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ABSTRACT

Objective: To asses the presence of cortical demyelination in brains of patients with neuromyelitis
optica (NMO). NMO is an autoimmune inflammatory demyelinating disease that specifically tar-
gets aquaporin-4–rich regions of the CNS. Since aquaporin-4 is highly expressed in normal cor-
tex, we anticipated that cortical demyelination may occur in NMO.

Methods: This is a cross-sectional neuropathologic study performed on archival forebrain and
cerebellar tissue sections from 19 autopsied patients with a clinically and/or pathologically con-
firmed NMO spectrum disorder.

Results: Detailed immunohistochemical analyses of 19 archival NMO cases revealed preservation
of aquaporin-4 in a normal distribution within cerebral and cerebellar cortices, and no evidence of
cortical demyelination.

Conclusions: This study provides a plausible explanation for the absence of a secondary progressive
clinical course in NMO and shows that cognitive and cortical neuroimaging abnormalities previously
reported in NMO cannot be attributed to cortical demyelination. Lack of cortical demyelination is
another characteristic that further distinguishes NMO from MS. Neurology® 2010;75:2103–2109

GLOSSARY
AQP4 � aquaporin-4; BBB � blood–brain barrier; IgG � immunoglobulin G; MS � multiple sclerosis; NMO � neuromyelitis
optica; NMOSD � neuromyelitis optica spectrum disorder.

Neuromyelitis optica (NMO) is an autoimmune inflammatory demyelinating relapsing disease
of the CNS in which a disease-specific circulating autoantibody (NMO–immunoglobulin G
[IgG]) binds to the aquaporin-4 (AQP4) water channel that is concentrated in the astrocytic
foot processes.1-3 Increasing evidence supports a primary pathogenic role for this IgG.4-6 Clini-
cal, laboratory, neuroimaging, and pathologic features distinguish NMO from classic multiple
sclerosis (MS).7,8

Cognitive deficits and neuroimaging abnormalities have been described in normal-
appearing gray matter in NMO.9,10 Since AQP4 is heavily expressed in normal human cor-
tex,7,11 we anticipated finding cortical pathology in NMO. This study describes our findings
from a systematic examination of NMO patients’ brains for evidence of cortical demyelination.

METHODS This cross-sectional neuropathologic study was performed on archival forebrain and cerebellar tissue obtained from 19
autopsied patients with a clinically and/or pathologically confirmed NMO spectrum disorder (NMOSD)8: NMO (n � 16) or
NMOSD (n � 3; 2 relapsing longitudinally extensive transverse myelitis, 1 relapsing optic neuritis). Autopsies were performed at
Mayo Clinic, Rochester, MN, or sent in from other institutions for diagnostic purposes between 1958 and 2009. The study was
approved by the Institutional Review Board of Mayo Clinic, Rochester, MN. Clinical follow-up was obtained via review of medical
records. Descriptive statistics were used to characterize the population demographics and number of blocks analyzed (table). Median
age was 45 years at symptom onset (range 12–80) and 50 years at death (range 16–80). Median disease duration was 36 months
(range 8–180). NMO-IgG serostatus was known in 6 cases (positive in 5, including all 3 NMOSD cases). Causes of death were
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respiratory-related (n � 14), perforated ulcer (n � 1), subarach-
noid hemorrhage (n � 1), or unknown (n � 3) (table). We
determined the spectrum of cortical demyelinated plaque types
according to established criteria.12,13 Plaques were classified as
follows: 1) leukocortical demyelinated lesions involving cortical
gray matter and white matter at the gray-white junction with
sparing of superficial cortical layers; 2) intracortical lesions which
were confluent or perivenous demyelinated lesions confined to
the cortical gray matter with sparing of superficial cortical and
subcortical U fiber layers; or 3) subpial lesions extending variable
distances from the cortical pial surface with or without involve-
ment of the underlying white matter. We analyzed 82 tissue
blocks containing cerebral or cerebellar cortex for evidence of
cortical demyelination, and excluded 6 blocks from 3 NMO
cases which contained confounding pathologic changes consis-
tent with ischemic infarcts. We analyzed a median number of 3
blocks per case (range 1–12) from the 76 remaining tissue blocks
representing all 19 cases (table).

Specimens were fixed in 10%–15% formalin and embedded
in paraffin. Sections were stained with hematoxylin-eosin to

demonstrate tissue and cell morphology. Immunohistochemistry

was performed without modification using an avidin-biotin or

an alkaline phosphatase/antialkaline phosphatase technique as

previously described.7,14 Sections were incubated with primary

antibodies overnight at 4°C. We used primary antibodies specific

for myelin proteolipid protein (PLP, polyclonal; Serotec, Ox-

ford, USA) and AQP4 (C-terminal residues 249–323, affinity

purified rabbit polyclonal IgG; Sigma-Aldrich), and as controls,

omitted primary antibodies.7

RESULTS Detailed analysis of the neocortex from
all forebrain lobes, archicortex (hippocampus), me-
socortex (parahippocampus, cingulate, and insula),
and cerebellar cortex revealed no subpial, intracorti-
cal, or leukocortical lesions. Myelin was preserved in
all cortical layers (figure 1, A, B, E, F, I, and J), in the
dentate gyrus and all fields of Ammon’s horn (figure
2, A, B, D, F, and H), and in the molecular, infra-
ganglionic, and supraganglionic layers of the cerebel-
lum (n � 9 cerebellar blocks from 9 NMO cases)
(figure 2, J, L, and N).

The cortical distribution of AQP4 as previously
described for normal tissues7,11 was preserved in
NMO (figure 1, C, G, and J, and figure 2, C, E, G, I,
K, M, and O), with the most intense AQP4 immu-
noreactivity concentrated in the end-feet of proto-
plasmic astrocytes abutting the blood vessels (figure
1, D and L) at the glia limitans in the cerebral cortex
(figure 1H), and in Bergmann glia and astrocytes of
the granule cell layer in the cerebellar cortex (figure
2, K, M, and O). Additional cortical neuropatho-
logic findings observed in NMO included astroglio-
sis (figure 3, B, D, E, and G) mostly involving
interlaminar astrocytes (figure 3, B and D) and scat-
tered red and/or pyknotic neurons (figure 3, C, E,
and G) within the cerebral but not cerebellar cortex.
Myelin and AQP4 immunoreactivity was normal ap-
pearing even in cortical regions with profound astro-
gliosis (figure 3, F and H).

DISCUSSION Although brain lesions in NMO
have been described in AQP4-enriched periventricu-
lar white and deep gray matter structures, this is the
first study to show the absence of cortical demyelina-
tion in NMO, despite AQP4 being heavily concen-
trated in this region.8,15,16 NMO is caused by a
disease-specific serum autoantibody (NMO-IgG)
that specifically targets the AQP4 water channel in
the astrocytic foot processes.2,3,7 The preservation of
AQP4 and myelin in cortical regions may relate to
regional differences in blood–brain barrier (BBB)
permeability. Functional and structural differences
between white and cortical gray matter BBB have
been described.17,18 Perivascular astrocytes arranged
in rows, cylinder-like segmented, thick and abundant
perivascular astrocytic processes, and larger perivas-

Table Patient demographics and number and locationa of cortical
blocks analyzed

Case
ID Sex

Age at
onset, y

Disease
duration,
mo

Cause of
death

No. of
blocks Block location

1 F 22 66 RA 7 Neo �2; Hipp � Temp; Occ; Ins;
Cing � Neo; Cbl

2 F 58 24 PE 3 Frontal; Parietal; Occ

3 F 80 8 RA 2 Temp; frontal

4 F 16 36 RA 6 Frontal; Temp �2; Hipp;
Ins � Cing � Parietal; Ins

5 F 73 16 RA 3 Neo �2; Ins

6 F 52 47 RA 6 Neo �3; Occ; Ins; Cbl

7 F 50 56 RA 3 Neo; Cing; Cbl

8 M 42 12 RA 1 Cbl

9 F 68 11 RA 4 Neo; Hipp � Temp; Cing � Neo; Cbl

10 F 68 N/A N/A 2 Cing; Cbl

11 M 47 N/A N/A 4 Frontal; Hipp � Temp �2; Cing

12 F 65 108 RA 7 Neo �2; Hipp; Occ; Ins; Cing; Cbl

13 F 64 96 RA 12 Neo �11; Cbl

14 F 41 21 RA 2 Hipp � Temp; Cing

15 F 36 180 BPN 3 Cing � Frontal; Cing; Cbl

16 F 29 8 SAH 1 Neo

17 F 20 48 PE 2 Neo; Cing

18 F 42 36 N/A 1 Cing

19 F 77 36 PU 7 Frontal; Temp; Parietal; Occ;
Hipp; Cing � Parietal; Ins

Abbreviations: BPN � bronchopneumonia; Cbl � cerebellum; Cing � cingulate; Hipp � hip-
pocampus (cortex not extending beyond entorhinal cortex); Hipp � Temp � hippocampus
and temporal cortex extending beyond entorhinal cortex; Ins � insula; N/A � not available;
Neo � neocortex (excluding primary visual cortex); Occ � occipital (includes primary visual
cortex); PE � pulmonary embolism; PU � perforated ulcer; RA � respiratory arrest; SAH �

subarachnoid hemorrhage; Temp � temporal.
a Since not all autopsies were performed at our institution, we do not have the exact loca-
tion of all blocks analyzed. While some areas of cortex are architecturally distinct (hip-
pocampus, primary visual cortex, insula, cerebellum, cingulate), it is difficult to distinguish
with certainty among frontal, parietal, and temporal association cortices. We used the term
“neocortex” when the location (frontal vs parietal vs temporal) was unknown.
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Figure 1 Absence of cortical demyelination and preservation of aquaporin-4 (AQP4) in cerebral cortex of
patients with neuromyelitis optica (NMO)

Cortical demyelination is absent and AQP4 is preserved in a normal distribution in the frontal (A–D), insular (E–G), and
temporal (I–L) cortices of NMO brains. Cortical areas within rectangles in (A), (E), and (I) are shown at higher magnification in
(B), (F), and (J), respectively. Insets (D) and (L) show intense AQP4 immunoreactivity concentrated in the end-feet of proto-
plasmic astrocytes abutting the blood vessels. Inset (H) shows intense AQP4 immunoreactivity in glia limitans. (A, B, E, F, I,
J) Proteolipid protein. (C, D, G, H, K, L) AQP4. (A, I) Scale bar � 1.5 mm. (E) Scale bar � 1 mm. (B, C, F, G, J, K) Scale bar � 500
�m. (D, H, L) Scale bar � 25 �m.
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Figure 2 Absence of cortical demyelination and preservation of aquaporin-4 (AQP4) in hippocampus and
cerebellar cortex of patients with neuromyelitis optica (NMO)

Cortical demyelination is absent and AQP4 is preserved in a normal distribution in the hippocampus (A–I) and cerebellar
cortex of patients with NMO (J–O). Dentate gyrus (B–C), CA4 (D–E), CA3–2 (F–G), and CA1 (H–I) show preservation of myelin
(B, D, F, H) and AQP4 (C, E, G, I). The myelin is preserved in the molecular, infraganglionic, and supraganglionic layers of the
cerebellum13 (J, L, N) and AQP4 immunoreactivity is most intense in Bergmann glia and astrocytes of the granule cell layer
(K, M, O). (A, B, D, F, H, J, L, N) Proteolipid protein. (C, E, G, I, K, M, O) AQP4. (A) Scale bar � 1 mm. (B–I, L, M) Scale bar � 250
�m. (J, K) Scale bar � 500 �m. (N, O) Scale bar � 100 �m. DG � dentate gyrus; CA4 � field 4 of cornu Ammonis; CA3–2 �

fields 3 and 2 of cornu Ammonis; CA1 � field 1 of cornu Ammonis.
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cular spaces are characteristic for the white matter
and suggest that a single astrocyte has more contact
area with the vessel wall, while the absence of perivas-
cular glial rows, narrow perivascular spaces, and thin,
sheet-like astrocytic processes that encapsulate blood
vessels are characteristic for the cortical gray mat-
ter.17,18 These differences are thought to account for
selective white matter permeability in brain edema,18

HIV-1 encephalitis,19 and following administration

of IL-2,20 although the exact mechanism is un-
known. Alternatively, perhaps a differential expres-
sion of M1 and M23 isoforms of AQP4 could render
the cortex less susceptible to NMO-IgG attack.21

Particularly remarkable is the preservation of my-
elin in cortical regions that are susceptible to demy-
elination in MS, namely the cingulate, insular,
frontal, and temporal cortices.22,23 Cortical demyeli-
nation in chronic MS is extensive. In the progressive
stage of the disease, demyelination characteristically
affects up to 70% of the cerebral and 90% of the
cerebellar cortex.13,24 Despite more severe axonal in-
jury in NMO than MS, paradoxically a secondary
progressive clinical course is uncommon in NMO.25

This may relate to the absence of cortical demyelina-
tion. The findings we report here further pathogeni-
cally distinguish NMO from MS and reinforce the
hypothesis that cortical demyelination is an impor-
tant contributor to progressive neurologic disability
in MS.24 Cortical demyelination in MS accumulates
with disease duration. Limited cortical demyelina-
tion has been reported in acute and early relapsing
cases of MS. Nevertheless, preservation of cortical
myelin in NMO is unlikely simply due to sampling
bias among severe acute fulminant cases, given that 3
of our NMO cases had a disease duration greater
than 8 years (table). While one of these cases (no. 15
in the table, 180 months disease duration) had lim-
ited sampling (3 blocks), the other 2 (no. 12, 108
months, and no. 13, 96 months disease duration)
had extensive sampling (7 and 12 blocks, respec-
tively) (table).

Cognitive deficits have been reported in both
MS23 and NMO.9 Neuroimaging and neuropatho-
logic studies suggest brain atrophy26 and cortical de-
myelination23 as substrates for the cognitive decline
observed in patients with MS. However, unlike pa-
tients with MS, patients with NMO reportedly do
not develop neuroimaging evidence of brain atro-
phy.10 These neuroimaging findings are compatible
with our pathologic observations reporting an ab-
sence of cortical demyelinating lesions in NMO
brains.10 Furthermore, the reduced magnetization
transfer and increased mean diffusivity described in
normal-appearing gray matter of NMO brains10 can-
not be explained by cortical demyelination. Never-
theless, nonconventional MRI studies suggest that
cortical gray matter is damaged in NMO.10 Our find-
ings of prominent astrogliosis and neuronal pathology
in NMO cerebral cortex may be the pathologic corre-
lates of these cortical imaging abnormalities. The lack of
pyknotic neurons in NMO cerebellar cortex argues
against these cortical changes being due to terminal
hypoxic events. Although retrograde degeneration of
neurons secondary to lesions in the spinal cord, optic

Figure 3 Additional neuropathologic findings in cortices of patients with
neuromyelitis optica (NMO)

Pathologic findings in the cortex (illustrated in this figure for 3 individual patients with
NMO) included astrogliosis and scattered focal red and/or pyknotic neurons. Cortices from
patients 1 (A, B) and 2 (C, D) show numerous red neurons (arrows in [A] and [C], respectively)
and astrocytosis involving the interlaminar astrocytes (arrowheads in [B] and [D], respec-
tively). The cortex from patient 3 (E–H) shows pyknotic neurons (arrows in [E]) on a back-
ground of profound astrogliosis (arrowheads in [E]) in all layers of the cortex (E, G). Despite
these changes, the myelin (F) and aquaporin-4 (AQP4) (H) are preserved. (A–E, G)
Hematoxylin-eosin. (F) Proteolipid protein. (H) AQP4. (A) Scale bar � 100 �m. (B–H) Scale
bar � 50 �m.
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nerves, or white matter may contribute to cortical
damage, it is pertinent that we did not observe the
ballooned or chromatolytic neurons that would be
anticipated in a gross retrograde somatic reaction to
neuritic injury.

Our finding that AQP4 and myelin are preserved
in the cerebral and cerebellar cortices provides addi-
tional pathologic evidence that different pathogenic
mechanisms are responsible for brain damage in
NMO and MS. Understanding why the cortex is
preferentially spared in NMO despite abundant cor-
tical expression of the target antigen, AQP4, is a
challenging question for understanding the disease
pathogenesis and may lead to new therapeutic ap-
proaches aimed at relapse prevention.
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Editor’s Note to Authors and Readers: Levels of Evidence coming to Neurology®

Effective January 15, 2009, authors submitting Articles or Clinical/Scientific Notes to Neurology® that report on clinical
therapeutic studies must state the study type, the primary research question(s), and the classification of level of evidence assigned
to each question based on the classification scheme requirements shown below (left). While the authors will initially assign a
level of evidence, the final level will be adjudicated by an independent team prior to publication. Ultimately, these levels can be
translated into classes of recommendations for clinical care, as shown below (right). For more information, please access the
articles and the editorial on the use of classification of levels of evidence published in Neurology.1-3
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