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A B S T R A C T

Amyotrophic Lateral Sclerosis (ALS) is an incurable neurodegenerative disease primarily characterized by
progressive degeneration of motor neurons in the motor cortex, brainstem and spinal cord. Due to relatively fast
progression of ALS, early diagnosis is essential for possible therapeutic intervention and disease management. To
identify potential diagnostic markers, we investigated age-dependent effects of disease onset and progression on
regional neurochemistry in the SOD1G93A ALS mouse model using localized in vivo magnetic resonance spec-
troscopy (MRS). We focused mainly on the brainstem region since brainstem motor nuclei are the primarily
affected regions in SOD1G93A mice and ALS patients. In addition, metabolite profiles of the motor cortex were
also assessed. In the brainstem, a gradual decrease in creatine levels were detected starting from the pre-
symptomatic age of 70 days postpartum. During the early symptomatic phase (day 90), a significant increase in
the levels of the inhibitory neurotransmitter γ- aminobutyric acid (GABA) was measured. At later time points,
alterations in the form of decreased NAA, glutamate, glutamine and increased myo-inositol were observed. Also,
decreased glutamate, NAA and increased taurine levels were seen at late stages in the motor cortex. A proof-of-
concept (PoC) study was conducted to assess the effects of coconut oil supplementation in SODG93A mice. The
PoC revealed that the coconut oil supplementation together with the regular diet delayed disease symptoms,
enhanced motor performance, and prolonged survival in the SOD1G93A mouse model. Furthermore, MRS data
showed stable metabolic profile at day 120 in the coconut oil diet group compared to the group receiving a
standard diet without coconut oil supplementation. In addition, a positive correlation between survival and the
neuronal marker NAA was found. To the best of our knowledge, this is the first study that reports metabolic
changes in the brainstem using in vivo MRS and effects of coconut oil supplementation as a prophylactic
treatment in SOD1G93A mice.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an idiopathic, progressive and
a fatal neurodegenerative disease characterized by selective death of
motor neurons in the motor cortex, brainstem and spinal cord. The
bulbar neurons regulate the swallowing and spinal motor neurons in-
nervate limb muscles. ALS symptoms and signs include fasciculations,

progressive atrophy of the skeletal muscles, weakness and paralysis of
the upper and lower limbs (Cleveland and Rothstein, 2001). In addi-
tion, loss of speech and denervation of the respiratory muscles occurs
with most ALS patients dying of respiratory failure.

The pathophysiological mechanisms leading to the degeneration of
motor neurons are still largely unknown and possibly multifactorial.
However, there are several hypotheses underlying the disease process
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including oxidative stress, glutamate excitotoxicity, impaired mi-
tochondrial function, aberrant protein folding, disturbances in RNA
metabolism and impaired axonal transport (Turner and Talbot, 2008;
Wang et al., 2015; De Vos and Hafezparast, 2017; Liu and Tsai, 2017).

While approximately 10% of ALS cases have familial causes (fALS),
in 90% the disease is considered sporadic (sALS). The etiology of sALS
is largely unknown; however, about 20% of fALS is associated with a
dominantly inherited mutation in the gene that encodes the Cu/Zn-
superoxide dismutase 1 (SOD1). A key pathology observed in SOD1
mutation is the abnormal build-up of misfolded-dysfunctional mutant
SOD1 protein aggregates in affected motor neurons (Bruijn et al.,
1998). However, since most mutant SOD1 proteins are able to function
normally, a toxic gain of function is more likely as a cause for patho-
genesis of SOD-related ALS (Boillée et al., 2006; Sau et al., 2007;
Bunton-Stasyshyn et al., 2015; Bastow et al., 2016).

The SOD1G93A transgenic mouse, which over-expresses a mutated
form of the human SOD1 gene (Gurney et al., 1994) has been studied as
an experimental model for fALS. This model presents with clinical
symptoms and neuropathological features that mimic those character-
istic of fALS (Rosen et al., 1993; Van Damme et al., 2017), such as
severe hind limb paralysis with atrophy of skeletal muscles (Tu et al.,
1996). In SOD1G93A mice, atrophy of the diaphragm muscles leads to
respiratory failure and subsequent death (Tankersley et al., 2007). At
the moment there is a strong urgency to find predictive biomarkers in
the progression of ALS since early diagnosis is the key for possible
disease management methods (Karitzky and Ludolph, 2001). Magnetic
resonance imaging (MRI) and spectroscopy (MRS) have become es-
sential in the diagnosis of various neurological diseases mainly because
of their non-invasive nature, high soft tissue contrast and multi-para-
metric readouts. In human ALS patients, both T2-weighted and fluid-
attenuated inversion recovery (FLAIR) MR images have shown non-
specific hyperintense alterations in the primary motor cortex and cor-
ticospinal tract (Lee et al., 2003; Hecht et al., 2002). Also, it is well
established that T2-weighted MRI is sensitive to tissue changes around
the time of symptom onset in SOD1G93A mice (Zang et al., 2004; Niessen
et al., 2006; Bucher et al., 2007). These studies reported that T2-
weighted MRI revealed an early and progressive degeneration in the
SOD1G93A hindbrain motor nuclei, including motor nuclei V (trigem-
inal), VII (facial), and XII (hypoglossal).

In vivo 1H-MRS) is a non-invasive method for measuring brain me-
tabolites. It has been used to assess the progression of neurodegenera-
tion in humans and mouse models of diseases including ALS,
Alzheimer's, Huntington's and Parkinson's disease (Jenkins et al., 2000;
Andreassen et al., 2001; Choi et al., 2003; Dedeoglu et al., 2004;
Jenkins et al., 2005; Marjanska et al., 2005; Van der Perren et al.,
2015). There are a number of neurometabolites that can be identified
and quantified from in vivo MRS. N-acetyl aspartate (NAA), a known
marker of neuronal health and function has been observed to decrease
in motor cortex and then increase with riluzole therapy (Kalra et al.,
1999). A longitudinal study showed a decline of NAA in the motor
cortex but not in other cortical regions of ALS (Choi et al., 2009). In-
creases in the neurotransmitters glutamate and glutamine have also
been observed in ALS medulla (Pioro et al., 1999). Other molecules
such as taurine and myo-inositol, that are related to both osmotic
regulation/ neurotransmitter modulator as well as glial cell prolifera-
tion can be measured in vivo. 1H-MRS also has the advantage of being
able to measure changes in total creatine (the sum of creatine and
phosphor-creatine), which is a marker for the energy metabolism in
cells with dietary supplementation (Andreassen et al., 2001; Hersch
et al., 2006; Choi et al., 2009).

There is considerable evidence to indicate that the ALS pathology
arise due to impaired energy metabolism in motor neurons (Dupuis
et al., 2011). In ALS, a lower body mass index (BMI) is linked with
higher risk of developing the disease and poor prognosis. Therefore,
maintaining a higher BMI is proven to be beneficial in ALS (Gallo et al.,
2013; O'Reilly et al., 2013). Previous studies have shown that a

ketogenic diet or caprylic triglyceride halts the impairment of motor
function and reduces death of motor neurons in the spinal cord of
SOD1G93A mice by restoring energy metabolism through ketone body
utilization (Zhao et al., 2006; Zhao et al., 2012). In normal circum-
stances glucose acts as the main energy source for the cells. However,
alternative energy sources such as ketone bodies or TCA cycle inter-
mediates can potentially bypass the rate limiting steps associated with
impaired neuronal glucose metabolism and restore mitochondrial ade-
nosine triphosphate (ATP) production (Ari et al., 2014). Recently,
metabolic-targeted therapies such as therapeutic ketosis have been used
in the disease management process in several neurological disorders
(Hartman, 2012; Hartman, 2013). In addition, coenzyme Q (Beal,
2002), creatine (Andreassen et al., 2001), high-fat diet and ketogenic-
medium chain triglyceride diet (Zhao et al., 2006) were found to be
effective against neuronal damage induced by excitotoxicity and mi-
tochondrial inhibition. Furthermore, coconut oil which contains high
levels of medium chain triglycerides (MCT) could act as a natural ke-
togenic supplement in ALS. However, we were unable to find any
published clinical or preclinical trials of coconut oil, although sporadic
reports exist on patient platforms (Gupta and Riis, 2011). Therefore, we
designed a proof-of-concept (PoC) study to assess the effects of coconut
oil in the SOD1G93A mouse model.

The goals in this study were to monitor the onset and progression of
the disease by observing alterations in regional brain metabolism of
SOD1G93A mice using in vivo MR spectroscopy and to examine the po-
tential neuroprotective effects of coconut oil dietary supplement in this
model.

2. Materials and methods

2.1. Transgenic mice

All animal experiments were performed according to the European
Communities Council Directive of September 22nd 2010 (2010/63/EU)
and approved by the local Animal Ethics Committee of the KU Leuven.
Male transgenic mice carrying a high copy number of a mutant allele
human superoxide dismutase 1 (SOD1) [B6SJL-TgN (SOD1-G93A)
1Gur, Stock #: 002726] were purchased and bred locally with female
B6SJL mice (Jackson Laboratory, Bar Harbor, ME). The progeny were
genotyped by tail DNA polymerase chain reaction (PCR).

In a first experiment, we used localized in vivo 1H-MRS to evaluate
metabolic changes associated with disease onset and progression in
SOD1G93A mice (n=10). Metabolic profiles were assessed in the
hindbrain and motor cortex in comparison to age-matched wild type
(WT) mice (n=10) of 30, 60, 70, 90, 110, 120 and 140 days post-
partum (P30, P60… etc). In the second experiment, in vivo 1H-MRS was
used to assess the effects of coconut oil supplementation versus standard
diet, tested in additional cohorts of SOD1G93A (n=6) and control mice
(n= 6). Also, body weight, motor performance and survival was as-
sessed. Sample sizes for both experiments were based on preliminary
data and subsequent power analysis. For example, an 8% NAA reduc-
tion in a preliminary study resulted in a minimum group size of 6 for
experiment 1 using an a priori Two tail test (αerror = 0.05, power= 0.8
effect size= 1.6: software G*Power 3.1.9.2).

Time-points were selected to reflect disease stages either long before
the onset of clinical symptoms (P30), right before the disease onset
(P60-P70), at the average disease onset (P90-P110) and at the terminal
stage of ALS (P120 and P140). Since sex could possibly be a factor for
variations in the survival in SOD1G93A model only males were used.

2.2. In vivo MRI and MR spectroscopy

All MR experiments were performed using a small animal 9.4 Tesla
MR scanner (Biospec 94/20, Bruker Biospin, Ettlingen, Germany) with
a horizontal bore of 20 cm and equipped with an actively shielded
gradient set (600 mT m−1, inner diameter 11.7 cm). Single-voxel 1H-
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MR spectra were acquired using a linear polarized resonator (7 cm
diameter) for transmission, combined with a mouse brain surface coil
for receiving (both Bruker Biospin, Ettlingen, Germany).

2.2.1. Animal preparation and monitoring
Mice were fixed in an animal bed by placing the nose of the mouse

in a nose cone, restraining it with a bite bar and custom made outer ear-
inserts. The mouse head was lifted and gently stretched a few milli-
meters forward. By lining up the midline of the head and the spine
produces an angle between the brainstem and the rest of the mouse
body. This alignment decreases the distance between the surface coil
and the brainstem region and allows acquisition of high quality data.

Throughout scanning, mice were anaesthetized with 1–2% iso-
flurane in 100% oxygen. Respiration and body temperature were con-
tinuously monitored and maintained at 60–100min−1 and 37 ± 1 °C,
respectively. Vidisic Eye Gel (Bausch & Lomb, Brussels, Belgium) was
used to avoid the drying of eyes during scanning.

2.2.2. Magnetic resonance imaging
In order to visualize signal intensity changes, a T2-weighted 3D

TurboRARE protocol was acquired with the following acquisition
parameters: repetition time (TR) 1000ms, echo time (TE) 12ms, FOV
24×15×8.3mm, matrix size 256×160×88, RARE factor 10,
number of averages= 1. For the placement of the spectroscopy voxel,
T2-weighted 2D RARE images (effective TE 50ms; matrix 256×256;
300um slice thickness) were acquired. For T2 relaxometry, a multi-slice
multi-echo (MSME) sequence was used with ten echoes collected at
intervals of 12 ms from TE=12ms to TE= 120ms, with
TR=3000ms and with NA=1, FOV 25×25 mm, 19 slices, slice
thickness of 0.5 mm and a matrix of 256×256. T2 maps were pro-
duced using the imageJ software (NIH, USA). T2 values were calculated
using ITKSNAP (Penn Image Computing and Science Laboratory, USA)
and an in-house python scripts.

2.2.3. 1H-magnetic resonance spectroscopy
MR spectra were acquired for volumes in the motor cortex and the

hindbrain with a voxel size of 2× 2.5.x1.5 mm3 (see Fig. 2). The
hindbrain voxel covered the following nuclei: hypoglossal, medial
vestibular nucleus, and the dorsal motor nucleus of the vagus nerve. MR
spectra were acquired with a PRESS pulse sequence using the following
parameters: TR=1800ms, TE=20ms, and number of averages 320
for motor cortex and 640 for hindbrain. Water suppression was opti-
mized using VAPOR (Griffey and Flamig, 1990). An unsuppressed water
spectrum (TE=20ms, TR=1400ms, number of averages= 4) was
acquired before each 1H-MRS spectrum (water suppressed) for quanti-
fication/ referencing. Shimming was performed using FASTMAP
(Gruetter, 1993), resulting in a final water line width at half
height < 16Hz. Spectra were processed using jMRUI v6.0 (Stefan
et al., 2009). Spectra were phase corrected and an HLSVD (Hankel
Lanczos Singular Values Decomposition) filter was applied to remove
the residual water signal (van den Boogaart et al., 1994). Only meta-
bolites with a Cramer-Rao lower bound< 25% were considered for
quantification. Metabolites were quantified with the QUEST algorithm
(Ratiney et al., 2004) in jMRUI using a simulated (NMRScopeB) basis
set (Starčuk Jr. et al., 2008). Results are reported in reference to the
non-suppressed water signal. A total of 16 brain metabolites (Alanine,
Aspartic acid, total creatine, choline, GABA, glycine, glucose, gluta-
mate, glutamine, NAA, myo-inositol, Scyllo-inositol, lactate, phos-
phoethanolamine, scyllo-inositol, taurine) was quantified.

2.3. Diet preparation

Extra virgin coconut oil (supplementary Fig. S1 (A)), Royal Green,
Frenchtop Natural Care Products BV, AL Hoornm Netherlands) was
mixed with the standard rodent food (ssniff DIO D12450B, 4ml with
15-20 g). Food was dispensed in a petri dish and placed inside the cage

daily. Treatment started at 72 days after birth. At 70 days of age, ani-
mals underwent baseline MR spectroscopy, and the same animals were
re-scanned at 120 days. Mice were followed up until end stage for be-
havior and survival studies. Control animals received standard rodent
food (D12450B Rodent Diet with 10 kcal% fat from Ssniff laboratories).

2.4. Behavioral assessments

Muscle strength and endurance was assessed by the paw grip en-
durance (PaGE) test (supplementary Fig. S1 (B)) (Weydt et al., 2003).
Mice were placed on the center of a custom made metal grid and grid
was turned upside down over a cage and the latency to fall (time in
seconds) was recorded (Crawley, 2007). Longest hanging-time was re-
corded after two attempts were given for each mouse.

2.5. Survival and end-point

Survival endpoint criteria were defined as unable to return to the
normal, upright position within 10s following push over, this was tested
daily from P130 (Ari et al., 2014). When the mice reached the end-
stage, mice were euthanized by IP injection of Sodium pentobarbital
(50mg/kg, Butler Schein, NDC #11695–4829-1).

2.6. Statistical analysis

All statistical tests were performed using GraphPad PRISM version 5
(GraphPad, San Diego). Two-way analysis of variance (ANOVA) tests
were performed for each neurometabolite in hindbrain and motor
cortex to evaluate the significance of the group (SOD1G93A and WT) and
postpartum age (P30, P60, P70, P90, P110, P120 and P140) as fixed
factors. Subsequently, those neurometabolites, which had a significant
effect were further analyzed for age-dependent effects within each
group with a one-way ANOVA. One-way ANOVA and t-tests were used
to assess significant differences in mean concentrations within each
group and between the two groups. Comparisons between coconut oil
treated and standard diet animals were made using by t-tests or ANOVA
with post hoc analyses and effect of coconut oil diet on survival was
assessed by the Kaplan-Meier survival analysis. The threshold for sta-
tistical significance was set at P < .05. P-values were Bonferroni cor-
rected for multiple comparisons. Pearson correlation coefficient, r, was
used for correlation analysis.

3. Results

3.1. T2-weighted magnetic resonance imaging

T2-weighted MR images revealed increased hyperintense contrast in
SOD1G93A brainstem motor nuclei V (trigeminal), VII (facial), and XII
(hypoglossal) (Fig. 1). Contrast of the motor nuclei within the brain-
stem starts to increase relative to surrounding tissue around P90, par-
allel to the observation of first clinical symptoms such as tremors and
gait abnormalities.

3.2. Magnetic resonance spectroscopy

In order to assess neurometabolic alterations, we acquired MR
spectra (motor cortex: signal to noise ratio > 14; line-width 9 ± 2Hz,
hindbrain: SNR > 10, line-width 12 ± 3Hz, water/lipid/artifact
suppressed). Typical MR spectra obtained from the motor cortex and
hindbrain of a SOD1G93A mouse at P30 are shown in Fig. 2.

Two-way ANOVA tests for each 16 neurometabolites showed sig-
nificant interactions in the motor cortex and the hindbrain of the
SOD1G93A mice. The neurometabolic changes observed in SOD1G93A

mice and the comparison to WT mice are shown in Fig. 3 (hindbrain)
and Fig. 4 (motor cortex). In the motor cortex, significant interactions
were found for glutamate (F=3.0, P < .01), taurine (F=4.7,
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P= .0002) and NAA (F=6.4, P < .0001). As for the hindbrain, sig-
nificant interaction of the two factors were found for creatine
(F=13.6, P < .001), GABA, (F=3.3, P= .0044), glutamate (F=4.1,
P= .0009), glutamine (F=4.2, P < .001), mIns (F=4.1, P < .001),
and NAA (F=4.2, P= .0008). For the metabolites, which showed
significant interaction, data were further analyzed by one-way ANOVAs
separately in SOD1G93A mice and WT mice to evaluate influences of
animal age for each brain region. In the motor cortex of SOD1G93A mice,
age-dependent effects were found for the excitatory neurotransmitter
glutamate, neuronal marker NAA and the neurotransmitter modulator
taurine. Decreases in glutamate (P < .05) and NAA (P < .0001)
concentrations around P120 as well as a continuous increase in taurine
from P90 (P < .05) were found. The increase in taurine concentration
was significant (P < .001) between the two groups at P110 (Fig. 4). In
the hindbrain of SOD1G93A mice, a significant (P= .001) age dependent
decrease in creatine levels were found at P110. However, the levels of
creatine were significantly (P < .0001) different between SOD1G93A

and WT around P70. A significant (P < .0001) decrease of glutamine
was observed at early-symptomatic stage (P110). For the inhibitory
neurotransmitter GABA, a significant (P < .0001) increase was found
at P90 and a significant (P= .0110) decrease of NAA concentration was
detected at P120. Also, a significant (P < .0001) decrease in the glu-
tamate and an increase of the inflammation/glial marker myo-inositol
(P < .0001) were found at P140. The mean concentrations of gluta-
mate and taurine were significantly higher (41.2%, 118.5%, respec-
tively) in the motor cortex than in the hindbrain for both groups
(Fig. 5). A 3-time point summary of the significant neurometabolite
concentrations in both regions for SOD1G93A and WT is presented in
Table 1. To further analyze the dependence between the altered neu-
rometabolite concentrations in the motor cortex and hindbrain, Pearson
correlation coefficients (r) were calculated using all seven time points
for SOD1G93A mice (Fig. 6 and Fig. 7). Strong correlations were ob-
served for NAA and glutamate in the motor cortex and brainstem
(r=0.968, P= .0003; r=0.915, P= .0038, respectively). Also in the
motor cortex, significant negative correlations were found between
NAA and taurine (r=−0.785, P= .036) and between glutamate and
taurine (r=−0.758, P= .048). In the hindbrain, strong correlation
was seen between NAA and creatine (r=0.983, P < .0001), NAA-
glutamate (r=0.947, P= .0041), between NAA and myo-inositol
(r=−0.905, P= .0050), and between glutamate and creatine
(r=0.889, P= .0074).

3.3. Development of symptoms

In this first experiment, SOD1G93A mice developed tremors in the
hind-limbs between P90 and P100, and gait impairment around P115.
Interestingly, in all animals an early and increasingly pronounced effect
on left hind-limb tremors and dysfunction was detected. Total paralysis
of both hind-limbs were detected between P140 and P150, reaching the
endpoint of the disease.

3.4. Effect of coconut oil diet on motor performance in SOD1G93A mice

In a second experiment, animals were treated with a virgin coconut
oil diet starting from 72 days of age. These animals were compared with
animals receiving standard food. The diet had the following effects on
SOD mice:

I. Body weight: Coconut oil diet had a significant net positive effect
on retention of body weight at 90 (P < .001), 110 (P < .0001) and
130 (P < .0001) days of age compared to the mice fed with a normal
diet (Fig. 8 A).

II. Motor performance: Better motor performance was recorded in
the treated group on week 14, 15 and 16 (P= .001, P= .0001,
P= .0001) when compared to normal diet group (Fig. 8 B).

III. Survival: Coconut oil diet extended the mean survival by 11%
(164.7 ± 5.4 days for coconut oil-fed versus 147.2 ± 3.3 days for

Fig. 1. T2-weighted MRI Sections showing hyperintense regions in SOD1G93A

mice.
T2-weighted MRI showing hyperintense contrast in the brainstem region
compared to surrounding regions in a 140 day old SOD1G93A mouse. (A) Left:
Sagittal sections: arrow shows hyperintensity in the brainstem nucleus Nc. XII
(hypoglossal). Right: Sagittal sections: arrows show hyperintensities in the
brainstem nuclei Nc V (trigeminal), Nc VII. (B) Coronal section: white arrows
show bilateral hyperintensities in Nc V (trigeminal). Yellow arrow: hyper-
intensity in Nc XII (hypoglossal). (C) Coronal section: arrows show bilateral
hyperintensities in Nc VII (facial).

Fig. 2. 1H-MR spectra of the motor cortex and hindbrain of a SOD1G93A mouse
30 days postpartum acquired at 9.4 Tesla.
(A) In vivo 1H-MR spectra aquired from the motor cortex and (B) hindbrain of a
SOD1G93A mouse with labelled visible neurometabolite peaks. Right images
show the voxel localization in both regions (2×2.5.x1.5 mm3). Abbreviations:
Lip, lipd; Lac, lactate; NAA, N-acetylaspartate; Glu, glutamate; Gln, glutamine;
Cr, creatine; Cho, choline; Tau, taurine; mIns, myo-inositol.
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normal fed, P < .0001, n=6) (Fig. 8 C).

3.5. Effects of coconut oil diet on neurometabolites and MRI

MR spectra were acquired at baseline (P70) and P120 for both co-
conut oil and standard diet groups. We examined the changes in neu-
rometabolite concentrations in the hindbrain within and among the two
groups. Compared to the baseline, stable (no significant changes) me-
tabolite levels were estimated at the late time point (P120) for the

coconut oil fed group (Fig. 9 A). In contrast, the previously observed
pattern of changes in neurometabolite levels (see first experiment) were
observed for creatine (P < .05) and NAA (P < .05) in the standard
diet group (Fig. 9 B). Even though the neurometabolite concentration
for NAA was not significantly different when comparing the coconut oil
treated group with the standard diet mice at P120 (Fig. 9 C), the levels
were higher on average (8.6 ± 2.2 for coconut oil treated group vs.
7.6 ± 1.2 for standard diet group, respectively). Creatine concentra-
tions for the treated group were significantly higher (P < .05) at P120

Fig. 3. Absolute Concentrations of creatine, γ-aminobutyric acid (GABA), glutamate, glutamine, myo-inositol, and N-acetyl aspartate (NAA) in the hindbrain of
SOD1G93A and WT mice.
Concentrations of creatine, γ-aminobutyric acid (GABA), glutamate, glutamine, myo-inositol, and N-acetyl aspartate (NAA) in the hindbrain of SOD1G93A (n=10)
and age-matched wild-type mice (n=10) at 30, 60, 70, 90, 110, 120, 140 days postpartum were determined relative to the unsupressed water signal from the same
voxel. Statistical significances between the two groups and mean concentrations within each group are shown. Concentration values are given as mean ± SD;
*P < .05, **P < .01, ***P < .001.
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compared to the standard group (7.1 ± 1.3 vs. 5.60 ± 1.2 respec-
tively).

4. Discussion

MRI and MRS have been applied to monitor ALS progression and
treatment response in both humans as well as transgenic ALS mouse
models (Wang et al., 2011; Kumar et al., 2013; Verstraete et al. 2015).
In the present study, we employed in vivo MRI and MRS to monitor the
disease onset and progression in the SOD1G93A mouse model.

Furthermore, we conducted a small-scale PoC study to assess the po-
tential neuroprotective effect of coconut oil diet in SOD1G93A mice.

To the best of our knowledge, only three studies have examined the
SOD1G93A neurometabolic changes utilizing in vivo MRS and/or ex vivo
high resolution NMR spectroscopy (Andreassen et al., 2001; Choi et al.,
2009; Niessen et al., 2007). Two of the studies also examined the
possible beneficial effects of dietary creatine supplementation in the
same mouse model. The set up and results of the above mentioned
studies are summarized in the (Supplementary Table 1). Our study re-
vealed significant changes in the hindbrain and motor cortex of

Fig. 4. Absolute Concentrations of NAA, taurine and glutamate in the motor cortex of SOD1G93A and WT mice.
Concentrations of NAA, taurine and glutamate in the motor cortex of SOD1G93A (n= 10) and age-matched wild-type mice (n= 10) at 30, 60, 70, 90, 110, 120,
140 days postpartum were determined relative to the unsupressed water signal from the same voxel. Statistical significances between the two groups and mean
concentrations within each group are shown. Concentration values are given as mean ± SD; *P < .05, **P < .01, ***P < .001.

Fig. 5. Absolute concentrations of glutamate, taurine in hindbrain and motor cortex of SODG93A mice.
Comparison of mean concentrations of glutamate, taurine in hindbrain and motor cortex of SOD1G93A (n= 10) at 30, 60, 70, 90, 110, 120, 140 days postpartum.
Abbreviations: Mx. Motor cortex; Hb, hindbrain.
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SOD1G93A mice. While some observations are consistent with previous
studies, our findings also indicate some dissimilar patterns.

4.1. T2-weighted MRI and SOD1G93A brainstem pathology

Previously it was shown that in SOD1G93A mice, spinal cord motor
neurons and lower motor nuclei are the most vulnerable structures for
degeneration (Niessen et al., 2006; Niessen et al., 2007). Consequently,
it is reasonable to assume that neurometabolic changes occurring in
those motor nuclei during the life-span of this mouse model (Kong
et al., 1998). Using T2-weighted MR imaging Niessen et al. (2006)
showed clear signal intensity enhancement compared with surrounding
tissue in various motor nuclei within the brainstem of SOD1G93A mice,
including the hypoglossal nucleus (Nc. Nv XII), nucleus ambiguus (Nc.
Nv IX, X), facial nucleus (Nc. Nv VII), and trigeminal nucleus (Nc. Nv
V). Using T2-weighted MR images, we observed similar increased
contrast in the SOD1G93A brainstem motor nuclei V (trigeminal), VII
(facial), and XII (hypoglossal) compared to WT mice. Trigeminal and
hypoglossal nuclei are shown to be two key motor components involved
in mastication (chewing) and licking behaviors of mice (Hillel et al.,
1989; Zang et al., 2004). In our previous studies with this model, we
observed impaired chewing and licking behavior through the pro-
gressive decline in body weight and food consumption of SOD1G93A

mice. Caron et al. demonstrated that the hyperintensities in T2-
weighted MRI of the brainstem region are associated with the formation
of vacuoles rather than the loss of motor neurons (Caron et al., 2015).
In fact, vacuolization is one of the initial signs of motor neuron changes
in SOD1G93A (Higgins et al., 2003). Vacuolization, which is primarily
due to abnormal and swollen mitochondria, has been observed as early
as one month of age in dendrites and proximal axons of spinal motor
neurons (Kong and Xu, 1998; Bendotti et al., 2001), before the loss of
motor nuclei and the appearance of a glial reaction (Bendotti and Carri,
2004).

4.2. 1H-MR spectroscopy

Our study implies MR detectable involvement of the hindbrain and
motor cortex in the course of the disease seen as significant changes in
SOD1G93A neurometabolite concentrations. MR spectra of the time-
evolution of neurometabolites in the hindbrain of SOD1G93A mice is
presented in Fig. 10. Some of these significant changes in the hindbrain
region of SOD1G93A mice are in accordance with previous observations
by Niessen et al. (2007) and Choi et al. (2009) using the same mouse
model. Niessen et al. observed a decrease in glutamine at P90, a de-
crease in NAA and glutamate at P120. Choi et al. also reported a de-
crease in NAA at P142 as well as a trend towards decreasing glutamate.
Furthermore, they reported an increase in inflammation/glial marker
myo-inositol between P110 and P142. We observed a decrease in

glutamine at P110 and a decrease in NAA, glutamate at P120 and P140,
respectively. Similar to Choi et al., we also observed an increase in myo-
inositol around P140. However, our results show somewhat different
patterns from those observed in those previous studies. For instance,
unlike Andreassen et al. (2001) and Choi et al., 2009), we did not ob-
serve neither an increase in glutamate and glutamine at the early dis-
ease stages nor an increase in glutamine at end stage. Concerning the
neuronal marker NAA, we were unable to confirm the early decrease of
NAA in the brainstem at P75 as was reported by Niessen et al. Apart
from the above mentioned differences, we were able to find significant
neurometabolite changes in both the motor cortex and hindbrain re-
gions that were not previously described in the SOD1G93A animal
model.

4.2.1. Decreased NAA and glutamate in the motor cortex of SOD1G93A mice
Reductions in the neuronal marker NAA have been reported in the

motor cortex of individuals with ALS (Block et al., 1998; Bradley et al.,
1999; Gredal et al., 1997). The most common finding reported in in vivo
MRS studies of ALS patients is also the reduction of the neuronal marker
NAA in the motor cortex, which is generally interpreted as neuronal loss
(Agosta et al., 2010; Rule et al., 2004). Our results show decreased NAA
levels at the end stages between P120 and P140. However, since NAA is
synthesized in neuronal mitochondria, changes in NAA levels could also
reveal mitochondrial dysfunction (Clark, 1998; Vielhaber et al., 2001).
Furthermore, our study shows decreased glutamate levels in the motor
cortex of SOD1G93A mice around P120 and P140, which was not pre-
viously reported for this model. Glutamate is the main excitatory neu-
rotransmitter in the brain, though higher extracellular glutamate is
associated with several neurodegenerative diseases including ALS.
Previous MRS studies in patients, using low magnetic field strengths
(1.5 or 3 Tesla) have reported variable results on glutamate con-
centrations in patients with ALS (Bradley et al., 1999; Bowen et al.,
2000; Block et al., 1998; Han and Ma, 2010). However, a recent study
by Atassi et al. (2017), using a higher magnetic field (7 Tesla) reported
decreased glutamate levels in the motor cortex of ALS patients com-
pared to healthy controls.

4.2.2. Increased taurine in the motor cortex of SOD1G93A mice
In the motor cortex, age-dependent concentration changes were

found for taurine in SOD1G93A mice. An age-dependent increase in
taurine started at around P90 and became significant at P110 compared
to WT mice. Niessen et al. also reported increased taurine levels in the
motor cortex at P90, however, the changes were similar in both
SOD1G93A mice and control mice (Niessen et al., 2007). Our finding of
increased taurine levels is in agreement with studies in postmortem ALS
patients, where higher levels of taurine were detected in the brain and
spinal cord (Yoshino et al., 1979; Perry et al., 1987; Malessa et al.,
1991). Taurine is a non-essential amino acid whose exact function is

Table 1
Summary of metabolite concentrations of SOD and WT mice.

Metabolite Concentration (mean ± S.D in mmol/l)

Model Age Location NAA tCr Glu Gln mIns Taurine

SOD P30 Hindbrain 9.27 ± 0.79 7.45 ± 0.43 8.15 ± 0.73 3.87 ± 0.57 3.50 ± 0.39 2.23 ± 0.32
Motor cortex 8.77 ± 0.88 6.68 ± 0.79 12.38 ± 1.50 3.01 ± 0.44 2.02 ± 0.47 7.82 ± 0.65

WT Hindbrain 9.42 ± 0.74 7.40 ± 0.20 8.30 ± 0.87 3.97 ± 0.47 3.04 ± 0.57 1.89 ± 0.85
Motor cortex 9.21 ± 1.12 7.21 ± 0.72 13.14 ± 1.98 3.54 ± 0.32 2.15 ± 0.76 8.12 ± 0.57

SOD P110 Hindbrain 8.48 ± 0.81 6.47 ± 0.61 8.47 ± 1.05 2.59 ± 0.64 3.10 ± 1.03 2.50 ± 023
Motor cortex 8.93 ± 0.78 7.11 ± 0.65 13.05 ± 0.87 3.23 ± 0.35 2.24 ± 0.36 9.45 ± 0.70

WT Hindbrain 9.43 ± 1.02 8.22 ± 0.59 9.13 ± 1.29 3.54 ± 0.36 3.24 ± 0.59 2.45 ± 0.14
Motor cortex 8.84 ± 0.92 7.68 ± 0.53 11.68 ± 1.80 3.10 ± 0.42 1.97 ± 0.89 8.35 ± 0.84

SOD P140 Hindbrain 6.22 ± 0.49 5.23 ± 0.57 6.77 ± 0.61 2.91 ± 0.75 5.20 ± 0.55 2.36 ± 0.13
Motor cortex 6.29 ± 0.73 6.68 ± 0.79 9.62 ± 1.26 3.21 ± 0.33 2.32 ± 0.61 10.03 ± 0.63

WT Hindbrain 10.05 ± 0.58 7.89 ± 0.78 9.24 ± 0.74 3.34 ± 0.42 3.45 ± 0.72 2.01 ± 0.35
Motor cortex 9.21 ± 0.47 7.45 ± 0.87 12.85 ± 0.84 3.12 ± 0.25 2.04 ± 0.63 8.73 ± 0.65
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unclear. However, it has been proposed as a modulator of neuro-
transmitter action, where it is shown to exert an inhibitory effect (Curtis
and Watkins, 1965). Jung et al. reported that SOD1G93A mice have
higher levels of brain taurine and higher expression of the taurine
transporter, TauT (Jung et al., 2013). Evidently, expression of this
transporter increases under oxidative stress and is controlled by the
heat shock factor 1 protein. Increased expression of taurine transporters
and uptake of taurine in motor neurons in ALS could be a compensatory
mechanism (Jung et al., 2013).

4.2.3. Increased GABA in the hindbrain of SOD1G93A mice
Around P90, or in the early symptomatic stage we observed an in-

crease in GABA levels in the hindbrain which normalized thereafter and
remains stable. Imbalance of GABA has been implicated to play an
important role in the pathogenesis of ALS. GABA is produced by dec-
arboxylation of glutamic acid, catalyzed by the glutamic acid dec-
arboxylase enzyme (Petroff, 2002). Therefore, an increase in GABA
could have a pathological implication in reversing glutamate ex-
citotoxicity and thereby act as a protective mechanism against cell
damage. Along this mechanism, pharmacological agents that increase
the levels of GABA such as baclofen and gabapentin have been sus-
pected to be beneficial for treating ALS. The reason for our observation
of GABA levels normalizing after P90 and remaining stable until P140 is
currently unknown. Although the continuous reduction of glutamine

and glutamate levels starting at around P110 may trigger a compen-
satory GABA level increase, which appears stable over time compared
to other metabolites. In addition, in vivo GABA detection by 1H-MRS,
even at high magnetic field strengths, presents significant challenges
arising from the low brain concentration, overlap with more intense
resonances and contamination by mobile macromolecule signals
(Pfeuffer et al., 1999). Therefore, caution must be taken in interpreting
MRS-GABA results.

4.2.4. Gradual decrease in total creatine levels in the hindbrain of pre-
symptomatic SOD1G93A mice

1H-MRS detectable creatine constitutes of creatine and phospho-
creatine (total creatine), which are indistinguishable at magnetic field
strengths of 9.4 T and below (Sartorius et al., 2008). Creatine plays a
major role in maintaining ATP levels constant in cells with high and
unstable energy demands (Rae and Bröer, 2015; Gasparovic et al.,
2009). In MRS, creatine is frequently used as an internal reference since
it is considered stable even under most pathological conditions. How-
ever, clinical MR spectroscopic studies reported that early and pro-
gressive reduction of total creatine levels in the striatum is associated
with the onset and progression of Huntington's disease (Sánchez-
Pernaute et al., 1999; Reynolds Jr et al., 2005). In our study, we ob-
served a gradual decrease in creatine levels in the SOD1G93A hindbrain
starting between P60 and P90. The decrease was clearly evident in all

Fig. 6. Correlation between neurometabolite concentrations in SOD1G93A hindbrain.
Correlation between neurometabolite concentrations in the hindbrain of SOD1G93A mice for all time-points (30, 60, 70, 90, 110, 120, 140 days postpartum). (A)
Correlation of regional glutamate and NAA concentrations across mouse age. The resulting slope in linear fit is represented by the dashed black line (R2=0.837). (B)
Correlation between myo-Inositol versus NAA concentrations (R2= 0.819). (C) Relation between glutamine and NAA concentrations (R2=0.898). (D) Correlation
between creatine and NAA concentrations (R2= 0.965). (E) Correlation between creatine and glutamate (R2= 0.791) concentrations. Abbreviation: NAA, N-
acetylaspartate; tCr, total creatine; mIns, myo-inositol;Glu, glutamate;

Fig. 7. Correlation between metabolite concentrations in SOD1G93A motor cortex.
Correlation between neurometabolite concentrations in SOD1G93A motor cortex for all time-points (30, 60, 70, 90, 110, 120, 140 days postpartum). (A) Correlation
between glutamate and NAA (R2= 0.938). (B) Correlation between taurine and NAA (R2=0.616). (C) Correlation between taurine and glutamate (R2=0.575).
Abbreviation: NAA, N-acetylaspartate; Glu, glutamate; Tau, taurine.
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ten SOD1G93A mice (supplementary Fig. S3). Our finding of decreased
creatine level in the hindbrain of SOD1G93A mice may indicate a hyper-
metabolic environment in the motor nuclei region. In a recent pub-
lication, Atassi et al. (2017) observed a decrease in creatine in the left
precentral gyrus of ALS patients compared to healthy controls. In ALS, a
hyper-metabolic state in the hindbrain may possibly occur due to the
imbalance of glutamate-glutamine cycle. Increased glutamate/gluta-
mine levels have been reported in the medulla of ALS patients (Pioro
et al., 1999). Therefore, a possible pathway could be that enhanced
excitatory neurotransmitter release leads to the hyper-metabolism of
the hindbrain of SOD1G93A mice, which results in an overconsumption
of creatine. An imbalance in supply-demand in creatine levels may
threaten the viability of the neuronal cells and hence make them sus-
ceptible to degeneration. However, further investigations are needed to
support this hypothesis. On the contrary, in vitro NMR studies using
brainstem extracts from SOD1G93A mice, reported stable creatine levels
(Niessen et al., 2007; Choi et al., 2009). One reason for this disagree-
ment could be the brain extracts used in the ex vivo experiments cov-
ered a larger volume compared to the smaller voxel size (7.5 mm3) used
in our in vivo MRS experiments. Since mainly the motor nuclei are af-
fected in the brainstem, homogenization of brain extracts from a larger
region may mask the detection of subtle changes in neurometabolites in
those affected areas. In addition, biological variability, sample pre-
paration technique and signal acquisition/ processing parameters might
also influence the precision and accuracy of ex vivo measurement of
neurometabolites.

4.2.5. Increased myo-inositol in the hindbrain of SOD1G93A mice
We were able to detect a significant increase in the glial marker

myo-inositols in the hindbrain of SOD1G93A mice from around P140.
This finding is consistent with the observation of Choi et al. where they
observed an increase in myo-inositol in the medulla between 110 and
142 days (Choi et al., 2009). Furthermore, similarly MRS studies with
ALS patients have also shown increased myo-inositol (Block et al.,
1998; Bowen et al., 2000; Kalra et al., 2006; Foerster et al., 2014; Atassi
et al., 2017).

Correlation analyses between the neurometabolites in the hindbrain
and motor cortex indicate that the factors regulating the levels of these
metabolites may be interrelated. However, definite interpretations of
the biological significance of these interrelations remain to be eluci-
dated.

4.3. Coconut oil diet improved motor performance and increased survival in
SOD1G93A mice

The influence of dietary factors in ALS progression has been a focus
of previous research (Cacabelos et al., 2014). It is well accepted that
malnutrition is indeed a negative prognostic factor in ALS (Greenwood,
2013). Furthermore, the ‘ALS Untangled study’ reported that saturated
fatty acids, such as those present in coconut oil, could alleviate the
disease progression by means of increasing energy bioavailability to-
wards mitochondrial pathways (ALS Untangled 2012). Extracted from
the meat of coconuts, coconut oil comprises 2.5% of world vegetable oil
production (Hamid et al., 2011; ALS Untangled 2012). It is available in
a basic “virgin” form, and also as an “RBD” (refined, bleached and

Fig. 8. Effect of the coconut oil diet on SOD1G93A mice.
(A) The effect of the coconut oil diet on weight in SOD1G93A mice at the beginning of treatment (Day 70), day 90, day 110 and day 130 of the study. Coconut oil fed
group had significant net positive effect on retention of body weight during P90 (P < 90), P110 (P < .001) and P130 (P < .0001). (B) The PaGE test showed better
motor performance in the coconut oil diet group on week 14, 15 and 16 (P < .001, P < .0001, P < .0001, respectively), compared to the standard diet group. (C)
Kaplan-Meier survival plot of the study groups. SOD1G93A mice treated with coconut oil diet showed significantly extended survival (13.6%) compared to control
animals (p < .0001). Data=mean ± SD; Coconut oil diet group: n=6, standard diet group: n=6. **P < .01, ***P < .001, **** P < .0001.
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deodorized) form, which has no coconut aroma or taste. Coconut oil can
be fractionated into different medium-chain fatty acids; fractionated
coconut oil is sometimes referred to as medium chain triglyceride
(MCT) oil (ALS Untangled 2012).

4.3.1. Coconut oil as compensation for mitochondrial dysfunction in ALS
Mitochondrial dysfunction is likely to play an important role in ALS

pathophysiology (Martin, 2011). Among the mitochondrial dysfunc-
tions identified, cells extracted from patients with ALS show decreased
complex-I activity, which contribute to impaired energy production
(Swerdlow et al., 1998). MCT in coconut oil are converted in the liver
into ketone bodies. In cultured neurons treated with drugs impairing
complex 1 function, the addition of ketone bodies can restore complex 1
function (Tieu et al., 2003). Therefore, consumption of coconut oil and
thereby raising ketone body levels may help compensate for mi-
tochondrial dysfunction and impaired energy production in patients
with ALS. Alternatively, there is growing evidence suggesting that nu-
tritional status (Desport et al., 1999) and lipid metabolism (Dorst et al.,
2011) are important prognostic factors in patients with ALS. In that
context, coconut oil could possibly slow the disease progression by
acting as a high caloric reservoir that increases circulating lipids.

4.3.2. Proof of concept study: coconut oil as a dietary treatment for
SOD1G93A mice

One major finding of our study is that coconut oil supplemented diet
demonstrated improved motor function in SOD mice on PaGE test
compared to animals receiving standard diet during weeks 14 to 16.
The coconut oil diet group showed 13.5% extended survival compared

to the standard diet group. T2-weighted MR images acquired at P120
showed typical hyperintensities in the hypoglossal nucleus for animals
receiving standard diet, which is less pronounced for animals of the
coconut oil group (supplementary Fig. S2 A). T2-relaxometry maps
from the hypoglossal nucleus confirmed increased T2-values for the
standard diet group compared to the coconut oil group (supplementary
Fig. S2 B, C). MRS data showed a stable neurometabolic profile in mice
receiving a coconut oil supplemented diet compared to mice receiving
standard diet at P120. Also we observed a significant (P < .0001)
positive correlation (r=0.88) between survival and NAA concentra-
tions (Fig. 9 D), where the coconut oil group showed higher levels of
NAA and extended survival. Kalra et al. showed that impaired neuronal
integrity (decreased NAA) in the motor cortex negatively correlates
with survival in ALS (Kalra et al., 2006). Therefore, improved NAA
levels are a possible biological marker for vital prognosis in ALS.
However, we cannot exclude the fact that a general improvement of the
dietary state (instead of ketone bodies supplemented with the coconut
oil) can also contribute to the improved survival and motor function.

5. Conclusion

In conclusion, MR images of SOD1G93A mice between 90 and
140 days revealed clear signal intensity enhancements compared to
surrounding tissue in specific motor nuclei within the hindbrain, which
are not detectable in age-matched WT mice. MRS evaluation of neu-
rometabolic profiles revealed biochemical alterations in the motor
cortex and hindbrain of transgenic ALS SOD1G93A mice. In a PoC study,
we have demonstrated that coconut oil supplementation added to a

Fig. 9. The effects of coconut oil supplementation on hindbrain neurometabolite levels of SOD1G93A mice assessed with 1H-MRS.
(A–B) Neurometabolite profiles determined by in vivo MRS of the standard diet group and coconut oil diet group at day 70 and day 120. Significant decrease in
creatine and NAA was found for the standard diet group between 70 and 120 days (P < .001, P < .005 respectively). No significant changes in neurometabolites
were found for the coconut oil diet group between day 70 and day 120. (C) Comparison of the two groups at P120. Significant decrease in creatine was found for the
standard diet group (P < .01) compared to the coconut oil diet group. (D) A highly significant (P < .0001) correlation (R2= 0.922) between the survival and the
hindbrain NAA levels was seen for the two groups. Dotted circles highlight the standard diet and coconut oil diet groups.
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standard rodent diet improved motor function, delayed neurological
deficits, extended survival and was reflected by the absence of neuro-
chemical changes otherwise seen in age matched animals of the
SOD1G93A mouse model. Thus the study provides experimental evi-
dence that prophylactic treatment with coconut oil diet may slow motor
deterioration and protect motor neurons in SOD1G93A mice. Our initial
results suggest that the neuroprotective effect by coconut oil may
provide beneficial effects in ALS through a dietary intervention.

Although promising, it is important to note that this was a pilot study,
and more research is needed to validate these preliminary results.
Finally, our study confirms that degeneration of neurons in the brain-
stem may indeed contribute significantly to the onset and overall dis-
ease progression in the SOD1G93A ALS model. Therefore, therapeutic
trials in this mouse model should evaluate the beneficial effects to
brainstem motor neurons. Furthermore, we confirm that 1H-MRS
technique has the potential to be a used as diagnostic and a therapy
monitoring tool in the SOD1G93A ALS mouse model.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.09.011.
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