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Abstract

Duchenne muscular dystrophy (DMD), an X-linked disorder caused by the lack of dystrophin, is
characterized by the progressive wasting of skeletal muscles. To date, what is known about
dystrophin function is derived from studies of dystrophin-deficient animals, with the most
common model being the mdx mouse. Most studies on patients with DMD and in mdx mice have
focused on skeletal muscle and the development of therapies to reverse, or at least slow, the severe
muscle wasting and progressive degeneration. However, dystrophin is also expressed in the CNS.
Both mdx mice and patients with DMD can have cognitive and behavioral changes, but studies in
the dystrophic brain are limited. We examined the brain structure and metabolites of mature wild
type (WT) and mdx mice using magnetic resonance imaging and spectroscopy (MRI/MRS). Both
structural and metabolic alterations were observed in the mdx brain. Enlarged lateral ventricles
were detected in mdx mice when compared to WT. Diffusion tensor imaging revealed elevations
in diffusion diffusivities in the prefrontal cortex and a reduction of fractional anisotropy in the
hippocampus. Metabolic changes included elevations in phosphocholine and glutathione, and a
reduction in y-aminobutyric acid in the hippocampus. In addition, an elevation in taurine was
observed in the prefrontal cortex. Such findings indicate a regional structural change, altered
cellular antioxidant defenses, a dysfunction of GABAergic neurotransmission, and a perturbed
osmoregulation in the brain lacking dystrophin.
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked muscle disorder characterized
clinically by severe, progressive and irreversible muscle wasting and loss of muscular
function [1-3]. This devastating and fatal disease is due to the lack of dystrophin, a large
membrane-associated protein expressed in striated muscle and localized to the inner face of
the sarcolemma [4;5]. The mdx mouse, the most common animal model for DMD, also lacks
dystrophin and shares much of the muscle pathology found in DMD patients. Despite the
wealth of studies describing the role of dystrophin in muscle, there has been relatively little
progress in developing disease therapies.

In addition to the well-described muscle wasting phenomenon, it is generally accepted that
some patients with DMD have cognitive impairments. In the original description of the
disease circa 1861, Duchenne reported 5 patients with some degree of cognitive defects [6].
Since then, an overwhelming amount of evidence has shown that there can be a significant
cognitive impairment in DMD patients [7;8]; mental retardation affects around 30% of boys
with DMD [9]. Impaired memory function, especially restricted verbal short term memory,
seems to characterize the neuropsychological profile of many patients with DMD [10;11].
Language impairments, long-term memory problems, and limited executive functions have
also been reported [9;12-14]. For mdx mice, behavioral studies have also shown
impairments in learning as tested in several paradigms [15-17].

The presence of the cognitive dysfunction raises the question of neuropathology. Both CT
and in vivo IH MRS studies [18-20] suggest a slow, progressive cerebral degeneration in the
DMD patients. Clear signs of cortical atrophy and ventricular dilation were observed in CT
images in older patients, and patients with large amounts of physical disability [18].

Using IH MRS, Rae et al. [20] showed significant increases in ratios of choline-containing
compounds to N-acetylaspartate (tCho/NAA) and tCho/creatine (Cr) in the cerebellum in
DMD boys compared to age-matched normal boys. Within the DMD group, the abnormal
tCho/NAA group was significantly older (mean age: 12 years) than the normal tCho/NAA
group (mean age: 8 years), which reflects the progressive nature of the disease. In contrast, a
localized in vivo 1H MRS study by Kreis et al. [21] showed a significant decrease in
absolute tCho levels in both the cerebellum and the temporo-parietal cortex the DMD
patients (mean age: 12 years). Very few studies have explored in vivo 'H MRS on mdx mice.
In an early non-localized in vivo 1H MRS study, there were significantly low ratios of Cr/
tCho and NAA/tCho in mdx brains compared to controls at the age between 2 and 5 months
[22].

Dystrophin, normally expressed in the post-synaptic neuronal terminals of the cortex,
hippocampus and cerebellum areas, is involved with reasoning and learning [23] and is
completely or partially absent in DMD patients, as well as in the genetically homologous
madx mice [24;25]. This suggests that a cognitive impairment may be the result of the
missing protein; however the precise function of dystrophin in brain is still unknown. In the
muscle, it has been suggested that dystrophin plays both functional and structural roles such
as: supporting the sarcolemma against mechanical stress and stabilizing it in the course of
contraction—relaxation cycles [26]; taking part in the regulation of intracellular calcium and
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the cascade of calcium-related events [27;28]; working in force and signal transduction [29];
influencing the aggregation of neurotransmitter receptors [30;31]; and preventing excessive
generation of reactive oxygen free radical species [32;33]. Some of these mechanisms may
also be applicable in the brain. Identifying the role of dystrophin in the brain would be
extremely helpful as effective therapies are developed for DMD.

In this study, we used in vivo magnetic resonance imaging (MRI), high resolution localized
magnetic resonance spectroscopy (*H MRS), and ex vivo diffusion tensor imaging (DTI) to
investigate alterations in brain structure (MRI and DTI) and metabolites (MRS) from mature
madx mouse brains. The use of in vivo MRI will not only be helpful in elucidating dystrophin
function in the brain, but also for continuing development of non-invasive tools for use in
diagnosis, disease progression and even drug therapy. As non-invasive technology continues
to improve and imaging such as MRI/MRS becomes more commonplace, these tools will
play a greater role in diagnosis, prognosis, and in rehabilitation planning.

Materials and Methods

Eight male dystrophic mice (mdx, C57BLScSn-DMDmdx, approximately 9 months old) and
seven male aged-matched wild type mice (WT, C57BL/10ScSn) were obtained from
Jackson Laboratory, Bar Harbor, ME. The MRI and MRS acquisitions were performed on
mice close to one year of age. The experiments were performed on a Bruker BioSpec
70/30USR Avance I11 7T scanner. A Bruker four-element 1H surface coil array was used as
the receiver and a Bruker 72 mm linear-volume coil as the transmitter. Each mouse was
anesthetized in an animal chamber using a gas mixture of O, (1 L/min) and isoflurane (3 %)
then later maintained at 1-1.5% isoflurane during scanning. An MR compatible small-
animal monitoring system was used to monitor the animal respiration rate and body
temperature. The animal body temperature was maintained at 36-37°C using warm water
circulation.

Both proton-density-weighted and T,-weighted images were obtained using a 2D rapid
acquisition with relaxation enhancement (RARE) sequence in the axial plane (repetition
time (TR)/echo time (TE)er1/TEetro = 5500/19/58 msec, RARE factor = 4, field of view
(FOV) = 20 x 20 mm?, slice thickness = 1 mm, in-plane resolution = 114 x 114 pm?,
number of averages (NA) = 1). A fluid-attenuated inversion recovery (FLAIR) pulse
sequence (TR/Inversion time/TE = 10000/1600/48 ms, in-plane resolution = 78 x 78 ym2,
other parameters were the same as T,-weighted images) was performed on 3 WT and 5 madx
mice to confirm the dilution of the ventricles, which was found in the T,-weighted MRI
examination, and to check the potential periventricular hyperintense lesions in mdx mice.
Volumetric analysis was measured by hand-drawing a region of interest with the Medical
Image Processing, Analysis and Visualization tool (MIPAV v5.3.1, CIT; NIH, Bethesda,
MD, USA). An atlas of mouse brain anatomy [34] was used for identifying structural
boundaries. Nine consecutive slices were used for the volumetric analysis of the brain. The
first slice was set at the beginning of the cerebrum (interaural 7.36 mm and bregma 3.56),
which did not include the olfactory bulb. The slice prior to the opening of the cerebellum
was (interaural —1.04 mm and bregma —4.84 mm) defined as the last slice. Brain ventricles
were included in measuring brain tissue volume.
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A short-TE Point-RESolved Spectroscopy (PRESS) pulse sequence [35] (TR/TE = 2500/10
ms, NA = 600) was used for MRS data acquisition with the voxel centered on the prefrontal
cortex (PFC, 1.8 x 1.8 x 1.8 mm3), hippocampus (HP, 1.5 x 6.0 x 1.5 mm3), and cerebellum
(CB, 1.4 x 4 x 1.5 mmd), respectively (Figure 1A). The unsuppressed water signal from
each of the prescribed voxels was obtained to serve as a reference for determining the
specific metabolite concentrations. Quantification of the MRS was based on frequency
domain analysis using a “Linear Combination of Model spectra” (LCModel)[36]. Absolute
concentrations were estimated with the LCModel automatic procedure.

After all the in vivo MR procedures, mice were anesthetized with 4% isoflurane and then
perfused through the left ventricle with 1 x phosphate buffered saline (PBS) and followed by
4% paraformaldehyde. The whole brain was removed from the skull and stored in PBS. The
fixed brain was placed in a customized conical tube filled with Fluorinert (3M, St. Paul,
MN) that decreased background during ex vivo MRI experiments. The anatomical images
were taken from a 3-dimentional (3D) RARE T,-weighted sequence (TR/TEg¢g = 2500/33
ms, RARE factor = 8, FOV = 12 x 18 x 14 mm3, isotopically spatial resolution = 150 pm3,
NA=2). DTI images were acquired with a 3D multiple shots, spin-echo echo-planar imaging
(EPI) sequence (TR/TE =500/30.95 ms, number of segments = 4, gradient directions = 64,
diffusion gradient on time = 4 ms, temporal spacing time = 20 ms, NA=1, the FOV and
spatial resolution were the same as T,-weighted images). Two b-values (2000 and 4000
s/mm?2) were acquired for each direction following the acquisition of 5 images acquired with
b = 0 s/mm2. DTI reconstruction was performed on each voxel using in-house MATLAB
program (Mathworks, Natick, MA), as described [37]. The regions of interest for the DTI
experiments were drawn manually with FSLview (Analysis Group, FMRIB, Oxford, UK)
including PFC, HP, cerebellum white matter, and cerebellum grey matter (Figure 1B). Maps
of mean diffusivity (MD) which measures the average water diffusion within the brain
tissue, axial diffusivity (AD) which measures the water diffusion along the neuronal axons,
radial diffusivity (RD) which measures the water diffusion perpendicular to the axons, and
fractional anisotropy (FA) which measures the degree of diffusion anisotropy of the brain
tissue were generated.

After imaging, several brains were then processed for histology (WT and mdx, N=2 each).
Samples were dehydrated with 30% sucrose for 1 week. Samples were placed in a cryostat
at —19°C for 5 min, mounted using OCT mounting medium, and sectioned at 40 um from
anterior to posterior, through the hippocampus. Sections were stored at —20 °C in cryo-
protectant until processed for histology. Qualitative histological comparison of brain
sections to MRI were made with sections selected based on similar anatomical landmarks
such as the corpus callosum and the caudate putamen using a mouse brain atlas [38].
Sections were mounted in PBS, coversliped and imaged using a Nikon Eclipse 50i
microscope and Nikon’s NIS-Elements Basic Research software to create a stitched image
(10x objective). Volumetric analysis was not performed as was done for the imaging.

All experimental procedures were approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee. MRI and MRS results from mdx
and WT mice were compared using independent student’s t-test.
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The mdx mice showed obviously enlarged lateral ventricles on both To-weighted (Fig. 2A)
and FLAIR images (Fig. 2B) and this finding was confirmed by volumetric measurements
(Fig. 2C); (despite no differences in total brain tissue volume, lateral ventricle volume/brain
tissue volume ratios were: WT [0.034 + 0.003] vs. mdx [0.066 + 0.005], p = 0.0001). The
enlarged ventricles are likely caused by grey matter atrophy, although we cannot rule out
compression from excess cerebrospinal fluid (CSF), which was displayed by the high signal
intensity (bright white) on the coronal To-weighed images (Fig. 2A) and low signal intensity
(dark black) on the coronal FLAIR images (Fig. 2B). No obvious periventricular hyper-
intense lesions were detected on the mdx mice by the FLAIR images. When comparing brain
tissue volume, there was no significant difference between the whole brain tissue volume
(mm?3)/body weight (g) ratios between WT (8.861 + 0.196) and mdx (9.287 + 0.397,
p=0.380). Representative histology confirmed enlarged ventricles in the mdx brain when
compared to WT (Fig. 3).

DTI results demonstrated significant elevations in MD, AD, and RD in the PFC of mdx mice
when compared to WT (Fig. 4, p < 0.05). These data indicate a more continuous movement
of water molecules with less restrictions and boundaries. There was also a significant
decrease in FA in HP (p < 0.05), indicating a low density of the ordered tissue in mdx mice.
There were no statistical differences in DTI measurements for both white and grey matter in
the CB (data not shown).

Representative high resolution localized in vivo MRS spectra from the HP of the two groups
of mice are shown in Fig. 5. The following neurochemicals were observed: Creatine (Cr), -
aminobutyric acid (GABA), glutamate (Glu), glutamine (GIn), glycerophosphocholine
(GPC), glutathione (GSH), myo-inositol (Ins), N-acetyl-aspartate (NAA), N-
acetylaspartylglutamate (NAAG), phosphocholine (PCh), phosphocreatine (PCr), taurine
(Tau), total Creatine (tCr) = Cr+ PCr, total Choline (tCho) = GPC + PCh, and glutamate/
glutamine complex (GIx =Glu +GIn). Compared to WT mice, mdx mice demonstrated a
significant elevation in Tau (p < 0.05) in the PFC, and a decrease in GABA (p < 0.01) as
well as significant elevations in PCh (p < 0.05) and GSH (p < 0.05) in the HP (Fig. 6). No
differences were observed in other metabolites from these two regions. There were no
significant alterations of the metabolites in the CB (data not shown).

Discussion

To the best of our knowledge, this is the first study to demonstrate that the combination of
MRI and IH MRS can detect alterations in structure (MRI and DTI) and metabolism (MRS)
in mature mdx mouse brains. The structural alterations seen in mdx mice included a macro
level change (ventricular dilation) and micro level changes (increased water diffusivity and
decreased anisotropy in cells). The alterations in metabolite concentrations in mdx mouse
brains occurred in the HP and PFC regions, where dystrophin is typically expressed in WT
mice. Significant elevations in Tau (in PFC), GSH (in HP), PCh (in HP) and a significant
reduction in GABA (in HP) were observed in mdx mice. An imbalance in these metabolites
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has implications for dystrophin functions such as osmoregulation, oxidative stress,
membrane phospholipid synthesis, and GABAergic neurotransmission in the brain.

In addition to its mechanical function, the dystrophin-associated protein complex (DAPC)
could act as a transmembrane signaling complex [39;40]. Further complicating matters, the
dystrophin gene also has several internal promoters throughout the gene that give rise to
shorter dystrophin proteins; some of these specific isoforms of dystrophin are exclusively, or
predominantly, expressed in the brain [41;42]. The function(s) of dystrophin in the brain
remains to be elucidated. Recent studies suggest a possible relationship between exists
between certain mutations or loss of specific isoforms and cognitive impairment in DMD
patients [43-46], but this is difficult to prove until all brain dystrophin isoforms are fully
understood [47].

Dystrophin is found in the soma and dendrites of cortical and hippocampal pyramidal
neurons, and in cerebellar Purkinje cells [48]. Little if any dystrophin reactivity is detected
in striatum, thalamus, hypothalamus and brain stem [48]. Dystrophin is associated with the
post-synaptic membrane of neurons and is present at high levels in post-synaptic dendrites,
suggesting that it might have a role in synapse structure or/and interneuronal transmission
[48;49]. In muscle, the uniform distribution of dystrophin beneath the plasma membrane is
thought to provide structural support to the membrane. In the mdx mouse brain, the blood-
brain barrier (BBB) is markedly altered due to disruption of tight junctions, leading to
increased permeability in the BBB [50;51]. Although its role in the brain is still being
defined, the absence of dystrophin may enable water in the cell to diffuse more easily and
less anisotropically, as indicated by DTI results of the current study (i.e. increased MD, AD,
RD, and a decreased FA).

Tau is an atypical amino acid that is required for proper development and function of
skeletal muscle [52;53]. Tau is a hydrolyte attributed to efficiently transporting potassium,
sodium, and calcium (Ca2*) in and out of the cell [54]. It is also known to play a significant
role in many physiological activities, including maintaining a stable, constant condition of
Ca?* in the brain tissue. Studies have shown that Ca?* homeostasis is perturbed in mdx
muscle [33;55-57], elevations are seen in skeletal muscle at all ages in mdx mice. The high
level of Tau in the mature mdx brain may indicate a perturbed Ca2* homeostasis in the PFC.
Such a role would be tantamount to the altered calcium handling observed in skeletal muscle
when dystrophin is missing [28;33;55;58-61].

GSH is an antioxidant, and antioxidants play a role in preventing damage to cells caused by
reactive oxygen species (ROS). The high level of GSH we observed in mdx mice may be
compensatory due to high levels of glutathione reductase, glutathione peroxidase, and
glutathione S-transferases, as reported in both patients with muscular dystrophy [62] and in
homologous animal models such as dystrophic chickens [63;64]. The increase in GSH might
indicate altered cellular antioxidant defenses in the HP in the mature mdx mice.

Elevated concentrations of choline-containing compounds has previously been reported in
extracts of whole brain (60-150 days old) [22] and in the HP and CB (> 6 months old) in
mdx mice [65]. More specifically, our current in vivo study demonstrated an elevated
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concentration of PCh in HP. The alteration of the PCh level may be a result of oxidative
modification in the mdx mouse brains. It has been reported that there is a significant
decrease in the level of phosphocholine-hydrolyzing activity, which decreases the
conversion of phosphocholine into choline in brains of Alzheimer’s disease patients [66]. An
elevated phosphocholine level was found early in Alzheimer’s pathogenesis [67]. The
decrease in the level of phosphocholine-hydrolyzing activity has been suggested to be
caused by the oxidative inactivation of the related enzymes through oxidant radicals [68].
One of the hypothesized functions of dystrophin in muscle is to prevent excessive generation
of reactive oxygen free radical species [33;69]. The ultimate effect from the lack of
dystrophin and resulting differences in the levels of GSH and PCh between the WT and madx
mice in the HP is still not clear.

The reduction in GABA in the HP may indicate a dysfunction of GABAergic
neurotransmission in the mdx mice. Knuesel et al. [70] found co-localization of the GABAA
channel with dystrophin in the mouse HP and CB. The number of GABAA clusters in mdx
mice was reduced by 50% in these regions. However, in the cerebral cortex, where
dystrophin clusters and GABAA, clusters are normally separated, no reduction of GABAA
clusters was detected. The reduction in GABA, in the HP adds evidence showing that
dystrophin influences the aggregation of neurotransmitter receptors [30;31;70].

In our current study, no structural and metabolic alterations were detected in the CB of mdx
mice, a region normally expressing dystrophin. The reason for this is unknown and warrants
further investigation. Indeed, dystrophin is present in neurons in a very restricted
distribution, both in terms of cell type and subcellular location. It is possible that dystrophin
may play different roles in different regions. As such, it may not be surprising that despite
the consistent lack of dystrophin our findings are restricted to the PFC and HP. Interestingly,
these are the brain regions most strongly associated with cognitive function. Given the
limited distribution of dystrophin, it is also not surprising that only mild cognitive
dysfunction characterizes DMD and mdx. The major clinical issue in DMD is the skeletal
muscle dysfunction, and this has understandably received the greatest attention. There has
been very little clinical investigation of the role of dystrophin in the CNS in DMD. In the
current study, we report enlarged lateral ventricles, changes in DTI parameters, elevations in
GSH and PCh, and a reduction in GABA in the HP corresponding to an elevation in Tau in
the PFC. Such findings indicate a regional structural change, altered cellular antioxidant
defenses, a dysfunction of GABAergic neurotransmission, and a perturbed osmoregulation
in the brain lacking dystrophin.

The use of in vivo MRI/MRS has shown to be helpful in elucidating dystrophin’s function in
the brain in the current study. These technologies could be expanded for continuing
development of non-invasive tools for use in diagnosis, monitoring disease progression, and
even drug therapy outcomes. Restoration of dystrophin expression in the brain is the ideal
therapeutic goal. A recently developed class of antisense oligonucleotides made of tricyclo-
DNA (tcDNA-AONS) is showing promise in restoring dystrophin to levels necessary for a
life-changing therapy for patients with DMD. A recent study has shown that systemic
delivery of tcDNA-AONSs promotes a high degree of rescue of dystrophin expression in
skeletal muscles, the heart and, to a lesser extent, the brain in mdx mice [71]. The
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neuroimaging methods used in the current study can be used to noninvasively monitor the
efficiency of this potential therapeutic agent in both patient and animals. It is now clear that
therapeutic studies in mdx mice should not simply focus on muscle, but should include other
tissues such as brain.

The current study extends our understanding the dystrophin function in brain, but has
several limitations. First, we are using an animal model of DMD. Much of what is known
about dystrophin structure-function in muscles is derived from studies of dystrophin-
deficient animals, with the most common model being the mdx mouse. The DMD and the
mdx conditions are similar in that dystrophin is missing from all tissues, however, the
absence of dystrophin is not equally damaging to muscles of patients with DMD and mdx
mice; the mdx phenotype is much less severe than that seen with DMD. Second, the data we
generated represent only one time point. A “critical period” has been described for the mdx
mouse, during which there is a peak in muscle weakness, myofiber necrosis and
regeneration between the 2"d and 5t weeks of life [72-76]. It is not known if such changes
in severity also occur in the brain over time. Third, it is not clear if patients with DMD have
consistent gross or histological abnormalities of the brain. Available studies show
conflicting results, from no change in brain weight or gross histology [20;77;78] to marked
brain abnormalities [79-82], including ventricular dilation [18;83;84]. Fourth, we have a
relatively small sample size for all the experiments and the corresponding histological
sections were not quantified. Finally, the enzyme glutamic acid decarboxylase responsible
for GABA levels (Gad) is known to be deficient in the background of mice used
(C57BLScSn) [85], which alters synaptic clustering of GABA receptors [65;86] in this
strain. Despite the differences measured between mice of the same strain, it is not known if
mice with healthy Gad/GABA activity show the same results as found here. One way to
address this question would be to perform these same experiments in mdx mice of a different
background, such as the exon 52—deleted mdx (mdx52) mouse.

In summary, we studied the structure and metabolites of healthy and dystrophic mouse
brains with MRI/MRS and found in dystrophic brains: enlarged lateral ventricles, alterations
in diffusion of the prefrontal cortex and hippocampus, and several metabolic alterations.
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Figure 1.
A: Invivo proton-density-weighted MR images showing regions of interest (ROI) for in vivo

1H MRS experiments. B: Ex vivo proton-density-weighted MR images showing the
placement of the brain regions of interest of DTI experiments. PFC = prefrontal cortex; HP
= hippocampus; CB = cerebellum. Scale bar =1 mm
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Figure 2.
A: Representative in vivo To-weighted coronal MR images from a WT mouse (top row) and

an mdx (bottom row) mouse. B: Representative in vivo fluid-attenuated inversion recovery
(FLAIR) coronal MR images from a WT mouse (top row) and an mdx mouse (bottom row).
Excess cerebrospinal fluid displayed by the high signal intensity (bright white) on the To-
weighed images (A) and low signal intensity (dark black) on the FLAIR images (B). C:
Comparison of the ventricle/whole brain tissue volume from the T,-weighted MRI images
between WT and mdx mice. Data are expressed as mean + standard error, * p < 0.05 (p =
0.0001). Scale bar =1 mm
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Figure 3.
Representative sections of brain from WT and mdx mice. Gross morphology was similar in

both groups (N = 2 per group), but the changes in ventricle size seen with imaging (Fig. 2)
were also apparent with histological imaging. CC = corpus callosum, CPu = caudate
putamen, RV = right ventricle, SN = septal nucleus. Image scale bars = 1000 um. Panel inset
scale bars = 500 pm.
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cortex (PFC) and hippocampus (HP). MD = mean diffusivity; RD = radial diffusivity; AD =
axial diffusivity; FA = fractional anisotropy (relative units). Data are derived from brains ex
vivo and expressed as mean + standard error, * p < 0.05
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Figure 5.
Representative in vivo 1H MR spectra at 7 Tesla from the hippocampus from a WT mouse

and an mdx mouse. y-aminobutyric acid (GABA), glutamine (GIn), glutamate (Glu),
glutathione (GSH), myo-inositol (Ins), N-acetylaspartate (NAA), N-acetylaspartateglutamate
(NAAGQG), taurine (Tau), total creatine (tCr), phosphocholine (PCh), glycerophosphocholine
(GPC), and glutamate/glutamine complex (GIx).
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Figure 6.
Comparison of the neurometabolic concentration (mM) between WT and madx mice in

prefrontal cortex (PFC, A) and hippocampus (HP, B). Data are expressed as mean +
standard error. * p < 0.05; ** p < 0.01.
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