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Objective: Glutamate dysregulation may play an important role in the pathophysiology of
fatigue. Glutamate weighted chemical exchange saturation transfer (Glu-weighted CEST)
MR is a recently developed technology which enables measuring glutamate in vivo with
high sensitivity and spatial resolution. The purpose of this study is to map the alternations
of brain glutamate in a rat model of fatigue.

Methods: Rats were subjected to 10 days fatigue loading procedure (fatigue group) or
reared without any fatigue loading (control group). Spontaneous activities of rats in the
fatigue group were recorded from 3 days before fatigue loading to 4 days after the end
of fatigue loading. Glu-weighted CEST were performed following 10-day fatigue loading.

Results: Rats in the fatigue group exhibited significant reduced spontaneous activities
after 10-day fatigue loading. The glutamate level in the whole brain increased significantly
in the fatigue group compared to that in the control group. Further analysis of glutamate
in the sub-regions of brain including the prefrontal cortex, hippocampus, and striatum
revealed a trend of increment, although statistical significance was not reached.

Significance: The increase of glutamate level in the brain may be a crucial process
involved in the pathophysiology of fatigue.

Keywords: glutamate, fatigue, chronic fatigue syndrome, spontaneous activity, glutamate weighted chemical
exchange saturation transfer (Glu-weighted CEST)

INTRODUCTION

Fatigue is one of the most common symptoms reported in many psychiatric and neurological
disorders, including major depressive disorder (MDD), anxiety disorder, chronic fatigue syndrome
(CFS), multiple sclerosis (MS), Parkinson’s disease, traumatic brain injury, myasthenia gravis,
stroke, and amyotrophic lateral sclerosis (1, 2). Although many efforts have been put into this
field, the current treatments are not yet satisfactory, and the underlying molecular and cellular
mechanisms related to fatigue remain unclear.

Glutamate is the most abundant free amino acid and the major excitatory neurotransmitter in
the mammalian central nervous system (CNS). It plays important roles in varied brain possesses
including protein synthesis, nitrogen homeostasis, energy metabolism, and synapse transmission.
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Glutamate signaling is crucial in information intake
and processing within the CNS. Impaired glutamate
neurotransmission has been proposed as one of the potential
pathophysiological mechanisms of mental fatigue, which appears
to be a consequence of a compromised ability to intake and
process information (3).

There are accumulating evidences indicating the involvement
of glutamate dysregulation in the pathophysiology of fatigue.
Previous studies focusing on exercise-induced fatigue
demonstrated that a short-term vigorous exercise lead to
an increase of cortical glutamate level as measured by proton
magnetic resonance spectroscopy (\H-MRS) in healthy human
volunteers (4, 5). In addition, rats exhibited increased glutamate
and glutamine 'H-MRS signals in the brain following an acute
exhaustive exercise (6), and strenuous exercise induced an
increase of extracellular glutamate concentration and increased
expression of glutamate transporter-1 (GLT-1), a member of
excitatory amino acid transporters accounting for glutamate
transportation, which might mediate the exercise-induced
glutamate changes in CNS (7). Glutamate signaling may also
play an important role in the development of fatigue in some
chronic conditions, such as MS, CFS, and cancer-related fatigue
(8-10). Anti-glutamate medicines, including memantine, and
riluzole, were found to have effect of worsening fatigue on MS
patients (11, 12). A '"H-MRS study found that hypothalamus
glutamate levels were correlated with fatigue scores in MS
patients (13). By utilizing whole genome microarray data, a
previous genetic study identified two glutamate receptor genes,
glutamate receptor ionotropic kinase 2 (GRIK2), and glutamate
ionotropic N-methyl-D-aspartate 2B (GRIN2B), were associated
with CFS (8). Moreover, the decreased expression of GRIK2 and
glutamate receptor metabotropic 4 (GRM4) and the increased
expression of GRM1 were found in CFS subjects compared
to non-fatigue controls in this study, implicating glutamate
signaling dysfunction in the process of chronic fatigue (8).
Interestingly, glutamate receptor signaling was also identified as
a key pathway mediating post-radiotherapy fatigue development
in cancer patients (10).

However, not all the studies found an association between
glutamate levels and fatigue. Several metabolomics analyses
on the blood and urine samples of CFS patients revealed no
alterations of glutamate levels compared to healthy controls
(14-16). A previous 'H-MRS study investigating cortical amino
acid neurotransmitter function of CFS patients also did not
find any difference in the combined glutamate and glutamine
signals compared to healthy subjects or MDD patients (17).
One animal study showed that acute excise induced a slight
decrease of glutamate levels in rats administrated with prolonged
exercise (18).

The aforementioned mixed results may reflect different
glutamate-mediated responses to fatigue under the different
context. In spite of the progress, the relationship between
glutamate and fatigue, especially chronic fatigue, remains not
fully understood. Although 'H-MRS is widely employed to
measure the levels of glutamate and other metabolites in
the brain, there are some limitations such as low spatial
resolution and longer acquisition time. Glutamate weighted

chemical exchange saturation transfer (Glu-weighted CEST)
magnetic resonance imaging (MRI), a recently developed
method, enables indirect measurement of glutamate in vivo by
probing the proton exchange of glutamate amine with bulk water,
therefore providing higher sensitivity, and spatial resolution than
conventional 'H-MRS (19). Glu-weighted CEST imaging has
previously been demonstrated successful in animal models (20-
22) and in schizophrenia patients (23).

In the present study, we investigated the glutamate levels
with Glu-weighted CEST technology in an established animal
model of prolonged fatigue (24, 25). We measured the
spontaneous activity of animals in their own homecages and
glutamate levels in the whole brain and brain regions relevant
to the pathophysiology of fatigue following 10-day chronic
fatigue loading.

MATERIALS AND METHODS

Animals

Five-week old Sprague-Dawley (SD) rats weighting around 200-
230g were purchased from Vital River Laboratories (Beijing,
China). Two batch of rats were used for the study. The first batch
of rats (n = 5) were used for spontaneous activity measurement.
The secondary batch of rats (n = 16) were used for multi-
parametric MRI experiment. The animals were acclimated for 1
week before experiments in controlled environment (23° + 1°C
with lights on at 7:00 and off at 19:00), with ad libitum access to
a standard laboratory diet and tap water. Rats were handled with
gentle touch twice every day so that they were familiar with the
experimenter. All of the experimental procedures were approved
by the Ethics Committee of Shantou University Medical College
on animal care and use.

Fatigue Model and Experimental

Procedures

We established the fatigue model with rats based on the previous
reports with some modifications (24, 25). The procedure of
fatigue loading was shown in Figure 1. Briefly, after acclimation
for 1 week, the rats were randomly assigned to either a control
or a fatigue group. Rats in the fatigue group were exposed to
continuous fatigue loading for 10 days. During the daytime (from
9:00 to 18:00), the rats in the fatigue group were singly kept in
cages filled with water (23°C £ 1°C) to a height of 2.2cm and
were allowed to rest for 5min twice per hour throughout the
10 days of fatigue loading. During the 5-min rest, the rats were
transferred to a standard cage and then returned to the previous
water-filled cage. The water was changed once per day. During
the nighttime (from 18:00 to 9:00), the rats were transferred to a
sleep-deprivation apparatus (single platform method) to deprive
their rapid eye movement (REM) sleep for the whole night as
described before (26). The sleep-deprivation apparatus consisted
of a single round platform (diameter: 6.3 cm) in an enclosed tank,
and the platform was surrounded by water to about 1 cm below
platform surface. The water in the tank was changed once per day.
The rats in the control group were reared singly in standard cages
without any fatigue loading except handled by the experimenter
every day.
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FIGURE 1 | Schematic diagram of fatigue loading procedure. The upper part shows the routine procedure performed in each of the fatigue-loading days, and the
procedure was repeated over this 10-day fatigue loading period. Five-min rest was given twice per hour, but the timing within each hour was arranged randomly to

Measurement of Spontaneous Activity

The 24-h spontaneous activity of each rat was recorded with
Nano tag® (Kissei Comtec Co, Nagano, Japan) for evaluation
of fatigue state. The Nano tag® was implanted subcutaneously
between the scapulae of each rat according to the manufacture’s
instruction. Briefly, the implanting operation was performed
10 days before fatigue-loading procedure under anesthesia
induced by 2% pentobarbital sodium. After the operation,
100 mg/kg ampicillin sodium was injected subcutaneously
for each rat to prevent infection. The rats were allowed to
recover for 10 days before the fatigue loading procedure.
All the rats were individually housed in their home cages.
After 10 days of recovery from the operations, these rats
were as active as the normal rats. The level of spontaneous
activity was recorded from 3 days before fatigue loading to
4 days after the end of the fatigue-loading procedure. The
spontaneous activity level was normalized to the mean value
of the 3 days before fatigue loading. Spontaneous activity was
analyzed using the Nano-tag viewer program (Kissei Comtec Co.,
Nagano, Japan).

Multi-Parametric MRI Acquisition

A second batch of rats were used for multi-parametric
MRI, including glutamate imaging, conventional T2 weighted
imaging, T1 map and T2 map, following the end of fatigue
loading. MRI was performed on a 7T animal scanner (Agilent
Technologies, Santa Clara, CA) with a 63 mm internal diameter
standard 'H volume coil for RF transmission and reception.
Field gradients: 400 mI/m in maximum 200A. MRI was
performed under 1-2% isoflurane anesthesia and 1 L/min oxygen
administration. The respiration rate and body temperature of
rats were monitored using a MRI compatible monitoring system

(Small Animal Instruments, Inc., USA). Rectal temperature was
maintained at 37°C using a warm air blown inside the bore of
the magnet.

Before MRI acquisition, the B0 field was first corrected
by 3D gradient shimming, which adjusted high-order gradient
shimming currents according to the derived BO map. Then, the
RF field and center frequency were calibrated in the prescan
protocol. Glu-weighted CEST imaging was obtained using a
continuous wave RF spoiled gradient echo sequence in the
coronal plane, with a saturation power of 59 pT (250Hz)
and a saturation time of 2s. The saturation frequency ranged
from 5 ppm to —5 ppm with an interval of 0.2 ppm. Control
images (I0) were obtained at an offset frequency of 100 ppm
for normalization, and Glu-weighted CEST was measured at 3
ppm. Other sequence parameters were as follows: FOV = 50 x
50 mm.TR = 17.58 ms; TE = 2.77 ms, flip angle = 15 deg, number
of average = 8, matrix size = 128 X 64, slice thickness = 2 mm,
bandwidth = 50 kHz, k-space sampling = linear. T2 weighted
imaging was acquired using 2D rapid acquisition with a fast
spin echo sequence in the same plane. The T2 weighted imaging
parameters were as follows: TE/TR = 40/3,000 ms, repetition =
1, slice thickness = 2mm, imaging matrix size = 256 X 256;
number of averages = 2.

B0 map, B1 map, T1 map, and T2 map were obtained from
the same slice, as described in our previous studies (27-29).
Specifically, the BO map was obtained by dual echo method with
delta TE of 2 ms. B1 map was obtained using the double-angle
method with two flip angles of 60 deg and 120 deg. T1 map was
obtained using inversion recovery sequence, with seven inversion
times (TT) ranging from 100 to 7,500 ms. T2 map used the spin-
echo echo-planar imaging sequence, with five echo times ranging
from 40 to 400 ms.
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FIGURE 2 | Decreased spontaneous activities in the fatigue group. The
nighttime spontaneous activity of the 3 days before fatigue loading was
averaged as pre-fatigue baseline. The nighttime spontaneous activity value
was normalized to the baseline level. The bar represents the 10-day fatigue
loading period. Note that a significant decrease of spontaneous activity in the
first night after the end of fatigue loading was observed. Data are expressed as
mean + SEM (n = 5), *P < 0.05 vs. pre-fatigue baseline.

All data was processed in MATLAB 2017a (Mathworks, Natick
MA, USA). The T1 and T2 map were generated from least-
squares mono-exponential fitting of signal intensities. The Z-
spectral was plotted using normalized signal intensity (I/10) as
a function of saturation frequency. The zero frequency of Z
spectral was realigned and corrected with BO map voxel-by-voxel.
The Glu-weighted CEST image was calculated by the following
equation: Glu-weighted CEST = (I(-3 ppm)—I(+3 ppm))/I0,
in which I(-3 ppm) and I(+3ppm) were images with frequency
offset of —3 ppm and 43 ppm, respectively.

Statistical Analysis

All data were expressed as mean & standard error of mean
(SEM). One-way analysis of variance (ANOVA) was applied to
compare spontaneous activity of rats in fatigue group at different
time points. Post-hoc pairwise comparisons were performed
with Bonferroni method. The two-tailed Students t-test was
performed to compare levels of glutamate between both groups
in the whole brain or varied brain regions. Differences were
considered statistically significant at P < 0.05.

RESULTS

Decrease of Spontaneous Activity

Spontaneous activity, known to be associated with motivation
which is affected by fatigue, was recorded and analyzed before
and after fatigue loading. Figure 2 showed the average activity
levels of the rats in the fatigue group during the nighttime before
and after fatigue loading. Nighttime spontaneous activity was
significantly decreased on the first night after the end of fatigue
loading compared to the baseline level (P < 0.05), and gradually
returned to the baseline level within the following 3 days.

No Abnormalities Were Observed in

Conventional Imaging in Fatigue Group

The T2-weighted images showed that there were no gross
abnormalities in the brain of rats in the fatigue group compared
with the control group (Figure 3A). There were no significant
differences between the two groups in T1 maps (fatigue group:
1402.7 £ 232.8 ms, control group: 1425.3 £ 269.5ms) and T2
maps (fatigue group: 75.2 £ 5.7 ms, control group: 74.8 & 7.5 ms).
In contrast, the Glu-weighted CEST images showed a signal
increase of about 50% in the whole brain in the fatigue group
(Figure 4).

Glutamate Level Increased in the Whole
Brain Measured by Glu-Weighted CEST

In the Z spectrum, a glutamate CEST effect was observed at 3
ppm (Figure 5A). The glutamate CEST measured the glutamate
concentration in the whole brain and in different regions of
interest (ROIs) in the brain (Figure 3B). We found the glutamate
level in the whole brain was significantly higher in the fatigue
group compared with the control group (Figure 5B). A further
analysis of different sub-regions of brain which were considered
relevant to pathophysiology of fatigue including hippocampus,
striatum, and prefrontal cortex revealed a trend of increase,
although no statistical significance was reached (Table 1).

DISCUSSION

In the present study, for the first time Glu-weighted CEST
technique was used to measure glutamate content in the brain
of rats experiencing the prolonged fatigue loading. It was found
that after 10 days of fatigue loading, the glutamate level in the
whole brain increased significantly. Further analysis of brain
regions implicated in pathophysiology of fatigue, including the
prefrontal cortex, hippocampus, and striatum, revealed a trend
of increase in the glutamate signals but without reaching a
statistical significance.

After 10 days of fatigue loading, the rats showed a significant
decrease in nighttime spontaneous activity compared to the
pre-fatigue level. This result confirms that our fatigue-loading
procedure is sufficient to induce a fatigue state in rats
and is consistent with previous reports using this fatigue
loading procedure (rest and sleep deprivation) in spite of
some modifications in the present study (25, 30). Depressed
spontaneous activity is a behavioral manifestation of fatigue,
which may reflect an insufficient motivation of fatigued animals
to move.

We demonstrate that prolonged fatigue loading induces a
significant increase of glutamate level in the whole brain. This
result is consistent with most previous reports where acute
exhaustive exercise was applied to induce a physical fatigue state
in rats (6) or human (4, 5). Acute vigorous exercise causes a
globe increase in brain metabolic rate (31, 32) and activates
many brain structures (33, 34). The increased glutamate within
the CNS during exhaustive exercise is considered to be brain-
activity dependent and likely results from an anaplerotic increase
in glutamate synthesis via the tricarboxylic acid (TCA) cycle,
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striatum; PFC, prefrontal cortex.

FIGURE 3 | The representations of T2w and Glu-weighted CEST image. (A) A representation of T2 weighted image for localization the brain ROIs. (B) ROls for the HP,
Str, PFC, and whole brain were manually drawn on the Glu-weighted CEST image. Black arrows indicate ROI tissues. ROI, region of interest; HP, hippocampus; Str,

which may reflect an adaptive shift in brain metabolism when
coping with an acute physical fatigue state (4, 6). Metabolic
changes and brain activation have also been investigated in rats
administrated with complex fatigue-loading procedures like rest
and sleep deprivation used in the current study (24, 35). Similar
to acute intense exercise, extensive brain activation as shown
by c-Fos expression, a marker of neuronal activation, has been
observed in fatigued rats after 5-day rest and sleep deprivation
(35). This observation indicates that the increased glutamate
levels found in the present study may also be, at least partly a
result of the activity-dependent increase of glutamate synthesis.
Whereas, the profound metabolic alterations have also
been observed in fatigued rats exposed to complex fatigue-
loading procedures (rest and sleep deprivation) as used in the
current study (24, 36, 37), the changes of metabolic profiles
induced by this procedure are not identical to that induced
by acute exhaustive exercise. The reduced glucose uptake and
insufficient neurotransmitter turnovers were found in fatigued
rats induced by deprivation of rest and sleep (24), while the
rats experiencing acute vigorous exercise displayed the increased
glucose uptake and metabolite turnovers (31). These differences
suggest that an impaired, pathological and non-adaptive brain
metabolic change may gradually develop after chronic fatigue
loading which are different from the physiological, compensatory
and adaptive metabolic shift observed in the acute physical
fatigue state (4). Supporting this view, a previous study
showed that 1 d fatigue loading (rest and sleep deprivation)
resulted in increased turnovers of neurotransmitters including
dopamine and serotonin, while their turnovers decreased after
5 d fatigue loading, which indicate that the metabolic rates

are dynamically regulated along with the prolonged fatigue
loading (24).

Increased glutamate levels observed in the present study
may also be a result of glial dysfunction induced by chronic
fatigue loading. Glial cells, including astrocyte, microglia, and
oligodendrocyte, actively participate in the process of glutamate
turnover (38). It has been found that rats exposed to 6-day
rest and sleep deprivation fatigue loading displayed marked
microglia activation around the activated neurons along the
spinal cord reflex arc innervating the soleus, an antigravity
muscle continuously used to support the body of rat in
this fatigue model (39, 40). Moreover, strenuous exercise also
disturbed astrocyte function by reducing the expression of GLT-
1, one of the EAAT responsible for transferring glutamate into
astrocyte, which resulted in an increased extracellular glutamate
content (7). These studies indicate that a prolonged fatigue
loading may induce glial dysfunction in our fatigue model
which could impair glutamate turnover, and consequently, result
in an accumulation of glutamate in the brain of fatigued
animal. Further study investigating the relationship between glial
function and glutamate levels in our fatigue model will be helpful
to clarify this issue.

Our result indicates a global increase of glutamate in the whole
brain. However, no glutamate changes in specific brain areas,
including the prefrontal cortex, hippocampus, and striatum, were
observed after chronic fatigue loading. This result suggests that
chronic fatigue loading has a general impact on the glutamate
levels throughout the whole brain. Although some previous
studies showed glutamate alterations in some specific brain areas,
such as the hippocampus, cerebellum, after acute intense exercise
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FIGURE 4 | Representative parametric T1 map, T2 map, and Glu-weighted CEST images both in fatigue and control groups. There were no significant differences
between the two groups in T1 (A,B) and T2 maps (C,D). However, the Glu-weighted CEST images (E,F) showed a signal increase in the fatigue group. CTL, control.
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(6), it is still an unsolved issue which brain areas are implicated
in the pathophysiology of fatigue. It has been reported that
the glutamate levels in the hypothalamus were higher in MS
patients compared to healthy control and correlated with fatigue
score (13). However, other imaging studies showed abnormal
functional connectivity in the resting state neural network
involving the prefrontal cortex, cingulated cortex and insular

cortex in CFS patients (41, 42). In contrast, another I'H-MRS
study find no alteration of combined glutamate and glutamine
signals in either occipital cortex or anterior cingulated cortex of
CFS patients compared to healthy control or MDD patients (17),
and some human studies did not find an association between
peripheral glutamate levels with fatigue in CFS patients (14-16).
In addition, the dynamic changes of glutamate concentration

Frontiers in Neurology | www.frontiersin.org

October 2020 | Volume 11 | Article 589128


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Lietal

GIUCEST Imaging in Fatigue Model

0
PPM

vs. control. CTL, control.

GIuCEST

A B
0.8
—FATIGUE
—CIL. 4
06
= |
— 04
0.2 |
L W .
5 3 5

k%

CTL FATIGUE

FIGURE 5 | Z-spectral and the glutamate concentration in the whole brain between the two groups. (A) In the Z-spectral, a glutamate CEST effect was observed at 3
ppm. Compared to control group, the glutamate CEST effect was increased in the fatigue group. (B) The bar graph shows the total glutamate level was significantly
higher in the fatigue group than that in the control group. Data are expressed as mean + SEM (n = 10 for the control group, n = 6 for the fatigue group), **P < 0.01

TABLE 1 | Glutamate concentrations measured by Glu-weighted CEST MRI
within different regions of brain.

Brain region CTL FATIGUE P-value
WH 0.021 4+ 0.003 0.032 + 0.002 0.004
PFC 0.030 + 0.002 0.034 + 0.003 0.302
HP 0.030 + 0.002 0.034 + 0.003 0.221
Str 0.023 + 0.003 0.030 + 0.003 0.135

The data were expressed as MEAN + SEM. WH, whole brain; PFC, prefrontal cortex; HF,
hippocampus; Str, striatum; CTL, control.

following fatigue loading have been reported (4, 5, 18). The
different outcome among these studies may attribute to different
duration and strength of fatigue loading, different species or
context. In spite no particular brain area has been consistently
identified involving in pathophysiology of fatigue, we speculate
that a time, and region dependent glutamate change in CNS may
exist and plays an important role in the development of fatigue.

In conclusion, by using Glu-weighted CEST technology, we
found a significant increase of glutamate in the whole brain after
prolonged fatigue loading in a complex fatigue-inducing animal
model. Our result indicates that glutamate metabolism may play
important roles in the pathophysiology of fatigue.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The name of the repositories is

Open Science Framework. The data can be found at:
https://osf.io/js8au/.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Shantou University Medical College on Animal
Care and Use.

AUTHOR CONTRIBUTIONS

RL, ZD, HX, QH, YC, and HZh contributed to conception
and design of the study. RL, ZD, HZe, and ZZ performed
Glu-weighted CEST and MRI imaging. RL, DH, and
ZF conducted behavioral tests. RL, ZD, and HZh
performed the statistical analysis. RL, ZD, DH, and
HZh wrote sections of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

This work was supported by the Grants from the Natural Science
Foundation of Guangdong Province (2018A030307057),
the Department of Education of Guangdong Province
(2020KZDZX1085), 2020 Li Ka Shing Foundation Cross-
Disciplinary Research Grant (2020LKSFG02B) and Grant
for Key Disciplinary Project of Clinical Medicine Under
the  Guangdong  High-level  University = Development
Program (002-18120312).

Frontiers in Neurology | www.frontiersin.org

October 2020 | Volume 11 | Article 589128


https://osf.io/js8au/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Lietal

GIUCEST Imaging in Fatigue Model

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Ronnback L, Hansson E. On the

. Stutz PV, Golani LK, Witkin JM. Animal models of fatigue in major depressive

disorder. Physiol Behav. (2019) 199:300-5. doi: 10.1016/j.physbeh.2018.11.042

. Kluger BM, Krupp LB, Enoka RM. Fatigue and fatigability in neurologic

illnesses: proposal for a unified taxonomy. Neurology. (2013) 80:409-
16. doi: 10.1212/WNL.0b013e31827f07be
potential role

Neuroinflammation.

of glutamate
transport  in  mental  fatigue. ] (2004)

1:22. doi: 10.1186/1742-2094-1-22

. Maddock RJ, Casazza GA, Fernandez DH, Maddock MI. Acute modulation of

cortical glutamate and GABA content by physical activity. ] Neurosci. (2016)
36:2449-57. doi: 10.1523/JTNEUROSCI.3455-15.2016

. Maddock R], Casazza GA, Buonocore MH, Tanase C. Vigorous
exercise increases brain lactate and Glx (glutamate4-glutamine):
a  dynamic 1H-MRS  study.  Neuroimage.  (2011)  57:1324-

30. doi: 10.1016/j.neuroimage.2011.05.048

. Swiatkiewicz M, Fiedorowicz M, Orzel ], Welniak-Kaminska M, Bogorodzki P,

Langfort J, et al. Increases in brain (1)H-MR glutamine and glutamate signals
following acute exhaustive endurance exercise in the rat. Front Physiol. (2017)
8:19. doi: 10.3389/fphys.2017.00019

. Wang D, Wang X. GLT-1 mediates exercise-induced fatigue through

modulation of glutamate and lactate in rats. Neuropathology. (2018) 38:237-
46. doi: 10.1111/neup.12465

. Smith AK, Fang H, Whistler T, Unger ER, Rajeevan MS. Convergent genomic

studies identify association of GRIK2 and NPAS2 with chronic fatigue
syndrome. Neuropsychobiology. (2011) 64:183-94. doi: 10.1159/000326692

. Pedraz B, Sammer G. The importance of glutamate in the neuro-

endocrinological functions in multiple sclerosis, related to fatigue. Rev Neurol.
(2018) 67:387-93. doi: 10.33588/rn.6710.2018110

Feng LR, Fernandez-Martinez JL, Zaal KJM, deAndres-Galiana
EJ, Wolff BS, Saligan LN. mGIuR5 mediates post-radiotherapy
fatigue development in cancer patients. Transl Psychiatry. (2018)

8:110. doi: 10.1038/s41398-018-0161-3

Nourbakhsh B, Revirajan N, Waubant E. Association between glutamate
blockade and fatigue in patients with multiple sclerosis. JAMA Neurol. (2015)
72:1374-5. doi: 10.1001/jamaneurol.2015.2332

Lovera JE Frohman E, TR, D, Nguyen L,
Yadav V, et al. Memantine for cognitive impairment in multiple
sclerosis: a randomized placebo-controlled MultScler.  (2010)
16:715-23. doi: 10.1177/1352458510367662

Kantorova E, Polacek H, Bittsansky M, Baranovicova E, Hnilicova P, Cierny
D, et al. Hypothalamic damage in multiple sclerosis correlates with disease
activity, disability, depression, and fatigue. Neurol Res. (2017) 39:323-
30. doi: 10.1080/01616412.2016.1275460

Naviaux RK, Naviaux JC, Li K, Bright AT, Alaynick WA, Wang L, et al.
Metabolic features of chronic fatigue syndrome. Proc Natl Acad Sci USA.
(2016) 113:E5472-80. doi: 10.1073/pnas.1607571113

Armstrong CW, McGregor NR, Sheedy JR, Buttfield I, Butt HL,
Gooley PR. NMR metabolic profiling of serum identifies amino acid
disturbances in chronic fatigue syndrome. Clin Chim Acta. (2012)
413:1525-31. doi: 10.1016/j.cca.2012.06.022

Jones MG, Cooper E, Amjad S, Goodwin CS, Barron JL, Chalmers RA.
Urinary and plasma organic acids and amino acids in chronic fatigue
syndrome. Clin Chim Acta. (2005) 361:150-8. doi: 10.1016/j.cccn.2005.05.023
Murrough JW, Mao X, Collins KA, Kelly C, Andrade G, Nestadt P, et al.
Increased ventricular lactate in chronic fatigue syndrome measured by 1H
MRS imaging at 3.0 T. II: comparison with major depressive disorder. NMR
Biomed. (2010) 23:643-50. doi: 10.1002/nbm.1512

Guezennec CY, Abdelmalki A, Serrurier B, Merino D, Bigard X, Berthelot M,
et al. Effects of prolonged exercise on brain ammonia and amino acids. Int J
Sports Med. (1998) 19:323-7. doi: 10.1055/s-2007-971925

Cai K, Haris M, Singh A, Kogan F, Greenberg JH, Hariharan H, et al.
Magnetic resonance imaging of glutamate. Nat Med. (2012) 18:302-
6. doi: 10.1038/nm.2615

Haris M, Nath K, Cai K, Singh A, Crescenzi R, Kogan F et al. Imaging of
glutamate neurotransmitter alterations in Alzheimer’s disease. NMR Biomed.
(2013) 26:386-91. doi: 10.1002/nbm.2875

Brown Bandari

trial.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhuang Z, Shen Z, Chen Y, Dai Z, Zhang X, Mao Y, et al. Mapping
the changes of glutamate wusing glutamate chemical exchange
saturation transfer (GluCEST) technique in a traumatic brain injury
model: a longitudinal pilot study. ACS Chem Neurosci. (2019)
10:649-57. doi: 10.1021/acschemneuro.8b00482

Bagga P, Crescenzi R, Krishnamoorthy G, Verma G, Nanga RP, Reddy D, et al.
Mapping the alterations in glutamate with GluCEST MRI in a mouse model
of dopamine deficiency. ] Neurochem. (2016) 139:432-9. doi: 10.1111/jnc.
13771

Roalf DR, Nanga RPR, Rupert PE, Hariharan H, Quarmley M, Calkins ME,
et al. Glutamate imaging (GluCEST) reveals lower brain GluCEST contrast
in patients on the psychosis spectrum. Mol Psychiatry. (2017) 22:1298-
305. doi: 10.1038/mp.2016.258

Tanaka M, Nakamura F, Mizokawa S, Matsumura A, Nozaki S, Watanabe Y.
Establishment and assessment of a rat model of fatigue. Neurosci Lett. (2003)
352:159-62. doi: 10.1016/j.neulet.2003.08.051

Kanzaki A, Okauchi T, Hu D, Shingaki T, Katayama Y, Koyama
H, et al. Extension of recovery time from fatigue by repeated rest
with short-term sleep during continuous fatigue load: development of
chronic fatigue model. J Neurosci Res. (2016) 94:424-9. doi: 10.1002/jnr.
23718

Machado RB, Hipolide DC, Benedito-Silva AA, Tufik S. Sleep
deprivation induced by the modified multiple platform technique:
quantification of sleep loss and recovery. Brain Res. (2004)
1004:45-51. doi: 10.1016/j.brainres.2004.01.019

Dai Z, Ji J, Xiao G, Yan G, Li S, Zhang G, et al. Magnetization
transfer prepared gradient echo MRI for CEST imaging. PLoS ONE. (2014)
9:¢112219. doi: 10.1371/journal.pone.0112219

Sun PZ, Wang Y, Dai Z, Xiao G, Wu R. Quantitative chemical exchange
saturation transfer (QCEST) MRI-REF spillover effect-corrected omega plot for
simultaneous determination of labile proton fraction ratio and exchange rate.
Contrast Media Mol Imaging. (2014) 9:268-75. doi: 10.1002/cmmi.1569

Tang X, Dai Z, Xiao G, Yan G, Shen Z, Zhang T, et al. Nuclear
overhauser enhancement-mediated magnetization transfer imaging in glioma
with different progression at 7T. ACS Chem Neurosci. (2017) 8:60-
6. doi: 10.1021/acschemneuro.6b00173

Li D, Hu D, Shigeta M, Ochi Y, Watanabe Y, Li E et al. Homeostatic
disturbance of thermoregulatory functions in rats with chronic fatigue.
Neurosci Res. (2020). doi: 10.1016/j.neures.2020.04.005. [Epub ahead of print].
Rasmussen P, Wyss MT, Lundby C. Cerebral glucose and lactate consumption
during cerebral activation by physical activity in humans. FASEB J. (2011)
25:2865-73. doi: 10.1096/1j.11-183822

Delp MD, Armstrong RB, Godfrey DA, Laughlin MH, Ross CD, Wilkerson
MK. Exercise increases blood flow to locomotor, vestibular, cardiorespiratory
and visual regions of the brain in miniature swine. J Physiol. (2001) 533(Pt
3):849-59. doi: 10.1111/j.1469-7793.2001.t01-1-00849.x

Wang D, Liu X, Qiao D. Modulatory effect of subthalamic nucleus
on the development of fatigue during exhausting exercise: an in vivo
electrophysiological and microdialysis study in rats. J Sports Sci Med.
(2012) 11:286-93.

Holschneider DP, Yang ], Guo Y, Maarek JM. Reorganization of functional
brain maps after exercise training: importance of cerebellar-thalamic-cortical
pathway. Brain Res. (2007) 1184:96-107. doi: 10.1016/j.brainres.2007.09.081
Akazawa KH, Cui Y, Tanaka M, Kataoka Y, Yoneda Y, Watanabe Y.
Mapping of regional brain activation in response to fatigue-load and recovery
in rats with c-Fos immunohistochemistry. Neurosci Res. (2010) 66:372-
9. doi: 10.1016/j.neures.2009.12.009

Jin G, Kataoka Y, Tanaka M, Mizuma H, Nozaki S, Tahara T, et al. Changes in
plasma and tissue amino acid levels in an animal model of complex fatigue.
Nutrition. (2009) 25:597-607. doi: 10.1016/j.nut.2008.11.021

Kume S, Yamato M, Tamura Y, Jin G, Nakano M, Miyashige Y, et al. Potential
biomarkers of fatigue identified by plasma metabolome analysis in rats. PLoS
ONE. (2015) 10:¢0120106. doi: 10.1371/journal.pone.0120106

Rajda C, Pukoli D, Bende Z, Majlith Z, Vécsei L. Excitotoxins, mitochondrial
and redox disturbances in multiple sclerosis. Int J Mol Sci. (2017)
18:353. doi: 10.3390/ijms18020353

Yasui M, Yoshimura T, Takeuchi S, Tokizane K, Tsuda M, Inoue K, et al.
A chronic fatigue syndrome model demonstrates mechanical allodynia and

Frontiers in Neurology | www.frontiersin.org

October 2020 | Volume 11 | Article 589128


https://doi.org/10.1016/j.physbeh.2018.11.042
https://doi.org/10.1212/WNL.0b013e31827f07be
https://doi.org/10.1186/1742-2094-1-22
https://doi.org/10.1523/JNEUROSCI.3455-15.2016
https://doi.org/10.1016/j.neuroimage.2011.05.048
https://doi.org/10.3389/fphys.2017.00019
https://doi.org/10.1111/neup.12465
https://doi.org/10.1159/000326692
https://doi.org/10.33588/rn.6710.2018110
https://doi.org/10.1038/s41398-018-0161-3
https://doi.org/10.1001/jamaneurol.2015.2332
https://doi.org/10.1177/1352458510367662
https://doi.org/10.1080/01616412.2016.1275460
https://doi.org/10.1073/pnas.1607571113
https://doi.org/10.1016/j.cca.2012.06.022
https://doi.org/10.1016/j.cccn.2005.05.023
https://doi.org/10.1002/nbm.1512
https://doi.org/10.1055/s-2007-971925
https://doi.org/10.1038/nm.2615
https://doi.org/10.1002/nbm.2875
https://doi.org/10.1021/acschemneuro.8b00482
https://doi.org/10.1111/jnc.13771
https://doi.org/10.1038/mp.2016.258
https://doi.org/10.1016/j.neulet.2003.08.051
https://doi.org/10.1002/jnr.23718
https://doi.org/10.1016/j.brainres.2004.01.019
https://doi.org/10.1371/journal.pone.0112219
https://doi.org/10.1002/cmmi.1569
https://doi.org/10.1021/acschemneuro.6b00173
https://doi.org/10.1016/j.neures.2020.04.005
https://doi.org/10.1096/fj.11-183822
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00849.x
https://doi.org/10.1016/j.brainres.2007.09.081
https://doi.org/10.1016/j.neures.2009.12.009
https://doi.org/10.1016/j.nut.2008.11.021
https://doi.org/10.1371/journal.pone.0120106
https://doi.org/10.3390/ijms18020353
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Lietal

GIUCEST Imaging in Fatigue Model

40.

41.

42.

muscular hyperalgesia via spinal microglial activation. Glia. (2014) 62:1407-
17. doi: 10.1002/glia.22687

Yasui M, Menjyo Y, Tokizane K, Shiozawa A, Tsuda M, Inoue K, et al.
Hyperactivation of proprioceptors induces microglia-mediated long-lasting
pain in a rat model of chronic fatigue syndrome. ] Neuroinflammation. (2019)
16:67. doi: 10.1186/512974-019-1456-x

Gay CW, Robinson ME, Lai S, O’Shea A, Craggs ]G, Price DD,
et al. Abnormal resting-state functional connectivity in patients
with chronic fatigue syndrome: results of seed and data-driven
analyses. Brain = Connect. (2016) 6:48-56. doi:  10.1089/brain.20
15.0366

Shan ZY, Finegan K, Bhuta S, Ireland T, Staines DR, Marshall-Gradisnik
SM, et al. Decreased connectivity and increased blood oxygenation level
dependent complexity in the default mode network in individuals with

chronic fatigue syndrome. Brain Connect. (2018) 8:33-9. doi: 10.1089/brain.20
17.0549

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Dai, Hu, Zeng, Fang, Zhuang, Xu, Huang, Cui and Zhang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

October 2020 | Volume 11 | Article 589128


https://doi.org/10.1002/glia.22687
https://doi.org/10.1186/s12974-019-1456-x
https://doi.org/10.1089/brain.2015.0366
https://doi.org/10.1089/brain.2017.0549
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Mapping the Alterations of Glutamate Using Glu-Weighted CEST MRI in a Rat Model of Fatigue
	Introduction
	Materials and Methods
	Animals
	Fatigue Model and Experimental Procedures
	Measurement of Spontaneous Activity
	Multi-Parametric MRI Acquisition
	Statistical Analysis

	Results
	Decrease of Spontaneous Activity
	No Abnormalities Were Observed in Conventional Imaging in Fatigue Group
	Glutamate Level Increased in the Whole Brain Measured by Glu-Weighted CEST

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


