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Abstract

This study aimed to use chemical exchange saturation transfer (CEST) and magnetic resonance spectroscopy (MRS) at
7T-MRI for early detection of intracerebral lactate in a mitochondrial disease model without brain lesions. We considered
Ndufs4-knockout (KO) mice as Leigh syndrome models and wild-type (WT) mice as control mice. Brain MRI and '"H-MRS
were performed. T,WI data acquired with the Rapid Acquisition with Refocused Echoes (RARE) sequence were used for
evaluation of brain lesions. CEST imaging of mice brains was performed using RARE with a magnetization transfer (MT)
pulse. The MT ratio (MTR) asymmetry curves and five MTR asymmetry maps at 0.5, 1.0, 2.0, 3.0, and 3.5 ppm were calcu-
lated using these CEST images. Metabolite concentrations were measured by MRS. T,WI MRI revealed no obvious abnormal
findings in KO and WT mice brains at 6 weeks of age. The MTR asymmetry maps at 0.5 ppm, 1.0 ppm, and 2.0 ppm of the
KO mice were higher than those of the control mice. Brain 'H MRS revealed a significant increase in lactate levels in all KO
mice in comparison with those in the control mice. Additionally, creatine levels in the KO mice were slightly higher than
those in the control mice. The levels of the other four metabolites—mlIns, NAA + NAAG, GPC + PCh, and Glu + Gln—did
not change significantly. We propose that CEST imaging can be used as a biomarker of intracerebral elevated lactate levels
in mitochondrial disease.

Keywords Mitochondrial disease - Chemical exchange saturation transfer - Magnetic resonance spectroscopy - Magnetic
resonance imaging

Abbreviations CSI Chemical shift imaging
ATP Adenosine triphosphate FASTMAP Fast automated shimming technique by map-
CEST Chemical exchange saturation transfer ping along projections
KO Knock out
54 Shigeyoshi Saito mM MmolL .
saito@sahs.med.osaka-u.ac.jp MTR Magnetization transfer ratio
1 o ) . MR Magnetic resonance
D1V1§10n of Heal'th Sc.lences, Depart.ment. of Medical MRI Magnetic resonance imaging
Physics and Engineering, Osaka University Graduate School
of Medicine, Suita, Osaka 560-0871, Japan NOE Nuclear overhauser enhancements
) ) ) ) ) ) PRESS Point resolved spectroscopy
Department of Biomedical Imaging, National Cardiovascular RARE Rapid . ith ref d ech
and Cerebral Research Center, Suita, Osaka 565-8565, Japan api vaulSltl(?n with refocused echoes
3 . - N SD Standard deviation
°  Department of Cardiovascular Medicine, Osaka University TE Echo ti
Graduate School of Medicine, Suita, Osaka 565-0871, Japan cho time
4 . . . L TR Repetition time
Department of Medical Biochemistry, Osaka University T.WI T iohted i
Graduate School of Frontier Bioscience, Suita, 2W ,-weighted 1images

Osaka 565-0871, Japan VAPOR Variable power RF pulses with optimized
Comprehensive Heart Failure Center, University rellaxatlon delays
of Wuerzburg, 97078 Wuerzburg, Germany WT Wild type

Department of Nuclear Medicine, University of Wuerzburg, YVASSR Water saturatpn shift referencmg
97078 Wuerzburg, Germany H MRS Proton magnetic resonance spectroscopy


http://orcid.org/0000-0002-5100-9561
http://crossmark.crossref.org/dialog/?doi=10.1007/s12194-018-0490-1&domain=pdf

Early detection of elevated lactate levels in a mitochondrial disease model using chemical... 47

1 Introduction

Mitochondrial diseases are a group of disorders caused by
dysfunctional mitochondria, the organelles that generate
energy for the cell [1]. The mitochondria play a dominant
role in the production of adenosine triphosphate (ATP),
as reflected by the large number of proteins in the inner
membrane. Therefore, mitochondrial dysfunction leads to
ATP depletion and redox imbalance [1-3]. Many patients
with mitochondrial disease have consistently elevated lac-
tic acid levels.

A mitochondrial disease that causes prominent muscu-
lar problems is called a mitochondrial myopathy, while a
mitochondrial disease that causes both prominent muscu-
lar and neurological problems is called a mitochondrial
encephalomyopathy. Leigh syndrome is one of the most
severe mitochondrial diseases and results in death within
2 years after birth [4]. Because of these effects, mito-
chondrial diseases are life-threatening, progressive, and
often associated with premature death [5-7]. Therefore,
developing feasible animal models is important, not only
to better understand the pathophysiology of mitochondrial
diseases, but also to develop effective therapies [8].

Magnetic resonance spectroscopy (MRS) has previously
been shown to help detect the abnormal accumulation of
lactate in brain parenchyma and cerebral blood flow in
association with mitochondrial disorders [9]. Previous
studies have shown a significant intracerebral lactate peak
in patients with mitochondrial disease [10-12]. However,
there have been no evaluations of in vivo methods in ani-
mal models of mitochondrial disease.

Chemical exchange transfer (CEST) is a new imaging
technique introduced in 2000 [13]. It is based on the magnet-
ization transfer between bulk-water protons and exchange-
able protons such as amide protons (—-NH), amine protons
(-NH,), and hydroxyl protons (-OH), whose chemical shifts
are 3.5 ppm, 1.8-3.0 ppm, and 0.5-1.5 ppm, respectively
[14]. To evaluate animal models, some compounds contain-
ing these endogenous protons such as glutamate [15], cre-
atine [16, 17], lactate [18], and other metabolites have been
imaged using CEST. Brosse et al. demonstrated the feasibil-
ity of imaging lactate with CEST in lactate phantoms under
physiological conditions in a mouse model of lymphoma
tumors and in the skeletal muscle of healthy human subjects
pre- and post-exercise [18]. In addition, they reported that
creatine CEST can noninvasively detect changes in muscle
creatine content and oxidative phosphorylation capacity in
individuals with mitochondrial disorders [19]. However,
there are no reports of intracerebral lactate evaluation in ani-
mal models of mitochondrial disease using CEST imaging.

Since CEST has the potential to be a sensitive tool to
detect intracerebral lactate of some diseases and to clarify

related physiological functions, the purpose of this study
was to detect intracerebral lactate in a mitochondrial dis-
ease model using CEST and MRS at 7T-MRI.

2 Methods
2.1 Animal preparation

All animal procedures were approved by the Institutional
Animal Care and Use Committee of our institute. The
animals were fed sterile food and water, housed in sterile
cages, and placed in rooms with a controlled temperature
and humidity. Mice heterozygous for the deleted Ndufs4
allele were obtained from Jackson laboratories (Bar Harbor,
Maine, USA). We considered only the homozygous Ndufs4-
knockout (KO) mice as Leigh syndrome mouse models (KO
mice) and wild-type (WT) mice as controls [20-23]. Pups
were genotyped at 28 days of age. Leigh syndrome is a
severe neurological disorder that has been associated with
mutations affecting the mitochondrial energy-transduction
system [7]. Animals were treated as previously reported
[23]. Briefly, pups were weaned and genotyped at ~28 days
after birth. All cages were provided with daily food, water,
and hydrated gel.

2.2 Brain MRI and proton magnetic resonance
spectroscopy ('H MRS)

MRI and 'H MRS experiments were performed on a hori-
zontal 7T-MRI unit (BioSpec 70/30 USR, Bruker Biospin,
Ettlingen, Germany). Brain MRI and '"H MRS were per-
formed on the KO (n=6) and WT (n=06) mice at 6 weeks
of age. All MR experiments of the brain were performed
with the mice under general anesthesia with isoflurane
(2.0% for induction and 1.0% for maintenance for the KO
mice, and 3.0% for induction and 2.0% for maintenance for
the control mice). During the MR experiments, mice were
positioned in a dedicated stereotaxic frame with mouth and
ear bars to prevent any movements during MR acquisition.
Body temperature was maintained at 36.5 °C with regulated
water flow and continuously monitored using a physiological
monitoring system (SA Instruments, Inc., Stony Brook, NY,
USA). The isoflurane level was adjusted to approximately
1.0% or 2.0% to maintain the respiratory rate in the range of
30-50 breaths per minute.

Anatomical T,WI performed with a Rapid Acquisi-
tion with Refocused Echoes (RARE) sequence (TR/
TE =4000/33 ms, rare factor =38, field-of-view=19.2x 19.2
mm?, matrix =256 X 256, in-plane resolution=75x%x75 pmz,
10 slices with thickness =1 m, 4 averages) in transaxial ori-
entation were used for evaluation of brain lesions.
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The CEST imaging pulse sequence consisted of a mag-
netization transfer (MT) RARE sequence modified to satu-
rate a range of frequency offsets. CEST imaging of the mice
brains was performed using a RARE readout pulse sequence
with a frequency-selective continuous wave saturation prep-
aration pulse. The sequence parameters were as follows:
field of view =19.2x 19.2 mm?, slice thickness=1 mm,
TR =4000 ms, TE =43 ms, matrix size =128 X 128, number
of averages = 1, in-plane resolution =150 150 um?, 1 slice
with thickness =1 mm. The Z-spectra were collected using
a 1300-ms saturation pulse at a B; amplitude of 3.0 uT with
varying frequencies from — 5.0 to + 5.0 ppm (step, 0.5 ppm,
20 images) with one S, image (without MT pulse) [16, 18].
A point-by-point B, correction was performed from — 1.0 to
+ 1.0 ppm (step, 0.1 ppm, 20 images) with a B, map using
a technique referred to as water saturation shift referencing
(WASSR) [24]. A total of 41 images including B, mapping
were acquired in approximately 35 min. The magnetization
transfer ratio (MTR) asymmetry was calculated as described
in a previous report [25]. The MTR asymmetry curves were
obtained from the CEST image series. Five MTR asymme-
try maps at 0.5, 1.0, 2.0, 3.0, and 3.5 ppm (amide proton
transfer [APT] imaging) were reconstructed using the 41
CEST images.

For MRS, T,W images were used for accurately position-
ing a voxel of 2x2x2 mm? in both cortices. The homo-
geneity of the magnetic field was obtained using a fast,
automated shimming technique by mapping along projec-
tions (FASTMAP) sequence; good shimming was achieved
in the voxel (between 6.8 and 10.8 Hz). '"H MRS acquisi-
tion was performed using a PRESS (point resolved spec-
troscopy) sequence [TR/TE =2500/20 ms combined with
variable power RF pulses with optimized relaxation delays
(VAPOR) water suppression]. Metabolite spectra were
acquired using 256 repetitions with VAPOR and 32 repeti-
tions without VAPOR for a total scan time of 12 min. Metab-
olite concentrations, including those of myoinositol (mlIns),
lactate (lac), glycerophosphocholine + phosphocholine
(GPC+PCh), N-acetylaspartate + N-acetylaspartylglutamate

Fig.1 Representative T,WI

of KO and WT mice brains.
White arrows indicate olfactory
bulb (OB), cortex, hippocam-
pus (Hip), cerebellum, and
brain stem in T,WI. T,W MRI
revealed no obvious abnormal
findings at these regions in the
KO or WT mice

Control

(NAA + NAAG), creatine (Cr), and glutamate + glutamine
(Glu + GlIn) were quantified using the basis set of LCModel
[26].

2.3 Statistical analysis

The MTR asymmetry and metabolite concentrations are
expressed as mean values + standard deviations (SD). Inter-
group differences were analyzed by the unpaired t-test using
Prism 5 (Version 5, GraphPad Software, CA, USA). A p
value of <(0.05 was considered statistically significant.

3 Results

Representative T,WI axial images at the olfactory bulb,
cortex, hippocampus, cerebellum, and brain stem levels are
shown in Fig. 1. T,WI MRI revealed no obvious abnormal
findings at these regions of the KO (Fig. la—c) or WT mice
(Fig. 1d—f) at 6 weeks of age.

Typical MTR asymmetry maps at five offset frequen-
cies are shown in Fig. 2. The MTR asymmetry maps at
0.5 ppm, 1.0 ppm, and 2.0 ppm in the KO mice (Fig. 2a—c)
were higher than those in the control WT mice (Fig. 2f-h).
There were no differences between the MTR asymmetry
maps at 3.0 ppm and 3.5 ppm in the KO mice (Fig. 2d, e)
or those for the control WT mice (Fig. 2i, j). The Z-spectra
and MTR asymmetry curves for the KO and WT groups are
shown in Fig. 3A, B. The MTR asymmetry curve of the KO
group was higher than that of the control group (Fig. 3b).
The quantitative values of MTR asymmetry for the KO mice
brains were higher than those for the control mice brains at
0.5 ppm (Fig. 4a, p<0.001), 1.0 ppm (Fig. 4b, p <0.001),
and 2.0 ppm (Fig. 4c, p<0.001). However, there were no
differences in the quantitative values of MTR asymmetry
between the KO and WT mice at 3.0 ppm (Fig. 4d) and
3.5 ppm (Fig. 4e).

Representative MRS spectra are shown in Fig. 5a, b.
Brain 'H MRS revealed a significant lactate peak in all KO
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Fig.2 Representative MTR maps of mice brains. Typical MTR
asymmetry maps at five offset frequencies. The MTR asymmetry
maps at 0.5 ppm, 1.0 ppm, and 2.0 ppm in KO mice were higher than
those in the control WT mice. There were no differences of the MTR
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Fig.3 MTR asymmetry curves. a The cumulative curves of Z-spec-
trum for the KO and Wt mice. b The cumulative curves of MTR
asymmetry for the KO and Wt mice. The MTR asymmetry curve of

mice (Fig. 5b) compared to that in the control mice (Fig. 5a).
Quantitative evaluation of 'H MRS metabolites are shown
in Fig. 6a—f. In the KO mice, the lactate levels were signifi-
cantly higher than those in the control mice (7.2+ 1.4 mM
vs. 3.4+0.6 mM, p<0.001), as shown in Fig. 6b. The cre-
atine levels in the KO mice were slightly higher than those
in the control mice (6.9 +0.5 mM vs. 6.4 +0.3 mM, p<0.05,
Fig. 6e). However, the levels of the other five metabolites,
including mlns, (4.8 +0.5 mM vs. 5.2+0.3 mM, Fig. 6a),
GPC+PCh (1.7+£0.4 mM vs. 1.7+0.1 mM, Fig. 6¢),
NAA +NAAG (5.5+0.4 mM vs. 5.2+0.5 mM, Fig. 6d), and
Glu+GIn (11.4+1.1 mM vs. 11.6+ 1.5 mM, Fig. 6f) were not
significantly different.
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4 Discussion

This is the first report to demonstrate the early detection of
intracerebral elevated lactate levels in a mouse model of
Leigh syndrome with CEST and '"H MRS. For the CEST
evaluation, MTR asymmetry in the KO mice brains was
higher than that in the control mice brains at the lower
ppm levels (0.5-2.0 ppm), while there was no difference
in MTR between the KO and WT mice at the higher ppm
levels (3.0-3.5 ppm). Using MRS, we observed increased
intracerebral lactate levels before the detection of brain
lesions. In addition, the creatine levels in the KO mice
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Fig.4 Representative MTR curves. MTR asymmetry of the KO mice
are higher compared with that of the control mice brains at 0.5 ppm
(a, p<0.001), 1.0 ppm (b, p<0.001) and 2.0 ppm (¢, p<0.001).
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Fig.5 Representative spectra of 'H MRS. a An image from the con-
trol mice with no significant lactate peak (arrow). b An image from
the KO mice with an elevated lactate peak (arrow). The red curve

were slightly higher than those in the control mice. The
levels of other metabolites such as mlns, GPC + PCh,
NAA +NAAG, and Glu + Gln did not change in the Ndufs4
KO mitochondrial disease mice. These findings suggest
that the CEST effects from 0.5 to 1.0 ppm were detected

There are no differences in MTR asymmetry between the KO and Wt
mice at 3.0 ppm (d) or 3.5 ppm (e). KO knockout, MTR magnetiza-
tion transfer ration, WT wild-type

B Ndufs4 KO

20 18 16 14 12

24 22 2
Chemical Shift (ppm)

represents the fitted spectrum using LC model. KO knockout, 'H MRS
proton magnetic resonance spectroscopy

as an alteration in the lactate levels in the brains of the KO
mice. Moreover, there is a possibility that the CEST effect
at around 2.0 ppm was detected as an alteration in the Cr
level in the KO mice brains. In our results, the intracer-
ebral lactate levels evaluated by CEST and MRS reflected
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Fig.6 The lactate levels qualified by LC model in the control and KO
mice. The lactate levels in the KO mice were significantly higher than
those in the control mice (7.2+ 1.4 mM vs. 3.4+0.6 mM, p<0.001,
b). The creatinine kevels in KO mice were slightly higher than

mitochondrial disease progression before the development
of brain lesions.

The homozygous Ndufs4-KO mice is an established
Leigh syndrome mouse model [19-22]. In a previous report,
serial T,WI MRI revealed no obvious abnormal findings in
KO mice before 7 weeks of age; only KO mice aged 9 weeks
showed bilateral and symmetrical lesions in the postlateral
portion of the olfactory bulb and brainstem [21]. T,WI MRI
revealed no obvious abnormal findings at these regions of
the KO and WT mice at 6 weeks of age in this study. The
KO mice used in this study represented an early stage of the
mitochondrial disease model, before the detection of brain
lesions was possible.

The CEST effects from 0.5 to 1.0 ppm were detected as
an alteration of lactate levels in the brains of 6-week-old
KO mice in this study. Lactate was detected as the chemical
shift of hydroxyl protons that varies from 0.4 to 0.8 ppm as
the temperature changed from 27 to 40 °C [18]. In addition,
the CEST signal from lactate may be affected by the pH in
different subjects. This suggests that the CEST signals at
0.5 ppm and 1.0 ppm reflected elevated intracerebral lactate
levels in the mitochondrial disease models. Mitochondrial
disease patients show a significant intracerebral lactate

those in the control mice (6.9+0.5 mM vs. 6.4+0.6 mM, p<0.05,
e). The other four metabolites, including mIns (a), GPC+PCh (c),
NAA +NAAG (d), and Glu+Gln (f) did not change significantly in
the KO mice. KO knockout

peak and an association with the intracerebral lactate levels
[10-12, 19, 27-30]. There are several serum biomarkers of
mitochondrial disease [22, 31, 32]; however, in compari-
son with the other serum biomarkers, intracerebral lactate
is expected to be a useful mitochondrial disease biomarker.
Therefore, non-invasive imaging of the lactate biomarker
using CEST and MRS is useful for evaluation of mitochon-
drial disease. Moreover, CEST can be evaluated with brain
mapping, though MRS has disadvantages due to its poor
spatial resolution. Mapping the spatial distribution of nuclei
associated with a particular chemical shift using MRS is
called chemical shift imaging (CSI). CSI is a multi-voxel
technique that utilizes phase-encoding, in whole or part, for
spatial localization. The major disadvantages of CSI include
longer set-up and imaging time, difficulty in obtaining a
homogenous shim over the entire region, and lower signal-
to-noise and spectral quality for individual voxels.

When developing a CEST biomolecule evaluation
method in vivo, it is necessary to consider other possible
contributions to the CEST signal from amide, amine, and
hydroxyl protons associated with other metabolites and
nuclear Overhauser enhancement (NOE) [33]. The chemi-
cal shift of hydroxyl protons of mIns has been observed
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at around 0.6 ppm [34]. The metabolite of mlIns, located
mainly in glial cells, is one of the most abundant metabo-
lites in the brain and functions as an osmolyte. The con-
centration of mlns is altered in brain-degenerative diseases
such as Alzheimer’s disease [34, 35]. However, there was
no change in mlIns in MRS evaluations in the homozygous
Ndufs4 KO mice (Leigh syndrome mouse models) in our
study. This suggests that the contribution to 0.5 ppm CEST
signal from mlns is smaller than that from lactate.

Creatine CEST contrast was computed by subtracting
the normalized magnetization signal at the creatine pro-
ton frequency of around + 1.8 ~2.0 ppm from the mag-
netization at the corresponding reference frequency on the
opposite side of the water resonance [19, 27]. The cre-
atine CEST can detect changes in muscle creatine content
after exercise in individuals with mitochondrial disorders
[19]. In addition, some studies investigated that creatine
could be used as a biomarker for mitochondrial diseases,
given its known link with mitochondrial bioenergetics
[36]. Plasma creatine levels were higher in patients with
some kinds of mitochondrial diseases than in healthy sub-
jects [37]. In our study, MTR asymmetry of the KO mice
brains was higher than that of the control mice brains at
2.0 ppm. In the KO mice, the creatine levels evaluated
by MRS were slightly higher than those in control mice.
This finding suggests that the CEST signal from creatine at
around 2.0 ppm was affected by creatine levels in the KO
mice. Our results offer the possibility of developing cre-
atine CEST as a potential non-invasive imaging-based bio-
marker in individuals with diverse types of mitochondrial
diseases presenting with symptoms involving the muscle
and brain. Moreover, the creatine CEST for mitochondrial
diseases may be used for the evaluation of progression and
treatment effect. Therefore, creatine CEST needs to be a
more accurate and robust method such as the combined 3D
and rapid sequences.

MTR asymmetry curves of the KO mice at 3.0 ppm and
3.5 ppm were not significantly different between the two
groups in the present study. It has been shown that Glu
exhibits a concentration-dependent CEST effect (GluCEST)
between its amine and bulk-water protons [15]. In addition,
APT is a special type of CEST that shows selective irradia-
tion at 3.5 ppm from water to saturate amide protons [13].
However, several in vivo confounding factors for APT CEST
imaging include effects of tissue relaxation, semisolid MT,
relayed NOEs from aliphatic protons, and contributions from
other nearby exchanging protons such as amines [38-40].
Therefore, it is necessary to carefully consider the effects of
NOE on CEST around 3.5 ppm. There was no alteration of
Glu in the homozygous Ndufs4 KO mice. This suggests that
the CEST signal from Glu at around 3.0 ppm and APT at
around 3.5 ppm did not affect Glu levels or other metabolites
in the KO mice.

While there are clear advantages of CEST imaging for
lactate in comparison with other methods, there are also
some challenges to address. CEST imaging in this study
was performed using a single-slice RARE sequence. In a
previous report, T,WI MRI revealed abnormal findings
in KO mice at 9 weeks of age; bilateral and symmetri-
cal lesions were detected in the postlateral portion of the
olfactory bulb and brainstem [20]. Sun et al. proposed that
a fast multi-slice relaxation self-compensated CEST MRI
sequence would significantly improve sensitivity [41].
Multi-slice whole brain maps for lactate that include the
olfactory bulb and brainstem in mitochondrial disease are
needed to investigate the heterogeneities of brain regions.
To address this need, a multi-slice CESTMRI acquisition
method with CEST is needed in future studies. Moreo-
ver, there is a greater effect of direct saturation because
the hydroxyl protons of lactate resonate very close to the
large water peak. Lactate is the chemical shift of hydroxyl
protons varied from 0.4 to 0.8 ppm [17]. In addition, the
CEST signal from lactate can be altered by the pH in sub-
jects. The CEST imaging in our study was performed by
the WASSR method [23]. Although this method was suf-
ficient for the B, correction because we used a single-slice
sequence, a robust B, correction method is required for
multi-slice CEST imaging for lactate.

5 Conclusion

We performed brain CEST and '"H MRS experiments in
Leigh syndrome mouse models and detected elevated
lactate levels in the KO mice. In addition, we proposed
that CEST imaging can be used to evaluate intracerebral
elevated lactate levels as a biomarker for mitochondrial
disease at 7T-MRI.
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