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Shi, Riyi, Tomoko Asano, Neil C. Vining, and Andrew R. Blight. The present study was designed to examine the process of
Control of membrane sealing in injured mammalian spinal cord axoffgembrane sealing in adult mammalian spinal cord axons iso-
J Neurophysiol84: 17631769, 2000. The process of sealing qfted in vitro, and the dependence of sealing on extracellular
damaged axons was examined in isolated strips of white matter fremjum activity. Sucrose gap recordings were used to monitor

guinea pig spinal cord by recording the “compound membrane pOterﬂIémbrane potential changes and to record axonal conduction

tial,” using a sucrose-gap technique, and by examining uptake %

horseradish peroxidase (HRP). Following axonal transection, exg}&smpﬁ (.Jf Wh'tehmart]ter ISgIateddfrom.gu(ljnea Pig Splmalsﬁprd’ d
nential recovery of membrane potential occurred with a time constah¥ €chniques that have been described previously (Shi an

of 20 = 5 min, at 37°C, and extracellular calcium activity (f¢d,) Blght 1996). Uptake of horseradish peroxidase (HRP) by the
of 2 mM. Most axons excluded HRP by 30 min following transectiorinjured axons correlated with electrophysiological findings and
The rate of sealing was reduced by lowering calcium and was effggrovided additional information on the distribution of axonal
tively blocked at [C&"], = 0.5 mM, under which condition most damage and the time course of resealing (to large molecules) of
axons continued to take up HRP for more than 1 h. Sealing at hightae cut membrane. The response of isolated spinal cord axons
[Ca'], was blocked by calpain inhibitors (calpeptin and calpaigo blunt compression was also examined, using an electrically
inhibitor-1) indicating a requirement for type Il (mM) calpain in thecontrolled manipulator (Shi and Blight 1996). These experi-
sealing process. Following compression injury, the amplitude of thgentg aimed to determine the effects of altered sealing on the

maximal compound action potential conducted through the injury S ey of action potential conduction in nerve fiber tracts
was reduced. The extent of amplitude reduction was increased w ?nf)jected to more clinically relevant injuries

the tract was superfused with calcium-free Krebs’ solution?(Ca
replaced by Mg"). These results suggest that the fall in fCh, seen
following injury in vivo is sufficient to prevent membrane sealing an! ETHOD S

may paradoxically contribL_Jte to _axonal dieback, retrograde cell death | experiments were performed in vitro on strips of spinal cord
and “secondary” axonal disruption. white matter, isolated from 64 adult, female, Hartley strain guinea
pigs. Histological studies were performed on the same tissues that
were used for physiological analysis.

INTRODUCTION

Influx of calcium ions is recognized as an essential media'[|<§lolat'On of spinal cord

of intracellular damage and cell death in a range of patholog-The technique for isolation of the cord was described previously
ical conditions, including mechanical trauma (Schanne et &bhi and Blight 1996). Briefly, guinea pigs were anesthetized deeply
1979; Schlaepfer and Bunge 1973). Repair of damage to newth ketamine (80 mg/kg), xylazine (12 mg/kg), and acepromazine
membranes has also been shown to be a calcium-depend@®&tma/kg) and were perfused through the heart with 500 ml oxy-
process (Xie and Barrett 1991; Yawo and Kuno 1985), but trﬁ;gnated, cold Krebs’ solution to remove blood and Iower core tem-
observation has received less attention, and the potential CB rature. The vertebral column was excised, and the spinal cord was

flict b h h A h b noved, immersed in cold Krebs’ solution, and immediately subdi-
Ict between these two phenomena in injury has not €GMded, first along the sagittal midline, and then each half of the cord

examined. The possibility of opposing effects is particularlyas cut radially, to produce ventral, lateral, and dorsal strips of white
significant in the context of CNS trauma, where extracellul@fatter. The composition of the Krebs’ solution was as follows (in

calcium activity ([C&"],) at the injury site falls immediately mM): 124 NaCl, 2 KCI, 1.2 KHPO,, 1.3 MgSQ, 2 CaCl, 20

by 1-2 orders of magnitude and can remain depressed for hodestrose, 10 sodium ascorbate, and 26 NakCé&yuilibrated by
(Stokes et al. 1983; Young et al. 1982). This prolonged deubbling with 95% Q-5% CO, to produce a pH of 7.2-7.4. In
pression of calcium, which may be common to a number gqilc_ium-free Krebs_’ solution_, the calcium chloride was replaced by
other pathological conditions, has been viewed as potentigfguimolar magnesium chloride.

beneficial, by reducing the driving force for cellular calciu .

influx. However, the sealing of severed and partially damag&%ﬁ?cordmg chamber

axons may be compromised by such conditions, which wouldThe construction of the recording chamber is illustrated in Fig. 1. A
affect the positive interpretation of these ionic changes.  strip of isolated spinal cord white matter, approximately 35 mm in
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A record stimulate amplifier and Neurocorder (both from Neurodata Instruments) for
digital data storage on videotape. Subsequent analysis was performed
_@, @ using custom Labview software (National Instruments) on a Macin-

isotonic KCI tosh Power PC computer.

isotonic KCI
/

Transection

To study the response of the nerve fibers to transection, the tissue
strip was cut at the face of the recording sucrose gap, using micro-
4 scissors. The scissors were also used to cut through the tissue at the

center of the chamber, so that the isolated tract could be transferred to
sucrose Krebs'  gucrose SiCtrode HRP solution at different times after injury for evaluation of sealing
solution at the cut ends (Fig.B).

spinal tract

B

sucrose gap cut Compression

‘/:3"'“——> HRP A flat, raised surface was provided at the center of the recording
i H # chamber, against which the isolated white matter strip could be
i — O\EF —— ? compressed, using a rod attached to a motorized micromanipulator
Wymé (Fig. 1C). The end of the rod provided a compression surface of 2.5
/ mm along the length of the tissue, with a transverse width of 7 mm,

) spinal tract such that it was wider than the tissue, even under compression. The

recording chamber compression rod was positioned perpendicularly to the tissue and was
brought to a point of contact with its surface. After baseline measure-

C . ments of conduction were obtained, the rod was advanced by means

compression rod

NN

of the manipulator motor at a speed of 2//s. The compound action
potential and the displacement of the rod were monitored during the
compression, and the compression was stopped when the potential
reached a set, target amplitude. The rod was then removed rapidly
upward, to relieve pressure on the tissue, and the recovery of the
compound potential was monitored.

H
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Fic. 1. Diagram to show the recording apparatus and injury technigue. HRP histochemistry

the recording arrangement, viewed from above. The isolated spinal cord tractl_ ine di . f f whi .
is shown mounted in the apparatus, with the injury site placed in the middle of 0 examine disruption of axons, segments of white matter strips

the central well, continuously perfused with oxygenated Krebs’ solution. TH¥ere transferred at different times after injury (the times and the
two ends of the tract were placed in separate wells filled with isotonic KOMUmMber of tissue samples depending on the physiological recordings
divided from the central well by narrow channels filled with flowing, isotonigequired) to oxygenated Krebs’ solution containing 0.015% HRP
sucrose solution. Electrodes were formed of silver/silver chloride wires. Actig@igma type VI). After incubation fol h atroom temperature, the
potentials were generated at the right hand sucrose gap, conducted throughigigie was fixed by immersion in 2.5% glutaraldehyde in phosphate
inj_ured part p_f the spinal ct_)rd and were recorded at the_ left hanq gap, using@&fer. Transverse sections of the tissue were cut apBOon a
b”dg‘fha”f‘m'f'erﬁhto exa”:j'."e the resr’onsﬁ to t.ra’:fecnon' thf. tissue ;"’as ratome and stained with diaminobenzidine reaction to reveal the
near the 1ace o € recordin ap, seen nere In diagrammatic view irom . - .
front of the chamber. The tiss?Jeng;s cut also in the msi]ddle of the chamber ent of HRP uptake into damageq axons. Sections at fipprOXImater
was transferred to horseradish peroxidase (HRP) solution at particular ti m from the plane of transection and at 5 mm d'Stance_Were
after injury, to examine the sealing of axons to HRP compression injuries compared, to control for the presence of damaged fibers that might be
were produced with a vertically mounted Plexiglas rod, advanced downwatarelated to the deliberate injury. Sections were examined and pho-
with a micromanipulator. The movements of the rod were monitored withtagraphed with a Nikon Optiphot microscope.
displacement transducer and activated with a stepper motor control. Initial experiments were performed to determine whether quantita-
tive morphometry could be performed, usingui plastic sections.
length, was supported in the central compartment and continuouslye density of staining with HRP was insufficient to provide a clear
superfused with oxygenated Krebs’ solutier ml/min). The ends of distinction between lightly stained and unstained fibers in the semi-
the tissue were carried through the sucrose gap channels to siflg sections. The presence or absence of stain was relatively unequiv-
compartments filled with isotonic (120 mM) potassium chloride (Figcal in the thicker Vibratome sections, but these sections did not allow
1A). The white matter strip was sealed on either side of the sucrasecurate quantitative analysis of axon numbers, particularly for the
gap channels, using fragments of plastic cover-slip and a sméfhaller diameter nerve fibers. Observations were therefore restricted
amount of silicone grease to attach the cover slip to the walls of themajor shifts in axonal uptake of HRP under different conditions.
channel and seal around the tissue. Isotonic sucrose solution was
continuously run through the gap channels at a rate of 1 ml/min. The
temperature of the chamber was maintained with a thermostaticaﬁl)'? SULTS
controlled Peltier unit in the base (Cambion Instruments). The axonSSpinaI cord strips placed in the recording chamber showed a

were stimulated and compound action potentials recorded at opposiie.: S . . )
ends of the strip of white matter by silver/silver chloride wire ele -&er'Od of stabilization of the resting membrane potential, re

trodes positioned within the side chambers and the central bath. FHyrng 30-60 m'n' Purlng this time, the “compound resting
central bath was similarly connected to instrument ground. membrane potential” recorded across the sucrose gap became
stimuli, in the form of constant-current unipolar pulses of 0.1 m&0ore negative, and the amplitude of the maximal evoked
duration, were controlled with a pulse generator connected throug@mpound action-potential increased. The form and quantita-
WP Instruments isolation unit. Recordings were made using a bridtiee characteristics of the compound action potential and of the
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“gap potential” or “compound resting membrane potential” A
have been described previously (Shi and Blight 1996). The
action potential corresponds closely to the action potential
recorded in single large mammalian spinal cord axons using
intracellular microelectrodes (Blight and Someya 1985). The
amplitude of the gap potential was determined to be+18
(SD) mV, or approximately three times the amplitude of the
peak of the compound action potential. To provide a “normal-
ized value” of gap depolarization for different white matter
strips, the measured gap potential (in mV) at any given time
following injury was related to the initial peak of gap depo- 0 oy : y
larization seen immediately following transection (which was 0 30 60
normalized to a value of 1). This served to overcome the Time from transection (min)
variability in measured absolute potential. The amplitude of the
potential recorded from a given tissue strip is arbitrary in itself,
with a value based on the particular configuration of the tissue
in the sucrose gap, and its passive electrical characteristics.

15

101

Gap depolarization (mV)

w

Response to transection

When the white matter strip was cut near the central face of
the sucrose gap, the gap potential was reduced within seconds
toward bath potential (0 mV) and then began to repolarize
slowly (Fig. 2A). Full recovery of the initial resting potential
required approximately 45—60 min at 37°C and 2 mM9Qg.

The form of the recovery curve was approximately exponen-
tial, with a time constant of 20 min. At 25°C, the rate of
recovery of resting potential was slower, with a time constant
of approximately 40 min, but was still exponential to the same
baseline (Fig. B).

Gap depolarization (normalized)

-10 0 10 20 30 40 50 60
Time from transection(min)

FIG. 2. Exponential rate of recovery of the gap potential following tran-
o . section of a spinal cord white matter strip in normal Krebs’ solution, containing
Staining cut axons wih HRP 2 mM C&". A: an example gap potential recording displayed on a linear scale
. . . and {nse) on a log scale. Immediately after cutting the tissue at the outer edge
HRP histochemistry showed a comparable rate of sealingdpthe gap, the gap potential depolarized by 15 mV and then began to repolarize
the axonal membrane to entry of the enzyme molecule. Atvard the initial level.B: averaged responses to transection in 2 groups of
37°C and 2 mM [Cgﬁ]o almost all axons were stained whenvhite matter strips maintained at 37°€+£ 8) and 25°C 1§ = 8), respectively.

o : he gap potential in each case was normalized to the peak of the depolarization
tran.Sferred. to HRP solution betwgen 1and 5 m!n after tr oduced by transection. The rate of recovery of the gap potential was reduced
section (Fig. 3), but very few fibers were stained wheryt temperature.
transferred at 30 minral h post transection (Fig. 8 andC).

was examined by incubating spinal cord strips in Krebs’ solu-
Effects of low calcium activity tion containing 2 mM C&" and either calpeptin or calpain
inhibitor-1. Both blockers of calpain activity produced a similar

The rate of recovery of the gap potential decreased willynnression of gap potential recovery (Fig. 5) and maintenance
decreasing calcium concentration in the medium, from 2 to O Hrp uptake (Fig. B) to those seen with calcium concen-
mM (Fig. 4A). Further reduction in calcium concentration hagation below 0.5 mM (Figs. B and 4).

little effect on the rate of recovery, and, at all concentrations

=0.5 mM, there was no approach to the original baseline

polarization (Fig. 8). This change in the rate of recovery ofResponse to compression

compound membrane potential was reflected in the maintained ) ] o
uptake of HRP. Most axons in spinal cord strips maintained jn The 10ss and recovery of action potential conduction in the
Krebs’ solutions with 0.5 mM [C&], continued to take up iSolated strips exposed to focal compression injury was similar
HRP for more tha 1 h after transection (Fig.B3. Spinal cord 10 that reported previously (Shi and Blight 1996). Briefly, the
strips maintained in Krebs' solution with 1 mM [€g, normal compound action potential recorded at one end of the
showed an intermediate rate of sealing to HRP, the numberS§ip in response to electrical stimulation at the other was
axons stainingtal h (Fig. D) being greater than the numbefeduced in amplitude by focal compression in the middle of the

at 30 min in solutions with 2 mM [C&], (Fig. 3B). strip. On removal of compression, there was a partial recovery
° of amplitude within 5—6 min, which then became stable for the

succeeding hour of incubation.
The amplitude of this partial recovery was compared in two
The dependence of sealing on relatively normal concentigroups of spinal cord strips, one incubated throughout in 2 mM
tions of calcium raised the possibility that the process of repdlie®” Krebs’ solution, and the other in which the superfusion
was dependent on millimolar or type Il calpain. This possibilitmedium was changed to 0 mM €aKrebs’ at the time of

Calpain inhibition
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ability to seal breaks in the plasmalemma, and do so surpris-
ingly rapidly. This sealing of cut processes and the conse-
guences for cell survival have been examined previously in
large, isolated, invertebrate axons (Yawo and Kuno 1985), in
cultured vertebrate cells (Lucas et al. 1985; Shi et al. 1989; Xie
and Barrett 1991), and, more recently, in reptilian peripheral
axons (David et al. 1997). While influx of sodium is clearly
implicated in the cytotoxic effects of mechanical damage to
cells (Rosenberg and Lucas 1996), the process of sealing itself
is also clearly calcium dependent (Gallant 1988; Xie and
Barrett 1991) and appears to involve an essential role of
calcium-activated phospholipase-A2 (Yawo and Kuno 1985).
The precise dependence of resealing on calcium-mediated
mechanisms has not been established, nor has the phenomenon
been examined in adult mammalian axons of the CNS, where
repair is of key clinical relevance. The potential significance of
these mechanisms is highlighted by the finding that extracel-
lular calcium activity in the CNS is profoundly depressed by
mechanical trauma (Stokes et al. 1983; Young et al. 1982). The
present experiments were designed to use a dynamic measure

A
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N
©
0.8
£
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£
= 067
o
o
\ : L N 049
FiG. 3. Photomicrographs of Vibratome sections cut at 1 mm from the &
transected end of spinal cord tracts and stained for horseradish peroxidaseg e8 0.2
(HRP) using the diaminobenzidine technique. The tracts were transferred to %
HRP containing Krebs' solution at different times following transection and 4
then incubated fiol h before fixation in glutaraldehyda: in tracts transferred 8 0 -

at 2 min, following transection in Krebs containing 2 mM%aall the axons r T T y y T y y
were stained darkly with diaminobenzidine reaction product, showing they had -10 0 10 20 0 40 50 60
rapidly taken up and transported HRB .after 30 min of incubation in Krebs’
solution containing 2 mM Ca, the majority of axons were effectively sealed

to uptake of HRPC: after 1 h, all axons were sealed to HRP uptake, with
reaction product appearing only in endothelial cells and some glial processes.
D: after 1 hin 1 mM C&" Krebs’ solution, a significant proportion of axons,

B
at varying density across the tissue, remained accessible to EiRffter 1 h 8 1T
incubation in Krebs’ solution containing 0.5 mM €3 practically all axons N
were stained with HRP reaction produBt. after 1 h in 1 mM C&" Krebs’ @ 0.8
solution containing 3@M calpain inhibitor I, practically all axons continue to E
take up HRP. Scale bar, 50m. All experiments performed with tissue at 8
37°C. = 081
c
e
compression. The amplitude of the recovered compound ac- § ¢.41
tion potential was significantly greater in the group of spinal &
cord tracts maintained in Krebs’ solution with 2 mM [C3, 2 o2
(Fig. 6). 3
In addition, experiments were performed, changing the per- o 0 a=nid

fusion of the injured spinal cord strlp from calcium-free to 2 8 - . . . . . . .
mM calcium Krebs’ solution at 30 min following compression -10 0 10 20 30 40 50 60
injury (Fig. 7A). Even after this delay, the amplitude of the
compound potential was increased significantly within a few

minutes of restoring extracellular calcium (Fig3)7 FIc. 4. Graphs, similar to those in FigB2showing the recovery of gap
potential in 5 sets of spinal tracts transected in Krebs’ solutions containing
different concentrations of G4 from 2to 0 mM f = 8, 5, 9, 4, 5) A there
DISCUSSION was a significant reduction in the rate of recovery of the gap potential with
. . . reductions in C&" activity between 2 and 0.5 mMB: further reduction in
Neurons are able to recover from mechanical injury, inclug #* activity from 0.5 to 0 mM produced no significant further reduction in

ing loss of dendritic or axonal processes, because they haverdi€or completeness of recovery of the gap potential.

Time from transection (min.)
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FIc. 5. Graphs, similar to those shown in Fig. 4, illustrating the effects of -20 0 20 40 60 80
30 uM calpain inhibitor-1 6 = 8) and 20uM calpeptin 6 = 5) on recovery Time post injury (min.)

of the gap potential in 2 groups of spinal tracts following transection, compared
with a control groupif = 10). All 3 groups were maintained in Krebs’ solution
containing 2 mM C&". Data from strips maintained in 0.0 mM €are also
shown for comparison. <
of sealing in mammalian spinal axons to determine whether th 307
extracellular calcium changes seen in spinal cord trauma mights 5 |
play a role in neurological recovery, as has been suggested.

0—2mMCa*t

based on observations in vivo (Young 1992). o 101
> 0mM Catt
Gap potential as a measure of sealing _‘c(‘j 7

It may appear counterintuitive to study injury mechanisms in-g 10
isolated tissues of this kind because the tissue is injured severa
times, once by transection when the spinal cord is removedg . . . . .
from the animal, a second time when the ventral white mattekt 20 30 40 50 80
strip is cut from the length of isolated cord, and a third when
the strip is finally cut or compressed. However, following the
initial trauma of isolation, a minimum of 1 h at 20°C and 1 h Fie. 7. Response of the compound potential amplitude to changing the

in 37°C was given to allow the cord to recover, both in ternf¥thing solution from 0 mM Cd to 2 mM C&* at 30 min after compression
injury. A: an individual record of the time course of changes in the compound
t

_Of metab_o“sr_n and membrane seallng. Furthermore, the eXp;%uéntial amplitudelnset shows the increase in amplitude of the compound
imental injuries were made at least 10 mm (several lengtfstential within 20 min of changing to 2 mM €aKrebs’ solution.B: graphs
constants) from the end of the strip, where the isolating trang-show the relative change of amplitude of the compound potential between
verse cuts were made. Thus the experimental injury wagand 60 min post compression, referenced to the amplitude at 30 min, for 3
groups of tissues: compressed and maintained in 2 m¥* Ga = 8),

compressed and maintained in 0 mM?C&Krebs @ = 8), and compressed in
1207 0 mM C&" and changed to 2 mM C& Krebs at 30 min post compression
(n=17).

20 -

Time post injury (min.)

1001
spatially as well as temporally separated from the injuries

80 1 i )
created during extraction.

Amplitude (% pre-injury)

60 1 /2 mM Cat+ A simple experiment confirmed that the injury of extraction
40 was unlikely to affect the characteristics of sealing in the
20 N L ¥ ¢ experimental transection. Spinal tracts were transected on one
0 mM Ca*+ side of the chamber for an initial recording in 2 mM<Cathen
0-, . : . . ; . , transected again on the other side of the chamber an hour later
-10 0 10 20 30 40 50 60 (switching the recording amplifier to the opposite end of the
Time post injury (min.) chamber). The second injury resulted in recovery of compound

. . . resting membrane potential with the same characteristics as
FIG. 6. The response of the compound action potential amplitude to com- . . . .
pression injury in 2 groups of spinal tracts € 8, 8) maintained in Krebs' '€COVery from the first transection. Therefore it seems unlikely
solution containing 2 and 0 mM &4, respectively. The compound potentialthat the response to experimental injury in vitro is significantly
amplitude was reduced and almost extinguished at the time of compressigonditioned by the injury involved in tissue isolation.
and recovered within a few minutes to a new plateau level. The recoveredyerye fibers in isolated spinal cord strips completely sealed

plateau amplitude was approximately 60% larger in the 2-mNI"Galution . . ) . L
compared with the 0 G4 condition. This difference was significant overaIIto HRP 1 h after transection in Krebs’ solution containing 2

and for all time points after 5 min post injury (repeated measures ANOVANM C6_12+. However, the axons were praCtica_”y 90mp|9t_e|y
with Fisher's PLSD post hoc comparison). accessible to HRP one hour following transection in solutions
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containing 0.5 mM C& or a combination of 2 mM Cd and available inhibitors of phospholipase-A2 are themselves toxic
30 um calpain inhibitor-I. The recovery of membrane integrityo normal axons (Xie and Barrett 1991).
for the large molecule correlated well with recovery to baseline Perhaps most importantly, from the aspect of understanding
of the measured “compound resting membrane potential” (Lefire pathology of human CNS injury, the recovery of action
panen and Stys 1997a,b), supporting the use of this potentiapasential conduction in white matter tracts that have been
an indicator of the recovery of membrane integrity. injured by blunt compression is also calcium dependent in this
The compound resting potential would be expected tange. Conduction block in some axons injured in low extra-
relate toionic permeability changes, and it may thereforeellular calcium concentrations appears to be restored when
provide a measure of membrane permeability changes tinarmal calcium activity is returned. This indicates that reseal-
are more subtle than the more extensive membrane disrigg of critically damaged, but nontransected axons may play a
tion required for access of HRP. In addition, the initial phassgnificant role in recovery from blunt contusion injury in the
of potential recovery occurred consistently, even in theNS. It seems likely that the membrane damage produced by
absence of sealing to HRP or of subsequent return to thieetch or compression injury may simply represent on a
original baseline resting membrane potential. The initisimaller and more distributed scale the same kind of membrane
phase of recovery of the gap potential therefore seems todisruption represented by the more dramatic case of axonal
based not on sealing of a proportion of the nerve fibers in thransection.
tract, but perhaps on a decrease in the core conductance nedfembrane sealing is required to halt the progressive cycle of
the cut end of the fibers. This would be consistent with theepolarization, calcium and sodium entry, consequent meta-
kind of constriction that has been seen in morphologichblic disruption, and cytoskeletal disassembly that produces
studies of giant axons (Krause et al. 1994) and that has bédeback” of cut axons. An important additional role is the
shown to be unaffected by replacement of extracellulaepair of more subtle membrane damage, which may produce

ca* with Mg?* (Gallant 1988). an increase in nonspecific membrane permeability without
immediately breaking axonal continuity. Such critical changes
HRP uptake as a measure of sealing in membrane permeability, induced by stretch or blunt impact,

may be responsible for the kind of progressive, axonal break-

Changes in intra-axonal staining with HRP were interdown that has been described in “diffuse axonal injury” fol-
preted as measuring axolemmal sealing (sufficient to ebowing brain trauma (e.g., Buki et al. 2000; Povlishock 1992).
clude diffusion of the HRP molecule into the axon). It seemSimilar processes may occur in the injured spinal cord, given
possible that uptake or transport of HRP along the axahe similarity of the mechanical disruption, although no studies
could be affected by higher calcium; however, the contrblave addressed the specific presence of this kind of pathology
for this was to observe HRP transport in white mattegither in human studies or animal models. Such “occult” injury
exposed to high calcium and HRP immediately after tramay be accessible to therapeutic interventions aimed at accel-
section. There was no profound reduction in HRP transp@tating membrane sealing and halting the ionic disruption that
when the axons were exposed to HRP before membraseompanies the loss of membrane integrity at the site of
sealing could occur (Fig.A. There was also no reductioninjury.
in the intensity of staining in individual axons exposed at

intermediate timepoints onIy an increase in the number ofVe thank T. M. Kelly, J. Gadzia, and B. Houston for invaluable assistance.
f S . This study was supported by National Institute of Neurological Disorders
axons showmg no staining at all (FIgBB and Stroke Grant NS-33687, a grant from the Canadian Spinal Research

Organization, and a fellowship from the Ishikawa Prefecture to T. Asano.
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