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SUMMARY AND CONCLUSIONS

1. White matter strips from the ventral spinal cord of adult
guinea pigs were isolated in vitro, and their electrophysiological
characteristics and response to controlled focal compression injury
were examined. A double sucrose gap technique was used for
stimulation and recording at opposite ends of a 12.5-mm-diam
central well superfused with oxygenated Krebs solution.

2. The compound action potential recorded with the sucrose
gap was similar in form to single fiber potentials recorded with
intra-axonal electrodes, including the presence of a prolonged de-
polarizing afterpotential.

3. Three types of conduction block resulting from compression
were identified: an immediate, spontaneously reversible compo-
nent, which may result from a transient increase in membrane
permeability and consequent disturbance of ionic distribution; a
second component that was irreversible within 1-2 h of recording,
perhaps resulting from complete axolemmal disruption; and a third
component, which may have been due to disruption of the myelin
sheath, that appeared to be reversible with application of 10—100
uM of the potassium channel blocker 4-aminopyridine.

4. Conduction deficits—decreased amplitude and increased la-
tency of the compound potential—were stable between 5 and 60
min postinjury, and their intensity corellated with the extent of
initial compression over a full range of severity.

5. Stimulus-response data indicate that mechanical damage to
axons in compression was evenly distributed across the caliber
spectrum, suggesting that the susceptibility of large caliber axons
seen histopathologically after injury in vivo may be based on de-
layed, secondary processes.

6. The model provides the ability to monitor changes in the
properties of central myelinated axons after compression injury in
the absence of pathological variables related to vascular damage.
This initial investigation found no evidence of secondary deteriora-
tion of axons in the 1st h after injury, although there was evidence
of both transient and lasting mechanical damage to axons and their
myelin sheaths.

INTRODUCTION

Contusion or compression of the mammalian spinal cord
results in a characteristic form of tissue injury, marked by
hemorrhagic necrosis focused at the center of the cord cross
section (Allen 1914; Bresnahan et al. 1976; Dohrmann et
al. 1971). Some of the vascular disruption and other cellular
damage that marks this condition can be detected more or
less immediately (Wagner and Dohrmann 1975) and proba-
bly results directly from sudden tissue distortion (Blight and
DeCrescito 1986). Additional delayed damage is believed
to derive from a variety of interconnected secondary patho-
logical mechanisms such as ischemia, edema, anoxia, energy
depletion, excitotoxicity, free-radical damage, and inflam-
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matory responses (e.g., Blight 1985, 1994a; Hall and Braugh-
ler 1989; Wrathall et al. 1994; Young 1985, 1993). Many
such mechanisms may be common to spinal cord and brain
injury (Povlishock and Jenkins 1995). Precise definition of
the nature, extent, and timing of secondary damage in the
CNS has been impossible, in part because it is obscured
by simultaneous degenerative processes that follow primary
mechanical damage. This is especially true of injury to my-
elinated axons in the white matter, because such damage
may be scattered and difficult to detect. Disruption of axons
in the white matter is the most significant contributor to the
devastating clinical deficits that result from spinal cord in-
jury. Better understanding of this pathology should help in
the development of therapeutic interventions.

The aim of the present study was to explore the electro-
physiological effects of controlled focal compression of spi-
nal cord white matter tracts isolated in vitro, where some of
the physiological variables can be simplified or eliminated,
particularly those associated with vascular damage, includ-
ing hemorrhage and ischemia. This model differed from a
comparable previous approach (Fehlings and Nashmi 1995)
in several ways, including use of physiological temperatures,
a wide range of injury intensities, and continuous monitoring
of conduction during compression and release. In addition,
action potential conduction was measured with the use of a
sucrose gap apparatus, which allowed accurate measurement
of slower components of the potential and a higher signal-
to-noise ratio. The study was carried out with the use of
adult guinea pigs, to allow direct comparison with compres-
sion injury to the spinal cord in situ, which has been de-
scribed in detail in this species (Blight 1991a,b, 1993, 1994a;
Blight et al. 1995). This in vitro model will form the basis
for further experimental studies that address individual com-
ponents of axonal physiology and their responses to injury.
Some of the conclusions of the study have appeared in ab-
stract form (Shi et al. 1995a).

METHODS
Isolation of spinal cord

The technique for isolation of the cord was similar to that de-
scribed previously for rat (Blight 1989; Blight and Someya 1985).
Guinea pigs were anesthetized deeply with ketamine (80 mg/kg),
xylazine (12 mg/kg), and acepromazine (0.8 mg/kg). They were
then perfused through the heart with 500 ml oxygenated, cold
Krebs solution, to remove the blood and to lower core temperature.
The vertebral column was excised rapidly and a complete laminec-
tomy was performed. The spinal cord was removed from the verte-
brae and immersed in cold Krebs solution, then immediately subdi-
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Diagram showing the injury and recording apparatus, A: injuries were produced by compression with a Plexiglas

rod advanced in the vertical axis with a micromanipulator. The movements of the rod were monitored with a displacement
transducer and activated with a stepper motor control. B: recording arrangement. The isolated spinal cord tract is shown
mounted in the apparatus, with the injury site placed in the middle of the central well, which is continuously perfused with
oxygenated Krebs solution. The 2 ends of the tract were placed in separate wells filled with isotonic KCl, divided from the
central well by narrow channels filled with flowing isotonic sucrose solution. C: electrical stimulating and recording arrange-
ment, shown in a scaled diagram. The electrodes were formed of silver—silver chloride wires. Action potentials were generated
at the right sucrose gap, conducted though the injured part of the spinal cord, and recorded at the left gap with the use of a

bridge amplifier.

vided, first along the sagittal midline and then by cutting each half
of the cord radially, to produce ventral, lateral. and dorsal strips
of white matter that were subsequently incubated in fresh Krebs
solution at room temperature, bubbled continuously with 95% oxy-
gen-5% carbon dioxide. The composition of the Krebs solution
was as follows (in mM): 124 NaCl, 5 KCl, 1.2 K.;HPO,, 1.3
MgSO,, 2 CaCl,, 20 dextrose, 10 sodium ascorbate, and 26
NaHCO;, equilibrated with 95% 0,-5% CO; to produce a pH of
7.2-7.4.

Recording chamber

The construction of the recording chamber is illustrated in Fig.
1. A strip of isolated spinal cord white matter ~35 mm in length
was supported in the three-compartment chamber. The central com-
partment, 12.5 mm diam, was continuously superfused with oxy-
genated Krebs solution { ~2 ml/min). The ends of the tissue were
carried through the sucrose gap channels to side compartments that
were later filled with isotonic (120 mM ) potassium chloride. The
white matter strip was sealed on either side of the sucrose gap
channels with the use of shaped fragments of glass coverslip and
a small amount of silicone grease to attach the coverslip to the
walls of the channel and to block the flow of fluid in the narrow
gap between the coverslip and the tissue surface. [sotonic sucrose
solution was run continuously through the channel at a rate of 1
ml/min. The temperature of the chamber was maintained with a
Peltier unit in the base. thermostatically controlled with a thermis-

tor system ( Cambion Instruments ). and the temperature was sepa-
rately monitored across the chamber with additional thermocouple
probes. The axons were stimulated and compound action potentials
were recorded at opposite ends of the strip of white matter by
silver—silver chloride wire electrodes positioned within the side
chambers and the central bath. The central bath was similarly con-
nected to instrument ground.

Stimuli in the form of constant-current unipolar pulses 0.1 ms
in duration were controlled with a pulse generator connected
through a WP Instruments isolation unit. Recordings were made
with the use of a Neurodata Instruments bridge amplifier and Neu-
rocorder, for digital data storage on videotape. Subsequent analysis
was performed with the use of Labview software ( National Instru-
ments ) on a Macintosh Power PC computer.

Compression

A flat, raised surface was provided at the center of the recording
chamber, against which the isolated white matter strip could be
compressed with the use of a rod attached to a motorized micro-
manipulator ( Fig. 14). 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, such that it was much wider than the tissue, even
under compression. The compression rod was positioned perpen-
dicularly to the tissue and was brought to a point of contact with
its surface. After baseline measurements of conduction were ob-
tained, the rod was advanced by means of the manipulator motor
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FIG. 2. Superimposed recordings of the maximal compound action po-
tential recorded at 37°C and at 25°C, showing, at higher temperature, the
reduction in peak amplitude, depolarizing afterpotential amplitude, and con-
duction delay. The stimulus artifact is seen in the small biphasic potential
before the foot of the action potential.

at a speed of 24 um/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 (see Fig. 3).

4-Aminopyridine

4-Aminopyridine (Sigma) was dissolved in the same Krebs solu-
tion used for normal superfusion. The pH of the solution was
adjusted where necessary by addition of a small amount of hydro-
chloric acid.

RESULTS
Sucrose gap recording of action potentials

The form of the compound action potential recorded from
uninjured ventral white matter strips was similar to intracel-
lular recordings of action potentials in individual large axons
of rat spinal cord (Blight and Someya 1985). A monophasic
action potential, typically several millivolts in amplitude,
was followed by a long-lasting depolarizing afterpotential
(Fig. 2). The afterpotential could be decomposed into two
to three exponential components. As expected, the duration,
amplitude, and conduction delay of the recorded action po-
tential decreased with increase in temperature from 25° to
37°C. The amplitude of the depolarizing afterpotential also
decreased. In a sample of five spinal cord strips, the com-
pound potential amplitude at 37°C was 5.5 + 2.5 (SD) mV,
or 67.5 = 2.5% (SD) of that at 25°C. The ‘‘gap potential”” —
a reflection of compound resting membrane potential in the
same fiber tract, determined by cutting through the tissue at
the outer face of the recording gap—was 16 = 3 mV, or
338 *+ 145% of the compound potential amplitude. With
gradually increasing stimulus amplitude, the form of the
compound action potential changed in characteristic manner,
consistent with recruitment of additional fiber populations,
as described below.

Response to compression

The maximal amplitude of the compound potential de-
creased with compression of the spinal cord strip, and this
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is illustrated in Fig. 3. As the compression gap decreased
below one half the initial thickness of the strip, the amplitude
decreased dramatically and the potential was almost com-
pletely abolished with ~80% compression. During this loss,
there was a simultaneous increase in latency and time course
of the potential. With immediate relief of compression, the
compound potential recovered rapidly but only partially in
amplitude, and with a maintained increase in latency and
peak duration (Fig. 3C). The compound potential amplitude
continued to increase and latency to decrease more slowly,
usually attaining stable plateau levels with 5—10 min of
recovery (Fig. 4, A and B). The extent of recovery of ampli-
tude and latency varied with the degree of initial compres-
sion and potential loss at the peak of compression (Fig. 5),
and the plateau levels showed a similar degree of stability
at all levels of injury (Fig. 4A4).

The decrease in amplitude of the response was not the
result of a change in activation probability (threshold), be-
cause the relation between stimulus and response amplitude
was similar before and after injury (Figs. 6 and 7). The
response amplitude increased rapidly to a maximal level over
a range of ~500 pA stimulus current, and then increased
little over a further order of magnitude increase in stimulus
(Fig. 6). A comparison of the response amplitude before
and after injury to set stimulus currents showed no significant
change in the relative decrease in amplitude at different stim-
ulus intensities over a wide range. Figure 7 shows data from
six different strips that were stimulated at similar current
steps before and after injury and the pre- and postinjury
response amplitudes compared in absolute terms (Fig. 7A)
and as a percentage of the maximal amplitude (Fig. 7B).
The near unity slope of the latter relation indicated that there
was no consistent selectivity of loss of conduction in fibers
of lower or higher threshold after compression.

There was only a small change in the refractory period
of the compound potential. In a sample of nine spinal cord
strips where the absolute refractory period was measured at
three time points, the absolute refractory period before injury
was 0.64 = 0.05 ms and increased significantly (P < 0.005,
paired r-test) to 0.96 = 0.10 ms at 30 min postinjury and
0.97 + 0.10 ms at 1 h. The two postinjury values were not
significantly different from each other. The relative refrac-
tory period over the same intervals did not change signifi-
cantly, with values of 6.4 + 0.9, 7.2 = 0.8, and 6.6 + 0.7
(SE) ms.

4-Aminopyridine effects on conduction in the plateau
recovery phase

Application of the potassium channel blocker 4-aminopyr-
idine to the superfusion medium produced a marked increase
in the amplitude of the compound potential during the pla-
teau phase of recovery. An example is shown in Fig. 8, A
and B, where superfusion with 100 M 4-aminopyridine at
1 h postinjury produced a 50% increase in the amplitude of
the compound potential with no change in latency or in the
overall shape of waveform other than a slight increase in
afterpotential. The increase in compound potential amplitude
appeared to be complete within 15 min of superfusion, and
was reversed with a similar time course on wash with normal
Krebs solution. By contrast, application of a similar concen-
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tration of 4-aminopyridine to uninjured white matter strips
produced no significant increase in amplitude of the com-
pound potential, and only a similar small increase in the
amplitude of the depolarizing afterpotential (Fig. 8C).

DISCUSSION
Different forms of conduction deficit

The principal finding of the study was that focal compres-
sion injury of central white matter produces at least three
different forms of conduction deficit, marked by distinct
temporal characteristics and degrees of reversibility. There
was also a striking stability of conduction in vitro between
5 min and 1 h postinjury, indicating a lack of clear secondary
deterioration or spontaneous repair in this period. During
the course of compression, a graded decrease in amplitude
of the compound potential was accompanied by a small in-
crease in conduction delay (Fig. 3). Some of the amplitude
loss remained irreversible within the course of the experi-
ments performed, and the amount of irreversible loss related
directly to the extent of compression and initial compound
potential loss. A proportion of the conduction loss was spon-
taneously reversible within 20-30 s from release of com-
pression for all but the most severe injuries. A further slight

(given in um) are shown superimposed, and illustrate the
loss of amplitude with relatively little change in delay. C:
compound action potentials recorded at different times
after the relief of compression, superimposed to show
recovery of amplitude, but with a marked increase in delay
of the potential peak that was not apparent during com-
pression (see also Fig, 8A4).

recovery of amplitude and latency occurred over 3—5 min,
and this was followed by a prolonged period of stable ampli-
tude and latency (Figs. 3 and 4). Exposure to the potassium
channel blocker 4-aminopyridine during the stable period
produced a reversible increase of amplitude of the compound
potential without change of peak latency (Fig. 8B). This
indicates that a component of the amplitude loss over more
prolonged periods is based on conduction block in axons
that remain in continuity through the area of injury. Studies
in chronic injury show that similar deficits are present even
several months after compression trauma in vivo (Blight
1983, 1989; Shi et al. 1995b).

Injury severity

The extent to which the initial block recovers depends
on the intensity of the compression phase, and at severe
compression there is no recovery of conduction. By defini-
tion, a sufficiently severe compression (transection) will
produce complete disruption of axons running through the
site of compression. Experiments in which horseradish per-
oxidase staining of the compressed cords was used suggest
that disruption of some axons occurs as a component of all
such injuries, the extent and distribution of disruption being
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graded with the intensity of compression (Asano et al.
1995). The stability of deficits appears to be remarkably
similar over a wide range of injury intensity (Fig. 4A).

Double pulse responses

Measurements of refractory period with double pulse
stimulation showed only a small increase in refractory period
for the compound potential at 30 min and 1 h postinjury.
The responses to trains of stimulation were not examined in
this study, in the interest of minimizing damage to the strips
during prolonged recordings, but these refractory period
measurements indicate that repetitive conduction was not
markedly compromised by the compression injury.

Response to 4-aminopyridine

The increase in amplitude of the compound potential may
have been due to an increase in the number of fibers conduct-
ing through the injury site or to a change in the properties
of the action current. If 4-aminopyridine broadens consituent
action potentials near the site of recording, this might in-
crease the amplitude of the recorded compound potential
without an accompanying increase in the number of conduct-
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FIG. 4. Graphs showing the change in amplitude (A) and peak latency
(B) of the compound potential after compression injury. A: 5 different
cases in which the degree of compression was varied over a wide range to
produce a full range of recovery of conduction. Open squares: example in
Fig. 3. Note the stability of conduction between 5—10 min and 1 h postin-
jury. B: mean *= SD of the latency of the peak of the compound potential,
plotted against time, for a set of 27 spinal cord strips. Again, the deficit
appears to be stable between 5 and 60 min postinjury.
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FIG. 5. A: graph showing the relation between the initial loss of com-

pound potential amplitude at the peak of compression and the degree of
recovery of amplitude in the plateau phase, measured at 1 h. There was a
clear exponential relation between the 2 measures (inset). B: graph showing
the relation between the latency and amplitude at 1 h postinjury expressed
as percentages of their preinjury values, in a range of different injury
intensities. As expected, deficits of conduction speed generally increase
with overall injury severity.

ing fibers. Even changes in spike duration remote from the
gap interface could change the amplitude of the recorded
potential, depending on the electrotonic properties of the
axons. However, several considerations support an increase
in the number of fibers conducting as the most likely expla-
nation of these data. Similar levels of 4-aminopyridine had
no effect on the amplitude of the action potential recorded
from uninjured spinal cord strips (Fig. 8C). The site of
compression is removed from the recording gap by >5 mm,
which is more than twice the length constant expected of
the largest myelinated fibers (Frankenhaeuser and Waltman
1959). Therefore effects of the drug would have to occur
at nodes of Ranvier far removed from the site of compression
to be noticed in the recording. The absence of any profound
effect of the injury on the electrical characteristics (particu-
larly input impedance) of the fibers near the sucrose gaps
is also supported by the stability of stimulus-response char-
acteristics at the stimulating gap, shown in Figs. 6 and 7.
Most important, there was no change in the peak latency or
overall waveform of the compound potential with the in-
crease in amplitude (Fig. 8 B), and such a change would be
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FIG. 6. Examination of the relation between stimulus and response am-
plitude before and after injury, shown (A) in the form of superimposed
recordings and (B) as a graphic plot. The compound potential amplitude
increased rapidly to a maximum within a narrow range of stimulus intensity
between 20 and 200 uA. Above that intensity there was only a slight further
increase in amplitude, which was accompanied by decreased conduction
delay and increased synchrony of activation. This combination of changes
at higher stimulus strengths is consistent with increased current spread, not
increased recruitment of nerve fibers. The decrease in amplitude of the
compound potential occurred consistently at all stimulus intensities.

expected if the increased amplitude were due to repetitive
firing of action potentials or to a local increase in the duration
of the action current. Finally, 4-aminopyridine has been
shown to promote recovery of conduction in chronically
injured spinal cord axons with the use of intracellular micro-
electrode recording from single fibers (Blight 1989) as well
as the double sucrose gap technique (Shi et al. 1995b).

Recovery of conduction is also consistent with earlier
studies showing reversal of conduction block with 4-amino-
pyridine in demyelinated peripheral nerve (Bostock et al.
1981; Targ and Kocsis 1985). Such effects on conduction
can be explained as a direct result of the blockade of axonal
potassium channels, leading to a reduced shunting of the
action current, although the mechanism of effect may include
other factors, including alteration of the resting membrane
potential.

Previous in vitro studies

Isolated tracts of chronically injured spinal cord have been
used previously to examine conduction deficits in myelinated
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axons and the effects of 4-aminopyridine by means of intra-
cellular microelectrode recordings (Blight 1983, 1989).
More recent studies have used extracellular microelectrode
recording of field potentials to examine axonal pharmacol-
ogy and to determine the response to clip compression injury
(Agrawal and Fehlings 1996; Fehlings and Nashmi 1995;
Honmou et al. 1993; Sakatani et al. 1991a,b, 1993; Saruhashi
et al. 1994). The present study used sucrose gap recording,
which has been used previously in a slightly different form
to examine 4-aminopyridine sensitivity of action potential
generation in normal spinal cord white matter (Kocsis
1985). This technique presents a useful compromise be-
tween the detailed but unstable measurements provided by
intracellular recording and the more stable but small and less
readily interpreted measurements provided by extracellular
microelectrodes.

Previous studies of compression injury in vitro (Agrawal
and Fehlings 1996; Fehlings and Nashmi 1995) were carried
out at room temperature, under which conditions action po-
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FIG. 7. A:amplitude of the compound potential at 1 h postinjury, plotted
against the preinjury amplitude at the same stimulus intensity for 6 different
spinal cord strips. Some variation in the relation between these measures
is apparent between individual strips, but the overall trend appears to be
linear. B: plotting all the points relative to the maximum amplitude before
and after injury, the linear relation is more apparent, and the least-squares
linear regression line is not significantly different from 1:1 linearity, indicat-
ing that there is little difference in the susceptibility of axons with different
stimulus thresholds to damage from focal compression injury.
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FIG. 8. A: plot of compound potential amplitude change with time post-
injury, showing the initial loss and recovery, and also the effect of superfu-
sion with 100 uM 4-aminopyridine (4-AP) during the plateau phase. The
amplitude increased within 15 min to a new plateau level almost 50% larger
than before application. This increase was reversed by wash with normal
Krebs solution. B: superimposed traces in the fop panel show the increase
in compound potential amplitude with 4-AP and its complete reversal with
20 min of washing. In the bottom panel the same traces are plotted, normal-
ized for peak amplitude, to show the absence of any significant change in
waveform accompanying the increase in amplitude with 4-AP. C: compara-
ble experiment with uninjured spinal cord, the superimposed traces (with
a single vertical scale) showing the lack of effect of 4-AP on compound
potential amplitude at this concentration, despite a small change in the
amplitude of the depolarizing afterpotential.

tential conduction is more secure because of the increased
duration of the action current (Fig. 2) and membrane fluidity
is decreased. Those studies examined apparently moderate
and mild degrees of injury, respectively, allowing ~50%
and 75% recovery of field potential amplitude, and did not
allow monitoring of conduction during the phase of compres-
sion or immediately after release. The data derived from
these clip compression studies, to the degree to which they
are comparable, appear partly compatible with the present
findings. An apparent discrepancy between the models was
the suppressive effects on extracellular field potentials seen
with a very high (5 mM) concentration of 4-aminopyridine
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(Fehlings and Nashmi 1995), compared with the enhance-
ment of conduction seen here with 100 uM concentration.
The paradoxical effects of high concentrations of 4-amino-
pyridine are discussed at length elsewhere (unpublished
data).

Comparison with injury in vivo

Spinal cord contusion injury in situ leads to a rapid loss
of conduction in spinal pathways, as measured by evoked
potential techniques. Unless the contusion is very severe,
there is usually a partial recovery of conduction, which may
progress for several hours (e.g., Blight 1994b; Blight and
Young 1990; D’ Angelo et al. 1973) or require several weeks
to become apparent (e.g., Blight and Young 1989). Slow
compression of mammalian spinal cord in vivo produces a
gradual loss and slowing of conduction, which is followed
by a similarly slow rate of incomplete recovery of conduc-
tion over the course of several hours after decompression
(Sakatani et al. 1987, 1989, 1991c). A similar pattern of
slow recovery is seen in the guinea pig spinal cord subjected
to more rapid compression in vivo (unpublished observa-
tions). The time course of recovery in vivo is therefore quite
different from that seen here in vitro. This slow recovery in
the intact cord is likely to be at least partly a reflection of
the slow recovery of normal extracellular potassium activity
(Young and Sakatani 1990). Spinal cord injury is accompa-
nied by a rapid disruption of the selective ionic permeability
of cell membranes, allowing a rapid elevation of extracellu-
lar potassium activity, accompanied by a balancing loss of
extracellular sodium and calcium ions (Chesler et al. 1994;
Moriya et al. 1994; Young 1992; Young and Koreh 1986;
Young et al. 1982a,b). The initial elevation of potassium
may be sufficient in itself to block conduction in axons. In
the intact animal, recovery of normal extracellular potassium
levels may take up to 1 h (Chesler et al. 1991, 1994). In
the isolated tracts, in the absence of significant gray matter,
and completely surrounded by the superfusing medium, the
rise in extracellular potassium activity may be small or the
restoration to normal levels may be much more rapid. Some
of the initial rapid recovery of conduction may reflect nor-
malization of extracellular ion levels, but it may also reflect
recovery of normal selective permeability of axonal mem-
branes that have been subjected to mechanical distortion.

The increase in latency, which is partly independent of
the amplitude changes (being maintained as amplitude re-
covers—Fig. 3, B and C) may be explained in a number of
ways, perhaps most reasonably by damage to myelin sheaths,
resulting in increased internodal capacitance and action po-
tential transit time. There may also be a maintained increase
in axonal membrane ionic permeability, or a sustained de-
crease in excitability through alteration of nodal sodium
channel behavior. An alternative possibility, that there has
been a change in the distribution of surviving fiber sizes,
seems unlikely because there is no evidence of a selectivity
of survival of smaller myelinated fibers on the basis of the
threshold for activation before and after injury (Fig. 7).
Although the relation between axon caliber and electrical
stimulation threshold has not be established in this particular
preparation, it would be expected to exist on the basis of
previous studies of spinal cord white matter (e.g., BeMent
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and Ranck 1969; West and Wolstencroft 1983). The lack of
selectivity of the initial injury for large axons is also supported
by preliminary anatomic evidence of no early selective loss
of larger-caliber fibers (Asano et al. 1995). These data also
suggest that the selective loss of larger axons seen in vivo
(Blight and DeCrescito 1986; Blight 1991a) may result from
true secondary pathological mechanisms and perhaps a selec-
tive metabolic susceptibility of large fibers.

The lack of evidence of secondary deterioration in vitro,
and the evidence of recovery of conduction in vivo during
the first few hours after moderate injury, seem paradoxical
in the face of histological and ultrastructural evidence of a
gradual increase in the extent of axonal deterioration in spi-
nal cord contusion models (Dohrmann et al. 1972; Wagner
and Dohrmann 1975). This physiological robustness is also
at variance with early signs of progressive axonal pathology
in models of diffuse axonal injury in head trauma (Maxwell
et al. 1993; Pettus et al. 1994; Povlishock 1992; Povlishock
and Jenkins 1995). The paradox may be explained if axons
that appear to be intact ultrastructurally, yet proceed to show
gradual axoplasmic deterioration and eventual widespread
axolemmal breakdown, have actually suffered sufficient ini-
tial axolemmal damage to make them incapable of action
potential conduction. Slow deterioration of disrupted fibers
may be a feature of injuries in vivo because of the very low
extracellular calcium activities that may be present within
the injured area for some hours (Moriya et al. 1994; Stokes
et al. 1983; Young et al. 1982b).

We thank Dr. Steven K. Gudeman for support and encouragement, and
W. Ferrell III and J. Gadzia for invaluable assistance with the performance
of these experiments.

This study was supported by a grant from the Canadian Spinal Research
Organization, and by National Institute of Neurological Disorders and
Stroke Grant NS-33687.

Address for reprint requests: A. R. Blight, Division of Neurosurgery,
CB# 7060, University of North Carolina, Chapel Hill, NC 27599-7060.

Received 1 February 1996; accepted in final form 24 April 1996.

REFERENCES

AGRAWAL, S. K. AND FEHLINGS, M. G. Mechanisms of secondary injury to
spinal cord axons in vitro: role of Na*, Na*-K*-ATPase, the Na*-H*
exchanger, and the Na"-Ca2"* exchanger. J. Neurosci. 16: 545-552,
1996.

ALLEN, A. R. Remarks on the histopathological changes in the spinal cord
due to impact: an experimental study. J. Nerv. Ment. Dis. 41: 141-147,
1914.

Asano, T., SHi, R., AND BLIGHT, A. R. Horseradish peroxidase used to
examine the distribution of axonal damage in spinal cord compression
injury in vitro (Abstract). J. Neurotrauma 12: 993, 1995.

BEMENT, S. L. AND RANCK, J. B., JR. A quantitative study of electrical
stimulation of central myelinated fibers. Exp. Neurol. 24: 147-170, 1969.

BLIGHT, A. R. Axonal physiology of chronic spinal cord injury in the cat:
intracellular recording in vitro. Neuroscience 10: 1471—-1486, 1983.

BLIGHT, A. R. Delayed demyelination and macrophage invasion: a candidate
for secondary cell damage in spinal cord injury. Cent. Nerv. Syst. Trauma
2: 299-315, 1985.

BLIGHT, A. R. Effect of 4-aminopyridine on axonal conduction-block in
chronic spinal cord injury. Brain Res. Bull. 22: 47-52, 1989.

BLIGHT, A. R. Morphometric analysis of a model of spinal cord injury in
guinea pigs, with behavioral evidence of delayed secondary pathology.
J. Neurol. Sci. 103: 156—171, 1991a.

BLiGHT, A. R. Morphometric analysis of blood vessels in chronic experi-
mental spinal cord injury: hypervascularity and recovery of function. J.
Neurol. Sci. 106: 158—-174, 1991b.

BLIGHT, A. R. Remyelination, revascularization and recovery of function

1579

in experimental spinal cord injury. In: Advances in Neurology, Neural
Injury and Regeneration, edited by F. J. Seil. New York: Raven, 1993,
vol. 59, p. 91-104.

BLIGHT, A. R. Effects of silica on the outcome from experimental spinal
cord injury: implication of macrophages in secondary tissue damage.
Neuroscience 60: 263-273, 1994a.

BLIGHT, A. R. Electrophysiological approaches to the mechanisms of central
nervous system trauma. In: Neurobiology of Central Nervous System
Trauma, edited by S. K. Salzman and A. I. Faden. Oxford, UK: Oxford
Univ. Press, 1994b, p. 41-56.

BLIGHT, A. R., CoHeN, T. L., SarTo, K., AND HEYES, M. P. Quinolinic acid
accumulation and functional deficits following experimental spinal cord
injury. Brain 118: 735-752, 1995.

BLIGHT, A. R. AND DECRESCITO, V. Morphometric analysis of experimental
spinal cord injury in the cat: the relation of injury intensity to survival
of myelinated axons. Neuroscience 19: 321-341, 1986.

BLIGHT, A. R. AND SOMEYA, S. Depolarizing afterpotentials in myelinated
axons of mammalian spinal cord. Neuroscience 15: 1-12, 1985.

BLIGHT, A. R. AND YOUNG, W. Central axons in injured cat spinal cord
recover electrophysiological function following remyelination by
Schwann cells. J. Neurol. Sci. 91: 15-34, 1989.

BLIGHT, A. R. AND YOUNG, W. Axonal morphometric correlates of evoked
potential in experimental spinal cord injury. In: Neural Monitoring, edited
by S. Salzman. Clifton, NJ: Humana, 1990, p. 87-113.

Bostock, H., SEARS, T. A., AND SHERRATT, R. M. The effects of 4-amino-
pyridine and tetraethylammonium ions on normal and demyelinated mam-
malian nerve fibres. J. Physiol. Lond. 313: 301-315, 1981.

BRESNAHAN, J. C., KING, J. S., MARTIN, G. F., AND YASHON, D. A neuroana-
tomical analysis of spinal cord injury in the rhesus monkey (Macaca
mulatta). J. Neurol. Sci. 28: 521-542, 1976.

CHESLER, M., SAKATANI, K., AND HAssAN, A. Z. Elevation and clearance
of extracellular K* following contusion of the rat spinal cord. Brain Res.
556: 71-77, 1991.

CHESLER, M., YOUNG, W., HASSAN, A. Z., SAKATANI, K., AND MORIYA, T.
Elevation and clearance of extracellular K* following graded contusion
of the rat spinal cord. Exp. Neurol. 125: 93-98, 1994.

D’ ANGELO, C. M., VANGILDER, J. C., AND TAUB, A. Evoked cortical poten-
tials in experimental spinal cord trauma. J. Neurosurg. 38: 332-336,
1973.

DOHRMANN, G. J., WAGNER, F. C., AND Bucy, P. C. The microvasculature
in transitory traumatic paraplegia. An electron microscope study in the
monkey. J. Neurosurg. 35: 263-271, 1971.

DoHRMANN, G. J., WAGNER, F. C., JrR., aND Bucy, P. C. Transitory trau-
matic paraplegia: electron microscopy of early alterations in myelinated
nerve fibers. J. Neurosurg. 36: 407-415, 1972.

FEHLINGS, M. G. AND NasHMI, R. Assessment of axonal dysfunction in an
in vitro model of acute compressive injury to adult rat spinal cord axons.
Brain Res. 677: 291-299, 1995.

FRANKENHAEUSER, R. AND WALTMAN, B. Membrane resistance and conduc-
tion velocity of large myelinated nerve fibers from Xenopus laevis. J.
Physiol. Lond. 148: 677-682, 1959.

HALL, E. D. AND BRAUGHLER, J. M. Central nervous system trauma and
stroke. II. Physiological and pharmacological evidence for involvement
of oxygen radicals and lipid peroxidation. Free Radical Biol. Med. 6:
303-313, 1989.

Honmou, O., SaAkATANI, K., AND YOUNG, W. GABA and potassium effects
on corticospinal and primary afferent tracts of neonatal rat spinal dorsal
columns. Neuroscience 54: 93—104, 1993.

Kocsis, J. D. Aminopyridine-sensitivity of spinal cord white matter studied
in vitro. Exp. Brain Res. 57: 620-624, 1985.

MaxweLL, W. L., WaATT, C., GRAHAM, D. 1., AND GENNARELLI, T. A.
Ultrastructural evidence of axonal shearing as a result of lateral accelera-
tion of the head in non-human primates. Acta Neuropathol. 86: 136—
144, 1993.

Moriya, T., HAssAN, A. Z., YOUNG, W., AND CHESLER, M. Dynamics of
extracellular calcium activity following contusion of the rat spinal cord.
J. Neurotrauma 11: 255-263, 1994.

PerTUS, E. H., CHRISTMAN, C. W., GIEBEL, M. L., AND PovLISHOCK, J. T.
Traumatically induced altered membrane permeability: its relationship to
traumatically induced reactive axonal change. J. Neurotrauma 11: 507—
522, 1994.

PovLisHOCK, J. T. Traumatically induced axonal injury: pathogenesis and
pathobiological implications. Brain Pathol. 2: 1-12, 1992.

PovLisHOCK, J. T. AND JENKINS, L. W. Are the pathobiological changes

Downloaded from www.physiology.org/journal/jn at Purdue Univ Lib TSS (128.210.106.129) on September 9, 2019.



1580

evoked by traumatic brain injury immediate and irreversible. Brain Pa-
thol. 5: 415-426, 1995.

SAkATANI, K., CHESLER, M., HAssAN, A. Z., LEE, M., AND YOUNG, W.
Non-synaptic modulation of dorsal column conduction by endogenous
GABA in neonatal rat spinal cord. Brain Res. 622: 43-50, 1993.

SAKATANI, K., CHESLER, M., HASSAN, A. Z., AND YOUNG, W. GABA,
receptors modulate axonal conduction in dorsal columns of neonatal rat
spinal cord. Brain Res. 542: 273-279, 1991a.

SAKATANI, K., HASSAN, A. Z., AND CHESLER, M. GABA-sensitivity of
dorsal column axons: an in vitro comparison between adult and neonatal
rat spinal cords. Dev. Brain Res. 61: 139-142, 1991b.

Sakatani, K., lizuka, H., AND YounG, W. Randomized double pulse
stimulation for assessing stimulus frequency-dependent conduction in
injured spinal and peripheral axons. Electoencephalogr. Clin. Neurophys-
iol. 81: 108-117, 1991c.

SAKATANIL K., OHTA, T., AND SHIMO, O. M. Conductivity of dorsal column
fibers during experimental spinal cord compression and after decompres-
sion at various stimulus frequencies. Cent. Nerv. Syst. Trauma 4: 161—
179, 1987.

SakATANI, K., OHTA, T., YAMAGATA, Y., AND SHIMO-OkU, M. Effects of
spinal cord compression on repetitive impulse conduction of ascending
fibers in the dorsal column. In: Neurophysiology and Standards of Spinal
Cord Monitoring, edited by T. B. Ducker and R. H. Brown. New York:
Springer-Verlag, 1989, p. 52-57.

SARUHASHI, Y., YOUNG, W., HAssAN, A. Z., AND PARk, R. Excitatory and
inhibitory effects of serotonin on spinal axons. Neuroscience 61: 645—
653, 1994.

SHi, R., FERRELL, W., AND BLIGHT, A. R. Sucrose-gap recording from
isolated spinal cord to examine axonal pathophysiology in response to
compression injury (Abstract). J. Neurotrauma 12: 996, 1995a.

SHI, R., FERRELL, W. H. 1., GADZIA, J. E., AND BLIGHT, A. R. 4-aminopyri-
dine affects conduction in injured spinal cord axons in vitro at clinically
relevant concentrations. Soc. Neurosci. Abstr. 21: 1003, 1995b.

R. SHI AND A. R. BLIGHT

STokES, B. T., Fox, P., AND HOLLINDEN, G. Extracellular calcium activity
in the injured spinal cord. Exp. Neurol. 80: 561-572, 1983.

Targ, E. F. aND Kocsis, J. D. 4-Aminopyridine leads to restoration of
conduction in demyelinated rat sciatic nerve. Brain Res. 328: 358-361,
1985.

WAGNER, F. C., JR. AND DOHRMANN, G. J. Alterations in nerve cells and
myelinated fibers in spinal cord injury. Surg. Neurol. 3: 125-131, 1975.

WESsT, D. C. AND WOLSTENCROFT, J. H. Strength-duration characteristics
of myelinated and non-myelinated bulbospinal axons in the cat spinal
cord. J. Physiol. Lond. 337: 37-50, 1983.

WRATHALL, J. R., CHOINIERE, D., AND TENG, Y. D. Dose-dependent reduc-
tion of tissue loss and functional impairment after spinal cord trauma
with the AMPA /kainate antagonist NBQX. J. Neurosci. 14: 6598-6607,
1994.

Young, W. Blood flow, metabolic and neurophysiological mechanisms in
spinal cord injury. In: Central Nervous System Trauma Status Report,
edited by D. P. Becker and J. T. Povlishock. Bethesda, MD: Natl. Inst.
Health, 1985, p. 463-473.

Young, W. Rapid quantification of tissue damage for assessing acute spinal
cord injury therapy. J. Neurotrauma 9: 151—-153, 1992.

YouNG, W. Secondary injury mechanisms in acute spinal cord injury. J.
Emerg. Med. 11: 13-22, 1993.

YOUNG, W. AND KOREH, 1. Potassium and calcium changes in injured spinal
cords. Brain Res. 365: 42-53, 1986.

YOUNG, W., KOREH, L., YEN, Y., AND LINDSAY, A. Effect of sympathectomy
on extracellular potassium ionic activity and blood flow in experimental
spinal cord contusion. Brain Res. 253: 115—124, 1982a.

YOUNG, W. AND SAKATANI, K. Neurophysiological mechanisms of somato-
sensory-evoked potential changes. In: Neural Monitoring, edited by S.
K. Salzman. Clifton, NJ: Humana, 1990, p. 115-148.

YOUNG, W., YEN, V., AND BLIGHT, A. Extracellular calcium ionic activ-
ity in experimental spinal cord contusion. Brain Res. 253: 105-113,
1982b.

Downloaded from www.physiology.org/journal/jn at Purdue Univ Lib TSS (128.210.106.129) on September 9, 2019.



