows a subsequent
episode to be tolerated. Future experimentation is

needed to address these possibilities and determine
whether there is a causal relationship between glycogen
supercompensation and generation of HAAF. It is pos-
sible that the primary metabolic adaptation to recurrent
hypoglycemia that results in HAAF involves increased
glucose uptake10,29,30 or lactate transport31,32 rather than
glycogen supercompensation.

One limitation of our study is that the AH data were
acquired several years prior to the RH data; however,
identical MR methods were used and each study had its
euglycemic control experiments. In the RH study, we
maintained systemic euglycemia (95–100mg/dL) during
13C-glucose infusions, while in the AH study, blood
glucose during the 13C-glucose administration was
slightly above euglycemia (115mg/dL), a small differ-
ence insufficient to explain the substantial difference in
the glycogen response in the two studies. We also esti-
mated somewhat higher total glycogen levels in the RH
study versus the AH study (Figure 5). Although the
repeated insulin exposure during the three clamps in
the RH study (vs. the one clamp in the AH study)
prior to 13C-glucose administration (Figure 1) may
have contributed to glycogen deposition in the brain,
substantial glycogen synthesis due to insulin exposure
during the two additional 2-h long clamps the day

Figure 5. 13C-glycogen time courses and glycogen content estimates in the (a) recurrent hypoglycemia (current data) and (b) acute

hypoglycemia (data from Öz et al.8) studies. Least-square fitting between experimental data and molecular-level simulations are shown

in data from individual subjects. The error bars on experimental data have been estimated at 0.15 mmol/g. Glycogen content estimate

(mean� SEM) from N¼ 4 in (a) and from N¼ 5 in (b). *p< 0.05, paired, one-sided t-test.
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before 13C-glucose administration is unlikely. Indeed,
while intracisternal administration of insulin increases
brain glycogen levels,33,34 brain glucose or glycogen
does not seem to increase after systemic administration
of glucose and insulin,33 at least with short (1.5 h) admin-
istrations in rodents.35 Consistently, systemic insulin was
reported to mainly increase brain glycogen turnover
rather than concentration using 13C MRS.36 Finally, in
conditions associated with glycogen deposition in the
brain, the ratio of brain-to-plasma glucose was found to
be increased35 and infusion of insulin during constant
hyperglycemia does not affect the brain-to-plasma glu-
cose ratio in humans.37 Therefore, the higher glycogen
levels estimated in the RH study are likely related to
other aspects of the studies, such as the length of the
13C-glucose infusions and the inclusion of wash-in and
wash-out periods in the modeling (described below). In
any case, this difference does not impact our main con-
clusions due to the availability of the euglycemic control
data to compare with the hypoglycemic data of the same
individuals who participated in each study.

The principal modeling-related limitation is that we
assumed the same molecular turnover (i.e. 40 residues
per minute17) during all conditions. Although repeated
episodes of hypoglycemia might result in alterations of
glycogen metabolism, we did not observe any difference
in the goodness-of-fit (i.e. estimate of molecular turn-
over) between euglycemic and hypoglycemic conditions
(data not shown). However, given our limited sample
size, we emphasize that the modeling strategy we uti-
lized needs further validation in animal studies as
enzyme activities may be different in altered glycemic
states.38,39 Another limitation relates to the different
protocols of AH (wash-in/wash-out periods) and RH
(only wash-in period) studies. Figure 5 shows that in
the AH study simulated data match experimental meas-
urements more consistently during the infusion (wash-
in period) than after cessation of infusion (wash-out
period). However, constraining the fit on the sole
wash-in data did not result in statistically significant
differences from the results obtained by fitting both
wash-in and wash-out periods (data not shown).
Namely, estimated glycogen supercompensation was
18� 3% after AH vs. euglycemia when only the
wash-in data were fitted (p< 0.01). Note that even if
the estimate of total glycogen content may be biased
by the above-mentioned limitations, the main conclu-
sions of the present work are unaffected. Indeed, they
are based on % differences resulting from consistent
simulations performed on euglycemic vs. hypoglycemic
datasets (either for RH and AH studies). Finally,
although this is currently the most detailed model of
glycogen turnover, many factors, in particular during
non-physiological conditions, can contribute to chan-
ging the label incorporation into the glycogen molecule.

In summary, we conclude that glycogen supercom-
pensation occurs following moderate hypoglycemia in
the human brain, and that repeated hypoglycemia
exposure appears to blunt this response. This may
also explain why glycogen levels are not higher in
patients with type 1 diabetes and hypoglycemia
unawareness than controls.15 Whether glycogen super-
compensation following the first hypoglycemic episodes
contributes to the generation of HAAF remains to be
investigated in future studies.
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24. Öz G, Hutter D, Tkáč I, et al. Neurochemical alterations

in spinocerebellar ataxia type 1 and their correlations

with clinical status. Mov Disord 2010; 25: 1253–1261.
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