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Novel Injury Mechanism in Anoxia and Trauma of Spinal Cord White
Matter: Glutamate Release via Reverse Nal-dependent Glutamate

Transport
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Spinal cord injury is a devastating condition, with much of the
clinical disability resulting from disruption of white matter tracts.
Recent reports suggest a component of glutamate excitotoxicity
in spinal cord injury. In this study, the role of glutamate and
mechanism of release of this excitotoxin were investigated in rat
dorsal column slices subjected to 60 min of anoxia or 15 sec of
mechanical compression at a force of 2 gm in vitro. The broad-
spectrum glutamate antagonist kynurenic acid (1 mm) and the
selective AMPA antagonist GYKI52466 (30 mm) were protective
against anoxia (compound action potential amplitude recovered
to 56 vs 27% without drug). GYKI52466 was also effective
against trauma (65 vs 35%). Inhibition of Na'dependent

glutamate in axon cylinders and oligodendrocytes by anoxia was
completely prevented by glutamate transport inhibition.
Immunohistochemistry revealed that a large component of injury
occurred in the myelin sheath and was prevented by AMPA
receptor blockade or glutamate transport inhibitors. We
conclude that release of glutamate by reversal of Na'dependent
glutamate transport with subsequent activation of AMPA
receptors is an important mechanism in spinal cord white matter
anoxic and traumatic injury.
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glutamate transport with dihydrokainate or L-transpyrrolidine-
2,4-dicarboxylic acid (1 mm each) protected against anoxia (65—
75 vs 25%) and trauma (70 vs 35%). The depletion of cytosolic
White matter tracts within the mammalian CNS pleg/tery important
role of transmitting information to and from neusan the CNS. The
spinal cord, arguably the most important white pratitact, is subject

transpyrrolidine-2,4-dicarboxylic acid; GYKI52466; kynurenic
acid

glutamate-mediated excitotoxicity through activatiof AMPA
receptors. This mechanism would unite and explaénabservations
that either N& channel blockade or AMPA antagonists are

to traumatic injury with.10,000 new cases per year occurring in theneuroprotective in SCI, because !Matry through the former route

United States alone (Gibson, 1992). Although bbih ¢entral gray
matter in the cord as well as surrounding axorzadtsr suffer damage
from the mechanical trauma and secondary ische#&ol and
Koyanagi, 1997), disruption of axonal connectioparsing even a
small segment can result in severe and widesprésabitity. The
underlying mechanisms leading to axonal dysfunctioapinal cord
injury (SCI) are poorly understood, and currenatngent is of limited
efficacy. Therefore, understanding how axons anevarsibly
damaged in this condition is of paramount imporéatacdevise more
effective treatments for the acute phase.

Recent reports usinig vitro andin vivo SCI models indicate that
voltage-gated Niahannels play an important role in mediating calul
injury in SCI (Agrawal and Fehlings, 1996; Teng aflchthall, 1997),
similar to observations in anoxic axons (Stys etl#92; Imaizumi et
al., 1997). In addition, injury is also dependent excitotoxic
mechanisms involving AMPA and kainate receptorsrégl and
Fehlings, 1997; Wrathall et al., 1997). Howevekr frecise cellular
targets for glutamate toxicity
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in white matter are not known, nor is there an axation of how
glutamate might be released in this tissue devbsymaptic elements.
In this study, we demonstrate that in isolated alpiforsal columns
endogenous glutamate is released by reversal dfddj@endent
glutamate transport. We also show that the myélgath is a target for

would induce reverse glutamate transport and cae$ease of
potentially large amounts of this excitotoxin fromytosolic
compartments.

MATERIALS AND METHODS

Electrophysiology. Adult Long—Evans male rats (200-250 gm) were
anesthetized with sodium pentobarbital, and a laotomy was performed
between T3 and T11. Rats were then perfused iwmttécally with 500 ml of
choline-substituted zero-Naero-C& solution. A 30 mm section of spinal cord
was rapidly removed and placed in cold (4—6 °C)
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Figure 1. /4 Schematic of recording
arrangement. Dorsal column slices wert
incubated in arn vitro recording chamber.
Stimulating and  recording  surface
electrodes were used to evoke compoun
propagated action potentials. B,
Representative tracings of compound actio
potentials shown at intervals of 1 hr
recorded over 3 hr demonstrating the
stability of the shape and amplitude, evel
with repositioning of the electrodes to allow
study of multiple slices during the same
experiment (see Materials and Method).
Graph quantitatively showing stable peat
amplitudes over 3 hr at 37°C.

zero-N4, zero-C&' solution bubbled with 95% £and 5% CQ. Dorsal column
sections were excised and placed in an interfa@dang chamber bathed in
Ca&-free artificial CSF (aCSF) and slowly warmed t6G7Perfusate was then
switched to aCSF (in m 126 NaCl, 3.0 KCI, 2.0 MgS026 NaHCQ, 1.25
NaH,PO,, 2.0 CaCl, and 10 dextrose, pH 7.4), and control readinge taken
30 min later.

Propagated compound action potentials (CAPs) warkeel using a bipolar
silver wire stimulating electrode (56sec and typically 70 V) delivered once
every 30 min, and extracellular recordings werdquered using large-tipped
glass microelectrodes filled with 150vNaCl (Fig. 1). To allow recording of
multiple slices during a single experiment, thensiation and recording sites
were marked with a small amount of neutral red diyeallow accurate
repositioning of the electrodes. Evoked CAPs weigitided, stored, and
analyzed using WaveTrak software (Stys, 1994).flihetional integrity of the
dorsal column was quantitated by measuring peak &Aglitude.

Potential direct effects of glutamate transporihitbrs on AMPA currents
were studied by patch clamp in cultured rat cortimeurons as previously
described (Mealing et al., 1999). The bathing sofutontained (in m): 140
NaCl, 5 KCI, 1 CaGl 10 HEPES, 3 glucose, and 0.001 TTX, 0.001 striyxehn
pH 7.4. The pipette solution contained (inmyn140 CsCl, 1.1 EGTA, 10
HEPES, and 2 Mg-ATP, pH 7.2. Solutions were applethe cell through a
computer-controlled manifold. Wholecell currentsreveneasured at a holding
potential 0of260 mV after a 0.5 sec application of cyclothiaz@@0 mwm), then
1 sec AMPA (100mm) plus cyclothiazide, followed 10 sec later by acsel
application of AMPA plus cyclothiazide with or wiht 1 mv dihydrokainic
acid or L-trans-pyrrolidine-2,4-dicarboxylic acid (Tocris CooksoByistol,
UK).

In vitro anoxia and SCIDrug-containing solutions were applied beginning
60 min before dorsal column injury and continuetll® min after injury, after
which tissue was washed with aCSF. Injury was ieduzy anoxia or trauma.
Anoxia was achieved by switching to a 95%aNd 5% CQatmosphere for 60
min and then reoxygenating for 2 hr. Trauma wasded by compression with
a custom-made aneurysm clip calibrated to a clofince of 2 gm (David
Walsh, Oakville, Ontario, Canada), applied for #6 between the stimulation
and recording sites (Agrawal and Fehlings, 1997yKi52466 (Research
Biochemicals, Natick, MA), dihydrokainic acid, ameranspyrrolidine-2,4-
dicarboxylic were dissolved in 0.1N HCI (GYKI5246&)0.1N NaOH and then
added to aCSF to the desired final concentratiomukenic acid (Research
Biochemicals) was dissolved directly into aCSF.

Immunohistochemistry of glutamate and damaged my@&lo directly
examine to what extent the myelin sheath was aftHloy our injury paradigms,
we used rabbit antiserum raised against degenamatelin basic protein (anti-
EP; a generous gift from Dr. Pat McGeer, UniversifyBritish Columbia),
which was found to stain damaged, but not intabttevmatter regions (Matsuo
et al.,, 1997). Tissue was fixed in 4% paraformajdehfor 24 hr and then
cryoprotected for 48 hr in PBS, pH
7.4, containing 20% glycerol at 4°C. Slices werenttlissected into smaller
pieces and preincubated in 10% Triton X-100 forr3id, followed by 4%
normal goat serum (NGS) with 0.1% Triton X-100, &RIS for blocking for 1
hr at room temperature. The sections were incubfmie@4 hr at 4°C with
primary antiserum diluted in 2% NGS with 0.1% Tnit¥-100 and PBS at a
concentration of 1:100 for anti-EP and for anti-s@ueurofilament 160. Alexa
594 goat anti-rabbit (1:200) and Alexa 488 goat-aruse (1:400; Molecular
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Probes, Eugene, OR) were used for secondariestalooonsisted of primary
or secondary antibodies omitted.

The protocol for glutamate immunohistochemistry wamilar, except that
0.5% glutaraldehyde was used as an additional¥exad rabbit anti-glutamate
polyclonal antibody (Chemicon, Temecula, CA) wascuat 1:500 dilution to
label cytosolic glutamate. Double staining with rolonals against
neurofilament 160 (Sigma, St. Louis, MO)932cyclic nucleotide 8-
phosphohydrolase (CNPase, Chemicon), and antigiallary acidic protein
(GFAP; Boehringer Mannheim, Indianapolis, IN) alkshviocalization of axon
cylinders, oligodendrocytes (Trapp et al., 1988)] astrocytes, respectively.
Antiserum concentrations, incubation times, andtiaiue preparation were
identical between groups to reduce artifactual gkearin observed fluorescence.
In addition, confocal parameters (pinhole sizeelgsower, gain, and black
level) were constant to allow for valid comparistxesween treatment groups.
Images were analyzed using NIH Image 1.61 (htgl/info.nih. gov/nih-
image/default.html). Regions of interest were gel@@ccording to reference
labels (i.e., neurofilament 160, CNPase, and GF&®R) mean fluorescence
values, reflecting glutamate concentration in thega, computed from the
“glutamate” channel.

Immunohistochemistry of glutamate transport&ats were perfused intra-
aortically with cold 0.1m PBS, pH 7.4, followed by 4% paraformaldedyde in
PBS after laminectomy under pentobarbital anesth@sie process was similar
to the previous section, except that the sliceeevedso pretreated with 95%
ethanol and 5% acetic acid for 60 min. The primargibodies were diluted in
2% NGS with 0.1% Triton X-100 and PBS at a conaitn of 5mg/ml for
anti-GLT1 (N terminus; Alpha Diagnostic InternaténSan Antonio, TX),
0.98 mg/ml for anti-GLAST (N terminus), 0.4éng/ml for anti-EAAC1 (C
terminus; courtesy of Dr. Jeffrey Rothstein, Johfspkins University,
Baltimore, MD) (Rothstein et al., 1994; Furuta kbt 4997), 1:2000 for anti-
myelin basic protein (MBP; Sternberger Monoclonalstherville, MD), and
1:100 for GFAP. Images were collected on a Bio-gddrcules, CA) 1024
confocal laser scanning microscope with & 60-immersion lens (Olympus
Optical, Tokyo, Japan).

Statistics All data are expressed as mear8D. Statistical differences were
calculated by ANOVA with Dunnett’s test for commams with a common
control group or ANOVA with Bonferroni correctionrfmultiple comparisons.
Reported n values represent number of individuada@aolumn slices studied
with each treatment.
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Figure 2.Bar graphs illustrating recovery of compound acpiotential amplitudes recorded from dorsal colufizesin vitro after 60 min of anoxia&) or 15 se
of traumatic compression at 2 gf)( Peak amplitudes were normalized to baselineoresgs recorded ime 0 (see Materials and Methods). Drugs weieg
beginning 60 min before and continued until 15 after injury (anoxia or trauma). Slices were exjgloge60 min of anoxisand compound action potentials w

measured at 60 and 120 min of reoxygenatf® &nd120 post-anoxia bars In

aCSF alone, amplitudes recoveregRito of preanoxic controtfrl anoxig n 5

12), whereas recovery was significantly enhance8566 of control by kynurenic aci&K{yN, 1 nv; n 5 6) or GYKI52466 GYKI, 30mm; n 5 7) (A). Similarly.
GYKI52466 (5 14) improved recovery after trauma from 35€#1(SCI, n 5 13) to 65% of preinjury control amplitudB, D, Representative compound ac
potential tracings obtained after anoxia or traufeese data indicate that eggnous glutamate contributes to functional injurisolated dorsal columns duri

anoxia and trauma, acting mainly through AMPA réoep *p, 0.01 compared
RESULTS AMPA receptors contribute to injury of
dorsal white matter
Electrophysiological recording of dorsal columncef showed a
reduction of CAP amplitude t@5% of control after 60 min of anoxia
followed by reoxygenation and t35% of control after a 15 sec
traumatic clip compression (Fig. 2). Uninjured cot# displayed5%
change in mean CAP amplitude during &tvitro (Fig. 1). To confirm
a role of glutamate receptors, tissue was expasddnm kynurenic
acid, a broad-spectrum inhibitor of both NMDA andnAiNMDA
ionotropic receptors. This agent improved recovd#r€AP amplitude
after 60 min of anoxia to 56% of control versus 2&#hout drug (p
, 0.01; Fig. 2). GYKI52466 (30nm), a selective AMPA glutamate
receptor antagonist (Paternain et al., 1995), agmitly improved the
recovery of CAP amplitude after anoxia (56 vs 270&antrol CAP
amplitude;p , 0.01) or trauma (65 vs 35% without dryg; 0.01),
indicating that glutamate partially contributesvibite matter injury
through AMPA receptors during anoxia or trauma.

Figure 3 shows representative fluorescence imagesrmal dorsal
column slices incubated under normoxic conditioms3 hrin vitro
(Fig. 3A) and tissue injured by anoxia (Fidg3-3E) or SCI (Fig. ¥,G).

with time-matched readings of siiciesed in the absence of drug.
Greensignal is neurofilament outlining axon cylindersdathered
channel indicates damaged myelin stained with sespstific for
degenerated myelin basic protein (see Materialshetthods). Figure
3,D andE, shows that myelin damage was largely preventedNbp A
receptor blockade with GYKI52466.

Reverse Nal-dependent glutamate transport

contributes to glutamate release during

anoxia and SCI

The results presented above suggest that endogejtatasnate is
released from cytoplasmic compartments in isolafgdal white



4 of 9 J. Neurosci., 1999, Vol. 19 Li et al. + Nal-dependent Glutamate Transport in Spinal Cord Injury

Figure 3.Immunohistochemistry of dorsal

column axons stained for neurofilament ContrOI
greer) outlining axon cylinders and
damaged myelin detected by antiseru
raised against degenerated myelin basi
protein ¢ed). A, Control sections show
virtually no myelin damage. A 60 min
anoxic exposure caused significant myeli
damage as shown by  strong
immunoreactivity surrounding many axon
cylinders B, C, arrowheads C, Higher-
power view of a single damaged axon. Thg
AMPA receptor blocker GYKI52466
greatly reduced the degree of anoxic myeli
damage D, E). Sections from the injury
focus showed that traumatic compressio
(SC) also resulted in damage to myelis (
red signal) as well as disruption of axon
cylinders as evidenced by distorted
neurofilament profiles. Trauma in the
presence of the Nalependent glutamate
transport inhibitorL-transpyrrolidine2,4-

dicarboxylic acid $CI1 PDC) significantly H H
reduced myelin injury@). Bars, 10mm. anoxia anoxia + GYKI

SCI SCI + PDC

matter. Anoxia or trauma causes disturbances af igradients and neuroprotective againgt vitro anoxia or SCI, increasing recovery of
membrane depolarization in white matter tracts @afn and Stys, CAP amplitudes twofold to threefold compared wittireated injured
1995; Leppanen and Stys, 1997; Blight and LoPad$88) that may tissue (Fig. 4,B). The degree of myelin damage aftevitro SCI was
induce release of glutamate in a?@aependent manner through markedly reduced by gluta-

reversal of N&dependent glutamate transport, as has been shown i

gray matter (Roettger and Lipton, 1996). To tei tiypothesis, we

examined the effect of glutamate transport inhabiton the recovery

of dorsal white matter aftém vitro anoxia or SClL-trans-Pyrrolidine-

2,4dicarboxylic acid is a transportable antagof@siffiths et al.,

1994); therefore the tissue was preloaded, prodabheteroexchange

with glutamate, so that sufficient levels of inbdsiwould be available

at the cytoplasmic face to inhibit glutamate redeal contrast,

dihydrokainate is a nontransportable inhibitorhef GLT1 subtype of

glutamate transporter acting at the extracellulafase (Arriza et al.,

1994). Both inhibitors (applied at 1 mh were significantly
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Figure 4.Effect of Na-dependent glutamate transport inhibitors on thewvery of compound action potentials after anoxiauma. Drugs were applieddieninc
60 min before and continued until 15 min after igjNeither inhibitor [dihydrokainatedHK) or L-trans-pyrrolidine-2,4-dicarboxylic acidRDC), both 1 nm] hac
any significant effect on preinjury responsé8g(normoxia in drug bars Both agents improved compound action potentigblaudes significantly after 60 nr
of anoxia Q) or a 15 sec traumatic compressi@). ¢p, 0.01 compared with time-matched readings of slicesed in the absence of drug, D, Representati
compound action potential tracingBar graphin E, Summary of semiquantitative confocal glutamatenimofluorescence results in three intracel
compartments. Anoxia caused significant depletiocytosolic glutamate in axon cylinders and oligodcytes but not astrocytes; this depletion waspdetely
prevented by PDC ¥, 0.01; **p, 0.05). These results indicate that endogenousrghttais released by reverse operation dtddgendent glutamate transpor
during anoxic or traumatic injuryn(values:A, ctrl anoxia 12; DHK, 7; PDC, 7; B, ctrl SCJ, 13,PDC, 7; E, minimum of 10 images, each containing muli

regions of interest per group).

mate transport inhibition (Fig.F3G), although the disruption of axon
cylinders shown by neurofilament staining appeatedthanged.
Confocal fluorescence was used to estimate sentitatarely the
cytosolic glutamate concentrations in axon cylisdand glial cell
bodies and processes after 1 hr of anoxia. FigliEesbws that
glutamate levels were significantly reduced in axayfinders and
oligodendrocytes by anoxia, and this reduction veasnpletely
reversed by L-transpyrrolidine-2,4-dicarboxylic acid. Astrocytic
glutamate was not significantly altered by anoxia.

To exclude the possibility that glutamate transpdribitors exerted
their neuroprotective actions through interactimeatly with AMPA
receptors, the effects of these agents on AMPAiedwtirrents were
measured by patch clamp in cultured neurons. Ststdg currents
were increased slightly to 1515 and 1206 11% of control by 1 m
L-transpyrrolidine-2,4dicarboxylic  acid and dihydrokaieat
respectively (data not shown). This was not sta&illy significant.
Dorsal white matter possesses three subtypes of Na!
dependent glutamate transporters: GLT1, GLAST, and
EAAC1
The previous results provide pharmacological ewderfor the

matter. More direct evidence was provided by imnhistochemistry
using specific antisera raised against the GLTIASL, and EAAC1
subtypes. Figure 5 illustrates the distributionshef various isoforms.
Consistent with previous reports (Rothstein et 894), GLT1 was
found in GFAP-positive astrocytes at high densRyg( 5B), with
fainter stain seen within the axoplasm of myelidad&ons (Fig. B).
GLT1 was not found in myelin, in contrast to GLAS#hich was
present throughout the thickness of the sheath 8y GLAST was
also observed in astrocytes (FigD)5 EAAC1, a predominantly
neuronal isoform, was not present in myelin, angelavas only
weakly observed in some GFAP-positive astrocytég. ). There
was

presence of Nadependent glutamate transporters in spinal white
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Figure

GLT1 + MBP
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5.

GLT1 + GFA

EAAC1 + GFAP

T Ry

Confocal microscopic images of dorsal columns shgwepresentative immunohistochemistry of threforsos of glutamate transportee() double stained wi
standard markersdreen. A, Individual myelinated axon showing faint GLT1 rs&gj within the axon cylinder but no detectablerstaithin the myelin sheatl
outlined using anti-MBP antibodieB, GLT1 was present at high density in cell bodied processes of astrocytes stained with GFAP, tieguih yellow signa
indicating colocalization of these two proteids.Single myelinated axon showing GLAST signal tlyloout the full thickness of the myelin sheath, vatair
within the axon cylinder itself in some fibei3, GLAST and GFAP colocalized in all GFAP-positiv&raglia.E, The EAAC1 isoform did not localize to 1
myelin sheath, nor was it convincingly found withire axon cylinderd=, GFAP-positive astrocytes occasionally display@d\E1 immunoreactivity, with was
much less consistent than with GLT1 and GLAST. €heas considerable intervening stain outside mysiith astrocytic regions (see Results). Barsnd0

considerable intervening stain outside myelin asgloaytic regions
(Fig. 5E), potentially associated with unmyelinated axansplasm
of myelinated fibers, or oligodendroglial process@$e precise
localization of this signal was not investigatedtier.

DISCUSSION

Central myelinated axons are susceptible to a tyadaginsults, the
commonest being anoxia and ischemia, trauma, ant/elmation.
Indeed, these seemingly disparate injury modalitieay share
common mechanisms; for example, traumatic spinatl daojury
consists of the acute mechanical disruption ofapéxons, which is
followed by a delayed ischemic component (Tator &uwyanagi,
1997). The cellular mechanisms of axonal injury amt as well
understood as those in gray matter, in which et@ioity leading to

Ca-mediated injury, free radical generation, and giedaapoptosis
are thought to be the main avenues by which neusaosumb to
anoxia and ischemia. In anoxic central myelinatesha, in contrast,
excessive Nenflux through noninactivating Nahannels causes €a
overload largely through reverse N&&! exchange. The excessive
Cainflux in turn triggers a variety of Cadependent biochemical
pathways leading to irreversible axonal damageidumai et al., 1997;
Stys and LoPachin, 1998).

The precise role of glutamate-mediated excitotdxiéh white
matter injury is poorly understood. The NMDA reampantagonist
ketamine failed to show any neuroprotective effegjainstin vitro
optic nerve anoxia at concentrations low enouglereure relative
specificity for these receptors (Ransom et al.,009Recent reports,
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however, indicate that glutamate, acting throughn-NMDA

receptors, may play a direct role in white matiguary. For example,
white matter oligodendroglia possess both AMPA dminate
receptors at densities sufficient to cause sigamificinjury when
activated by specific agonists (Matute et al., 199¢Donald et al.,
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or trauma induced obvious myelin damage (Fig,G3F). These
changes were prevented by selective AMPA inhibjtiont only
indicating that this subtype of ionotropic glutamateceptor
contributes to myelin injury, but also pointingan endogenous source
of glutamate. We cannot exclude glutamate-mediatieoly to other

1998). In additionjn vitro oxygen and glucose deprivation causeselements such as astrocytes, oligodendroglialbradies, and/or the

damage to cultured oligodendroglia that is depenhdarAMPA and

kainate receptors (McDonald et al., 1998). By esi@m, it may be
possible that the myelin sheath itself possesse®AMNnd kainate
receptors and may be directly susceptible to injingm high

concentrations of ambient glutamate released frempcomised axon
cylinders or glia.

Traumatic injury of spinal cord white matter alqapaars to depend
on glutamate. Using atn vivo contusive model, Wrathall and
colleagues found a reduction in white matter patippl(Rosenberg et
al., 1999) and a parallel behavioral improvementathall et al.,
1994), in animals treated with the AMPA and kainatéagonist 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo (f)quinoxalineNBQX). The
neuroprotective effect of AMPA and kainate recepitnckade was
also observed in ann vitro model of isolated dorsal column
compression. Without the potentially confoundingfluence of
adjacent gray matter, dorsal columns were foundeoinjured by
exogenously applied AMPA or kainate, and compresgijury was
dependent in part on AMPA and kainate receptorvatitin as
evidenced by a partial neuroprotective effect of @Nor NBQX
(Agrawal and Fehlings, 1997). Taken together, tfiesings implicate
AMPA and kainate receptor activation as one compbagthe injury
cascade in white matter. In this study, we wisledxplore both the
mode of glutamate release, target receptors, andfianjury in spinal
white matter anoxia and trauma.

Using an electrophysiological measure of functionggdgrity, a 1 hr
anoxic exposure followed by 1 or 2 hr of reoxygematresulted in
irreversible depression of CAP amplitude to 27%manoxic control
values. This is very close to the level reportedaisimilarin vitro
model (Imaizumi et al., 1997). The broadspectruataghate receptor
antagonist kynurenic acid or the relatively spec&iMPA receptor
antagonist GYKI52466 (Paternain et al., 1995), bafovided
significant and virtually identical neuroprotectifmom anoxia, with
CAP amplitudes recovering to greater than twice geen without
antagonist. This is consistent with a role of AMBAt not NMDA
receptors in this paradigm. AMPA receptors alsoeapged to play a
significant role in trauma. A 2 gm compression igjin vitro resulted
in an irreversible reduction of CAP amplitude t&86f control levels
in our study. This injury was identical to that flin a recenin vitro
study using guinea pig spinal cord slices at pHggioal temperature
(Blight and LoPachin, 1998) but was far greatentbhservations of
Agrawal and Fehlings (1997), who found reductiohGAP amplitude
to only 70% of control. However, the latter grougrformed their
experiments at temperatures significantly below spdlggical
(typically 25°C), and it is likely that the hypotinga reduced the
degree of injury. Despite a greater degree of dansaghysiological
temperature in our experiments, GYKI52466 also eoefl marked
neuroprotection after clip compression. Moreover,contrast to a
previous report (Agrawal and Fehlings, 1997), tredqrtive effect was
sustained for the duration of oiarvitro recording. Together, our data
strongly implicate receptors of the AMPA class iottb anoxic and
traumatic injury of spinal dorsal columns.

Electrophysiology provides a sensitive means tdysthe function
of axonal tracts but gives little information abtug structural integrity
of subcellular elements. We used antiserum raigihat an amino
acid sequence of myelin basic protein that is iassible in normal
myelin but is unmasked in degenerated myelin intevhiatter areas
damaged by immune attack or ischemia (Matsuo g1@97). Control
tissue maintainesh vitro showed virtually no staining, whereas anoxia

axon cylinder itself. Indeed it is quite possiblett glia suffered
glutamate-dependent injury, because these cellskaogvn to be
sensitive to excitotoxic insults mediated by AMPAdakainate
receptors (Matute et al., 1997; McDonald et al98)9

Because our preparation excludes spinal gray maltersource of
endogenous glutamate must be from glia or axondoplysm,
including axoplasm, is known to contain millimokncentrations of
glutamate that far exceed the low micromolar levals brain
extracellular space (Fonnum, 1984; Attwell etE393). In the absence
of synaptic machinery and barring frank membrarmue, there are
two ways that this amino acid could be releasefiwefthrough
volume-sensitive anion channels (Rutledge et 8B8) or by reversal
of Nal-dependent glutamate transport (Attwell et al.,3)9Fhe latter
pathway transports glutamate or aspartate witteaNd H in exchange
for Klin an electrogenic manner (Zerangue and Kavanal@®6;
Levy et al., 1998). It follows that a rise in {lKand depolarization,
along with an increase in [Na will promote reverse operation of this
transporter and the release of glutamate from dysopic
compartments. Indeed, central axons damaged bgreithoxia or
trauma suffer marked depletion of! lind accumulation of Na
(LoPachin and Stys, 1995), with an expected rise[K#]o and
depolarization (Ransom et al., 1992; Leppanen &yg] $997), stimuli
that would strongly favor reversal of Ndependent glutamate
transport. This hypothesis was supported by the keddy
neuroprotective effects of the transport inhibitdilsydrokainate and
L-trans-pyrrolidine-2,4dicarboxylic acid. Moreover,
immunohistochemistry for glutamate revealed thabxan axon
cylinders, and to a lesser extent oligodendrocgesthe main source
of endogenous glutamate (Fidge)4the efflux of glutamate from these
sources, and by inference the rise in [glutamsatehs completely
prevented by pharmacological inhibition of N#fependent glutamate
transport. Notably, astrocytic glutamate was ungednby anoxia, in
keeping with the relative resistance of ionic detation by anoxia
alone in this cell type (Rose et al., 1998).

The above mechanism, possibly representing an exatjon of a
normal physiological release of glutamate as pregdsr neonatal
optic nerve axons (Kriegler and Chiu, 1993), calfib account for the
rise in [glutamate]in white matter of ischemic cat brain (Graf et al.,
1998) and may contribute to the demyelination artdtevmatter
degeneration found after traumatic brain injury Rthock and
Christman, 1995; Maxwell et al., 1997). Moreovdrmyelin is a
significant target for glutamate toxicity as ousults suggest, the
submyelinic spaces where diffusion is restrictad@darbor very high
glutamate levels. Using anoxic CNS axons as a wleracterized
example, assuming a depolarizatior28 mV (Leppanen and Stys,
1997), [N4]i, [Na! Jo, [K1]i, and [K]o of 100, 150, 15, and 15m
respectively (Ransom et al., 1992; LoPachin and,31995), a ratio of
[HYi to [HYo of 2.5 (with both moving proportionally in the acid
direction during injury), [glutamate] 3 mv (Attwell et al., 1993), and
a transporter stoichiometry of 3 Nd H, 1 glutamatél K*(Levy et
al., 1998), Equation 1 predicts that [glutamaté]l exceed 230mm at
equilibrium; this ignores any reductions in filawhich would steeply
push [glutamate]to even higher levels. Similar ionic deregulation i
mechanically injured spinal cord slices (Blight dnoPachin, 1998)
implies an equally potent stimulus for reversé-Mgutamate transport
in trauma as well:
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whereXoandX are extracellular and intracellular ionic concetiras,
nX are stoichiometries, arhis membrane potential.

Pharmacological evidence for the presence of-dépendent
glutamate transport was supported by immunohistoated staining
for all three isoforms in spinal dorsal columnssistent with previous
studies that also found evidence for EAAC1, GLAGMd GLT1 in
CNS white matter (Sutherland et al., 1996; Choi &imu, 1997).
Dihydrokainate is a specific inhibitor of the GLTsbform (Arriza et
al., 1994). The neuroprotective effect of this dgamght suggest a
purely glial source of glutamate efflux mediated®kT1; however,
recent reports indicate that GLT1 may be presemteirons as well
(Schmitt et al., 1996; Mennerick et al., 1998). @ata (Fig. 5) also
indicate that this isoform is present in the axepia possibly for
transport to the terminals or for insertion inte ixolemma along the
length of the fiber. Demonstration of the preseméeglutamate
transporters on the axolemma will likely requiree thigh spatial
resolution of immunoelectronmicroscopy.

The present study indicates that the ionic and mangbpotential
perturbations experienced by dorsal column axomd,p@ssibly glia,

in response tan vitro anoxia or mechanical trauma, are more than

sufficient to induce toxic efflux of glutamate tlugh reversal of Na
dependent glutamate transport. This uncontrolleghse of glutamate,
potentially into restricted spaces under the myedictivates AMPA
receptors, causing damage to the sheath and poedilar structures.
This novel mechanism of injury may be very impottém the future
design of neuroprotectants in SCI, particularlymblecular design
techniques succeed in developing a relatively $ipegiocker of the
glutamate efflux mode mediated by glutamate trarispm
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