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Hypoxia–ischemia (H/I) in the premature infant leads to white matter injury termed periventricular leukomalacia (PVL), the leading
cause of subsequent neurological deficits. Glutamatergic excitotoxicity in white matter oligodendrocytes (OLs) mediated by cell surface
glutamate receptors (GluRs) of the AMPA subtype has been demonstrated as one factor in this injury. Recently, it has been shown that
rodent OLs also express functional NMDA GluRs (NMDARs), and overactivation of these receptors can mediate excitotoxic OL injury.
Here we show that preterm human developing OLs express NMDARs during the PVL period of susceptibility, presenting a potential
therapeutic target. The expression pattern mirrors that seen in the immature rat. Furthermore, the uncompetitive NMDAR antagonist
memantine attenuates NMDA-evoked currents in developing OLs in situ in cerebral white matter of immature rats. Using an H/I rat model
of white matter injury, we show in vivo that post-H/I treatment with memantine attenuates acute loss of the developing OL cell surface
marker O1 and the mature OL marker MBP (myelin basic protein), and also prevents the long-term reduction in cerebral mantle thickness
seen at postnatal day 21 in this model. These protective doses of memantine do not affect normal myelination or cortical growth.
Together, these data suggest that NMDAR blockade with memantine may provide an effective pharmacological prevention of PVL in the
premature infant.
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Introduction
Despite increased survival of extremely premature infants as a
result of improved intensive care, cerebral palsy and cognitive/
behavioral deficits occur in up to 35% of survivors (Wilson-
Costello et al., 2007). Periventricular leukomalacia (PVL) is the
major neuropathological lesion in premature infants, involving
focal white matter necrosis, diffuse gliosis, and subsequent hypo-
myelination (Kinney and Back, 1998). Magnetic resonance imag-
ing (MRI) findings in survivors of extreme prematurity with PVL
show a reduction in cortical gray matter volume associated with
decreased total brain myelinated white matter in later infancy
and beyond (Inder et al., 1999, 2005), consistent with patholog-
ical observations (Volpe, 2005). PVL pathophysiology is multi-

factorial, including hypoxia–ischemia (H/I)-induced glutamate
excitotoxicity, free-radical injury, and inflammation (Volpe,
2005; Jensen, 2006). Oligodendrocytes (OLs) are the principal
cellular component in white matter, and developing OLs have
been shown to be uniquely susceptible to these forms of injury
(Follett et al., 2000; Back et al., 2001). Notably, these developing
OLs predominate in preterm human white matter at the most
susceptible period for PVL (Back et al., 2001; Talos et al., 2006b).
H/I results in glutamate accumulation in white matter under
pathophysiological conditions from multiple sources, including
vesicular release from axons (Kukley et al., 2007) and reversal of
glutamate transporters (Fern and Möller, 2000; Rossi et al.,
2000). Developing OL susceptibility to H/I correlates with ex-
pression of glutamate receptors (GluRs) of the AMPA subtype
(AMPARs) on developing OLs in white matter of immature ro-
dents and premature infants (Talos et al., 2006a,b). AMPARs on
developing OLs are calcium permeable and mediate excitotoxic
injury (Fern and Möller, 2000; Yoshioka et al., 2000; Tekkök and
Goldberg, 2001; Deng et al., 2003; Follett et al., 2004), and sys-
temic administration of AMPAR antagonists attenuates injury in
a rat model of PVL (Follett et al., 2000, 2004).

Recent studies show that OLs also express the NMDA subtype
of glutamate receptors (NMDARs), which are located specifically
on their processes (Káradóttir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006). In neurons, activation of NMDARs at synapses
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is critical for synaptic plasticity and synaptogenesis (Cull-Candy
et al., 2001), and their overactivation is implicated in H/I-
induced excitotoxic injury in stroke models (MacDonald et al.,
2006). In vitro studies show that simulated ischemia (oxygen glu-
cose deprivation) activates NMDARs on OL processes in imma-
ture and adult rodent cerebellum and corpus callosum, and adult
rat optic nerve (Káradóttir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006). Thus, we hypothesized that NMDARs may be
expressed on developing OLs in the immature rat and human
brain during the PVL-susceptible window and in part mediate
H/I-induced white matter injury. We previously showed that the
uncompetitive NMDAR antagonist memantine (adamantine) is
neuroprotective against H/I-induced gray matter injury in the
developing rodent without significant adverse effects (Chen et al.,
1998). Unlike the open-channel NMDAR antagonist dizocilpine
(MK-801), memantine is well tolerated and approved for the
treatment of dementia (Chen and Lipton, 2006). Here we tested
the protective efficacy of memantine against H/I-induced white
matter injury in the rat PVL model.

Materials and Methods
Animal procedures. Long–Evans male rat pups (Charles River Laborato-
ries) were maintained in a temperature-controlled animal care facility
with a 12 h light/dark cycle. All procedures were approved and in accor-
dance with guidelines of the Animal Care and Use Committee at Chil-
dren’s Hospital (Boston, MA). Using a modification of the Rice-
Vannucci model (Levine, 1960; Rice et al., 1981), H/I-induced injury was
generated at postnatal day 6 (P6) by unilateral carotid artery ligation
under ether anesthesia followed by 1 h of 6% hypoxia after a 1 h recovery
period as described previously (Follett et al., 2000). Pup temperature was
maintained away from the dam with a 34°C thermal blanket, and moni-
tored before and after surgery with a rectal temperature probe. Drugs
were diluted in PBS to concentrations enabling consistent intraperito-
neal volume administration of 0.1 ml/10 g of pup weight. Vehicle injec-
tions of PBS of equivalent volume were given. The first dose was admin-
istered 30 min to 1 h after hypoxia to allow initial recovery. Pups were
then returned to the dam. Three additional intraperitoneal drug doses
were then given on a 12 h schedule until the rats were killed as per our
previous study (Chen et al., 1998). Memantine (Tocris Bioscience) dos-
ing was 20 mg/kg loading dose, then 1 mg/kg maintenance dose. We
based our dosing regimen on published data of rat pharmacokinetics and
doses required for neuroprotection, yielding a steady-state brain concen-
tration of 1–10 �M (Chen et al., 1998; Hesselink et al., 1999; Parsons et al.,
1999). Pup weights were monitored at the start, at each drug administra-
tion, and when the pups were killed. Pups were killed by terminal pen-
tobarbital anesthesia followed by intracardiac PBS and then 4% parafor-
maldehyde perfusion-fixation. Brains were extracted and postfixed
overnight in 4% paraformaldehyde, followed by cryoprotection in 30%
sucrose in PBS in preparation for sectioning.

Human tissue. Parietal lobe autopsy specimens, obtained from Chil-
dren’s Hospital and Brigham and Women’s Hospital (Boston, MA), were
collected under guidelines approved by the hospitals’ Institutional Re-
view Boards. Cases ranging from 23 to 38 postconceptional weeks (PCW;
n � 9) were selected based on combined clinical and neuropathological
diagnosis, as previously described (Talos et al., 2006b). Except for still-
births (n � 2), all patients died from non-neurological causes, which
included extreme prematurity (n � 4), necrotizing enterocolitis, massive
pulmonary hemorrhage, and multiple congenital anomalies (n � 1
each). No brain abnormalities or lesions were detected by macroscopic
and microscopic standard neuropathological diagnostic examination.
The postmortem interval range in this tissue set was 4 – 46 h (mean 25 h),
and we have previously reported no significant effect of postmortem
interval on AMPAR subunit expression in similar tissue at these time
points (Talos et al., 2006b). Blocks of parietal lobe cortex and underlying
white matter were fixed in fresh 4% paraformaldehyde for at least 48 –72
h and then cryoprotected in 30% sucrose in PBS before sectioning.

Histological and immunocytochemical methods. For H/I experiments,

16 �m coronal cryostat sections (Leica CM3050 S) were collected on
Superfrost Plus slides. For NMDAR expression in normal rat brain and
human parietal lobe, 50 �m freezing microtome (HM 440E; Microm
International) free-floating sections were collected. Hematoxylin and
eosin (H&E) staining was performed according to standard protocols.
Immunocytochemical studies were performed as previously described
(Follett et al., 2004; Talos et al., 2006a,b). The following primary anti-
bodies were used: mouse monoclonal antibodies to myelin basic protein
(MBP)/SMI-99 and glial fibrillary acidic protein (GFAP)/SMI-22 (Co-
vance); mouse monoclonal IgM antibodies to O4 and O1 (gifts from Dr.
S. Pfeiffer, University of Connecticut Medical School, Farmington, CT);
mouse monoclonal antibodies to CD68/MCA341GA and CD11b/
MCA275G (Serotec); and mouse monoclonal antibody to NeuN/MAB
377 and rabbit polyclonal antibody to NR1/AB1516 (Millipore Bio-
science Research Reagents). Sections were blocked and incubated over-
night at 4°C with the primary antibody. Fluorescent goat Alexa Fluor 488
or 568 secondary antibodies (Invitrogen) appropriate to the primary
antibody species were applied for 1 h at room temperature. For NR1, a
biotinylated anti-rabbit IgG followed by an avidin-FITC conjugate (Vec-
tor Laboratories) was applied. Double labeling was performed sequen-
tially with O4 or O1 (detergent free) first. Slides were coverslipped with
an antifade medium (Fluoromount-G; Southern Biotechnology) or a
mounting medium containing nuclear stain 4�,6�-diamidino-2-
phenylindole (DAPI; Vector Laboratories). Fluorescence images were
obtained on a Zeiss Axioscope, using a Spot digital camera and Advanced
4.5 software (Diagnostic Instruments). In H/I experiments, coronal sec-
tions in the region of the mid-dorsal hippocampus were examined. Ste-
reotaxic coordinates used were as follows: for P9, 2.8 –3.1 mm from
bregma, 2.6 –3.0 mm lateral to midline; for P21, 3.0 –3.4 mm from
bregma, 2.4 –3.4 mm lateral to midline (Sherwood and Timiras, 1970).
At P9 (72 h study), sections were immunostained for O1 and MBP to
evaluate white matter loss. At P21 (15 d study), sections were H&E
stained to evaluate combined parietal cortex and white matter (cerebral
mantle) thickness. All scoring was performed by an observer blinded to
treatment group or side of carotid artery ligation. ImageJ software was
used to quantitate O1 immunostaining as a proportion of the white
matter capsule area. ImageJ analysis of immunocytochemical staining
was represented as a ratio of ipsilateral (to carotid ligation) to contralat-
eral staining to take account of interanimal developmental variations.
MBP staining was scored using a five-point semiquantitative ranked in-
jury score modified from our previous three-point scale (Follett et al.,
2000): 0 � no MBP loss; 1 � some loss of processes perpendicular to
capsule; 2 � moderate loss of processes; 3 � complete loss of processes
with intact capsule; 4 � loss of processes with thinning or breaks in
capsule; 5 � loss of processes with complete loss of capsule. This meth-
odology was validated with ImageJ software quantitation of total area of
MBP immunostaining within each 2.4 mm 2 field. MBP immunostaining
was represented as a ratio of ipsilateral (to carotid ligation) to contralat-
eral staining to take account of interanimal developmental variations.
Parietal cerebral mantle thickness was measured on 25� photomicro-
graphs with ImageJ software, and the ipsilateral-to-contralateral ratio
was calculated for each brain. Confocal images were taken on a Zeiss LSM
510 scanning laser microscope with a 63� objective. Z-stacks were com-
posed with confocal serial images (10 images/specimen) collected at 1
�m (rat tissue) or 2 �m (human tissue) intervals.

Brain slice electrophysiology. The coronal slice preparation method
used in this study has been described in previous reports (Jensen et al.,
1998; Sanchez et al., 2001). Normal P6 –P7 rat pups were decapitated,
and the brains were rapidly dissected from the skull and placed in ice-
cooled sucrose-based dissection solution bubbled with 95% O2/5% CO2.
Coronal slices (250 –300 �m) were prepared with a vibratome (World
Precision Instruments) in cold dissection solution containing 210 mM

sucrose, 2.5 mM KCl, 1.02 mM NaH2PO4, 0.5 mM CaCl2, 10 mM MgSO4,
26.19 mM NaHCO3, and 10 mM D-glucose, pH 7.4. Slices were incubated
in a chamber at 32°C for 30 min with continuously oxygenated artificial
CSF (ACSF) and then maintained at room temperature for at least 1 h
before starting electrophysiological recordings. We used coronal mid-
dorsal hippocampal white matter slices consistent with the regions ana-
lyzed in H/I and normal rat immunohistochemistry studies. As in our
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previously published protocols (Sanchez et al., 2001, 2005), whole-cell
patch-clamp recordings were made from white matter developing OLs
by using Nikon infrared/differential interference contrast optics micros-
copy, and the slices were continuously superfused with ACSF bubbled
with 95% O2/5% CO2 at 1–1.5 ml/min containing 124 mM NaCl, 5 mM

KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1.2 mM MgSO4, 26 mM NaHCO3,
and 10 mM D-glucose, pH 7.4. All recordings were performed at room
temperature (22–24°C) using filled electrodes (6 –10 M�). The internal
solution of the patch pipette contained 110 mM Cs-sulfonate, 10 mM

TEA-Cl, 4 mM NaCl, 2 mM MgCl2, 10 mM EGTA, 10 mM HEPES, 4 mM

ATP-Mg, and 0.3 mM GTP, pH 7.25. No correction was made for the
junction potential of 8.9 mV during recordings. To isolate NMDAR-
mediated currents, 50 �M picrotoxin and 10 �M 2,3-dihydroxy-6-nitro-
7-sulfonyl-benzo[f]quinoxaline (NBQX) were used to block GABA and
AMPA/kainate receptors, respectively. NMDAR-mediated excitatory
currents were recorded in the presence of 10 �M glycine and 2 �M strych-
nine. Developing OLs were clamped with a ramp from �90 to �50 mV
while 50 �M NMDA was bath perfused. K �-based internal solution was
used when characterizing inward and outward currents. With this K �-
based solution, 10 mM TEA, 5 mM 4-AP, and 1 �M TTX were used to
block the potassium channels to examine NMDAR-mediated currents.
10 �M NBQX (Sigma), 30 �M picrotoxin (Tocris Bioscience), 10 or 50 �M

memantine (Sigma), 100 �M DL-AP-5 (Tocris Bioscience), and 1 �M TTX
(Tocris Bioscience) were applied by gravity superfusion. All drug-
induced alterations in synaptic currents were completely or partially re-
versed by 20 min washout in ACSF. Data were collected using an Axo-
patch 200A amplifier and Clampex 9.2 software (Molecular Devices)
with compensation for series resistance (70%) and cell capacitance, fil-
tered at 2 kHz, and digitized at 20 kHz using a Digidata 1320A. The data
analysis was performed with Clampfit 9.2 (Molecular Devices) to con-
struct I–V curves. Alexa Fluor 594 was included in the electrode solution
to mark the recorded cells. After recordings, slices were fixed for 1–2 h in
4% paraformaldehyde and stained (overnight at 4°C) with rabbit poly-
clonal antibody to Olig2/AB9610 (Millipore Bioscience Research Re-
agents), a pan-OL nuclear marker, and fluorescent goat Alexa Fluor 488
secondary antibody (1 h at room temperature) and visualized using con-
focal microscopy (63� objective; Z-stack � 10 serial images at 2 �m
intervals) to confirm that the recorded cells were developing OLs by
colocalization and morphology.

Statistical analysis. Data were analyzed with SigmaStat 3.11 software
(Systat Software 2004). Data is expressed as mean � SEM. Normally
distributed data differences between two groups were compared using
Student’s t test. Multiple groups were compared using one-way ANOVA
with the Bonferroni multiple-comparison post hoc test. Nonparametric
datasets were compared using the Mann–Whitney rank sum test. A p
value of �0.05 was considered statistically significant (denoted by an
asterisk in the figures).

Results
NMDARs are expressed on multiple cell types, including
developing OLs, in immature rat white matter
Using our model of PVL in Long–Evans rats, we have shown that
white matter is highly vulnerable to H/I injury at P6 (Follett et al.,
2000, 2004). To evaluate whether the NMDAR represents a po-
tential therapeutic target in our rat PVL model, we examined the
cell-specific expression of NMDARs in parietal subcortical white
matter in the P6 Long–Evans rat. We qualitatively assessed the
cellular expression of the obligate NR1 subunit of NMDARs in
multiple white matter cell types. The NR1 subunit containing the
glycine binding site is thought to be required for functional
NMDAR expression (Stys and Lipton, 2007). Hence, we double
labeled for the NR1 subunit, together with the developing OL
markers O4 and O1, microglial markers CD11 and CD68, astro-
cytic marker GFAP, or neuronal marker NeuN. The NR1 subunit
was highly expressed at P6 in OLs stained with O4 (Fig. 1A–C)
and O1 (supplemental Fig. 1A–C, available at www.jneurosci.org
as supplemental material), with staining predominantly on the

OL processes (Fig. 1M). NR1 expression was present at low levels
on most GFAP-positive cell bodies, although it was highly ex-
pressed in some astrocytic processes (Fig. 1D–F). CD11- and
CD68-positive microglia revealed strong NR1 staining that was
present primarily on the somata and proximal processes (Fig.
1G–I; supplemental Fig. 1D–F, available at www.jneurosci.org as
supplemental material). Subplate neurons are also present in de-
veloping white matter and were identified by their characteristic
morphology, NeuN immunoreactivity, and location at the corti-
cal/white matter border (Talos et al., 2006a). These subplate neu-
rons demonstrated high NR1 expression throughout their so-
mata and processes (Fig. 1 J–L). Together, these results
demonstrate the presence of NMDARs on developing OLs as well
as other white matter cells at P6, coincident with the window of
increased white matter susceptibility to H/I injury.

NMDARs are expressed on developing OLs in preterm human
white matter during the window of susceptibility to PVL
Having demonstrated NMDAR expression on OLs in the rodent
during a developmental window of white matter susceptibility,
we next evaluated whether NMDARs are present in developing
human white matter in the preterm period when PVL occurs.
Serial sections of parietal lobe cortex and associated white matter
from cases between 23 and 38 PCW were double labeled for the
NMDAR obligate subunit NR1 and the O4 and O1 markers of
developing OLs. O4-positive developing OLs (comprising late
progenitor and immature premyelinating OLs) predominate in
preterm human white matter at 17–32 weeks gestation, although
the proportion of O1-positive immature premyelinating OLs in-
creases prominently at that time (Kinney and Back, 1998; Back et
al., 2001). In all nine samples from preterm human brain, we
found NR1 highly expressed on O4-positive developing OLs in
subcortical parietal white matter, localized preferentially on the
processes through their entire extent (Fig. 2A–C, arrowheads). In
addition, NR1 was variably expressed on O4-negative white mat-
ter cell types (Fig. 2E,F, arrows). A similar finding of NR1 local-
ization on processes was also seen when OLs were labeled with the
O1 marker for premyelinating OLs (Fig. 2G). Thus, these results
demonstrate that NMDARs are present in developing OLs in
premature white matter during the window of susceptibility to
PVL, mirroring NMDAR expression in the rat at a similar devel-
opmental stage.

Post-H/I treatment with memantine prevents acute white
matter injury in the rat PVL model
We tested the in vivo protective efficacy of memantine adminis-
tered systemically for 48 h after unilateral cerebral H/I-induced
injury in P6 Long–Evans rats. White matter injury in the imma-
ture rodent acutely results in loss of the immature OL marker O1
and the mature OL marker MBP (Follett et al., 2000; Liu et al.,
2002; McCarran and Goldberg, 2007). Thus, we assessed for acute
white matter injury by immunostaining for both O1 and MBP in
parietal white matter of P9 rats (72 h after H/I). O1 expression
was assessed using ImageJ (NIH analysis software) and revealed
unilateral decreases in white matter ipsilateral to the carotid liga-
tion compared with contralateral in vehicle-treated rats at 72 h
after H/I (n � 11; Mann–Whitney rank sum test, p � 0.004) (Fig.
3A,B,E). In contrast, memantine post-H/I treatment signifi-
cantly attenuated this loss of O1 immunostaining ipsilateral to
the ligation (memantine, 72.1 � 7.3%, n � 12; vehicle, 41.3 �
8.6%, n � 11; t test, p � 0.012) (Fig. 3C–E).

We next scored MBP immunostaining in the ipsilateral and
contralateral hemispheres using a semiquantitative method
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modified from our previously published work (Follett et al., 2000,
2004), where 0 � no myelin loss and 5 � complete myelin loss
(see Materials and Methods). At 72 h, H/I resulted in a significant
loss of MBP immunostaining ipsilateral to the carotid ligation in
vehicle-treated pups, with ablation of radiating OL processes and
disruption of the pericallosal fiber bands (Fig. 4A). Analysis of
the hemisphere contralateral to the ligation did show a mild loss
of radiating processes compared with littermate non-H/I con-
trols (Fig. 4B), consistent with our previous observations (Follett

et al., 2000, 2004). In contrast, post-H/I
memantine treatment resulted in signifi-
cant attenuation of MBP loss ipsilateral to
the ligation, with most pups showing pres-
ervation of processes radiating into cortex
as well as pericallosal process bundles
compared with vehicle-treated controls (t
test, p � 0.008) (Fig. 4C–E). To confirm
these results, we used ImageJ to quantitate
MBP immunostaining area. Vehicle-
treated animals showed significant injury
ipsilateral to the carotid ligation (n � 11; t
test, p � 0.001) with loss of MBP at 72 h
after H/I (23.9 � 7.4%; n � 11). In con-
trast, memantine-treated animals had sig-
nificant attenuation of MBP loss ipsilateral
to the ligation, almost approaching the
amount of contralateral staining (82.1 �
13.5%; n � 14; t test, p � 0.018). These
results demonstrate therapeutic efficacy of
memantine in preventing acute white mat-
ter injury in a rat model of PVL. Most im-
portantly, memantine was effective when
administered systemically and after the
H/I insult, suggesting that post-H/I
NMDAR activation plays a role in white
matter injury in this model.

Post-H/I treatment with memantine
prevents long-term injury in the rat
PVL model
Long-term MRI follow-up in later infancy
and childhood, with a prior diagnosis of
PVL as premature infants, reveals a reduc-
tion in the cerebral mantle, constituted by
cortical and white matter volume (Inder et
al., 1999, 2005), consistent with neuro-
pathological studies (Volpe, 2005). Thus,
we evaluated rat pups at P21, 15 d after P6
H/I, for cerebral mantle thickness of coro-
nal sections in the region of the mid-dorsal
hippocampus. We represented injury as a
ratio of ipsilateral (to carotid ligation) to
contralateral thickness. Pups that under-
went H/I had a significant reduction in ce-
rebral mantle thickness (74 � 11%; n � 9)
compared with control (no H/I) litter-
mates (n � 8; t test, p � 0.041). Post-H/I
memantine treatment (48 h dosing as in
the short-term study) resulted in signifi-
cantly greater preservation of cerebral
mantle thickness ipsilateral to the carotid
ligation (98 � 2%; Mann–Whitney rank
sum test, p � 0.037) (Fig. 5). These results

demonstrate that in addition to its acute protection, memantine
also has a protective effect on later outcome after H/I at P6.

Memantine reduces NMDAR-mediated currents in P6 rat
developing OLs in situ
Given that developing OLs express NMDARs at P6 and that white
matter injury is attenuated by memantine, we next evaluated
whether memantine could modulate NMDA-evoked currents in
developing OLs in P6 rat subcortical white matter in situ. Whole-

Figure 1. NR1, the NMDAR obligate subunit, is present on multiple white matter cell types in the P6 Long–Evans rat pup during
the window of susceptibility for PVL. Double-fluorescent staining of normal P6 rat pup 50 �m frozen sections is shown. A, D, G, J ,
Cell-specific antibody labeling of developing OLs (O4), astrocytes (GFAP), microglia (CD11), and subplate neurons (NeuN). B, E, H,
K , NR1 obligate NMDAR antibody labeling and nuclear DAPI stain. C, F, I, L, Overlay showing representative NR1 expression
pattern within these four white matter cell types. M, Confocal Z-stack of O4 (red), NR1 (green), and DAPI (blue), showing
colocalization of NR1 with O4-positive developing OL processes. Scale bars: C, F, I, 10 �m; L, M, 50 �m.
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cell patch-clamp recordings were per-
formed in 250 –300 �m P6 rat brain coro-
nal slices, and NMDA was bath applied. As
previously reported, only a subset of OLs
exhibited NMDA currents (Lin and
Bergles, 2002). In those OLs exhibiting
NMDA currents, memantine (10 and 50
�M) significantly decreased peak current
amplitudes at both negative (45.48 �
22.09% of control for 10 �M; 6.02 � 6.95%
for 50 �M; one-way ANOVA, p � 0.036)
and positive (34.21 � 19.12% of control
for 10 �M; 10.21 � 9.07% for 50 �M; one-
way ANOVA, p � 0.024) voltages in a
dose-dependent manner (Fig. 6A–C). De-
veloping OLs were identified morpholog-
ically and by their characteristic inward
and outward currents (Lin and Bergles,
2002) (Fig. 6D). Additional cell identifica-
tion was provided by injecting recorded
cells with Alexa Fluor 594 and double la-
beling with the nuclear pan-OL marker
Olig2 (Fig. 6E). These findings demon-
strate the presence of functional NMDARs
on developing OLs of the age used in our
PVL model, and suggest that memantine
may attenuate white matter injury in vivo
via modulation of H/I-induced excitotoxic
injury to developing OLs.

White matter maturation is not affected
by protective doses of memantine
In contrast to MK-801, memantine admin-
istration in the early postnatal period in rats
does not induce acute changes in neuronal
morphology or alter synaptic plasticity
(Chen et al., 1998; Chen and Lipton, 2006).
Here we evaluated the effects of memantine
administration at protective doses on white
matter development. P6 rats (not exposed to
H/I) were given the same 48 h neuroprotec-
tive memantine treatment and evaluated for
white matter development (MBP) and were
compared with control littermates that re-
ceived equivalent injections of PBS vehicle.
Memantine treatment did not result in any
change in MBP staining assessed at P9 (n �
10 per group; t test, p � 0.64), or later at P21
(n � 8 per group; t test, p � 0.45) (supple-
mental Fig. 2A, available at www.jneurosci.
org as supplemental material). In addition,
assessment of cortical and white matter (ce-
rebral mantle) thickness at P21 was similarly
unchanged by memantine treatment (n � 8
per group; t test, p � 0.54) (supplemental
Fig. 2B, available at www.jneurosci.org as supplemental material).
Finally, there was no difference in weight gain up to P21 between
memantine-treated and control littermates (data not shown).

Discussion
This study supports a role for NMDAR-mediated OL excitotox-
icity in the pathophysiology of H/I-induced white matter injury
in developing rat brain. NMDARs are present on multiple cell

types in rat pup white matter, including developing OLs during
the first postnatal week, when they are most susceptible to H/I-
induced white matter injury. Notably, NMDARs are also ex-
pressed on developing OL processes in human preterm subcorti-
cal white matter at a time when they are most susceptible to PVL.
Here we show that post-H/I treatment with the NMDAR antag-
onist memantine significantly attenuates acute white matter in-
jury in a P6 rat model of PVL. Furthermore, this early beneficial

Figure 2. Preterm human periventricular white matter developing OLs express NR1, the NMDAR obligate subunit, during the
window of susceptibility for PVL. A–F, Human O4-positive (late progenitor and immature premyelinating) developing OLs express
NR1, predominantly in their processes, at both 26 (A–C, arrowheads) and 31 (D–F ) PCW. Other O4-negative white matter cell
types also express NR1 (E, F, arrows). Scale bars, 20 �m. G, Confocal Z-stack of the immature premyelinating OL marker, O1 (red),
and NR1 (green), showing colocalization of NR1 with O1 throughout premyelinating OL processes. Scale bars, 20 �m.

Figure 3. Memantine significantly attenuates loss of the developing OL cell surface marker O1 ipsilateral to the carotid ligation
at 72 h after injury. A–D, Representative O1 immunohistochemistry showing loss of O1 staining, more severe ipsilateral (A, C) to
the carotid artery ligation, in vehicle-treated pups (A, B), with attenuation of O1 loss in memantine-treated pups (C, D). Scale bar,
100 �m. E, Ipsilateral O1 loss represented as a ratio of contralateral stain (1 � no loss; 0 � complete loss). Memantine
significantly attenuates loss of the O1 marker of developing OLs (n � 11 vehicle; n � 12 memantine; t test, p � 0.012). Error bars
denote SEM.
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effect appears to result in a long-term reduction in cerebral man-
tle thinning in this rat model, a consequence of PVL seen in
preterm infants. In situ whole-cell patch-clamp recordings in P6
rat brain slices reveal that developing OLs express functional
NMDARs, and memantine significantly reduces NMDAR-
mediated currents. Control rats treated with memantine at P6
had no significant alteration in white matter (MBP) or cortical
(cerebral mantle) development.

NMDAR expression in P6 rat and preterm human
white matter
Here we show that NMDARs are expressed on rat white matter
developing OLs at P6, an age of developmental susceptibility to
H/I-induced white matter injury. Similar to other reports, NR1,
the obligate NMDAR subunit, staining patterns suggest that
NMDARs are predominantly localized on the processes of devel-
oping OLs (Káradóttir et al., 2005; Salter and Fern, 2005; Micu et
al., 2006). We show that the NR1 subunit also is located on other
cellular components of white matter in our P6 rat model, includ-
ing rat astrocytes, microglia, and subplate neurons, consistent
with previous reports (Gottlieb and Matute, 1997; Schipke et al.,
2001; Hanganu et al., 2002). A novel finding in this study is the
presence of NMDARs on developing OLs in human preterm pa-
rietal subcortical white matter, expressed through the extent of
the processes, similar to that seen in the rat. Overactivation of
NMDARs resulting from accumulation of extracellular gluta-
mate during H/I leads to excessive calcium entry, and/or cell

death mediated by free radical formation,
and lipid membrane peroxidation (Choi,
1992; Michaelis, 1998; Vannucci and Hag-
berg, 2004). Thus, the presence of NR1 on
cellular components of white matter in the
P6 rat and preterm human suggests that
NMDARs may contribute to H/I-induced
injury. Indeed, elevated glutamate levels
have been reported in the CSF of infants
after perinatal H/I injury (Gücüyener et
al., 1999), suggesting that excitotoxic
mechanisms may be involved in human
PVL.

Memantine administration after H/I
protects against white matter injury in
the rat PVL model
Given the presence of NMDARs on devel-
oping OLs and other cells intrinsic to white
matter, we investigated whether the
NMDAR antagonist memantine would at-

tenuate H/I-induced white matter injury in the developing rat
brain. Using both O1 and MBP as markers of injury to OLs in
white matter, this is the first study to show an in vivo effect of
memantine on developing white matter in the rat PVL model. In
addition, memantine treatment is effective when initiated after
injury. This novel protective effect of memantine against white
matter injury in vivo is consistent with many reports of neuronal
protection by memantine in vivo in rodent ischemia models
(Block and Schwarz, 1996; Chen et al., 1998; Stys and Lipton,
2007), and in vitro against glutamate- and NMDA-induced death
(Erdö and Schäfer, 1991). Memantine, like MK-801, is an un-
competitive antagonist but exerts a use-dependent NMDAR
blockade because of a faster off-rate than MK-801, and conse-
quently exhibits less toxicity (Chen et al., 1992; Chen and Lipton,
2006). While this manuscript was under revision, a recent report
emerged reporting protection of compound axon potentials
from simulated ischemia in P28 rat myelinated optic nerve in
vitro by memantine in combination with NBQX (Bakiri et al.,
2008).

In addition to acute protection, we also examined whether
there was long-term protection. Recent clinical observations
demonstrate that in later infancy and childhood, thinning of cor-
tical volume and cerebral mantle thickness is the major anatom-
ical sequela of PVL (Inder et al., 1999, 2005). Strikingly, we show
here that thinning of the cerebral mantle is recapitulated in the
animal model, and that early post-H/I memantine treatment pro-
tects against this outcome. The mechanism of how acute white
matter injury mediates this more diffuse injury is not known, and
suggests that this model may be appropriate to study the contri-
bution of OLs to developing cortical architecture.

Potential mechanisms of protection by memantine in the rat
PVL model
Developing OLs are exquisitely sensitive to excitotoxic injury
(Itoh et al., 2002; Deng et al., 2003; Rosenberg et al., 2003). In
white matter, glutamate can accumulate because of reversal of
transport under pathophysiological conditions (Fern and Möller,
2000; Rossi et al., 2000). We and others have previously shown
that activation of OL-expressed AMPA/kainate receptors con-
tribute to OL injury in models of PVL. Developing OLs exposed
to simulated ischemia in vitro are protected from death by the
AMPA/kainate receptor antagonists CNQX and NBQX in culture

Figure 4. Memantine significantly attenuates loss of MBP at 72 h after injury. A–D, Representative MBP immunohistochem-
istry: vehicle-treated (A, B) and memantine-treated (C, D), ipsilateral (A, C) and contralateral (B, D) to carotid artery ligation. Scale
bar, 100 �m. E, MBP loss based on a five-point semiquantitative scale (0 � no loss; 5 � maximum loss). Memantine significantly
attenuates MBP loss ipsilateral to carotid artery ligation (n � 11 vehicle; n � 14 memantine; t test, p � 0.008). Error bars denote
SEM.

Figure 5. Memantine reduces long-term sequelae of white matter injury at 15 d after injury.
ImageJ quantification of cerebral mantle (CM) thickness represented as ratio of ipsilateral (to
carotid ligation) to contralateral values (1 � no loss; 0 � complete loss) (n � 9 vehicle; n � 10
memantine; Mann–Whitney rank sum test, p � 0.037). Error bars denote SEM.
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and in organotypic slices (Tekkök and Goldberg, 2001; Deng et
al., 2003), and AMPA/kainate-receptor antagonists NBQX and
topiramate prevent white matter injury in vivo in the rat PVL
model (Follett et al., 2000, 2004). Here we now show evidence for
a protective effect in vivo by an NMDAR antagonist, suggesting
that protection may occur through direct blockade of NMDARs
in white matter. OLs in subcortical white matter brain slices in
situ at P6, an age characterized by increased susceptibility to H/I
injury (Follett et al., 2000), also express functional NMDARs, and
these can be blocked by memantine. Supporting this observation,
Bakiri et al. (2008) recently reported that in P12 callosal white
matter slices memantine reduced NMDA-evoked currents in
MBP-positive mature OLs, and that the NMDAR antagonist
D-AP5 reduced an ischemia-induced slowly developing inward
current in both mature and developing OLs in vitro. Together,
these results suggest that the direct blockade of NMDAR-
mediated excitotoxicity intrinsic to OLs may contribute to the in
vivo effect seen here. Importantly, NMDARs on OLs and devel-
oping OLs appear distinct from their neuronal counterparts, ex-
hibiting relative magnesium insensitivity and rundown, likely re-
lated to novel subunit composition (Káradóttir et al., 2005; Salter
and Fern, 2005; Micu et al., 2006). Further characterization of OL
stage-specific NMDAR subunit composition will have functional
implications and inform the future use of subunit specific block-
ers (Chenard and Menniti, 1999). NMDARs are preferentially
expressed on OL processes (Káradóttir et al., 2005; Salter and
Fern, 2005; Micu et al., 2006). Consistent with this observation,
blocking AMPA/kainate receptors protects developing OL so-
mata, whereas blocking NMDARs protects developing OL pro-

cesses (Salter and Fern, 2005). The distinct spatial expression of
these GluRs suggests that combined therapy with both AMPA/
kainate receptor and NMDAR antagonists may result in en-
hanced protection.

The presence of the NR1 subunit on other white matter cell
types at P6 suggests that memantine may, in part, attenuate white
matter injury through NMDAR blockade of non-OL cellular
components. Selective death of subplate neurons has been re-
ported in a younger rat pup H/I model of white matter injury
(McQuillen et al., 2003), perhaps explaining some of the more
extensive neurocognitive sequelae of H/I in premature infants
than cannot be accounted for by OL injury alone (Volpe, 1996).
Microglia and astrocytes express NMDARs and may aggravate
developing OL injury (Tahraoui et al., 2001). Adult models of H/I
show NMDAR subunit upregulation on activated microglia and
reactive astrocytes in hippocampus (Gottlieb and Matute, 1997;
Krebs et al., 2003). Indeed, NMDAR blockade by memantine
attenuates microglial activation in models of neuroinflammation
(Rosi et al., 2006). Because microglia are also activated in devel-
oping white matter after H/I (Cai et al., 2006; Lechpammer et al.,
2008), the NMDARs on microglia may also be a target for me-
mantine treatment.

Therapeutic implications and safety
Memantine is FDA-approved for use in Alzheimer-type demen-
tia (Robinson and Keating, 2006), and appears to be clinically
well tolerated. In contrast to the poorly tolerated uncompetitive
antagonist MK-801, memantine has no significant effect on neu-
ronal morphology or synaptic plasticity in immature rat brain at

Figure 6. NMDA-evoked currents in P6 –P7 rat white matter OLs in situ are significantly attenuated by memantine in a dose-dependent manner. A, B, Raw data showing NMDA-evoked current
in developing OL after application of 50 �M NMDA and attenuation with application of 10 �M (A) and 50 �M (B) memantine. C, Bar graph showing percentage reduction in NMDA peak current
amplitudes at negative and positive voltages after application of 10 �M memantine (n � 5 recordings) and 50 �M memantine (n � 4 recordings) normalized to control peak currents (n � 6
recordings). Memantine significantly reduced peak current amplitudes at�15 mV (1-way ANOVA, p�0.036) and at�50 mV (1-way ANOVA, p�0.024). Error bars denote SEM. D, E, We identified
cells as developing OLs by current signature, morphology, and immunohistochemistry. D, The outward and inward currents in morphologically identified developing OLs in P6 white matter slice are
typical of developing OLs. Currents were recorded by stepping cells from �90 mV to �50 mV in 10 mV intervals. The calibration is indicated. E, Example of confocal projection of a recorded cell
injected with the fluorescent dye Alexa Fluor 594 (red) and stained for the nuclear pan-OL marker Olig2 (green), confirming that memantine attenuation of NMDA-evoked currents occurs in OLs. Scale
bar, 10 �m.
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the same concentrations used in this study (Chen et al., 1998),
likely because of its rapid off-rate binding kinetics (Chen et al.,
1992; Chen and Lipton, 2006). In addition, memantine has not
demonstrated any teratogenic potential in pregnant rats or rab-
bits (Forest Pharmaceuticals, 2003). However, NMDARs could
play a role in normal myelination given their expression on my-
elin sheaths and responsiveness to axonally released glutamate
(Yuan et al., 1998; Micu et al., 2006, 2007). We show in vivo in the
immature rat that myelination is not altered by the 48 h meman-
tine doses effective in attenuating white matter injury. Further-
more, this treatment does not appear to have long-term effects on
myelination and cortical growth (cerebral mantle thickness) in
control rats evaluated 15 d after initial doses at P6 –P8.

No specific treatment currently exists for premature infants at
risk for PVL, the leading cause of cerebral palsy. Here, we show a
novel mechanism of NMDAR-mediated excitotoxicy to develop-
ing OLs that is attenuated by memantine posttreatment. The ob-
servation that memantine is protective when administered after
the H/I insult suggests clinical feasibility, because the majority of
infants are identified after an insult, given the lack of clinical
predictors of risk. In addition, we show a lack of adverse effects on
myelination memantine treatment, suggesting that this agent
may have potential as an age-specific therapy in human prema-
ture infants at risk for PVL. The demonstration of similar pat-
terns of NMDAR expression on developing OLs in human white
matter supports future studies evaluating their role as a therapeu-
tic target.
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