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Abstract

Purpose

We developed a novel magnetic resonance imaging (MRI) technique based on chemical
exchange saturation transfer (CEST) for GABA imaging and investigated the concentra-
tion-dependent CEST effect of GABA in a rat model of brain tumor with blood—brain barrier
(BBB) disruption.

Materials and Methods

All MRI studies were performed using a 7.0-T Agilent MRI scanner. Z-spectra for GABA
were acquired at 7.0 T, 37°C, and a pH of 7.0 using varying B; amplitudes. CEST images of
phantoms with different concentrations of GABA solutions (pH, 7.0) and other metabolites
(glutamine, myoinositol, creatinine, and choline) were collected to investigate the concen-
tration-dependent CEST effect of GABA and the potential contribution from other brain
metabolites. CEST maps for GABA in rat brains with tumors were collected at baseline and
50 min, 1.5 h, and 2.0 h after the injection of GABA solution.

Results

The CEST effect of GABA was observed at approximately 2.75 parts per million(ppm)
downfield from bulk water, and this effect increased with an increase in the By amplitude
and remained steady after the B; amplitude reached 6.0 uT (255 Hz). The CEST effect of
GABA was proportional to the GABA concentration in vitro. CEST imaging of GABA in a rat
brain with a tumor and compromised BBB showed a gradual increase in the CEST effect
after GABA injection.
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Conclusion

The findings of this study demonstrate the feasibility and potential of CEST MRI with the
optimal By amplitude, which exhibits excellent spatial and temporal resolutions, to map
changes in GABA.

Introduction

y-aminobutyric acid (GABA) is an important inhibitory neurotransmitter in the brain that is
likely to be involved in almost all signal processing in the central nervous system (CNS) [1].
The concentration of GABA is altered in many brain disorders, including depression, epilepsy,
Alzheimer’s disease, and schizophrenia [2-4]. Therefore, a method for in vivo assessment of
GABA would be useful for understanding the pathophysiology, diagnosis, and treatment moni-
toring of related disorders. Magnetic resonance imaging (MRI) is a safe, noninvasive imaging
technique that can provide minute structural details on conventional T1/T2-weighted
sequences; however, it is not capable of imaging the distribution of neurotransmitters in the
brain.

Proton magnetic resonance spectroscopy (‘'HMRS) is one of the techniques used to assess
potential disruptions in neuronal integrity and associated neurochemical dysregulation [5, 6].
However, "HMRS requires a long acquisition time and provides poor spatial resolution. GABA
resonances measured by '"HMRS overlap with those for glutamate (Glu), N-acetylaspartic acid
(NAA), creatinine (Cr), and macromolecules, thus increasing the challenge for in vivo quantifi-
cation [7, 8]. Chemical exchange saturation transfer (CEST) is a relatively new MRI technique
that can indirectly detect the metabolite content on the basis of exchangeable protons that
exchange with bulk water and provides better spatial and temporal resolutions compared with
"HMRS [9, 10]. The CEST technique has previously been used to map pH changes based on
amide proton (-NH) exchange with bulk water, the protein content in the brain, glycogen
changes in the liver, and proteoglycans in the knee cartilage [11-14]. Some small metabolites
such as Glu, myoinositol (MI), and Cr were also imaged using CEST in previous studies
[15-18].

GABA exhibits a CEST effect between its amine proton (-NH,) and bulk water. In the cur-
rent study, a phantom was used to investigate the concentration-dependent CEST effect of
GABA. The extent of contribution from other metabolites was also investigated. Thus, we dem-
onstrated the feasibility and potential of CEST MRI with the optimal B; amplitude, which
exhibits excellent spatial and temporal resolution, to map changes in GABA. In addition, we
investigated the concentration-dependent CEST effect of GABA in a rat model of brain tumor
with blood—brain barrier (BBB) disruption.

Materials and Methods
Scanning Device and Acquired Sequences

All MRI studies were performed using a 7.0-T small-animal MRI system (Agilent Technolo-
gies, USA) with a 160-mm bore magnet and a standard body coil. In CEST imaging experi-
ments, we utilized an echo planar imaging (EPI) readout sequence with a frequency-selective
continuous wave saturation pulse.
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Phantom Imaging

GABA solutions of different concentrations (2, 10, 20, 30, and 50 mM) containing phosphate-
buffered saline (PBS) were prepared in small test tubes with the pH adjusted to 7.0. The tubes
were immersed in a beaker. CEST Z-spectra for 50 mM GABA were acquired over a +6.0-parts
per million (ppm) range (step size: 0.25 ppm) relative to the bulk water resonance frequency
with different B; amplitudes (saturation power) from 0.5 pT to 8.0 uT (step size: 0.5 uT) [19].
The duration of saturation was 3 s, the Band-width of irradiating pulse is 0.333 Hz. The
sequence parameters were as follows: flip angle, 90°; repetition time (TR), 4000 ms; echo time
(TE), 15 ms; averages, 1; and volume of interest (VOI), 7.0 x 9.0 x 10.0 mm?®. The total imaging
duration was 3 min and 24 s.

In addition, two CEST images from these phantoms were collected at +2.75 ppm using a
6.0-uT saturation power and a 5-s saturation duration to investigate the concentration-depen-
dent CEST effect of GABA. The sequence parameters were as follows: flip angle, 90°; TR, 6000
ms; TE, 237 ms; slice thickness, 1 mm; average, 32; field of view (FOV), 64 x 64 mm?; and
matrix, 64 x 64. The total imaging duration was 9 min and 37 s.

In order to evaluate the potential contributions from other major brain metabolites to the
CEST effect of GABA, test tubes were filled with solutions containing 50 mM of each metabo-
lite, including Glu, M1, Cr, and choline (Cho), at a pH of 7.0 and immersed in a beaker contain-
ing PBS. Two CEST images were also acquired using imaging parameters similar to those
described above. All experiments were performed at 37°C.

Animal Preparation

Four Sprague—Dawley (SD) rats weighing 200-280 g were used to create rat models of brain
tumor. All rats were housed in standard facilities and provided ad libitum access to water and
rodent food. The animal experiments were performed according to guidelines of the Chinese
Animal Welfare Agency and were approved by the Institutional Animal Care and Usage Com-
mittee of Shantou University Medical College. We had a protocol in place for the early eutha-
nasia/humane endpoints for animals who became severely ill/moribund during the experiment
(s). C6 glioma cells were obtained from American Type Culture Collection (ATCC, USA) and
grown in Dulbecco’s modified Eagle medium (DMEM/F12, Gibco, USA) with 10% fetal calf
serum and penicillin/streptomycin under a 5% CO, atmosphere at 37°C. Each rat was injected
with 1 x 106 exponential-phase C6 glioma cells in the right basal ganglia [20]. To alleviate sur-
gical pain, preemptive analgesia (Buprenorphine 0.05 mg/kg, S.C.) was administered 30 min
before operation and post-procedural analgesia (Buprenorphine 0.05 mg/kg, SC q 6-12 hr)
was continued for a minimum of 12-24 hours after the animal regained consciousness. After
operation, the rats were returned to their home-cage, no cage contained two rats to minimize
any enhanced intermale aggression.

Animal Imaging

Rats were subjected to MRI 2 weeks after the implantation of tumor cells. Anesthesia was
induced using 10% chloral hydrate solution and maintained by spontaneous inhalation of a
2%/98% isoflurane/oxygen mixture through a mask with an anesthesia unit. Chloral hydrate
has been used as an anesthetic agent widely in animal studies. Compared to the others, it did
not significantly alter Heart rate, left ventricular systolic pressure and maximal rate of increase
of left ventricular pressure, cell shorting amplitude and survival rate as demonstrated in a
recent animal study [21]. The respiration of anesthetized animal was monitored for stability,
and the body temperature was maintained at 36-37°C using a water-heated animal blanket. A
scout image was initially obtained to verify the position of the subject and the quality of the
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image. Two CEST images were obtained using the same imaging parameters described above,
except that the FOV was 30 x 30 mm? and the slice thickness was 2 mm. After collecting the
baseline CEST map, the animals were injected with 2.5 ml of 100 mM GABA solution via the
tail vein, following which CEST images were periodically collected for approximately 2.0 h.
After finishing MRI scanning, we carried out an euthanasia protocol for all research rats by
intraperitoneal injection an overdose of Sodium Pentobarbital (100 or > mg/kg).

Data Processing

All image processing and data analyses were performed using MATLAB software (version 7.0).
Z-spectra were generated by plotting CEST image intensity as a function of the resonance offset
of the saturation pulse. CEST asymmetry curves were also generated by plotting the relative
water signal difference at frequency offsets from 0 to 6.0 ppm. To correct the By, field inhomo-
geneity effects, the water shift referencing method [22] was used for B, field mapping, wherein
a low-power pulse (B4, 0.25 uT) was applied to obtain Z-spectra upon direct water saturation
sampled around the water resonance (-1 to +1 ppm). Then, on the basis of the fitted B, inho-
mogeneity map, all measured Z-spectra curves were also interpolated to 0.01 ppm and shifted
accordingly. Finally, the corrected Z-spectra were interpolated back to the 49 sampling points.
All analyses were performed on a pixel-by-pixel basis. The CEST signal of GABA was calcu-
lated using the equation (M_; 75ppm = M2 75ppm)/M_2.75p p.m Where M. 7545, represents images
obtained at £2.75 ppm from the water resonance [23].

Results

The CEST peak for 50 mM GABA (pH, 7.0) was clearly observed approximately 2.75 ppm
downfield to the bulk water resonance from the Z-spectra at the different B; amplitudes (Fig
1b). The Z-spectral asymmetry plots obtained from the Z-spectra show a broad CEST effect
ranging from 1 to 4 ppm from the bulk water resonance (Fig 1c). Fig 1d illustrates that the
CEST effect of GABA increased with an increase in the B, amplitude and remained steady after
the B; amplitude reached 6.0 pT.

By subtraction of two images collected with a saturation frequency selected at +2.75 ppm,
we obtained the CEST images of GABA for a phantom comprising test tubes with different
concentrations of GABA solutions (pH, 7.0) immersed in a beaker containing PBS (Fig 2a). Fig
2b shows the CEST contrast dependence on concentrations and demonstrates that the CEST
effect of GABA is linearly proportional to the GABA concentration, with a slope of 0.58 mM ',
in vitro. This indicates that the CEST effect of GABA can serve as an index of its concentration.

Fig 3 shows the CEST images of the phantom comprising test tubes with solutions contain-
ing 50 mM of different metabolites (GABA, Glu, M, Cr, and Cho), which were acquired at a
peak By of 6.0 uT and a 5-seconds saturation pulse duration. Except for a small contribution
from Glu, the contributions of the other metabolites at 2.75 ppm to the CEST signal of GABA
were negligible.

To investigate the concentration-dependent CEST effect of GABA in vivo, we built a tumor
model with a compromised BBB, and CEST maps gathered at baseline and 50 min, 1.5 h, and
2.0 h after intravenous injection of GABA showed a gradual increase in the CEST signal of
GABA in the tumor (Fig 4).

Discussion

The findings of this study demonstrate the feasibility and potential of CEST MRI with the opti-
mal B; amplitude to map changes in GABA. GABA has exchangeable amine protons that
exhibit a CEST effect at approximately 2.75 ppm in Z-spectra. Z-spectra reflect the signal
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Fig 1. The chemical exchange saturation transfer (CEST) effect of y-aminobutyric acid (GABA) and
its dependence on the B, amplitude. (a) Image of a phantom with 50 mM GABA (pH, 7.0) and the
localization voxel indicated. (b, c) Z-spectra and CEST asymmetry curves for 50 mM GABA (pH, 7.0) at
different By amplitudes show the CEST effect at approximately 2.75 ppm downfield to the bulk water
resonance. (d) The CEST effect of GABA increases with an increase in the By amplitude and remains steady
after the By amplitude reaches 6.0 uT.

doi:10.1371/journal.pone.0163765.9001

intensity of water at a different frequency offset after the application of a saturation pulse, and
the exchangeable protons can be selectively irradiated by the application of a radiofrequency
(RF) pulse. Their saturated magnetization transfer with bulk water then results in a decreased

bulk water signal [24]. Thus, we can indirectly map changes in GABA by imaging the bulk
water signal change.
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Fig 2. Chemical exchange saturation transfer (CEST) images of a phantom comprising test tubes with different
concentrations of y-aminobutyric acid (GABA) solutions (pH, 7.0) immersed in a beaker containing phosphate-
buffered saline (PBS). (a) The region of interest (ROI) shows the CEST contrast color-coded on the original CEST image
(2.75 ppm) acquired by the application of a saturation continuous wave with a B; amplitude of 6.0 uT (255 Hz) for 5 s. (b)
Linear dependence of the CEST effect of GABA on the GABA concentration, with a slope of 0.58% mM™.

doi:10.1371/journal.pone.0163765.9002
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0

Fig 3. Chemical exchange saturation transfer (CEST) images of a phantom comprising test tubes
with solutions containing 50 mM of different metabolites [y-aminobutyric acid (GABA), glutamine
(GIn), myoinositol (MI), creatinine (Cr), and choline (Cho)] at a peak B, amplitude of 6 pT (255 Hz) and
a 5-s saturation pulse duration. Except for some contribution from Glu, there was no apparent contribution
from the other metabolites at 2.75 ppm.

doi:10.1371/journal.pone.0163765.9g003

A concentration-dependent CEST signal of GABA was observed in vitro using the imaging
parameters described in Methods. An increase of approximately 0.58% in the CEST effect was
observed with an increase of 1 mM in GABA. In healthy brains, GABA cannot cross the BBB;
however, the compromised BBB in our tumor model allowed the GABA solution to cross over.

0

Fig 4. Images of a rat brain with a tumor and disrupted blood—brain barrier (BBB). (a) T2-weighted
image demonstrating the tumor and a rectangular region of interest. (b) Chemical exchange saturation
transfer (CEST) maps of y-aminobutyric acid (GABA) in a rat brain with a tumor and a compromised BBB,
which were collected at baseline and 50 min, 1.5 h, and 2.0 h after GABA injection, show a gradual increase
in the CEST effect of GABA over time.

doi:10.1371/journal.pone.0163765.9004
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This is a good way to demonstrate the concentration-dependent CEST signal of GABA in vivo
using 7.0-T MRI of rat brains with tumors before and after GABA injection. A gradual increase
in the CEST effect was observed after the injection of GABA solution that could cross the com-
promised BBB, and this was consistent with the results of the phantom studies. Thus, the con-
centration-dependent CEST effect of GABA observed both in vitro and in vivo provides
evidence that the distribution of GABA in the brain can be imaged under some pathological
conditions.

The B, amplitude is one of the most important factors affecting the CEST effect of GABA
[19]. In the current study, we observed that the CEST effect increased with an increase in the
B, amplitude and remained steady after the B; amplitude reached 6.0 uT. An adequate B,
amplitude and pulse duration lead to complete saturation; therefore, we selected 6.0 uT as the
optimal B; amplitude in our CEST imaging experiments.

We found some contribution from Glu to the CEST effect of GABA under the same experi-
mental conditions, probably because of exchange broadening, which is hard to distinguish in
current technology. Therefore, the contamination of Glu will hinder the quantification of
CEST effect of GABA in the near future. Contribution from other brain metabolites such as
M, Cr, and Cho was negligible, possibly because of a reasonable difference in the chemical
shift [19]. Previous literature reported that glucose had CEST effect at 2.1 and 2.9 ppm, which
is very close to 2.75 ppm. With the existence of glucose in vivo, it can be attributed that CEST
effect of GABA overlapped with Glucose in some extent [25].

Asymmetric magnetization transfer (MT) effects may confound the CEST signal of GABA
because of the contrast magnetization exchange between water molecules bound to larger mac-
romolecules in solid or semisolid phases and free water [26-28]. However, we used a strong
saturation pulse (6.0 pT) in this study that minimized MT asymmetry; this was also observed
in previous studies [29, 30]. It has also been reported that the concentration of isoflurane used
in anesthesia has influence in MTRasym measurements [25]. However, any MT asymmetry
effects would result in an underestimation of the actual CEST signal of GABA by competing
with the CEST effects of GABA.

In summary, the results of study demonstrate the feasibility of imaging relative changes in
GABA using CEST MRI. Although MRS with editing or localized two-dimensional chemical
shift methods can also measure GABA levels in vivo or in vitro, particularly at ultrahigh mag-
netic field strengths, it provides poor resolution. Compared with conventional "H-MRS, the
CEST MRI technique used in the present study is noninvasive and nonradioactive and offers
high spatial and temporal resolutions for the detection of concentration changes in GABA in
the human brain. Further studies should investigate the functions of this technique and explore
its potential as a biomarker for the diagnosis and treatment of CNS disorders.

Supporting Information

S1 Appendix. Figure A. CEST Z-spectra of 50 mM GABA with the saturation duration
remained 3 s. Figure B. CEST images of a phantom consisting of test tubes with different con-
centrations of GABA solutions (pH 7.0) immersed in a beaker containing PBS. Figure C. The
CEST images of a phantom consisting of test tubes with solution of 50 mM different metabo-
lites (GABA, Glu, MI, Cr and Cho) at peak B; of 6 pT (255 Hz) and 5 seconds saturation pulse
duration. Figure D. The T2 weighted image which demonstrates the tumor and a rectangular
region of interest. Figure E. Two CEST images of a rat brain with tumor collected at +

2.75 ppm Figure E. CEST contrast of GABA equaled to (M_ 75ppm=M.2.75ppm) /M_2.75p p.1mo
where M. 75,,m Were images obtained at + 2.75 ppm from the water resonance respectively.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0163765 October 6, 2016 7/9


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163765.s001

®PLOS | on

GABA Imaging

Acknowledgments

Renhua Wu acknowledges the financial support from the National High Technology Research
and Development Program of China (2014AA021101) and NSFC (30930027). Gang Xiao was
supported by a NCF of Guangdong Province, China (S2013010013372). Gen Yan was sup-
ported by a NCF of Jiangsu province, China (BK20151106).

Author Contributions
Data curation: HZ.

Funding acquisition: RW GX GY.
Investigation: ZD.
Methodology:ZD MY Y].
Project administration: GY.
Resources: RW.

Software: GX.

Supervision: RW.

Validation: TN.

Writing - original draft: TZ.

Writing - review & editing: GY.

References

1. Petroff O. 2002. Book review: GABA and glutamate in the human brain. The Neuroscientist 8, 562—
573. doi: 10.1177/1073858402238515 PMID: 12467378

2. Moehler H. 2006. Gaba a receptors in central nervous system disease: Anxiety, epilepsy, and insom-
nia. Journal of Receptors and Signal Transduction 26, 731-740. doi: 10.1080/10799890600920035
PMID: 17118808

3. Rossor M, Garrett N, Johnson A, Mountjoy C, Roth M, Iversen L. 1982. A post-mortem study of the
cholinergic and GABA systems in senile dementia. Brain: a journal of neurology 105, 313-330. doi:
10.1093/brain/105.2.313 PMID: 7082992

4. Wassef A, Baker J, Kochan L. 2003. GABA and schizophrenia: a review of basic science and clinical
studies. Journal of clinical psychopharmacology 23, 601-640. doi: 10.1097/01.jcp.0000095349.
32154.a5 PMID: 14624191

5. Christiansen P, Henriksen O, Stubgaard M, Gideon P, Larsson H. 1993. In vivo quantification of brain
metabolites by 1H-MRS using water as an internal standard. Magnetic Resonance Imaging 11, 107—
118. doi: 10.1016/0730-725X(93)90418-D PMID: 8423713

6. ShenZ,CaoZ, YouK, YangZ, Xiao Y, Cheng X. et al. 2012. Quantification of choline concentration
following liver cell apoptosis using 'H magnetic resonance spectroscopy. World Journal of Gastroen-
terology: WJG 18, 1130-1136. doi: 10.3748/wjg.v18.i10.1130 PMID: 22416190

7. CaiK, Nanga R, Lamprou L, Schinstine C, Elliott M, Hariharan H. et al. 2012. The impact of gabapentin
administration on brain gaba and glutamate concentrations: A 7t 1h-mrs study. Neuropsychopharma-
cology 37,2764—-2771. doi: 10.1038/npp.2012.142 PMID: 22871916

8. Changl, Cloak C, Ernst T. 2002. Magnetic resonance spectroscopy studies of GABA in neuropsychi-
atric disorders. The Journal of clinical psychiatry 64, 7—14. PMID: 12662128

9. WardK, Aletras A, Balaban R. 2000. A new class of contrast agents for MRI based on proton chemical
exchange dependent saturation transfer (cest). Journal of magnetic resonance 143, 79-87. doi: 10.
1006/jmre.1999.1956 PMID: 10698648

PLOS ONE | DOI:10.1371/journal.pone.0163765 October 6, 2016 8/9


http://dx.doi.org/10.1177/1073858402238515
http://www.ncbi.nlm.nih.gov/pubmed/12467378
http://dx.doi.org/10.1080/10799890600920035
http://www.ncbi.nlm.nih.gov/pubmed/17118808
http://dx.doi.org/10.1093/brain/105.2.313
http://www.ncbi.nlm.nih.gov/pubmed/7082992
http://dx.doi.org/10.1097/01.jcp.0000095349.32154.a5
http://dx.doi.org/10.1097/01.jcp.0000095349.32154.a5
http://www.ncbi.nlm.nih.gov/pubmed/14624191
http://dx.doi.org/10.1016/0730-725X(93)90418-D
http://www.ncbi.nlm.nih.gov/pubmed/8423713
http://dx.doi.org/10.3748/wjg.v18.i10.1130
http://www.ncbi.nlm.nih.gov/pubmed/22416190
http://dx.doi.org/10.1038/npp.2012.142
http://www.ncbi.nlm.nih.gov/pubmed/22871916
http://www.ncbi.nlm.nih.gov/pubmed/12662128
http://dx.doi.org/10.1006/jmre.1999.1956
http://dx.doi.org/10.1006/jmre.1999.1956
http://www.ncbi.nlm.nih.gov/pubmed/10698648

®PLOS | on

GABA Imaging

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Zhou J, Payen J, Wilson D, Traystman R, Van Z. 2003. Using the amide proton signals of intracellular
proteins and peptides to detect pH effects in MRI. Nature medicine 9, 1085—1090. doi: 10.1038/
nm907 PMID: 12872167

Gallagher F, Kettunen M, Day S, Hu D, Ardenkjeer-Larsen J, Zandt R, et al. 2008. Magnetic resonance
imaging of pH in vivo using hyperpolarized '3c-labelled bicarbonate. Nature 453, 940-943. doi: 10.
1038/nature07017 PMID: 18509335

Sun P, Cheung J, Wang E, Benner T, Sorensen A. 2011. Fast multi-slice ph-weighted chemical
exchange saturation transfer (cest) MRI with unevenly segmented RF irradiation. Magnetic Reso-
nance in Medicine 65, 588—594. doi: 10.1002/mrm.22628 PMID: 20872859

Jones C, Schlosser M, Van Z, Pomper M, Golay X, Zhou J. 2006. Amide proton transfer imaging of
human brain tumors at 3T. Magnetic Resonance in Medicine 56, 585-592. doi: 10.1002/mrm.20989
PMID: 16892186

Ling W, Regatte R, Navon G, Jerschow A. 2008. Assessment of glycosaminoglycan concentration in
vivo by chemical exchange-dependent saturation transfer (gagcest). Proceedings of the National
Academy of Sciences 105, 2266—2270. doi: 10.1073/pnas.0707666105 PMID: 18268341

Cai K, Singh A, Roalf D, Nanga R, Haris M, Hariharan H, et al. 2013. Mapping glutamate in subcortical
brain structures using high-resolution glucest mri. NMR in Biomedicine 26, 1278—1284. doi: 10.1002/
nbm.2949 PMID: 23553932

Haris M, Cai K, Singh A, Hariharan H, Reddy R. 2011. In vivo mapping of brain myo-inositol. Neuro-
image 54, 2079-2085. doi: 10.1016/j.neuroimage.2010.10.017 PMID: 20951217

Haris M, Nath K, Cai K, Singh A, Crescenzi R, Kogan F, et al. 2013. Imaging of glutamate neurotrans-
mitter alterations in Alzheimer’s disease. NMR in Biomedicine 26, 386—391. doi: 10.1002/nbm.2875
PMID: 23045158

Kogan F, Haris M, Singh A, Cai K, Debrosse C, Nanga R, et al. 2014. Method for high-resolution imag-
ing of creatine in vivo using chemical exchange saturation transfer. Magnetic Resonance in Medicine
71, 164-172. doi: 10.1002/mrm.24641 PMID: 23412909

Cai K, Haris M, Singh A, Kogan F, Greenberg J, Hariharan H, et al, 2012. Magnetic resonance imaging
of glutamate. Nature medicine 18, 302—306. doi: 10.1038/nm.2615 PMID: 22270722

Kobayashi N, Allen N, Clendenon N, Ko L. 1980. An improved rat brain-tumor model. Journal of neuro-
surgery 53, 808-15. doi: 10.3171/jns.1980.53.6.0808 PMID: 7003068

Jiang X, Gao L, Zhang Y, Wang G, Liu Y, Yan C, et al. 2011. A comparison of the effects of ketamine,
chloral hydrate and pentobarbital sodium anesthesia on isolated rat hearts and cardiomyocytes
12,732-5. doi: 10.2459/JCM.0b013e32834a6697 PMID: 21873882

Kim M, Gillen J, Landman B, Zhou J, Van Z. 2009. Water saturation shift referencing (WASSR) for
chemical exchange saturation transfer (CEST) experiments. Magnetic Resonance in Medicine 61,
1441-50. doi: 10.1002/mrm.21873 PMID: 19358232

Kogan F, Singh A, Debrosse C, Haris M, Cai K, Nanga R, et al, 2013. Imaging of glutamate in the spinal
cord using GIUCEST. Neuroimage 77, 262-267. doi: 10.1016/j.neuroimage.2013.03.072 PMID:
23583425

Haris M, Singh A, Cai K, Nath K, Crescenzi R, Kogan F, et al, 2013. MICEST: a potential tool for non-
invasive detection of molecular changes in Alzheimer’s disease. Journal of neuroscience methods
212, 87-93. doi: 10.1016/j.jneumeth.2012.09.025 PMID: 23041110

Nasrallah FA, Pages G, Kuchel PW, Golay X, Chuang KH. 2013. Imaging brain deoxyglucose uptake
and metabolism by glucoCEST MRI. J Cereb Blood Flow Metab 33, 1070-1078. doi: 10.1038/jcbfm.
2013.79 PMID: 23673434

Wolff S, Balaban R. 1989. Magnetization transfer contrast (MTC) and tissue water proton relaxation in
vivo. Magnetic Resonance in Medicine 10, 135—-144. PMID: 2547135

Liu D, Zhou J, Xue R, Zuo Z, An J, Wang DJ. 2013. Quantitative characterization of nuclear overhauser
enhancement and amide proton transfer effects in the human brain at 7 tesla. Magnetic Resonance in
Medicine 70, 1070—1081. doi: 10.1002/mrm.24560 PMID: 23238951

Jin T Wang P, Zong X Kim SG. 2013. MR imaging of the amide-proton transfer effect and the pH-insen-
sitive nuclear overhauser effect at 9.4 T. Magnetic Resonance in Medicine 69, 760-770. doi: 10.1002/
mrm.24315 PMID: 22577042

Hua J, Jones C, Blakeley J, Smith S, Van Z, Zhou J. 2007. Quantitative description of the asymmetry
in magnetization transfer effects around the water resonance in the human brain. Magnetic Resonance
in Medicine 58, 786-793. doi: 10.1002/mrm.21387 PMID: 17899597

Zhao X, Wen Z, Huang F, Lu S, Wang X, Hu S, et al. 2011. Saturation power dependence of amide pro-
ton transferimage contrasts in human brain tumors and strokes at 3 T. Magnetic Resonance in Medi-
cine 66, 1033—-1041. doi: 10.1002/mrm.22891 PMID: 21394783

PLOS ONE | DOI:10.1371/journal.pone.0163765 October 6, 2016 9/9


http://dx.doi.org/10.1038/nm907
http://dx.doi.org/10.1038/nm907
http://www.ncbi.nlm.nih.gov/pubmed/12872167
http://dx.doi.org/10.1038/nature07017
http://dx.doi.org/10.1038/nature07017
http://www.ncbi.nlm.nih.gov/pubmed/18509335
http://dx.doi.org/10.1002/mrm.22628
http://www.ncbi.nlm.nih.gov/pubmed/20872859
http://dx.doi.org/10.1002/mrm.20989
http://www.ncbi.nlm.nih.gov/pubmed/16892186
http://dx.doi.org/10.1073/pnas.0707666105
http://www.ncbi.nlm.nih.gov/pubmed/18268341
http://dx.doi.org/10.1002/nbm.2949
http://dx.doi.org/10.1002/nbm.2949
http://www.ncbi.nlm.nih.gov/pubmed/23553932
http://dx.doi.org/10.1016/j.neuroimage.2010.10.017
http://www.ncbi.nlm.nih.gov/pubmed/20951217
http://dx.doi.org/10.1002/nbm.2875
http://www.ncbi.nlm.nih.gov/pubmed/23045158
http://dx.doi.org/10.1002/mrm.24641
http://www.ncbi.nlm.nih.gov/pubmed/23412909
http://dx.doi.org/10.1038/nm.2615
http://www.ncbi.nlm.nih.gov/pubmed/22270722
http://dx.doi.org/10.3171/jns.1980.53.6.0808
http://www.ncbi.nlm.nih.gov/pubmed/7003068
http://dx.doi.org/10.2459/JCM.0b013e32834a6697
http://www.ncbi.nlm.nih.gov/pubmed/21873882
http://dx.doi.org/10.1002/mrm.21873
http://www.ncbi.nlm.nih.gov/pubmed/19358232
http://dx.doi.org/10.1016/j.neuroimage.2013.03.072
http://www.ncbi.nlm.nih.gov/pubmed/23583425
http://dx.doi.org/10.1016/j.jneumeth.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23041110
http://dx.doi.org/10.1038/jcbfm.2013.79
http://dx.doi.org/10.1038/jcbfm.2013.79
http://www.ncbi.nlm.nih.gov/pubmed/23673434
http://www.ncbi.nlm.nih.gov/pubmed/2547135
http://dx.doi.org/10.1002/mrm.24560
http://www.ncbi.nlm.nih.gov/pubmed/23238951
http://dx.doi.org/10.1002/mrm.24315
http://dx.doi.org/10.1002/mrm.24315
http://www.ncbi.nlm.nih.gov/pubmed/22577042
http://dx.doi.org/10.1002/mrm.21387
http://www.ncbi.nlm.nih.gov/pubmed/17899597
http://dx.doi.org/10.1002/mrm.22891
http://www.ncbi.nlm.nih.gov/pubmed/21394783

