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Imagln g Correlates of Decreased Axonal
/K" ATPase in Chronic Multiple
Sclerosis Lesions

Elizabeth A. Young, BA,"? Christie D. Fowler, PhD,? Grahame J. Kidd, PhD,* Ansi Chang, MD,?
Richard Rudick, MD,> Elizabeth Fisher, PhD,* and Bruce D. Trapp, PhD"?

Objective: Degeneration of chronically demyelinated axons is a major cause of irreversible neurological decline in the human
central nervous system disease, multiple sclerosis (MS). Although the molecular mechanisms responsible for this axonal degen-
eration remain to be elucidated, dysfunction of axonal Na™/K" ATPase is thought to be central. To date, however, the distri-
bution of Na*/K* ATPase has not been studied in MS lesions.

Methods: The percentage of axons with detectable Na™/K* ATPase was determined in 3 acute and 36 chronically demyelinated
lesions from 13 MS brains. In addition, we investigated whether postmortem magnetic resonance imaging profiles could predict
Na*/K" ATPase immunostaining in a subset (20) of the chronic lesions.

Results: Na"/K" ATPase subunits a1, a3, and B1 were detected in the internodal axolemma of myelinated fibers in both
control and MS brains. In acutely demyelinated lesions, Na*/K" ATPase was detectable on demyelinated axolemma. In con-
trast, 21 of the 36 chronic lesions (58%) contained less than 50% Na*/K* ATPase-positive demyelinated axons. In addition,
magnetic resonance imaging-pathology correlations of 20 chronic lesions identified a linear decrease in the percentage of
Na™/K* ATPase-positive axons and magnetization transfer ratios (p < 0.0001) and T1 contrast ratios (p < 0.0006).
Interpretation: Chronically demyelinated axons that lack Na™/K" ATPase cannot exchange axoplasmic Na™ for K* and are
incapable of nerve transmission. Loss of axonal Na™ /K" ATPase is likely to be a major contributor to continuous neurological
decline in chronic stages of MS, and quantitative magnetization transfer ratios and T1 contrast ratios may provide a noninvasive

surrogate marker for monitoring this loss in MS patients.
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Multiple sclerosis (MS) is a demyelinating disease of
the central nervous system that leads to irreversible
neurological decline. MS afflicts more than 1.5 million
people in North America and Europe, where it is the
major cause of nontraumatic neurological disability in
young adults." Degeneration of chronically demyeli-
nated axons is now considered to be a major contrib-
utor to the permanent neurological disability that most
MS patients eventually endure.”” The preservation of
axons within chronic lesions of MS presents a unique
therapeutic challenge. Although we are beginning to
elucidate potential mechanisms for this axonal degen-
eration,* we have no means by which to measure this
axonal pathology in a clinical setting.

Mpyelin is a tightly compacted membrane spiral that
surrounds axons in the central and peripheral nervous
systems. During formation of the myelin sheath,

voltage-gated sodium (Na,) channels are concentrated
at the nodes of Ranvier, small, unmyelinated axonal
segments that separate adjacent myelin internodes. Be-
cause axonal membrane depolarization occurs only at
the nodes, conduction velocities of myelinated axons
are approximately 100 times faster than those of un-
myelinated axons where Na, channels are diffusely dis-
tributed.” After each depolarization, the Na* /K" AT-
Pase rapidly exchanges axonal Na™ for extracellular K™
in an energy-dependent manner. Rapid repolarization
permits rapid and repetitive axonal firing, a necessary
event for proper neuronal function. When axons are
demyelinated, the Na, channels diffuse away from the
nodes.*” This Na, channel redistribution increases
both Na" influx during impulse conductance and the
demand for ATP during repolarization of the axo-
lemma. Reduced ATP production and Na"/K" AT-
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Pase dysfunction are thought to initiate a cascade of
ionic imbalances that lead to degeneration of chroni-
cally demyelinated axons.® Specifically, as axonal Na*
levels increase, the Na*/Ca™ " exchanger operates in
reverse and exchanges axoplasmic Na™ for extracellular
Ca™".27"" Increased axonal Ca™ " will activate proteo-
lytic enzymes and eventually lead to degeneration of
chronically demyelinated axons, and by extension, to
progressive neurological decline during the latter stages
of MS. Despite the potentially important role of axonal
Na*/K" ATPase during axonal degeneration in MS,
and a report detailing a loss of Na™ /K" ATPase enzy-
matic activity in chronic MS lesions,'* axonal Na™*/K™*
ATPase distribution has not been compared in myelin-
ated and demyelinated axons.

Currently, magnetic resonance imaging (MRI) is the
most commonly used tool for diagnosis and monitor-
ing of MS. Because of its high sensitivity, MRI is an
invaluable method for following the subclinical pro-
gression of the disease. Unfortunately, conventional
MRI is limited by its low pathological specificity. Post-
mortem imaging studies have shown that classification
of MS lesions, based on multiple imaging modalities,
can improve correlations between MRI and specific as-
pects of pathology.'*™'> For example, hypointensity on
T1-weighted images correlates with axonal loss,'® and
decreased magnetization transfer ratio (MTR) is corre-
lated with demyelination.'” Recently, we have utilized
a composite of T2, T1 contrast ratio, and MTR inten-
sity characteristics to identify chronic lesions of MS
with axonal loss and increased demyelinated axon di-
ameter.'> Techniques such as diffusion tensor imaging
and magnetic resonance spectroscopy also provide valu-
able information on underlying pathology,'® particu-
larly for axonal pathology, but these studies are more
difficult to perform in a typical clinical setting. As yet,
there are no reliable MRI markers that are both specific
for axonal pathology and feasible to measure on a rou-
tine basis.

It is well established that much of the disease process
in MS padents is clinically silent. As such, brain imaging
has become the major surrogate marker of disease activ-
ity and the best predictor of disease progression. In this
study, we determined the distribution of Na/K™
ATPase subunits in normal human brain and in demy-
elinated lesions from brains of patents with MS. Sub-
units al, a3, and B1 were detected on the internodal
axolemma and absent from the nodal axolemma of my-
elinated fibers. In acutely demyelinated brain tissue, all
three subunits were retained on demyelinated axolem-
mas. In contrast, 58% of chronically demyelinated le-
sions of MS contain less than 50% Na™ /K" ATPase-
positive axons. We then compared Na™/K" ATPase
measurements and postmortem MRI in a subset of
chronic MS lesions, and found a linear correlation be-
tween the percentages of demyelinated axons without

Na*/K* ATPase and decreased MTR and T1 contrast

ratios.

Subjects and Methods

Tissue and Lesions

Brains were obtained from 13 patients with MS (Table).
Postmortem, in situ MRI was collected on 11 brains, as de-
scribed previously.'” Brains were removed and placed in fix-
ative after an average postmortem interval of 5.9 hours. Left
and right hemispheres were separated and processed differ-
ently. In brains with postmortem MRI, one hemisphere was
fixed in 4% paraformaldehyde for 4 weeks, and then
rescanned and sliced to ensure coregistration of lesion loca-
tion. Lesions with MRI data came from this hemisphere
(n = 7 hemispheres). The remaining brains or hemispheres
were cut into lcm-thick slices and placed in either 4% para-
formaldehyde or rapidly frozen. Lesions without MRI data
came from this hemisphere (n = 8 hemispheres). Lesions
were identified macroscopically in fixed slices, blocked, cryo-
protected, frozen, and sectioned (30pm-thick) on a freezing-
sliding microtome. Sections were stained for myelin proteins
and major histocompatability complex class II, and classified
as acute, chronic active or chronic inactive, as described pre-
viously.'” Three acute and 36 chronic lesions were identified.
Control brains (n = 4) were collected and processed as de-
scribed earlier, but no MRI was obtained.

Magnetic Resonance Imaging and Image-Guided

Tissue Sampling

Details of the methods used for MRI-pathology correlations
and image-to-tissue coregistration have been described previ-
ously."” In brief, MRIs were obtained postmortem, using a
standardized protocol that included a T2-weighted fluid-
attenuated inversion recovery image, a Tl-weighted spin-
echo image, a pair of images to calculate MTR, and a high-
resolution magnetization prepared rapid gradient echo
(MPRAGE) image for coregistration purposes. The images
were analyzed to segment T2 lesions (hyperintense on fluid-
attenuated inversion recovery), and each T2 lesion was fur-
ther classified based on T1 and MTR characteristics. T1 and
MTR contrast ratios were calculated for each region as the
mean intensity within the region divided by the mean inten-
sity of the normal-appearing (nonlesional) white matter in
the same slice. Based on MTR and T1 contrast ratios, 20
demyelinated lesions from 7 brains were selected for Na*/
K"-ATPase immunostaining.

Immunocytochemistry

Fixed tissue was cryoprotected, frozen, and sectioned with a
sliding microtome (30pm-thick). Sections were rinsed in
phosphate-buffered saline, microwaved in 10mM citric acid
buffer (pH 6.0), and incubated in 3% hydrogen peroxide
and 1% Triton X-100 (Sigma, St. Louis, MO) in phosphate-
buffered saline (pH 7.4) for 30 minutes. Double- and triple-
labeled sections for confocal analysis were pretreated as
described earlier (but without hydrogen peroxide), immuno-
stained for 3 to 5 days at 4°C, and then incubated with
fluorescently conjugated secondary antibodies, as described
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previously.'? Sections were mounted and coverslipped with
Vectashield (Vector Labs, Burlingame, CA).

Antibodies

The antibodies used in this study are well-characterized and
include rabbit anti-myelin basic protein (1:500; Dako,
Glostrup, Denmark); mouse anti-human major histocompat-
ability complex class II (1:250 dilution; Dako); mouse anti-
Na® /K" ATPase al (clone a6F; 1:50 dilution; Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa City,
IA); goat anti-Na /K" ATPase a3 (clone C-16; 1:100 dilu-
tion; Santa Cruz Biotechnology, Santa Cruz CA); mouse anti-
Na®/K* ATPase B1 (clone M17-P5-F11; 1:100 dilution; Af-
finity BioReagents, Golden, CO); rabbit anti-neurofilament
light, medium, and heavy chain (1:2,000 dilution for light and
medium, and 1:1,000 dilution for heavy; Serotec, Raleigh,
NC); and rabbit anti-Caspr (1:250 dilution; generous gift
from James S. Trimmer, University of California, Davis, CA).

Confocal Microscopy

Fluorescently labeled sections were scanned with a Leica SP5
confocal microscope (Leica, Heidelberg, Germany). Laser in-
tensities were adjusted to eliminate channel cross talk. Single
optical slices were used for quantitation (Figs 1D-G, 2, and
4; Figs 1A-C represent projected z-stacks of three to five
slices covering 1-3pm in depth).

Quantification of Pathology

Percentages of Na*/K* ATPase-labeled neurofilament-
positive axons were quantified in control brain, acute and
chronic demyelinated lesions, and normal-appearing white
matter from individuals with MS from images obtained by
confocal microscopy. Six fields (one single optical section
was obtained using a 100X NA 1.3 objective lens and 1.96X
zoom, resulting in an area of 79.4um? ) were counted for
each lesion or area of normal-appearing white matter (an av-
erage of approximately 108 axons for each field), and data

Fig 1. Na" /K" ATPase is enriched in the internodal axolemma of myelinated axons in the adult human brain. Na* /K"~ ATPase
subunirs ol (A, green), a3 (B, green), and Bl (C, green) are located at the axolemma of myelinated axons. As demarcared by the
paranodal marker Caspr (A—C, red), the Na" /K" ATPase is enriched in the internodal axon and not detected in paranodal re-
gions or nodal axolemma (A-C, arrows). Na* /K" ATPase (D, green) was clearly expressed along the axolemma and below myelin
sheaths stained with myelin basic protein antibodies (D, red). The o subunits displayed differential labeling in some axons (E, o,
green; F, a3, red). In the majority of axons, the ol (red) and o3 (green) subunits colocalized (G). Scale bars = 5um.
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Table. Characteristics of Patients and Number of Lesions Studied
Patient Age (yr)/ Clinical Disease = EDSS Postmortem Total Subset of Lesions
No. Sex Status  Duration  Score Interval Lesions with MRI- Na*/K*
(yr) (hr) Stained for ATPase Correlation
Na't/K* (n = 20)
ATPase
(n = 39)
1 53/M SP 15 9 17 4 0
2 43/M RR 1 6 2.8 1 0
3 61/F SP 35 9.5 10 8 4
4 46/M SP 23 8 3 8 4
5 57/F PP 15 6.5 5.5 1 0
6 48/F SP 27 9 4.7 1 0
7 52/M SP 25 9.5 4.5 1 0
8 56/F SP 27 8.5 4.5 3 0
9 53/F SP 19 6.5 5.9 3 3
10 77/F SP 46 8 5 2 2
11 56/M SP 33 9.5 3 3 3
12 52/M SP 30 8.5 6.7 3 3
13 65/M SP 46 8.5 4.5 1 1
14 47/F ct 0 0 15 NWM —
15 52/F ct 0 0 13,5 NWM —
16 89/M Ce 0 0 13 NWM —
17 65/M c? 0 0 8.5 NWM —
Control subject (C) causes of death: *necrotizing pancreatitis; *unknown; “fatal hemorrhage; dcardiac arrest.
EDSS = Expanded Disability Status Scale; MRI = magnetic resonance imaging; SP = secondary progressive; RR = relapsing
remitting; PP = primary progressive; NWM = normal white matter.

are presented as the mean of 6 fields (see Supplementary Ta-
ble 1). An axon was considered positive for Na™ /K" ATPase
if it had a neurofilament-positive core and an Na®/K*
ATPase-positive region surrounding the core. An axon was
considered negative if it had a neurofilament-positive core
and no detectable (signal above background level) Na*/K™*
ATPase labeling. Differences between groups were deter-
mined using a Kruskall-Wallis one-way analysis of variance
with Dunn’s multiple-comparisons posttest. Standard devia-
tion from mean was calculated for each lesion. Fields were
scored by two individuals blind to the lesion stage and cor-
responding MRI characteristics. Images were taken from le-
sion core, an area equidistant from all myelinated borders.

To assess the relation between Na™ /K" ATPase and MTR
or T1 contrast ratios, we used a linear mixed model. The
model also accounted for correlated data, to allow for mul-
tiple regions from a single brain to be grouped.

Results

Na" /K" ATPase Subunits al, o3, and B1 Are
Located in Internodal Axolemma

To determine the normal distribution of Na™/K* AT-
Pases, we colocalized subunits a1 and a3 with Caspr, a
protein enriched in paranodal axolemma. As described

previously,”>*! Caspr antibodies intensely stained para-
nodal regions of central nervous system myelinated fi-
bers (see Figs 1A-C, red). Both al and a3 subunit
antibodies displayed specific and relatively uniform la-
beling of the internodal axolemma, with little or no
detectable immunoreactivity at the nodal (arrows) or
paranodal axolemma (see Figs 1A, B, green). Na*/K™"
ATPase internodal immunoreactivity did not appear to
differ between large or small axons. In sections double-
labeled with al or a3 Na'/K" ATPase and myelin
basic protein antibodies, ATPase immunoreactivity was
associated with the internodal axolemma and did not
appear to be present in the surrounding myelin sheath
(see Fig 1D). When sections were double-labeled with
al and a3 antibodies, most axons contained both al
and o3 immunoreactivity, although the relative a1 and
a3 axolemmal staining intensity appeared to vary be-
tween some axons (see Figs 1E-G; Fig 1E, al; Fig 1F,
a3; Figs 1E, F, arrowheads). The Na"/K™ ATPase 31
subunit had a similar distribution to al and a3 sub-
units labeling the internodal but not the nodal or para-
nodal axolemma (see Fig 1C).
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Distribution of Na /K" ATPase Subunits in

Multiple Sclerosis Lesions

The distribution of Na™ /K™ ATPase al and a3 sub-
units was determined in 39 MS lesions (3 acute, 36
chronic). Lesion stage was based on the distribution
and density of major histocompatability complex class
I—positive cells, as described previously.* Sections were
stained with Na"/K" ATPase, myelin basic protein,
and neurofilament antibodies, and the percentage of
Na"/K" ATPase-positive demyelinated axons were
quantified in sections double-labeled for Na*/K™
ATPase (a cocktail of both a1 and a3 antibodies) and
neurofilament. In the 3 acute and 15 of the 36 chronic
MS lesions (42%), Na*/K* ATPase al and o3 anti-
bodies stained demyelinated axolemmas with a similar
distribution and intensity to that found in myelinated
axons in brain sections from control and MS patients
(see Figs 2A, B). In contrast, axons in 21 of the 36
chronic MS lesions (58%) had less than 50% Na™*/K*
ATPase al- and a3-positive axons (see Fig 2C). In le-
sions containing ATPase-negative axons, axonal AT-
Pase staining was present in myelinated fibers at the
lesion edge, and the transiion between ATPase-
positive and -negative staining correlated with the
presence and absence of myelin (see Fig 2C). These
patterns  of labeling were consistent in  both
diaminobenzidine- and fluorescence-labeled sections.

In one brain slice, one chronic lesion contained intense
Na* /K" ATPase labeling, whereas another chronic le-
sion had litde to no labeling (as demonstrated in Figs
4C, D). Na"/K" ATPase immunoreactivity was either
consistently present (see Fig 2D, higher magnification
of Fig 2A core) or consistently absent (see Fig 2E,
higher magnification of Fig 2C core) along the length
of demyelinated axons within the lesion core. The per-
centage of Na* /K" ATPase-positive axons was similar
between control white matter, normal-appearing white
matter from MS brains, and acute demyelinated lesions
from MS brains (Fig 3). In contrast, in chronic MS
lesions, the proportion of Na™ /K™ ATPase-positive ax-
ons ranged from 100 to 0% (see Fig 3). Both control
(p < 0.0001) and normal-appearing white matter
(p < 0.001) groups were significantly different from
the chronic group. The significance of the difference
between acute and chronic groups could not be tested
because of the small sample number of acute lesions.
The average standard deviation (6 fields/lesion) for the
39 lesions studied was 4.8. The bimodal distribution of
Na"/K" ATPase-positive axon percentage in chronic
lesions did not correlate with their immunohistochem-
ical classification (ie, lesions with greater percent
Na"/K" ATPase-positive axons were not necessarily
chronic active, lesions with lower percent Na'/K™
ATPase-positive axons were not necessarily chronic in-

Fig 2. Demyelinated axons in some chronic multiple sclerosis (MS) lesions lack Na* /K ATPase. Myelin basic protein (MBP) im-
munoreactivity (white in A—C; blue in A"—C") identifies myelinated axons and the lesion border. Neurofilament (NF) staining
(red) labels myelinated and demyelinated axons. Na* /K" ATPase (green, A-E) distribution is continuous along demyelinated axons
in acute lesions (A', A") and a subset of chronic lesions (B', B"). In contrast, Na* /K" ATPase immunostaining is absent from
other chronic lesions (C', C') but present along myelinated axons at the border of the lesion (C', C'). Staining for Na /K"
ATPase was consistently present (D, from lesion in A) or absent (E, from lesion in C) along individual axons within the core of a

demyelinated lesion. Scale bars = 40um (A-C); Sum (D, E).
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Fig 3. Quantification of Na" /K" ATPase-positive axons in
control human brain and multiple sclerosis (MS) lesions. The
percentages of Na' /K" ATPase-positive axons in control,
normal-appearing white matter (NAWM), and acute MS le-
sions were closely grouped, all containing high percentages of
Na" /K" ATPase-positive axons. In contrast, in chronic MS
lesions, the percentage of Na* /K" ATPase-positive axons var-
ied, with 58% (21/36) having Na* /K" ATPase-positive axon
percentages of less than 50%. Statistical analysis (analysis of
variance with Dunn’s multiple-comparisons posttest) confirmed
a significant difference between both the control (p <
0.0001) and NAWM (p < 0.001) groups and the chronic
lesion group. Statistical analysis of the difference between the
acute lesion group and the chronic lesion group was impossible
due to small “acute lesion” group size. Horizontal lines indi-
cate the mean value for each group. Control tissue, n = 4;
NAWM, n = 7; acute lesion, n = 3; chronic lesion, n =
16.

active). Concordance between measurements made by
two observers was high (0.993), indicating excellent re-
producibility.

Lesions were also double-labeled with al or a3
Na"/K" ATPase and neurofilament antibodies to de-
termine whether demyelinated axons preferendally ex-
press either subunit. Demyelinated axons expressed
both or neither subunit (see Figs 1E-G), with rare ex-
ceptions (not shown). In all stained sections included
in this study, normal-appearing white matter served as
an internal control for Na"/K" ATPase labeling.
Thus, the differential pattern of Na™/K" ATPase la-
beling in lesion subtypes appears to be a valid observa-
tion and not because of staining artifact or tissue pro-
cessing. Because only a small proportion of a brain’s
total lesion load was studied, it was not possible to cor-
relate patient sex, duration of disease, or Expanded
Disability Status Scale score with percentage of
Na"/K" ATPase-negative demyelinated lesions.

Imaging Correlates of Axonal Na" /K" ATPase

One possible explanation of the data described ecarlier
is that chronic demyelination leads to loss of axonal
Na"/K" ATPase. We recently correlated axonal loss

and increased demyelinated axon diameter with re-
duced T1 contrast ratios and reduced MTR in post-
mortem MS brains."”” In this study, we investigated
whether postmortem MRI measurements, selected to
represent opposite ends of a scale of pathological sever-
ity, could identify MS lesions with (Fig 4A) and with-
out (see Fig 4B) axonal Na" /K" ATPase. Twenty of
the 39 demyelinated lesions had postmortem MRI data
available. We compared T1 and MTR contrast ratios
with the percentage of axons without Na™/K"
ATPase. As demonstrated in Figure 4C, demyelinated
lesions with MTR contrast ratios greater than 0.8 had
normal Na" /K™ ATPase distribution and lesions with
ratios less than 0.7 had less than 20% of axons with
Na*/K" ATPase. Likewise, demyelinated lesions with
T1 contrast ratios greater than 0.85 had normal
Na*/K" ATPase distribution and lesions with T1 con-
trast ratios less than 0.75 had less than 20% of axons
with Na™/K" ATPase (see Fig 4D). To ensure that
lesions were not clustered with other same-brain le-
sions, we identified lesions from each brain by a
unique color symbol in Figures 4C and D. There was
a statistically significant linear relationship between
percentage axons with Na' /K" ATPase and both
MTR (p < 0.0001) and T1 contrast ratio (p <
0.0006). These observations are the first to correlate
MRI characteristics with molecular properties of axons.

Discussion

These data impact our understanding of the pathogen-
esis of permanent neurological disability during chronic
stages of the disecase MS in two ways. More impor-
tantly, axons in 58% of the 36 chronically demyeli-
nated lesions of MS examined in this study contained
less than 50% Na /K" ATPase-positive axons. Sec-
ond, quantitative MRI of a subset of these lesions (20)
was able to differentiate chronic lesions with and with-
out axonal Na"/K" ATPase. Axons lacking Na*/K™
ATPase cannot efficiently transmit action potentials.
Reduced exchange of axonal Na™ for extracellular K™
will also increase axonal Na® concentrations, which
will, in turn, reverse the Na'/Ca™ " exchanger. Al-
though this will increase axonal Ca® " and contribute
to Ca’ "-mediated axonal degeneration, our data sup-
port the concept that many chronically demyelinated
axons are nonfunctional before degeneration. We pro-
pose that loss of axonal Na™ /K" ATPase is a contrib-
utor to the progressive neurological decline that most
MS patients eventually face, and that quantitative MRI
may provide a valuable predictor of this process in lon-
gitudinal studies of MS patients.

We used well-characterized antibodies to localize the
neuronal Na*/K™ ATPase subunits to internodal axo-
lemma. The internodal distribution of Na™/K™ AT-
Pase spatially uncouples Na™ influx at nodes from
Na" efflux at internodes and identifies the periaxonal
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Fig 4. Magnetization transfer ratios (MTRs) and T1 contrast ratios linearly correlate with the percentage of Na* /K" ATPase-
positive axons in chronic MS lesions. The percentage of Na* /K" ATPase-positive axons in chronically demyelinated MS lesions were
correlated with quantitative postmortem MTR and T1 contrast ratios. (A, B) Chronically demyelinated lesions stained for Nat /Kt
ATPase (green) and neurofilament (red). The percentage of Na" /K" ATPase-positive axons varied from near 100 (A; MTR =
0.9) to 0% (B; MTR = 0.5). Many axons without Na™ /K"~ ATPase had increased diameters (B). A comparison of the percentage
of Na" /K" ATPase-positive axons in chronically demyelinated MS lesions were correlated with quantitative postmortem MTR

(p < 0.0001; C) and T1I contrast ratios (p < 0.0006; D). Dashed lines denote a fit curve to the regression coefficient. Each data
point is from a single lesion and each unique color-symbol combination denotes one of the brains studied. Scales bars = 5um.

space as an important player in regulating membrane
potentials during nerve conduction. The periaxonal
space is a cloistered, 12- to 14nm-wide, extracellular
space restricted by the axolemma, periaxonal mem-
brane of the myelin internode, and the septate junc-
tions, which tether the paranodal loops to the axon.”!
Na" and K" exchange through the periaxonal space
implicates the myelin/oligodendrocyte unit as an active
player in nerve conduction and not just a passive insu-
lating participant that renders the internodal axolemma
inert to the dynamics of ion exchange and nerve trans-
mission. To date, such ion channels or pumps have not
been localized to the periaxonal membrane of the cen-
tral nervous system myelin internode. If present, they
will likely be enriched in the membranes of the inner
tongue process, the small cytoplasm-containing tube
that extends the length of the myelin internode and is
contiguous with the cytoplasm of the paranodal loops.
The inner tongue process occupies less than 20% of
the periaxonal surface in mature central nervous system
internodes; the remainder of the periaxonal membrane
is “fused” with the cytoplasmic surface of the first com-
pact myelin lamella.
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The percentage of axons without Na*/K" ATPase
varied from lesion to lesion within and between post-
mortem brains (see Figs 2 and 3). Most demyelinated
axons in acute MS lesions contained Na"/K " ATPase
distribution similar to myelinated areas, whereas a sub-
set of chronic lesions contained a large percentage of
axons without Na'/K" ATPase. Pathologically,
chronic lesions are categorized as active or inactive
based on the presence or absence of activated immune
cells at the lesion border.”” In this study, the loss of
Na"/K" ATPase was not preferentially associated with
either chronic active or chronic inactive lesions. Based
on postmortem MRI analysis, we recently classified
pathological characteristics of MS lesions."> Compared
with T2-only demyelinated lesions, lesions that were
abnormal by T2, T1, and MTR (“T2T1MTR lesions”)
contained fewer axons, and these axons were swollen
(increased axonal diameter). We show here that the
percentage of Na" /K™ ATPase-positive axons in demy-
elinated T2-only lesions (see Supplemental Fig 1) was
similar to that of myelinated axons. In addition, quan-
titative MTR and T'1 contrast ratios delineated chronic
MS lesions with and without detectable axonal



Na®/K" ATPase, and those axons without Na™ /K"
ATPase were swollen (compare axons in Figs 4A, B). A
decrease in the MTR or T1 contrast ratio characteris-
tics, therefore, is indicative of the presence of swollen
axons and a loss of axonal Na"/K" ATPase. Chronic
loss of Na™ /K™ ATPase, therefore, is likely to contrib-
ute to a persistent ion imbalance across the axolemma,
which eventually leads to water influx, axoplasmic
swelling, and possibly, degeneration.

Although the acute symptoms of MS are not likely
to be directly correlated with a depletion of axonal
Na* /K" ATPase, loss of the pump on chronically de-
myelinated axons will contribute to the continuous
neurological decline experienced by most MS patients.
Based on a dystrophic'” and/or swollen*® appearance
and reduced Na, channels,* it has been proposed that
many demyelinated axons in chronic MS lesions may
be functionally compromised before degeneration. The
loss of Na*/K"™ ATPase on chronically demyelinated
and swollen axons described here provides additional
support to this hypothesis. In addition, the ability of
quantitative MTR and T1 contrast ratios to identify
MS lesions with little or no axonal Na™ /K" ATPase
raises the possibility that noninvasive brain imaging
techniques may monitor and predict neurological de-
cline and efficacy of neuroprotective therapies in pa-
tients with MS.
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