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NMDA receptors mediate calcium accumulation in
myelin during chemical ischaemia
I. Micu1, Q. Jiang1, E. Coderre1, A. Ridsdale1, L. Zhang1, J. Woulfe1, X. Yin2, B. D. Trapp2, J. E. McRory3, R. Rehak3,
G. W. Zamponi3, W. Wang1 & P. K. Stys1

Central nervous systemmyelin is a specialized structure produced
by oligodendrocytes that ensheaths axons, allowing rapid and
efficient saltatory conduction of action potentials1. Many dis-
orders promote damage to and eventual loss of the myelin sheath,
which often results in significant neurological morbidity. How-
ever, little is known about the fundamental mechanisms that
initiate myelin damage, with the assumption being that its fate
follows that of the parent oligodendrocyte. Here we show that
NMDA (N-methyl-D-aspartate) glutamate receptors mediate Ca21

accumulation in central myelin in response to chemical ischaemia
in vitro. Using two-photon microscopy, we imaged fluorescence of
the Ca21 indicator X-rhod-1 loaded into oligodendrocytes and the
cytoplasmic compartment of the myelin sheath in adult rat optic
nerves. The AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid)/kainate receptor antagonist NBQX2 completely
blocked the ischaemic Ca21 increase in oligodendroglial cell bodies,
but only modestly reduced the Ca21 increase inmyelin. In contrast,
the Ca21 increase in myelin was abolished by broad-spectrum
NMDA receptor antagonists (MK-801, 7-chlorokynurenic acid,
D-AP53,4), but not by more selective blockers of NR2A and NR2B
subunit-containing receptors (NVP-AAM0775 and ifenprodil2,4).
In vitro ischaemia causes ultrastructural damage to both axon
cylinders and myelin6. NMDA receptor antagonism greatly
reduced the damage to myelin. NR1, NR2 and NR3 subunits
were detected in myelin by immunohistochemistry and immuno-
precipitation, indicating that all necessary subunits are present for
the formation of functional NMDA receptors. Our data show that
the mature myelin sheath can respond independently to injurious
stimuli. Given that axons are known to release glutamate7–9, our
finding that the Ca21 increase was mediated in large part by
activation ofmyelinic NMDA receptors suggests a newmechanism
of axo–myelinic signalling. Such a mechanism may represent a
potentially important therapeutic target in disorders in which
demyelination is a prominent feature, such as multiple sclerosis,
neurotrauma, infections (for example, HIVencephalomyelopathy)
and aspects of ischaemic brain injury.
We measured [Ca2þ] changes from the cytosolic compartment of

compact myelin (the space of compact myelin between the cyto-
plasmic leaflets of the spiralled myelin membranes, the ‘major dense
line’) and oligodendroglial cell bodies in live adult rat optic nerves
(Fig. 1). Nerves were rendered chemically ischaemic by using
the mitochondrial inhibitor NaN3 and omitting glucose. Ca2þ-
dependent fluorescence from myelin regions (FCa.my) began to
increase within minutes of the onset of ischaemia and rose to
50 ^ 22% above baseline after 30min (mean ^ s.d., n ¼ 94 myelin
regions from individual axons). Ca2þ-dependent fluorescence from
oligodendroglial cytoplasm (FCa.ol) rose with a similar time course,

increasing by 43 ^ 27% (n ¼ 53) above control at 30min. Removal
of bath Ca2þ abolished both the myelinic and oligodendroglial
ischaemic Ca2þ increase (Fig. 1f), indicating that in both compart-
ments, Ca2þ increases are mainly a result of influx from the
extracellular space.
We then explored potential routes of Ca2þ entry into both

oligodendrocytes and myelin. Kynurenic acid (1mM), a broad-
spectrum antagonist of ionotropic glutamate receptors, completely
blocked the increase in FCa.ol (28 ^ 8% of baseline at 30min
ischaemia, n ¼ 10, P ¼ 1.6 £ 1026 versus drug-free ischaemia) and
FCa.my (21 ^ 16%, n ¼ 29, P ¼ 2.0 £ 1026). The more selective
AMPA/kainate receptor antagonist NBQX (30 mM) completely
blocked the rise in FCa.ol (25 ^ 11% of control at 30min, n ¼ 33,
P ¼ 1.6 £ 1026) but had only a modest effect on myelinic Ca2þ rise
(40 ^ 18%, n ¼ 57 in NBQX versus 50 ^ 22% in drug-free ischae-
mia, P ¼ 0.003; Fig. 2). This finding has two important implications.
First, the fact that an AMPA/kainate receptor antagonist is able to
dissociate the ischaemic Ca2þ increase in the two compartments
indicates that the myelinic Ca2þ increase is not merely a passive
phenomenon attributable to diffusion of Ca2þ from the parent cell
body, but is instead mediated by a distinct mechanism. Second, the
pharmacological profile suggests an unexpected route of Ca2þ influx
into myelin. Although AMPA and kainate receptors are known to be
present and functional in white matter glia, NMDA receptors are
generally thought to be absent10; yet the above results suggest that
NMDA receptors mediate ischaemic Ca2þ rise in the myelin sheath.
To explore this possibility more directly, we treated ischaemic

optic nerves with selective NMDA receptor antagonists. The non-
competitive channel blocker MK-801 (10 mM), and competitive
glutamate (D-AP5, 100 mM) and glycine (7-chlorokynurenic acid,
200–500 mM) site antagonists3, completely blocked the increase in
myelinic Ca2þ(21 ^ 19%, n ¼ 50 for MK-801; 216 ^ 17%,
n ¼ 103 for D-AP5; 220 ^ 14%, n ¼ 45 for 7-chlorokynurenic
acid at 30min, versus 50 ^ 22% without drug; P ¼ 2.1 £ 1026 for
all groups; Fig. 2c). All three agents also reduced the ischaemic Ca2þ

increase in oligodendrocyte cell bodies (20 ^ 35%, n ¼ 20,
P ¼ 0.0002; 220 ^ 20%, n ¼ 49, P ¼ 1.8 £ 1026; 222 ^ 23%,
n ¼ 23, P ¼ 1.8 £ 1026, respectively, versus 43 ^ 27% without
drug), suggesting that NMDA receptors may also directly admit
Ca2þ into these cells. This is consistent with the observation of
NMDA-induced currents in rat spinal cord oligodendrocytes11.
Functional NMDA receptors are heteromers composed of NR1

and NR2 subunits, which express the glycine and glutamate recog-
nition sites, respectively2,4. Discovered more recently, the NR3
subunit may serve a modulatory role12. A number of splice variants
have been identified for each subunit, resulting in a potentially very
diverse family of receptors. More specific blockers of NR2A- and
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NR2B-containing receptors (NVP-AAM0775, tested at 0.4–5 mM;
ifenprodil4, 10 mM) did not significantly reduce the ischaemic
increase in FCa.my (43 ^ 14%, n ¼ 22 for 0.4 mM NVP; 63 ^ 34%,
n ¼ 28 for ifenprodil, versus 50 ^ 22%without antagonist) (Fig. 2c).
Taken together, our pharmacological data suggest that NMDA
receptors (possibly those not composed of NR2A or NR2B subunits)
mediate the bulk of pathological Ca2þ accumulation into the myelin
sheath of adult optic axons. This is in contrast to oligodendrocytes,
in which Ca2þ increase and cell death are mediated mainly, but
possibly not exclusively (see above), by glutamate receptors of the
AMPA/kainate class as previously reported13 (but see ref. 14).
We next used immunohistochemistry to localize NMDA receptor

subunits (Fig. 3). NR1 subunits were detected just outside axon
cylinders. Because virtually all adult rat optic axons are myelinated,
regions immediately adjacent to axon cylinders represent myelin.
NR2 and NR3 showed a similar distribution. Staining for all three
subunits often appeared in discrete high densities in myelin of larger

axons. Immunoelectron microscopy detected labelling of myelin
internodes with antibodies against NR1, NR2 and NR3 (Fig. 3e–g),
with gold particles conspicuous in the inner and outer margins of
myelin. Furthermore, NR1 was detected on the rough endoplasmic
reticulum and Golgi membranes located in the perinuclear cyto-
plasm of oligodendrocytes (Fig. 3h), supporting the idea of NR1
synthesis by the myelin-forming cell.
We extracted the myelin fraction from whole optic nerve on a

sucrose gradient (see Supplementary Methods). NR1, NR2 and NR3

Figure 2 | Effects of glutamate receptor antagonists on ischaemic Ca21

increase. a, Kynurenic acid greatly reduced the ischaemic Ca2þ increase in
both oligodendrocytes and myelin (compare to Fig. 1e). b, NBQX blocked
the Ca2þ increase in oligodendrocytes much more potently than in myelin.
c, Bar graph summarizing X-rhod-1 fluorescence change (mean ^ s.d.) at
30min of ischaemia compared to pre-ischaemic/pre-drug baseline.
Together, these data indicate that NMDA receptors are largely responsible
for myelinic Ca2þ accumulation. *P , 1025; **P ¼ 0.003 versus drug-free
ischaemia (aCSF) (^DMSO as applicable). For each treatment group,
29–104 myelin regions of interest from at least three different experiments
were analysed.

Figure 1 | Ca21 imaging in optic nerve oligodendrocytes and myelin.
a–d, The same image is shown, but with various colour channels suppressed.
Cascade blue dextran outlines axon cylinders, DiOC6(3) strongly stains
myelin (arrowheads in a), and X-rhod-1 partitions into myelin (arrowheads
in b) and oligodendrocytes (OL). Glial processes unstained by DiOC6(3)
(asterisk in a and b) were excluded. e, Representative time course of
X-rhod-1 fluorescence change in oligodendrocytes andmyelin. Fluorescence
began to increase in both compartments within minutes of ischaemia, rising
to ,50–60% above control levels after about 30min. f, This increase was
prevented in Ca2þ-free aCSF (with 1mM EGTA added to chelate residual
Ca2þ), indicating that Ca2þ increase in oligodendrocytes and myelin
depends on influx from the extracellular space.
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subunits could not be detected in the unpurified fraction (not
shown). After immunoprecipitation, however, we were able to detect
NR1-, NR2- and NR3-positive bands at the expected molecular
masses by immunoblotting. Moreover, NR2 and NR3 subunits
were detected in lysate precipitated by NR1 antibodies from the
myelin fraction (Fig. 3i).We note that theNR2 blot revealed a band of
approximately 140 kDa, which, given the known cross-reactivity of
the antibody used (see SupplementaryMethods), could be consistent
with NR2C and/or NR2D subunits. Overall, our biochemical analysis
supports the hypothesis that myelin expresses functional NMDA
receptor complexes.
The expression of functional NMDA receptors in the mature

myelin sheath and their ability to mediate ischaemic Ca2þ accumu-
lation suggests that these receptors may have an important role in the
degeneration of myelin, and may be an early trigger for eventual
demyelination. Examination of ischaemic optic nerve axons by
electron microscopy showed marked destruction of axoplasmic
constituents, with disappearance of microtubules and neurofilament
profiles6 (Fig. 4). In addition, the myelin sheath began to split focally
(Fig. 4a, arrowheads), with loosening and separation of the lamellae.
NMDA receptor inhibition significantly reduced the pathological
changes in the myelin sheath; in contrast, there was little evidence
that axon cylinders per se were protected, indicating that these
elements are damaged by another mechanism (Fig. 4b). This finding
is consistent with our observation that NMDA receptor block failed
to blunt axoplasmic (as opposed to myelinic) Ca2þ increase during
ischaemia (Supplementary Fig. 3).
Myelin is a vital structure that has been observed histopathologi-

cally to degenerate in a broad range of CNS disorders15. These
demyelinated central axons conduct aberrantly or not at all, and
account for significant clinical morbidity. During development,

reciprocal axo–glial signalling has a key role in the initiation and
completion of myelination16. In contrast, little is known about the
signalling that may take place between axons and the mature myelin
sheath. Numerous studies have demonstrated the presence of
many enzymes17 (including Naþ,Kþ-ATPase18), connexins19 and
AMPA/kainate receptors20,21 in mature myelin, suggesting that this
structure may be more dynamic and metabolically active than
previously thought, actively participating in signal transduction
and translocation of ions and small molecules. Here we show that
mature myelin is compromised by ischaemia and that Ca2þ ions
accumulate in its cytosolic domain in an NMDA receptor-dependent
fashion. Given the presence of Ca2þ-sensitive enzymes such as
calpain-1 and phospholipase C in central myelin17,22, it is possible
that such Ca2þ accumulation then promotes degradation of a
number of key structural myelin components.
NMDA receptors must bind both glutamate and glycine as obliga-

tory co-agonists, and activation additionally requires depolarization
to remove Mg2þ-dependent block2,23. Both neurotransmitters are
taken back up into cells by electrogenic, Naþ-coupled transporters,
which can operate in the reverse, transmitter efflux mode under
conditions of increased intracellular [Naþ] and membrane depolar-
ization24,25. Injured axons accumulate Naþ, lose Kþ and depolarize
(see ref. 26 for a review), thus promoting the release of glutamate via
this mechanism8. CNS myelinated axons have been shown to express
glycine transporters as well27; therefore they could release this amino
acid under pathological conditions in a manner analogous to
glutamate. Together with ischaemic depolarization of cellular mem-
branes, this would complete the requirements for sustained and
deleterious activation of myelinic NMDA receptors.
NMDA receptors have fundamental roles in the normal physiology

of the CNS28 and in many diseases4,29. These receptors have not been

Figure 3 | Immunodetection of NMDA receptor subunits in myelin.
a, Nerves were immunostained for neurofilament (NF)160 and NR1
subunits, and imaged by confocal microscopy. Most axons in adult nerves
are myelinated, and therefore regions immediately outside axon cylinders
represent myelin sheaths. Faint, homogeneous NR1 signal was seen just
outside NF160-positive axon cylinders, and was most apparent in larger
axons. Myelin of larger-diameter axons showed occasional punctate regions
of more intense NR1 label. b, c, NR2 and NR3 subunits showed a similar
distribution. Inset in c shows an example of punctate NR3A staining at the
inner and outer myelin rim of a larger axon. d, Control with primary
antibodies omitted. Controls for NR2 and NR3 were similar.

e–g, Immunogold staining of optic nerve for NR1 (e), NR2 (f) and NR3 (g)
showed specific myelin labelling (My), with enrichment of gold particles at
the inner and outer margins of the sheath (Ax, axon). h, NR1 was also
detected on the rough endoplasmic reticulum and Golgi membranes (G) in
oligodendrocyte perinuclear cytoplasm (Nu, nucleus). i, A pan-NR1
monoclonal was used to immunoprecipitate receptor complexes from
myelin fractions in all three blots, which were then probed with anti-NR1,
anti-NR2 or anti-NR3 antisera. All three subunits were detected, and both
NR2 and NR3 are complexed with NR1. Scale bars, 2 mm (a–c), 50 nm (e–g),
100 nm (h).
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considered important in the physiology or pathobiology of white
matter, but it is likely that their presence in myelin suggests a normal
physiological role. Action potential traffic releases glutamate from
axons7,9, and glycine could also be released in an activity-dependent
manner. If myelinic NMDA receptors are composed of NR2C and/or
NR2D subunits, as our data suggest, they would be more sensitive to
glutamate and glycine2,4. This would assist signalling in a system
(myelinated axons) that is, in contrast to synapses, presumably less
able to release large local amounts of transmitter. The activity-
dependent release of axonal glutamate, in quantities reflecting an
integral of ongoing electrical traffic in the sourcing fibre, might
activate myelinic NMDA receptors to support axo–glial communi-
cation. This would represent an elegant solution for allowing axons,
which may be conducting different volumes of impulse traffic, to
selectively signal their myelin sheaths about their levels of activity.
Such a signal could in turn be transduced to the parent oligo-
dendrocyte for purposes of myelin production commensurate with
the degree of electrical activity of individual fibres. Under patho-
physiological conditions, excessive stimulation of myelinic NMDA
receptors may cause direct Ca2þ-dependent damage to this structure.
For instance, the NMDA receptor antagonist memantine29 was
reported to reduce neurological disability in a rat model of exper-
imental autoimmune encephalomyelitis30. Although themechanisms
are not clear, it is possible that this agent reduced myelin damage by
antagonizing the effects of glutamate released in the inflammatory
lesions. Amore in-depth understanding of such an NMDA-receptor-
dependent ‘axo–myelinic’ communication could guide the design of
more effective treatments for disorders in which demyelination of
central white matter tracts is a prominent and clinically devastating
phenomenon.

METHODS
Please refer to Supplementary Information for additional details.
Ca21 imaging. Rat optic nerves from adult Long Evans rats were loaded with
the Ca2þ indicator X-rhod-1 AM to report the free [Ca2þ] in myelin and
oligodendrocytes, and with DiOC6(3) to outline myelin. Dextran-conjugated
Ca2þ-insensitive cascade blue was selectively loaded into axons. Two-photon
excited fluorescence images were collected every 2min using a custom-modified
Nikon D-Eclipse C1 laser scanning microscope. Emitted fluorescence was
collected using appropriate filters. Image data were imported into ImageTrak
software (written by P.K.S.; http://www.ohri.ca/stys/imagetrak) for analysis. All

quantitative fluorescence changes are reported after a standard 30-min exposure
to ischaemia. In-place immunohistochemistry of live nerves was performed to
ascertain the localization of X-rhod-1. Fluorescence-lifetime measurements
confirmed that fluorescence intensity of X-rhod-1 reported [Ca2þ] changes,
and Mn2þ quench studies showed that emission originated from the cytosolic
compartment of myelin (see Supplementary Methods).
Immunohistochemistry and immunoelectron microscopy. For light
microscopy, deeply anaesthetized adult rats were perfused with saline then 4%
paraformaldehyde in 0.1M phosphate buffer. Optic nerves were post-fixed,
placed in 20% sucrose overnight, then sectioned at a thickness of 30mm in a
cryostat. All washes were done in TBS/1% Triton X-100, and sections were
blocked with 10% normal donkey serum, 3% dry milk for 1 h at 20 8C. Samples
were incubated overnight in primary antibodies, then secondary antibodies were
applied. Sections were imaged on a Nikon D-Eclipse C1 confocal microscope.
Immunoelectron microscopy was performed using standard techniques as
described in Supplementary Methods.
Immunoblots and immunoprecipitation. Myelin fractions were incubated on
ice for 1 h, centrifuged for 15min (4 8C) at 15,000 g, and the supernatant was
collected for overnight dialysis against the binding solution (300mM NaCl,
50mM Tris pH7.5 and 0.1% Triton X-100). Total protein (250mg in 50ml) was
immunoprecipitated with a pan-NR1 monoclonal antibody. The complex
was centrifuged, resuspended and loaded onto a 6% acrylamide SDS–PAGE
gel. Samples were transferred to a PVDF membrane and western blot analysis
was performed using a different NR1 polyclonal antibody, or NR2 or NR3
antisera. Appropriate negative controls were performed by omitting the primary
(precipitating) antibody or probing with secondary antibody only (data not
shown).
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