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Brain glycogen stored in astrocytes provides lactate as an energy
source to neurons through monocarboxylate transporters (MCTs) to
maintain neuronal functions such as hippocampus-regulated memory
formation. Although prolonged exhaustive exercise decreases brain
glycogen, the role of this decrease and lactate transport in the
exercising brain remains less clear. Because muscle glycogen fuels
exercising muscles, we hypothesized that astrocytic glycogen plays an
energetic role in the prolonged-exercising brain to maintain endur-
ance capacity through lactate transport. To test this hypothesis, we
used a rat model of exhaustive exercise and capillary electrophoresis-
mass spectrometry–based metabolomics to observe comprehensive
energetics of the brain (cortex and hippocampus) and muscle (plan-
taris). At exhaustion, muscle glycogen was depleted but brain glyco-
genwas only decreased. The levels of MCT2, which takes up lactate in
neurons, increased in the brain, as did muscle MCTs. Metabolomics
revealed that brain, but not muscle, ATP was maintained with lactate
and other glycogenolytic/glycolytic sources. Intracerebroventricular
injection of the glycogen phosphorylase inhibitor 1,4-dideoxy-1,4-
imino-D-arabinitol did not affect peripheral glycemic conditions
but suppressed brain lactate production and decreased hippocampal
ATP levels at exhaustion. An MCT2 inhibitor, α-cyano-4-hydroxy-
cinnamate, triggered a similar response that resulted in lower endur-
ance capacity. These findings provide direct evidence for the energetic
role of astrocytic glycogen-derived lactate in the exhaustive-exercising
brain, implicating the significance of brain glycogen level in endurance
capacity. Glycogen-maintained ATP in the brain is a possible defense
mechanism for neurons in the exhausted brain.

brain glycogen | lactate transport | ATP | endurance capacity |
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Glucose derived from blood is the primary energy source for
generating ATP in the brain, but an important energy re-

serve is brain glycogen synthesized from glucose in astrocytes (1).
Astrocytic glycogen is broken down through glycogenolysis/glycoly-
sis to produce lactate as a neuronal energy substrate transported by
monocarboxylate transporters (MCTs) (2). Indeed, brain glycogen
decreases during memory tasks (3) and in some physiologically
exhaustive conditions such as sleep deprivation (4) and hypoglyce-
mia (5). The genetic/pharmacologic inhibitions of glycogenolysis
and/or lactate transport impair neuronal survival under severe hy-
poglycemia, as well as axon transmission and hippocampus-related
memory formation (6–8). Therefore, astrocytic glycogen-derived
lactate is a critical energy source for meeting brain energy de-
mands for neuronal functions and/or survival.
Although less than for exercising muscles, physical exercise

activates brain neurons and increases brain energy demand (9).
Blood glucose and lactate contribute to brain energetics during
moderate or intense exercise (10, 11). Muscle glycogen is an
important energy for maintaining muscle contraction during
endurance exercise (12), however, the role of brain glycogen
during exercise remains uncertain. We have reported a decrease

in brain glycogen in the cortex, hippocampus, hypothalamus,
cerebellum, and brainstem during prolonged exhaustive exercise
associated with lactate elevation (13, 14). Furthermore, prolonged,
but not exhaustive, exercise increases levels of hippocampal MCT2
(15), which transports lactate to neurons as MCT1 does to exer-
cising muscles (16). Although untested, it is thus postulated that the
lactate derived from astrocytic glycogen plays a role in brain ener-
getics to maintain endurance capacity during prolonged exercise, as
is the case for memory formation in the hippocampus (6).
Notably, brain glycogen decreases, but is not fully depleted, under

exhaustive conditions such as sleep deprivation (4) and hypoglyce-
mia (5). We observed the same phenomenon in the exercise-
exhausted rat brain (13, 14), whereas muscle glycogen was almost
fully depleted with ATP reduction (17). In contrast, insulin-induced
severe hypoglycemia elicits depletion of brain glycogen and reduces
brain ATP, resulting in neuronal death in the hippocampus (18).
Epileptic seizures also induce neuronal death caused by brain ATP
decrease (19), and lead to hippocampal-related memory dysfunc-
tion (20). Further, lactate plays a neuroprotective role against
excitotoxic and ischemic damage through ATP production (21, 22).
We thus hypothesized that the astrocytic glycogen-derived lactate
acts to maintain brain ATP levels during exhaustive exercise,
thereby contributing to endurance capacity.

Significance

Muscle glycogen fuels exercising muscles to sustain endurance
capacity. The brain also stores glycogen in astrocytes to produce
lactate as an energy source transported to active neurons via the
monocarboxylate transporter MCT2. Although physical exercise
activates brain neurons and increases their energy demand, the
energetic role of astrocytic glycogen in the exercising brain re-
mains unknown. To address this issue, we used a rat model of
prolonged exhaustive exercise, microwave irradiation of brains,
metabolomics, and intracerebroventricular injection of inhibitors
of glycogenolysis and MCT2. Our findings provide direct evidence
that lactate derived from astrocytic glycogen fuels the prolonged-
exercising brain to maintain endurance capacity. This new per-
spective on brain energetics during endurance exercise could lead
to better strategies for endurance performance.
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To test this hypothesis, we used a rat model of prolonged ex-
haustive exercise and high-power microwave irradiation for accurate
detection of brain metabolism (10 kW) (4, 14). First, glycogen and
MCT proteins were measured in the brain and skeletal muscles of
exhausted rats to confirm the validity of exhaustion. Next, we used
metabolomics by capillary electrophoresis-mass spectrometry (CE-
MS) to characterize metabolic profiles associated with ATP syn-
thesis (glycolysis, TCA cycle, and purine metabolism) in the brain
(hippocampus and cortex) and plantaris muscle. Finally, we exam-
ined the inhibitory effects of brain glycogen phosphorylase and
lactate transport via MCT2 on brain ATP and endurance capacity
during exhaustive exercise.

Results
Prolonged Exhaustive Exercise Decreases Glycogen and Increases
MCT2 Protein in the Brain. Rats were exercised on the treadmill
until exhaustion (20 m/min; time to exhaustion 84.4 ± 2.9 min).
Blood lactate was significantly increased and glucose levels were
significantly decreased compared with the sedentary group (P <
0.01) (Fig. 1 A and B). Blood ketone body (β-hydroxybutyrate)
levels increased (P < 0.01) (Fig. 1C). Exhaustive exercise also
caused a depletion (decrease by 97.3%) of muscle glycogen levels
(P < 0.01) (Fig. 1D). Brain glycogen levels in the cortex and hip-
pocampus were decreased by 75.1 and 66.3%, respectively (P <
0.01) (Fig. 1E), but the depletion seen in skeletal muscle did not
occur in the brain (Fig. 1F). Concomitantly, MCT2 protein levels in
the cortex and hippocampus increased with exhaustive exercise (P <
0.05), similar to the increases in MCT proteins observed in skeletal
muscle (Fig. 2 A–E). GLUT1 and 3 protein levels increased only in
the cortex and GLUT4 increased in muscles (Fig. 2).

Lactate Increases in Prolonged Exercise-Exhausted Brains but Not in
Muscle. Metabolomics measured 159, 183, and 182 metabolites
and revealed that 76, 79, and 72 metabolites were changed sig-
nificantly in the plantaris muscle, cortex, and hippocampus, re-
spectively, with exhaustive exercise. Principal component analysis
and hierarchical cluster analysis clearly indicated the difference
in metabolic profiles between sedentariness and exhaustion in all
tissues (Fig. S1).
The glycolysis map of the plantaris muscle after exhaustive ex-

ercise showed depletion of glycogen and glucose and almost total
depletion of glycolytic sources and lactate (P < 0.05) (Fig. 3A).
However, TCA-cycle sources increased (P < 0.05) (Fig. 3B), sug-
gesting the contribution of β-oxidation of lipids lacking in the brain.
Maps of the cortex and hippocampus revealed a decrease in gly-
cogen, glucose, and upstream glycolytic metabolites including

fructose-1, 6-bisphosphate (F1-6P) (P < 0.05), but none of these
metabolites were depleted. Downstreammetabolites, such as F1-6P,
together with TCA-cycle sources, were sustained and the lactate
level was increased (P < 0.01) (Fig. 3 C–F).

ATP Levels Are Maintained in Prolonged Exercise-Exhausted Brains but
Not in Muscle. Metabolomics-produced purine/pyrimidine maps of
the muscle and brain showed that ATP and phosphocreatine (PCr)
decreased significantly in the exercise-exhausted group compared
with the sedentary group (P < 0.05) (Fig. 4A) but that brain ATP
and PCr levels were unchanged after exhaustive exercise (Fig. 4 B
and C). Several downstream sources of purine metabolism, such as
AMP, inosine, IMP, hypoxanthine, and uric acid, increased in both
the muscle and brain of exercise-exhausted animals (P < 0.05) (Fig.
4). These data are direct evidence that ATP consumption is in-
creased in both the brain and muscle but that only brain ATP levels
are maintained during exhaustive exercise.

Blockade of Brain Glycogenolysis and MCT2 Decreases Brain ATP
Levels. The intracerebroventricular (icv) injection of 1,
4-dideoxy-1,4-imino-D-arabinitol (DAB) (Fig. 5A) did not affect
peripheral glycemic conditions (Fig. S2). Concurrently, hippocam-
pal glycogenolysis was inhibited, as well as in the hypothalamus,
brainstem, and cerebellum (Fig. S3) but not in the cortex (Fig. 5B),
likely due to the extent and pattern of DAB diffusion after icv in-
jection (Fig. S4). Lactate production was significantly suppressed in
the hippocampus (P < 0.05) but not in other brain regions (Fig. 5C
and Fig. S3). DAB also decreased hippocampal ATP levels at ex-
haustion (P < 0.05) (Fig. 5D), and accelerated the onset of ex-
haustion by 20.6% compared with the vehicle group (P < 0.05) (Fig.
5E). Similar to DAB, the icv injection of α-cyano-4-hydroxy-
cinnamate (4-CIN), an MCT2 inhibitor (7), decreased hippocam-
pal ATP levels during prolonged exercise (P < 0.05) (Fig. 5 F and
G) and accelerated the onset of exhaustion by 34.8% (P < 0.01)
(Fig. 5H).
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Fig. 1. Prolonged exhaustive exercise completely depletes muscle glycogen but
only decreases brain glycogen. (A) Experimental design for exhaustive prolonged
exercise in rats. (B) Blood lactate and glucose. (C) Blood β-hydroxybutyrate.
(D) Glycogen in the plantaris muscle. (E) Glycogen in the cortex (Cor.) and
hippocampus (Hipp.). (F) Residual amount of glycogen in the muscle and brain.
Data are expressed as mean ± SE (n = 5 per group). **P < 0.01 versus sedentary
group; ##P < 0.01 versus muscle.
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Fig. 2. Exhaustive exercise increases MCT and GLUT protein in muscles and
the brain. (A) Typical photos of Western blotting bands for MCT1, MCT4,
GLUT4, and β-actin in muscles. Exh., exhaustion; Sed., sedentary. (B) Typical
photos of Western blotting bands for MCT2, astrocytic (Ast.) GLUT1, endo-
thelial (End.) GLUT1, GLUT3, and β-actin in the brain. (C) Muscle MCT pro-
tein. (D) Muscle GLUT4 protein. (E) Brain MCT2 protein in the cortex and
hippocampus. (F) Brain GLUT1 protein. (G) Brain GLUT3 protein. Data are
expressed as mean ± SE (n = 5 per group). *P < 0.05.
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Discussion
This study tests the hypothesis that astrocytic glycogen-derived
lactate acts to maintain brain ATP levels during exhaustive exercise,
thereby contributing to endurance capacity. Our metabolomics
analysis in the exercise-exhausted rat model shows that brain ATP
levels are maintained, along with increased MCT2 protein expres-
sion, lactate, and residual glycogen, during prolonged exhaustive
exercise (Figs. 1–4). The hippocampus is a particularly sensitive
brain region, particularly for memory (6, 7), and we also confirmed
the decrease in hippocampal ATP by a targeted icv blockade of
hippocampal glycogenolysis during exhaustive exercise (Fig. 5 A–E).
Furthermore, targeted icv disruption of MCT2 also decreased
hippocampal ATP and resulted in lowered endurance capacity
(Fig. 5 F–H). These findings provide direct evidence that lactate
derived from astrocytic glycogen plays an energetic role in the brain
during prolonged exhaustive exercise. This mechanism contributes
to endurance capacity and complements data showing that ex-
haustive exercise compromises working memory regulated by the
hippocampus in humans (23).

Physiological Validity of the Rat Model for Exhaustive Exercise. We
confirmed hypoglycemia, hyperlactatemia, and muscle glycogen
depletion in the rat model of exhaustive exercise used in the present
study (Fig. 1 A–D). These are known fatigue factors established in
rodents and humans (12–14, 24), confirming the development of
exhaustion in our rat model.
Notably, ATP and PCr were significantly decreased in the

exhausted plantaris muscle (Fig. 4). In general, muscle ATP
levels are maintained during endurance exercise, and this rep-
resents a defense mechanism against muscle rigor and/or necrosis

(25). However, short-duration (about a minute) exhaustive ex-
ercise induces declines in ATP and PCr levels of over 50 to 90%
in type II (fast-twitch) fibers (26). The plantaris muscle consists
of over 90% type II fibers (27). Thus, the decreases in ATP, PCr,
and glycogen are due to the metabolic character of the plantaris
muscle, indicating factors leading to the failure of muscle con-
traction (muscle fatigue) in type II fiber-enriched muscles.
Although muscle PCr decreased, free creatine did not increase

(P = 0.10; Fig. 4A) and plasma free creatine did increase in
exhausted rats (Table S2). Free creatine is a metabolite after de-
phosphorylation of PCr, and leaks from damaged muscles into the
blood during hypodynamia of the heart muscle and during ultra-
marathons (28, 29). Plasma free creatine is also a biomarker of
kidney function (glomerular filtration rate), which is lowered by
protein waste (29). Thus, muscle-produced free creatine plasma
levels increase due to the decline of glomerular filtration rate with
protein wastes caused by muscle damage during exhaustive exercise.
We observed no muscle rigor or necrosis, and the decreased ATP,

PCr, and glycogen recovered to basal levels after 6 h of rest (Table
S2). Increased plasma free creatine returned to baseline after 6 h of
rest (Table S2), whereas 5 d of rest are needed to recover after an
ultramarathon (29). Therefore, our rat model of exhaustive exercise
is milder than an ultramarathon, indicating its validity.

Energetic Role of Brain Glycogen During Exhaustive Exercise. The
reduction of brain ATP induces neuronal death (18, 19). How-
ever, we revealed with metabolomics that brain ATP, but not
muscle ATP, levels are maintained with increased MCT2 protein
expression, lactate, and residual glycogen during prolonged ex-
haustive exercise (Figs. 1–4). These findings indicate that the
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brain, rather than muscle, is protected energetically, likely to
avoid neuronal death/dysfunction during exhaustive exercise,
supporting the “selfish brain” theory regarding energy competi-
tion among organs (30).
A localized blockade of brain glycogen breakdown (glycogen-

olysis) inhibited the increases in hippocampal lactate, and de-
creased hippocampal ATP during exhaustive exercise (Fig. 5 A–
D). A localized disruption of the MCT2 protein also disturbed the
maintenance of hippocampal ATP (Fig. 5 F and G). These data
indicate that glycogen-derived lactate transported by increased
MCT2 is required for brain ATP maintenance during exhaustive
exercise, at least in the hippocampus, which is direct evidence for
the energetic importance of brain glycogen during endurance
exercise. This evidence provides new insight into the strategies
that promote/protect brain functions in animals relating to per-
formance (e.g., endurance capacity and/or cognitive functions).
Astrocytic glycogen provides lactate to neurons but is also

needed for ATP synthesis and/or K+ homeostasis in astrocytes
during brain activation (31). Thus, glycogenolysis in the brain
following exhaustive exercise could contribute to ATP synthesis
and/or K+ homeostasis in astrocytes. However, blockade of brain
glycogenolysis and of MCT2 had similar disrupting effects on
hippocampal ATP levels during exhaustive exercise (Fig. 5G).
Therefore, brain glycogen appears to function as a source of
lactate for neurons in the exercising brain.

Other Possible Mechanisms of Brain ATP Maintenance. Glutamate, a
key excitatory neurotransmitter, increases protein levels of surface
glucose transporter 3 (GLUT3) in neurons (32) and enhances
glucose uptake and glycogen synthesis in cultured cortical as-
trocytes (33). In the present study, brain glutamate was main-
tained even during exhaustive exercise (Fig. S5). Further, GLUT3
and the astrocytic/endothelial glucose transporter (GLUT1) in-
creased in the cortex, as also did GLUT4 in muscle (Fig. 2). Thus,
glutamate may be involved in ATP maintenance by activation of
glucose uptake via GLUTs and/or glycogen synthesis, particularly in
the cortex.
Neuronal MCT2 transports not only lactate but also ketone

bodies (34). The ketone bodies are metabolized as a neuronal
energy source during starvation (35), but their metabolism
during exhaustive exercise has not been studied. The metab-
olomics of the present study revealed increased blood and brain

levels of β-hydroxybutyrate during exhaustive exercise (Figs. 1
and 3). These data are consistent with the increases in hippo-
campal MCT2 and cortical β-hydroxybutyrate during pro-
longed, but not exhaustive, exercise (15). Blood ketone bodies,
at least β-hydroxybutyrate, could be transported to neurons by
increased MCT2 to spare brain glycogen in exercise-exhausted rats.
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Fig. 4. ATP is maintained in the brain but not in muscles during prolonged exhaustive exercise. Purine metabolism pathways measured by metabolomics in
the plantaris muscle (A), cortex (B), and hippocampus (C). *P < 0.05, **P < 0.01 versus the sedentary group (Student’s t test). Blue backgrounds indicate
significantly decreased sources, and orange backgrounds imply significantly increased sources following exhaustive exercise. Graphs with a y axis show ab-
solute detected amounts (nmol/g wet tissue), and graphs without a y axis show relative levels. Data are expressed as mean ± SE (n = 5 per group). The
abbreviated metabolite names are defined in Table S1. Muscle and brain maps show that ATP and PCr were decreased significantly in the exercise-exhausted
group compared with the sedentary group (P < 0.05), but brain ATP and PCr were unchanged after exhaustive exercise. Several downstream sources of purine
metabolism, such as AMP, inosine, IMP, hypoxanthine, and uric acid, were increased in both the muscle and brain of exercise-exhausted animals.
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Fig. 5. Blockade of brain glycogenolysis and MCT2 decreases endurance
capacity associated with brain ATP. Data are expressed as mean ± SE (n = 5 to
7 per group). (A) Experimental design for exhaustive prolonged exercise with
DAB icv injection in rats. (B and C) Glycogen (B) and lactate (C) in the cortex
and hippocampus. **P < 0.01 versus vehicle (Veh.) + sedentary group; ##P <
0.01 versus Veh. + exercise (by one-way ANOVA with Tukey’s post hoc
tests). (D) ATP in the hippocampus. (E ) Running time to exhaustion with
DAB icv injection. (F) Experimental design for exhaustive prolonged exer-
cise with 4-CIN icv injection in rats. (G) ATP in the hippocampus. (H) Running
time to exhaustion with 4-CIN icv injection. *P < 0.05 versus vehicle group
(by Student’s t test).
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Although the mechanisms for increases in MCT2 protein are
unclear, noradrenaline (NA) is an activator not only for astro-
cytic glycogenolysis (36) but also for MCT2 expression in neu-
rons (37). NA neurons are activated during prolonged exercise
(14). Metabolomics also revealed increases in brain tyrosine, a
precursor of NA, which paralleled the decrease in brain glycogen
(Figs. S5 and S6). These data point to NA as an inducer of
MCT2 expression in the prolonged-exercising brain.

Brain Glycogen and Endurance Capacity. Blockade of brain glyco-
genolysis and lactate transport via MCT2 accelerated exhaustion
during prolonged exercise (Fig. 5), supporting the hypothesis
that brain lactate derived from astrocytic glycogen plays a role in
endurance capacity because of its energetic contribution (11, 14,
24). Although DAB affected hippocampal glycogen content, it
did not affect cortical glycogen with exhaustive exercise (Fig. 5B
and Fig. S3). However, icv inhibition of glycogen phosphorylase
blocked glycogen depletion in the hypothalamus, brainstem, and
cerebellum, although it only significantly reduced lactate levels in
the hippocampus, leaving open the question of which brain site(s)
signals exhaustion.
DAB inhibited the decrease of glycogen in the hippocampus

caused by exhaustive exercise (Fig. 5B). Because hippocampal
glycogen-derived lactate acts in memory function (6), the de-
creased glycogen utilization in the exhausted hippocampus might
be a cause of exercise-induced cognitive fatigue. However, there
is methodological difficulty in detecting cognitive functions of
exercise-fatigued animals because they cannot move for given
memory tasks because of fatigue. In humans, exhaustive exercise
decreases cognitive functions, including working memory (23),
but it is unknown whether this reflects hippocampus-based cog-
nitive decline. A new system for determining effects of moderate
exercise on pattern separation, a dentate gyrus-specific ability
(38), can be applied together with fMRI analysis for fatigue re-
search on this important topic.
Hippocampal neurons also play an important role in the onset

of locomotion and exhibit locomotion velocity-dependent firing
with theta oscillation (39). Although untested, glycogen-derived
lactate might be a contributor to locomotion-dependent hippo-
campal firing. This postulation could provide novel insight into the
significance of the hippocampus not only for memory but also for
exercise capacity, implicating the underlying positive relationship
between aerobic fitness and cognitive function (40–42).
In addition, the glycogen decrease in the hypothalamus, cer-

ebellum, and brainstem by exhaustive exercise was inhibited with
DAB icv injection (Fig. S3). Hypothalamic lactate is an impor-
tant factor in counterregulation during hypoglycemia (43), and
brainstem lactate controls arousal by stimulating NA neurons
(44). Therefore, blockade of brain glycogenolysis and lactate
transport would result in a lower endurance capacity by sup-
pression of brain region-specific functions (e.g., hippocampus:
locomotion; hypothalamus: regulation of energy metabolism;
cerebellum: motor control; brainstem: arousal control; etc.).

Biochemical Insight into the Development of Exhaustion and Central
Fatigue During Prolonged Exercise. Fatigue induced by prolonged
exercise is separated into muscle and central (brain) factors (24).
Our metabolomics provides insight into the biochemistry behind
fatigue during prolonged exercise (Fig. S7). In the muscles of
exercise-exhausted rats, ATP, PCr, and glycogen are significantly
decreased, whereas hypoxanthine levels increase due to purine
metabolism (Figs. 3 and 4). These findings are consistent with
studies on exhausted skeletal muscles (45). Although undetected
in the present study, purine metabolism generates ammonia,
which is a known muscle fatigue factor (46). Therefore, the de-
pletion of energy sources and accumulation of inhibitors of
muscle contraction (e.g., ammonia) are factors for muscle fatigue
(failure of muscle contraction).
In the brain, ammonia is essentially detoxified by astrocytes

through the glutamate–glutamine cycle derived from muscle and/
or the brain itself increases and also inhibits neuronal activity

(24). The uptake of tryptophan is also increased due to the el-
evated ratio of branched-chain amino acids (BCAAs) and aro-
matic amino acids (AAAs) in the blood, which are precursors of
NA and serotonin (5-hydroxytryptamine; 5-HT). Increased brain
tryptophan induces elevated 5-HT levels, promoting a “sense of
fatigue” and inhibiting neuronal activity (the tryptophan–sero-
tonin hypothesis) (47). Further, hypoglycemia induced by de-
pletion of liver and muscle glycogen creates a lack of energy that
further inhibits neuronal activity. NA, 5-HT, and hypoglycemia
are also strong activators of astrocytic glycogenolysis. Indeed,
increased AAAs, which are likely converted to NA and 5-HT,
correlated with decreased brain glycogen (Fig. S6). These factors
are also induced not only during fatigue but also by sleep dep-
rivation (48) and hypoglycemia (5, 49), conditions that decrease
brain glycogen. Thus, the decrease in brain glycogen is a possible
common mechanism for central fatigue.
Central fatigue factors such as ammonia, 5-HT, NA, and/or their

precursors derive from muscles and reach the brain via the blood-
stream. Ammonia and 5-HT appear to suppress ATP and glycogen
consumption through the development of a sense of fatigue and
neuronal inhibition. 5-HT and NA activate glycogenolysis and MCT
expression for lactate synthesis/transport, thereby maintaining ATP
synthesis. These factors would function to maintain brain ATP as
the primary outcome through muscle–brain metabolic coupling in
exhaustion, implicating central fatigue as a defense mechanism for
brain neurons (Fig. S7).

Conclusion
Our findings provide evidence for the energetic role of lactate
derived from astrocytic glycogen in the prolonged-exercising brain,
thereby contributing to endurance capacity, in keeping with its known
role in memory formation involving the hippocampus (6, 7). Shed-
ding light on the mechanism of the positive relationship between
endurance and memory, our metabolomics analysis also revealed
that the decrease in brain glycogen is a possible factor for exercise-
induced central fatigue, which involves muscle–brain metabolic cross-
talk. Importantly, the ATP maintenance contributed by brain glyco-
gen at exhaustion likely serves as a neuroprotective mechanism.

Materials and Methods
For a full description of all materials and methods, see SI Materials andMethods.

Animals. Adult male Wistar rats (250 to 300 g) (SLC), housed and cared for in
an animal facility, were fed a standard pellet diet (MF; Oriental Yeast) and
given water ad libitum. Room temperature was maintained between 22 and
24 °C under a 12-h light–12-h dark cycle (lights on, 0700 to 1900 h). All
experimental protocols were conducted in accordance with the guidelines
of the University of Tsukuba Animal Experiment Committee. The rats were
habituated to running on a treadmill (SN-460; Shinano) for five sessions
over 6 d, 30 min/d. The running speed was gradually increased from 5 to
25 m/min (13, 14).

Prolonged Exhaustive Exercise. Rats were fasted for 2 h before exercise to
obtain stable metabolic conditions (n = 5 in each group). They were exercised
to exhaustion on a treadmill at 20 m/min. Exhaustion was considered by the
standard in previous studies (13, 14).

Inhibition of Glycogenolysis and Lactate Transport in the Brain. A steel guide
cannula was inserted into the lateral cerebral ventricle of rat brain (50). Rats
were placed on the treadmill for at least 30 min, and randomly injected via
an icv catheter with a glycogen phosphorylase inhibitor (DAB; 150 mM in
10 μL of 0.9% saline, pH 7.2) or dose-specific MCT2 inhibitor (4-CIN; 36 mM in
10 μL of 40% DMSO and 0.9% saline, pH 7.2) (Sigma-Aldrich). Fifteen mi-
nutes after the icv injection, rats were subjected to exhaustive exercise (n =
5 to 7 in each group).

Sample Collection. Blood samples were collected during exercise through a
catheter inserted into the jugular vein. Following the exhaustive exercise, the
rats were killed using focused microwave irradiation (MI) (10 kW, 1.2 s; NJE-
2603; New Japan Radio). After MI, brain tissues and skeletal muscles were
collected. All samples were stored at −80 °C until analysis.
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Blood Glucose and Lactate Assays. Blood glucose and lactate levels were
measured using an automated glucose/lactate analyzer (2300 Stat Plus;
Yellow Springs Instruments).

Brain and Muscle Glycogen Assay. The glycogen assay was performed in 96-
well plates using a coupled-enzyme assay method modified from previous
studies (13, 14).

Western Blot Analysis. The tissues were lysed in urea-based lysis buffer, and
sample proteins were loaded on an SDS/polyacrylamide gel. After electro-
phoresis, proteins were transferred to a polyvinylidene difluoride membrane,
blocked, and then incubated with primary and secondary antibodies. Proteins
were visualized and their signals were quantified with β-actin normalization
using image analysis software (GE Healthcare Life Sciences).

Metabolomics. Metabolomics was conducted by Human Metabolome Tech-
nologies (19). Each frozen sample was homogenized in methanol, and me-
tabolites were extracted for analysis by CE-MS. CE-MS experiments were
performed using Agilent CE systems equipped with a time-of-flight mass
spectrometer and a built-in diode-array detector (Agilent Technologies).
The identified metabolites were quantified by comparing their peak

areas with those of authentic standards using ChemStation software (Agilent
Technologies).

Brain Lactate and ATP Assay. Lactate measurements were obtained according
to the method described by Matsui et al. (14). ATP levels were analyzed using
the ATPlite Kit with luciferin/luciferase activity (6016736, PerkinElmer), and
luminescence was measured with a microplate reader (ARVO X4,
PerkinElmer).

Statistical Analysis. Data are expressed as mean ± SE and were analyzed by
Student’s t test and a one-way ANOVA with Tukey’s post hoc tests using
Prism 5 (MDF). Statistical significance was assumed at P values <0.05.
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