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Abstract

Multiple sclerosis (MS) is the most common cause of hon-traumatic disability in young adults.
The mechanisms underlying neurodegeneration and disease progression are poorly understood in
part due to the lack of non-invasive methods to measure and monitor neurodegeneration /in vivo.
Sodium MRI is a topic of increasing interest in MS research as it allows the metabolic

characterization of brain tissue /7 vivo, integrating the structural information provided by proton
MRI, helping in the exploration of pathogenetic mechanisms and possibly offering insights in the

disease progression and monitoring of treatment outcomes. We present an up-to-date review of the

sodium MRI application in MS, organized in four main sections: 1) biological and pathogenetic
role of sodium; 2) brief overview on sodium imaging techniques; 3) results of sodium MRI
application in clinical studies; 4) future perspectives.
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Selected brain FLAIR (A) and corresponding single quantum 2Na MR (B) images from a patient
with relapsing-remitting MS
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Introduction

Multiple sclerosis (MS) is the most common cause of non-traumatic disability in young
adults and affects more than two million people worldwide. The disease etiology is unknown
but MS prevalence increases with increasing distance north or south of the equator and the
risk of developing MS correlates with the place of residence during childhood; it is therefore
believed that an early exposure to an unidentified infectious agent could trigger the disease
in individuals with a favorable genetic background (alleles of the MHC DR4, DR15 and
DQ6) (1, 2). MS is characterized by an inflammatory component, which is responsible for
acute occurrence of clinical relapses and development of focal lesions and by a degenerative
component, which is responsible for accrual of progressive physical and cognitive disability
(1). In about 80% of cases, the disease onset is characterized by a subacute and transient
neurological deficit (clinically isolated syndrome-CIS), while, in the remaining 20%, the
disease causes, from the beginning, a gradual clinical worsening over time (primary
progressive MS-PP-MS). After the first episode, the presence of dissemination in time and
space is required in order to confirm the diagnosis of MS (3). MS clinical course is usually
characterized, during the initial stage, by unpredictable clinical and radiological relapses
(relapsing-remitting MS-RR-MS); over time the recurrence of relapses tends to decrease and
a gradual neurological worsening occurs (secondary progressive MS-SP-MS) (4).

The etiology of MS is still unknown but the pathogenetic process seems to start in the
periphery with the priming of myelin-autoreactive T lymphocytes, which, crossing the blood
brain barrier, mediate an acute autoimmune reaction against myelin and cause the activation
of resident microglia and infiltrated macrophages. Auto-reactive CD4+ T cells secreting
interferon-gamma and interleukin-17 are among the main mediators of the pathological
process. The release of inflammatory mediators (nitric oxide, reactive oxygen species,
myeloperoxidase, tumor necrosis factor-alfa) causes oligodendrocytes damage and myelin
sheet disruption, and contributes to neuro-axonal damage and loss (5).
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In addition to inflammation, axonal damage can be driven or amplified by a number of other
pathological processes including Wallerian degeneration following axonal transection due to
focal lesions (6), lack of trophic support from myelin (7), mutation of mitochondrial DNA
(8, 9), astrocytes dysfunction (10), glutamate excitotoxicity (11), iron accumulation (12, 13)
and sodium (23Na) ions accumulation (14).

Studies in experimental models of MS and in post-morterm samples from MS patients have
provided evidence for the presence of over-expression and increased activation of
persistent 22Na channels in demyelinated axons and MS plaques (15-17).

Brain 23Na MRI was introduced almost twenty years ago but poor signal to noise ratio
(SNR) led to relatively long imaging times and/or poor spatial resolution compared to proton
(*H) MRI and the sparse availability of MRI scanners with broadband capability limited its
use. Recent technological advances in MRI hardware and software and the availability of
ultra-high field magnets have prompt new developments that permit better spatial resolution
with shorter imaging times and better quantitative measurements of tissue 23Na
concentration (18, 19). Over time, various invasive methods have been used to measure 23Na
content in animals and ex vivo human brain tissue (20-22). Non-invasive determination of
brain 23Na concentration with 23Na imaging has shown to be equivalent to invasive
biochemical ex vivo techniques (23).

Currently, there are eleven FDA-approved disease modifying treatments for MS with a
partial efficacy in decreasing relapse rate and accumulation of white matter (WM) lesions.
Since none of them is effective on the neurodegenerative component of the disease, there is
an unmet need for a reliable, non-invasive technique that could help understanding the
mechanisms responsible for neurodegeneration and be used for monitoring the response to
new, neuroprotective therapies when they become available.

In this review we summarize the main findings obtained by the application of 22Na imaging
in preclinical and clinical studies, their importance in the light of 23Na role in MS
pathogenesis and their implications for disease monitoring and therapeutics development.

Biology of 22Na

23Na yields the second strongest nuclear magnetic resonance (NMR) signal among
biologically relevant NMR-active nuclei. In the brain, 23Na has a bicompartimental
distribution with higher concentration (140 mmol/L) in the extracellular space and a lower
concentration (ranging from 10 to 15 mmol/L) in the intracellular space. 23Na has a critical
role in several cellular functions such as mitosis, cellular proliferation, generation and
propagation of action potentials and cell volume regulation (24-26). To ensure the
maintenance of tissue homeostasis and the preservation of intracellular structures and
processes, 23Na concentration is strictly controlled by the ATP-driven Na/K pump;
pathological changes that determine an expansion of the extracellular space (e.g. tissue
injury, edema or necrosis) or functional impairment of the Na/K pump are therefore
expected to result in an increased tissue 23Na concentration (27-30).
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23Na role in MS pathogenesis

Nerve fibers conduction is generated and propagated by activation of 23Na channels, which,
in intact myelinated axons, are clustered in the Ranvier nodes, enabling fast saltatory
conduction; in unmyelinated axons, the distribution of 22Na channels is more homogeneous
along the axonal membrane and conduction is slower and continuous. 23Na ions, entering
the nerve through voltage gated 23Na channels, have to be actively extruded via an energy
dependent process; therefore the greater the 23Na influx, the greater the energy demand the
neuron needs to fulfill (31).

When demyelination occurs, 23Na channels are redistributed from the Ranvier nodes to long
segments of demyelinated membrane. Demyelinated axons express two voltage-

dependent 23Na channel isoforms: Nav1.2, which is normally present along premyelinated
axons, and Nav1.6, which is the predominant isoform at normal Ranvier nodes. Nav1.6
channels produce a persistent current that is able to drive reverse Na/Ca exchange even in
the absence of action potentials (32).

While channels re-distribution represents an adaptive mechanism to preserve action potential
conduction and facilitate recovery of neurological deficits, it imposes a huge burden on the
axonal metabolism thus increasing the risk of axonal damage secondary to energy
deprivation (16, 33). In MS, the state of virtual hypoxia secondary to mitochondrial
dysfunction (34, 35) determines a decrease in ATP production, which, associated to the
increased energy request needed to guarantee conduction along demyelinated axons, causes
neuronal energy failure (8). Since the maintenance of 23Na balance is an active process
controlled by the Na/K pump, the ATP deficit induces intracellular 22Na accumulation and
reverse activation of Na/Ca exchanger; the activation of the 2°Ca dependent proteases and
the cytoskeleton disruption represent the final step leading to cellular death (Fig. 1) (5, 12,
31, 36, 37). Increased concentrations of intracellular 23Na stimulate further 2°Ca
accumulation by release from the endoplasmic reticulum, triggered by inositol 1,4,5-
trisphosphate receptors and ryanodine receptors (Fig. 1) (38).

In summary, the two key factors leading to abnormal 23Na influx in MS are (i) the defective
mitochondrial function and (i) the 23Na influx via Nav1.6 channels (32, 39, 40); however,
their relative contribution to axonal injury is still unclear.

Supporting this hypothesis, over expression of 23Na channels along demyelinated axons (15,
16) and upregulation of 22Na channels in activated macrophages, microglia and astrocytes
(41, 42) have been reported in MS plaques (Fig. 2). Moreover, it has been shown that in the
animal models of experimental autoimmune encephalomyelitis (EAE), the mutation of

the 23Na channel subunit, which controls the expression of 23Na channels on the cells
surfaces, determines reduced axonal degeneration and neurological disability (17).
Adaptation to the increased energy demand has been reported not only in lesions and normal
appearing white matter (NAWM) but also in the normal appearing grey matter (GM), where
pathological studies have shown an increased mitochondrial density (43). Moreover,

the 23Na related damage in the GM could be linked to the presence of cortical demyelinating
lesions and to the abnormal neuronal expression of 23Na channels with atypical properties,

NMR Biomed. Author manuscript; available in PMC 2018 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petracca et al.

Page 5

as exemplified by the expression of Nav1.8 channels, resistant to inactivation, in the Purkinje
neurons of animals with EAE and patients with progressive MS (44).

Since 23Na channels upregulation is responsible for axonal degeneration, 23Na channels
blockers are expected to exert neuroprotective effects. Indeed, state-dependent 23Na
channels blockers (e.g. class | anti-arrhythmic or anticonvulsants) are able to protect axons
from anoxic-ischemic injury /n vitro (40, 45-48) and in animal models of MS (49-53), at
concentrations that do not compromise the conduction of action potentials. This is further
supported by the demonstration that the abrupt withdrawal of phenytoin and carbamazepine
seems to induce disease exacerbation and increase of the inflammatory markers in EAE (51).

These findings have prompt clinical trials to investigate the neuroprotective effect of voltage-
gated 23Na channel blockers in patients with MS. Unfortunately, the first clinical trial
assessing the neuroprotective effect of lamotrigine in MS patients failed to show an effect on
brain atrophy accrual. In particular, cerebral volume of patients treated with lamotrigine did
not differ from that of placebo over 24 months; moreover, lamotrigine seemed to cause early
volume loss that reversed partially on discontinuation of treatment. In contrast with the
pseudoatrophy described over the first few months of therapy with other immunomodulatory
agents, the decrease in cerebral volume during lamotrigine treatment occurred slowly over
6-12 months and was not associated with reduction in relapse rate and MRI activity; it is
therefore possible that it reflected the development of actual axonal loss (54). Although the
treatment failure may in part be explained by the high rate of non-adherence to therapy in
the lamotrigine group, it is also possible that the decrease of cells volume induced by
reduced entry of 23Na ions and water caused by 23Na channel blockade and the lamotrigine
anti-inflammatory activity within normal-appearing tissue may have contributed to the
results.

Even if the direct blockage of 23Na voltage channel has not produced the expected results in
the lamotrigine trial (54), the systemic administration of amiloride, and the consequent
blockage of 23Na and 2°Ca influx through the proton-gated acid-sensing ion channel 1, has
proven a neuroprotective effect not only in acute and chronic experimental models of MS
(55, 56), but also in progressive MS patients (57).

There are a few ongoing trials testing the efficacy of 22Na channel blockers in different MS
phenotypes (see ClinicalTrials.gov for details) and, therefore, once validated in longitudinal
studies, 23Na imaging might prove useful in providing and additional measure of cellular
and metabolic brain changes during treatment with 23Na blockers administration.

23Na imaging

Single quantum (SQ) 22Na MRI is an imaging technique that exploits the magnetic
resonance properties of 23Na atomic nuclei, allowing the metabolic characterization of brain
tissue /n vivo. Unlike other metabolic imaging techniques (e.g. MR spectroscopy) it allows
exploration and quantitative assessment of brain metabolism both at a global and regional
level. Unfortunately, since the concentration of 23Na ions in the human body is much lower
than 1H concentration, 23Na MRI presents a poor SNR, which is responsible for the longer
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acquisition time and the poor spatial resolution of 23Na MRI in comparison to standard 1H
MRI. In addition, in most biologic tissues, 23Na interactions with macromolecules
determines a bi-exponential transverse relaxation time (T2) with the signal main component
(up to 60%) hardly detectable due to its short echo time (58).

These technical limitations have been partially overcome by the development of ultra-short
TE sequences (18) and the availability of ultra-high field magnets (19) leading to a rekindled
interest and application of brain 23Na imaging in neurological diseases such as ischemic
stroke, brain tumors and Alzheimer's disease (19, 59, 60).

23Na MRI quantifies the tissue total sodium concentration (TSC), which represents the
weighted average of intracellular and extracellular 23Na (respectively 10-15 mmol/L and 140
mmol/L). TSC is sensitive to changes in both extra- and intra-cellular space, being affected
by cellular death, swelling, proliferation (27, 30) as well as by metabolic changes that

affect 23Na exchange across the cell membrane (28, 29). In the CNS, we may therefore
assume that TSC increase is related to intra-axonal accumulation of 23Na ions, determined
by Na/K pump dysfunction, as well as to enlargement of extra-axonal space consequent to
neuronal degeneration.

Clinical studies: evidence of 23Na accumulation in MS

The first application of 23Na MRI in patients with MS has been reported by Inglese et al.
(61) and has demonstrated that patients with RR-MS show higher NAWM TSC in
comparison with healthy controls; such increase in23Na concentration is even higher in acute
and chronic lesions compared to areas of NAWM. In addition, TSC levels in lesions, NAWM
and GM showed a direct correlation with T2-weighted and T1-weighted lesion load while
NAGM TSC was found to be negatively associated with GM volume. In the same study the
EDSS (Expanded Disability Status Scale) (62) showed a mild, positive association with the
mean TSC value in chronic lesions, NAWM and GM. These results suggest that the
abnormal increase of TSC in MS patients might reflect changes in cellular and metabolic
integrity of WM lesions as well as normal appearing brain tissue. These findings have been
reproduced in different laboratories around the world and the application of the method has
been extended to patients with clinical phenotypes other than RR-MS (63-65). In MS
patients at early disease stage 23Na increase seems to be limited to macroscopic lesions (63)
while in patients with longer disease duration (>5 years) TSC appears to be increased not
only in lesions, but also in NAWM, cortical and deep GM (61, 63, 64) with higher
concentration reported in more destructive lesions (Fig. 3) (61, 64) and in patients with
progressive phenotypes (Fig. 4) (64, 65). While TSC increase in lesions might be explained
by gliosis, tissue disruption and replacement with extracellular fluid, TSC increase in normal
appearing brain tissue might be related not only to increased extracellular space, caused by
demyelination and axonal loss, but also to intra-axonal 23Na increase.

Brain regional analysis of TSC distribution has shown a limited involvement of the NAWM
(brainstem, cerebellum and temporal poles) in the early stage of the disease, and a
widespread TSC increase, involving the entire brain, in more advanced MS (63). In
particular, while in PP patients TSC increase seems to be restricted to the motor system, in
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SP patients it is more diffuse, involving also frontal, limbic and visual cortex, deep GM and
cerebellum (Fig. 5) (65).

In both relapsing and progressive patients, TSC shows only a modest correlation with
clinical disability (61, 64) and a weak correlation with lesion load and GM atrophy (61, 63).
The correlation between TSC increase, clinical disability and MRI parameters of tissue loss,
although present and consistently replicated across studies, is only modest; this could
indicate that TSC reflects not only the irreversible neuronal loss responsible for clinical
disability, but also the potentially reversible neuronal functional damage and could therefore
be especially useful as predictive factor of clinical outcome. Supporting this hypothesis, only
a small overlap has been identified between local brain atrophy and regions showing TSC
increase (65); moreover, disability seems to correlate with NAWM TSC but not with WM
fraction (64).

Future perspectives

23Na MRI allows direct visualization, in vivo, of ongoing cellular metabolic dysfunction and
death. Unfortunately, the impossibility to determine if TSC increase is linked to an
accumulation of intracellular 23Na or an increase in extracellular volume represents a major
limitation. TSC can be helpful in monitoring the occurrence of tissue injury and disability,
but it is not useful in discriminating the metabolic dysfunction from the irreversible cellular
damage. Metabolic changes that affect 23Na exchange across cells membrane influence the
intracellular sodium concentration (ISC) (27) that could therefore be considered as a pure
functional marker. Currently there are three MRI techniques that allow the /n vivo
measurement of ISC (shift reagents—SRs; inversion recovery-IR pulses and multiple
quantum filters-MQFs) but, considering the toxicity of SRs, only two of them are applicable
in human studies (66-71). The IR technique is based on the assumption of a different
longitudinal relaxation time of the 23Na nuclei in the intra- and extra-cellular compartments.
Unfortunately, sodium IR imaging of the human brain /n vivois complicated by specific
absorption rate limitations.

The MQF technique is based on the different transverse relaxation properties of the 23Na
nuclei in different compartments and it allows, in biological tissues, the detection of the
signal coming primarily from the intracellular 23Na (72-75). Because of the weak nature of
the multi-quantum sodium MR signal, the application of high and ultra-high fields is
particularly suited for MQF 23Na MRI. Others limitations of the MQF technique are: (i) the
low SNR, which might be improved developing specific multichannel receive arrays,
obtaining a reduction of imaging time and an increased spatial resolution; (ii) the sensitivity
to Bg— and B1— field inhomogeneities, that can be effectively minimized applying a Bg—
inhomogeneity insensitive TQF acquisition (66), and correcting in post—processing with the
help of auxiliary By—maps (67).

Combining SQ and triple-quantum filtered (TQF) 22Na MR, it is possible to quantify TSC
and intracellular sodium molar fraction (ISMF); from these measures it is possible to derive
ISC and intracellular 23Na volume fraction (ISVF), an indirect measure of extracellular 23Na
concentration (59) (Fig. 6). In these experiments, it is recommended to choose the TE in
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order to optimize the TQF signal, which is much weaker than the SQ and to acquire both
TQF and SQ with the same TE, to keep the same distortions in TQF and SQ data;
unfortunately, such a choice, while optimizing TQF acquisition, leads to an unavoidable
signal loss of 40% in SQ images. Finally, it is important to remember that TQF signal is
mainly, but not exclusively, generated by intracellular 23Na, therefore, possible contribution
to TQF signal from extracellular 23Na has to be taken into account when interpreting the
results. Nevertheless, as long as the intracellular 23Na values experimentally obtained are
within expected physiological range, this bias can be considered small enough not to
significantly affect the results. Over time, the development of new tissue models and
acquisition schemes might offer a better solution to this problem.

In the future, technical improvements of 23Na MRI imaging should focus on the distinction
of intra- from extra-cellular component of 23Na increase (67), while clinical applications
should consider the combined use of 22Na MRI with different MRI modalities sensitive to
neuroaxonal loss (76), not only in cross-sectional but also in longitudinal studies.

In MS patients, TSC and ISC increase might indicate axonal dysfunction, offering insights
in axonal metabolism before the generation of stable, irreversible, axonal damage they could
be a putative target for therapeutic interventions (77). TSC and the more technically
challenging ISC, might enable /n vivo assessment of the metabolic state on the brain and
identification of an “intervention window’, providing a better tool to investigate the
neuroprotective effects of experimental therapies and to monitor the response to putative
neuroprotective agents and 23Na blockers in clinical trials. 23Na imaging, as well as the
combined application of different MRI modalities such as MR spectroscopy and diffusion
tensor imaging, could also be helpful in studying and understanding the role of energy
failure, clarifying MS pathophysiology in comparison with others neuroinflammatory
conditions (e.g. neuromyelitis optica, and acute disseminated encephalomyelitis).

Finally, the associations between TSC increase, disability and progressive course, identified
in cross-sectional studies, need further confirmation from longitudinal evaluations.
Analyzing the presence and degree of 23Na accumulation over time, would be important to
clarify the role of 23Na increase as predictive marker of disease course. If confirmed and
validated in longitudinal studies, 23Na concentration could therefore be utilized for
identification of patients at higher risk of progression, candidate to more aggressive
therapeutic approaches.
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NMR nuclear magnetic resonance
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Fig. 1.

Rgle of 28Na channels in the axon degeneration cascade. Mitochondrial damage determines
energy failure, with ATP deprivation and loss of function of Na/K ATPase. Consequent loss
of ionic transmembrane gradient activates Nav1.6 channels producing a sustained 23Na
influx and reversing the operation of the Na/Ca exchanger. Further 20Ca release into the
axoplasm occurs from injured mitochondria and intracellular stores, triggered by inositol
1,4,5-trisphosphate receptors and ryanodine receptors, stimulate by increased

intracellular 23Na concentrations. Elevated intracellular levels of 29Ca activate downstream
proteolytic cascade, which produce axonal injury. Reproduced from Waxman 2006 by
permission of Elsevier Ltd.
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Fig. 2.
Altered axonal expression of 23Na channels in MS. Sections of postmortem spinal cord

white matter from control (A and B) and MS (C-L) patients, immunostained to show Nav1.6
(red), Nav1.2 (red), Caspr (integral constituent of paranodal junctions-green), and
neurofilaments (blue). In control white matter (A) and in normal-appearing white matter in
MS tissue (C), Nav1.6 is localized at nodes of Ranvier whereas Nav1.2 is not detectable (B
and D). Within MS plaques, continuous Nav1.6 (E) and Nav1.2 (F) immunostaining are
present; in some instances bounded by Caspr (G-H). Colocalization of Nav1.6 () and
Nav1.2 (J) with neurofilament immunostaining (K and L; blue) confirms the axonal identity
of these profiles. Reproduced from Craner et al.2004 Copyright (2004) National Academy of
Sciences, U.S.A.
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Fig. 3.

Se%ected brain axial proton density (A), T1-weighted (B), 22Na images (C) and
corresponding TSC map (D) from an MS patient. The arrow indicates a hypointense
periventricular lesion (B) that shows a higher TSC value. The color bar represents the TSC
values (mM). Reproduced by Inglese et al. 2010 by permission of Oxford University Press.
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Fig. 4.
Global 23Na concentration across MS phenotypes. Raw 23Na images in 23Na space (top),

tissue 23Na maps with CSF partial volume correction (middle) and T2-weighted images
(bottom) registered to the T1 volumetric scan in controls (A) and patients with MS (B-C-D).
Increased 23Na is seen in relapsing remitting- MS patients lesions (B) and, more extensively,
in lesions and normal appearing white matter of secondary- (C) and primary- (D)
progressive MS patients. Reproduced from Paling et al.2013 by permission of Oxford
University Press.
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Fig. 5.
Statistical mapping of TSC increases in secondary progressive MS patients relative to

controls (A) and in primary progressive MS patients relative to controls (B). In order to
reduce CSF contamination grey matter, normal appearing white matter and T2 lesion masks
were applied onto the co-registered quantitative sodium concentration maps to obtain TSC
distribution maps of each compartment for each patient. Reproduced from Maarouf et al.
2013 by permission of Springer Ltd.
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Fig. 6.

IS% and ISVF quantification. ISC map (a) and ISVF map (b) derived from MRI
measurements of a healthy young 27-year-old male. ISCs of the grey matter and white
matter regions are relatively uniform, while ISVF for white matter is higher than for grey
matter, consistently with previous findings obtained with invasive methods in animals or ex
vivo human brain tissue. Reproduced from Fleysher et al. 2013 by permission of John Wiley
& Sons, Ltd.
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