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Electrophysiological changes in isolated spinal cord white matter

in response to oxygen deprivation

J Pryor1 and R Shi*,1

1Department of Basic Medical Sciences, Institute for Applied Neurology, Purdue University, West Lafayette, IN, USA

Study design: In vitro studies using isolated guinea pig spinal cord white matter.
Objectives: To determine whether lack of oxygen can cause irreversible impairment of
electrical impulse conduction.
Setting: Department of Basic Medical Sciences, Purdue University, West Lafayette, Indiana,
USA.
Methods: The hypoxic injury was induced by reducing the oxygen tension of the perfused
solution by 80%. Compound action potentials (CAPs) were monitored before, during, and after
oxygen deprivation.
Results: We have found that 60min of hypoxia reduced the conduction to 30% of preinjury
level and recovered to approximately 60% of the preinjury level upon reoxygenation. Larger
axons appeared to be more vulnerable to oxygen deprivation. We noted a significant decrease
and recovery of the depolarizing afterpotential (DAP). Likewise, there was a delay and recovery
of absolute and relative refractory period. Concomitantly, the ability of axons to follow
repetitive stimuli was suppressed following oxygen deprivation but recovered upon reoxygena-
tion.
Conclusion: Following 60min of oxygen deprivation and 30min of reoxygenation, mammalian
spinal cord white matter can partially recover electrical impulse conduction. However, within
the same period, cords gained a complete recovery of other electrical properties, such as the
depression of DAP, the delaying of refractory period, and the decreased ability to respond to
repetitive stimuli. Compared to previous findings when both oxygen and glucose were deprived,
we conclude that glucose plays a relatively minor role during the acute stage of oxygen
deprivation in mammalian spinal cord white matter.
Spinal Cord (2006) 44, 653–661. doi:10.1038/sj.sc.3101901; published online 24 January 2006
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Introduction

Oxygen deprivation, or ischemia, either due to primary
injury such as stroke or as a secondary consequence of
trauma, can produce or exacerbate many detrimental
effects to the central nervous system (CNS).1–5 In the
case of spinal cord injury, paralysis can result from a
brief episode of ischemia, such as that which results
from clamping of the aorta during life-saving sur-
geries.1,6–9 However, more commonly, ischemia, as a
result of ruptured or compressed blood vessels, is a
secondary injury compounding the primary trauma.10–12

It is well established that ischemia plays a critical role in
the functional and structural damage of the CNS in
general and spinal cord in particular.3,4,12

Although it is well documented that ischemia causes
cellular damage, the mechanism of how ischemia can
produce such an injury at the cell and tissue level is not
fully understood. More specifically, it is not clear
whether the lack of oxygen is sufficient to cause short-
term functional and structural deficits. Considering the
challenge of separating various factors related to
ischemia in in vivo studies, the role of oxygen depriva-
tion after ischemia is likely to be more appropriately
investigated in an in vitro model. In this model, the lack
of oxygen and other pathological pathways secondary
to oxygen deprivation can be largely separated and
investigated in isolation.13

Among the many functions of the nervous system,
electrical impulse conduction is the most important.
Disruption of functional pathway results in paralysis,
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regardless of the status of the anatomical structure.14,15

Therefore, impulse conduction has been used as an
index of the functional status of the nervous system in
both physiological and pathological conditions. Despite
the importance of electrical impulse conduction, the
detailed characteristics of the compound action poten-
tial (CAP) of spinal cord axons in response to oxygen
deprivation have not been investigated in detail.
This is particularly true of the characteristics of the
action potential in response to repetitive stimuli during
ischemia.
In addition to the lack of detailed information

regarding action potential changes in response to
oxygen deprivation, the method to quantify the con-
duction of a single compound action potential is not
uniform, which inevitably causes confusion when the
results of different studies are compared. For example,
Waxman and his co-workers have been using the sum of
the area under the curve, or CAP area, to quantify the
conduction of rat optic nerves.16,17 On the other hand,
Shi, Blight and their co-workers have been using the
peak amplitude of the CAP as a means to estimate
the impulse conduction in guinea pig spinal cord
white matter.13,18–20 Therefore, the question arises whether
the end results are similar when using these two different
methods. It was a concurrent purpose of this study to
investigate this matter by quantifying the conduction of
the impulses using the two above-mentioned methods in
the same preparation to detect any discrepancies.

Methods

Isolation of spinal cord
Adult female Hartley guinea pigs of 350–500 g body
weights were used. They were deeply anesthetized with
a combination of ketamine (80mg/kg) and xylazine
(12mg/kg). They were then perfused through the heart
with oxygenated, cold, Krebs solution to remove the
blood and lower core temperature. The entire vertebral
column was excised rapidly and a complete laminectomy
was performed. The spinal cord was removed from the
vertebrae and immersed in cold Krebs solution, then
immediately subdivided, first along the sagittal midline
and then by cutting each half of the cord radially, to
isolate the ventral white matter. Each white matter strip
was subsequently incubated in fresh Krebs solution
at room temperature, bubbled continuously with 95%
oxygen–5% carbon dioxide (Figure 1a). The composi-
tion of Krebs solution was described in our previous
publications.18,21 The experimental procedures were
approved by the Purdue University Animal Care and
Use Committee (PACUC) and all efforts were made to
minimize the number of animals used and their distress.

Electrophysiological recording of isolated spinal cord
white matter
Recording chamber The construction of the recording
chamber is illustrated in Figure 1a. A strip of isolated

spinal cord white matter, approximately 35mm in
length, was supported in the central compartment and
continuously perfused with oxygenated Krebs solution
(2ml/min) by means of a peristaltic pump. Both ends of
the spinal cord strip were placed across the sucrose gap
channels to side compartments filled with isotonic
(120mM) potassium chloride. The sucrose gap channels
were sealed using fragments of plastic coverslip and
small amount of silicone grease that secured the
coverslip of the channel. Isotonic sucrose solution was
continuously run through the gap channels at a rate of
2ml/min. The temperature of the solution was main-
tained at 371C with an inline heater (Warner Instru-
ments, Hamden, CT, USA). The axons were stimulated
and compound action potentials (CAPs) 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
connected to an instrument ground. Stimuli were
delivered through a stimulus isolation unit and were
usually in the form of 0.1ms constant current unipolar
pulses. Recordings were made using a bridge amplifier
and Neurocorder (both from Neurodata Instruments,
Delaware Water Gap, PA, USA). Subsequent analysis
was performed using custom Labviews software (Na-
tional Instruments, Austin, TX, USA) on a Compaq
PCt. More details and description of the chamber can
be found in our previous publications.18,21

Compound action potential amplitude For the recording
of CAP amplitude, stimuli were delivered at a frequency
of one stimulus for every 3 s. A supramaximal stimulus
(110% of the maximal stimulus) intensity was chosen for
this test. The digitized profile of each responding CAP
was recorded continuously and stored in the computer
for later analysis. In addition, a real time plot of CAP
amplitude was also displayed during the experiment.
CAP conduction was assessed based on peak ampli-

tude and CAP area, both were estimated using the
LabView program. CAP area was measured by inte-
grating the area under the CAP profile from the
beginning to 4ms from the onset of the CAP (Figure 2).
Depolarizing afterpotential (DAP) was measured at

both 2 and 4ms after the peak of the CAP. It has been
shown that the DAP is generated within a few ms after
an action potential is initiated.22,23 The amplitude of
the DAP is expressed either as percentage of the peak
of the CAP amplitude or in absolute value (mV).

Activation threshold The spinal cord CAP is a compo-
site waveform obtained from the summation of action
potentials from many different axons. Current–voltage
tests, which consist of a series of stimuli with increasing
intensity, can gradually stimulate axons of different
thresholds to fire action potentials. Axons with different
diameters have different thresholds to fire an action
potential in response to a stimulation.24,25 The larger
diameter axons will be activated first due to the lower
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threshold. This test was used to detect changes in
activation threshold (probability) before and after
ischemic insult. The test protocol was programmed in
the software and was performed by the computer
automatically. The stimulus intensities ranged from
0.015 to 2.0mA. Each cord strip was stimulated at the
same current steps at pre-oxygen deprivation, the end of
oxygen deprivation, and the end of reoxygenation. At
each stimulus intensity level, five stimuli were repeated
and an average value was used. Throughout the test, the
stimulus at each intensity was always delivered at a
frequency of one stimulus every 3 s. The current–voltage
tests have been described repeatedly in our previous
publications, we refer the interested reader to these
reports.13,18,20,21

Refractory period The refractory period was examined
by stimulating the cord with a series of dual pulses with
various interstimuli intervals, ranging from 0.5 to 13ms.
A supramaximal stimulus (110% of the maximal
stimulus) intensity was chosen for the refractory test.
The amplitude of the first responding action potential
remained the same for each pair of stimuli. The period
immediately after the first stimulus when no action
potential could be elicited was defined as the absolute
refractory period. The time when the second responding
CAP was the same height as the first one was defined
as the relative refractory period. For the analysis, the
amplitude of the second CAP was expressed as a
percentage of the first one.

The ability to follow train stimuli in response to oxygen
deprivation A supramaximal stimulus intensity (110%
of the maximal stimulus) was chosen for this test. The
train of repetitive stimuli was delivered to the spinal
cord in the chamber at both 500 and 1000Hz for 50 and
100ms. The last CAP was expressed as a percentage of
the first peak.
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Figure 1 Diagram of the double sucrose recording chamber
and changes of compound action potential (CAP) and
compound membrane potential (or GAP potential) in response
to hypoxic insult. (a) The isolated spinal cord tract is shown
mounted in the apparatus. The two ends of the tract were
placed in separate wells filled with isotonic (120mM) KCl,
divided from the central well by narrow channels filled with
flowing isotonic (230mM) sucrose solution. The central
compartment contains physiological test media superfused
continuously. Seals fashioned from coverslips are secured in
place with high vacuum silicon grease at the locations shown
to eliminate the exchange of the various media from one
compartment to the next. Ag/AgCl electrodes for recording
and stimulation are in series with socket connectors at
the locations shown. Note that the central chamber is at a
ground potential for recording. Action potentials were
generated at the left sucrose gap, conducted through the
central well, and recorded at the right gap with the use of a
bridge amplifier. The tissue in the central well was maintained
at 371C throughout the recording procedure. (b) CAPs and
compound membrane potential from a typical cord strip in
normal Krebs, following 60min oxygen deprivation, and
30min recovery. For CAP profile, each symbol represents
the amplitude of a CAP recorded every 30 s. Compound
membrane potential were recorded every 3 s. The individual
CAPs taken prior to oxygen deprivation, at the end of oxygen
deprivation, and following 30min reoxygenation are shown in
the inset. The length of oxygen deprivation and reoxygenation
were 60 and 30min, respectively. Note the decrease of CAP
amplitude, and the depolarization of compound membrane
potential after the onset of oxygen deprivation, and the partial
recovery following reoxygenation. (c) Reduction and complete
recovery of oxygen tension in response to oxygen deprivation
and restoration. The diagram shows an example of changes in
amplitude of oxygen tension plotted against time. Note that
the level of oxygen tension decreased rapidly over the course of
5min from the oxygen deprivation. Also note the swift
recovery (o5min) of oxygen tension as a result of reperfusion
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Hypoxic insult and reoxygenation
Once a stable CAP and membrane potential were
obtained, the normal Krebs solution was switched to a
Krebs bubbled with 95% N2–5% CO2 gas mixture. This
treatment reduces O2 tension by approximately 80%.13

Reoxygenation was accomplished by switching back to
perfusion of the cord with normal Krebs media, well
oxygenated as described in the Methods section.

Statistical treatment
Throughout the paper, Student’s t-test was used to
compare electrophysiological measurements between
different groups. Statistical significance was attribu-
ted to values Po0.05. Averages were expressed as
mean7standard error.

Results

The basic characteristics of CAPs recorded from
isolated guinea pig spinal cords by using the double-
sucrose gap recording chamber have been descri-
bed previously.18,21 Briefly, after a period of B30min
of stabilization in the recording chamber, the amplitude
of the CAP plateaued. The spinal cord strips were then
exposed to a period of oxygen deprivation (60min)
followed by 30min of reoxygenation. The CAP was
monitored continuously. A series of tests designed to
examine the property of the CAP conduction were
performed before oxygen deprivation, at the end of
60min oxygen deprivation, and at the end of 30min
reoxygenation.

Changes in CAP conduction measured by peak amplitude
and area
We first exposed the white matter strips to a 60min period
of oxygen deprivation which resulted in a significant
reduction of peak amplitude and CAP area (Figures 1 and
2). Specifically, oxygen deprivation reduced the CAP
amplitude to 3075.3% of the pre-oxygen deprivation
level, a significant reduction (Po0.005). The cord strip
then regained 6375.9% of CAP amplitude following
30min of reoxygenation, a value that is significantly
improved from that of oxygen deprivation (Po0.0001), yet
still significantly lower than pre-oxygen deprivation levels
(Figure 2; Po0.01). When the conduction was quantified
using CAP area, the basic pattern remained the same. The
CAP area reduced to 2774.7% of the pre-oxygen
deprivation level following 60min of oxygen deprivation
and recovered to 53.576.7% of the pre-oxygen depriva-
tion level following reoxygenation. There is no significant
difference between the percentage of decrements in CAP
amplitude and area (Figure 2; P40.05).
A profile of changes in CAP amplitude following a

typical oxygen deprivation and reoxygenation is shown
in Figure 1b. The individual CAP waveform in the inset
represents the potential at pre-oxygen deprivation, the
end of oxygen deprivation, and the end of reoxygenation
respectively. No appreciable difference is seen in the
overall shape of the single action potentials in the
above-mentioned stages. In addition to the changes of
amplitude in response to oxygen deprivation, the
membrane potential changes are also displayed in
Figure 1b. In this example, along with the reduction of
CAP amplitude, there was also a parallel membrane
depolarization and partial repolarization of the axonal
membrane potential during the oxygen deprivation and
reoxygenation period. In two out of 17 cords tested in
the current study, we extended the reoxygenation period
to 60min and a full recovery of conduction was achieved
(102 and 97%, respectively).

Changes in DAP
In addition to peak amplitude, we have also measured
the DAP at both 2 and 4ms after the peak of the action
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Figure 2 Measurements of CAP changes in response to
oxygen deprivation and reoxygenation: peak amplitude versus
CAP area. (a) A schematic diagram demonstrates two methods
of measuring CAP changes, CAP amplitude and the area
under the curve. Note the area under the curve was measured
between the onset and 4ms after the onset of CAP. A LabView
computer program was used to integrate the shaded area
denoted in the diagram. (b) Graph depicting CAP amplitude
and the area under the CAP curve presented as a percentage of
the preinjury value after oxygen deprivation and reoxygena-
tion. Note that CAP could not be abolished by 60min hypoxic
insult and recovered significantly upon reoxygenation
(Po0.05). Also note the lack of significance between the two
different methods of quantification (P40.05)
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potential (Figure 3). In Figure 3a and b, CAPs of
pre-oxygen deprivation, oxygen deprivation and reox-
ygenation normalized to the prehypoxic level and
superimposed are shown. It is obvious that the DAP,
measured at both time points, was noticeably decreased
following oxygen deprivation and recovered subsequent
to reoxygenation. Specifically, the DAP at the first point
(2ms after the peak of CAP) at pre-oxygen deprivation
level was 8.571.2% of the peak amplitude. This value
was reduced to 4.370.9% of the peak amplitude
following oxygen deprivation and recovered to
9.870.9%. Although the normalized height of the
DAP during oxygen deprivation was significantly
lower than the levels of pre-oxygen deprivation and
after reoxygenation (Po0.005), there is no difference
between pre-oxygen deprivation and post reoxygenation
(Figure 3c, P40.05). Similar results were obtained when

the DAP at the second time point (4ms after the peak of
the action potential) was quantified and compared.
Specifically, the DAP at the pre-oxygen deprivation level
of 5.870.7% was reduced to 1.670.5% and recovered
to 6.570.9% following reoxygenation. Again, while the
DAP at the end of oxygen deprivation was significantly
lower than both pre-oxygen deprivation and post
reoxygenation levels (Po0.01), no significant difference
was detected between pre-oxygen deprivation and post
reoxygenation level (Po0.05).
In order to detect the role of other processes

contributing to the amplitude of DAP but independent
of CAP amplitude, we have also conducted the analysis
of DAP without its normalization to CAP amplitude. In
the case of DAP measured at 2ms after the peak of CAP,
the value is 0.3770.058mV at pre-oxygen deprivation,
0.1770.038mV following oxygen deprivation, and
0.4570.066mV after reoxygenation. The amplitude
of DAP during oxygen deprivation was significantly
lower than the levels of pre-oxygen deprivation and
after reoxygenation (Po0.01). There is no difference
between pre-oxygen deprivation and post reoxygenation
(P40.05). The amplitudes of DAP measured at 4ms after
the peak of CAP are 0.2570.35, 0.06670.022, and
0.2670.032mV at pre-oxygen deprivation, following
oxygen deprivation, and after reoxygenation, respectively.
Again, the amplitude of DAP (4ms following CAP)
during oxygen deprivation was significantly lower than
the levels of pre-oxygen deprivation and after reoxygena-
tion (Po0.005). There is no difference between pre-
oxygen deprivation and post reoxygenation (P40.05).

Changes in activation threshold
To detect any changes in activation threshold for the
CAP, we performed a current–voltage test.20 The spinal
cord CAPs were recorded during increasing stimulus
intensities before oxygen deprivation, at the end of
oxygen deprivation, and at the end of reoxygenation.
The amplitude of responding CAP was plotted in the
graph in two combinations and compared (Figure 4). In
Figure 4a, the responding CAP of pre-oxygen depriva-
tion (X-axis) was plotted against that at the end of
oxygen deprivation for each stimulus level. The trend of
the data indicates that the larger diameter axons were
less likely to be activated following oxygen depriva-
tion (N¼ 7). For example, at a stimulus intensity of
approximately 0.08mA (Figure 4a), almost half of the
maximal amplitude was achieved in prehypoxic condi-
tions while only 10% of maximal amplitude was reached
in hypoxic conditions. Interestingly, when the respond-
ing CAPs at the end of reoxygenation (X-axis) were
plotted against that of pre-oxygen deprivation, little
difference in the activation threshold existed in these two
conditions (Figure 4b, N¼ 7), indicating a complete
recovery upon reoxygenation.

Changes in responsiveness to dual and multiple stimuli
Next, we evaluated the changes in the refractory
period of the cords in response to oxygen deprivation
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Figure 3 Changes in DAP following hypoxic insult and
reoxygenation. (a) Typical CAP examples of pre-oxygen
deprivation, following 60min oxygen deprivation, and 30min
reoxygenation were superimposed to compare the relative
amplitude of depolarizing afterpotential (DAP). The CAP was
normalized to the pre-oxygen deprivation level. The rectangle
circumscribes the region shown in (b) at a higher magnifica-
tion. (b) The relative amplitude of the DAP was compared for
pre-oxygen deprivation, oxygen deprivation, and reoxygena-
tion. Note the reduced level of the DAP as a result of oxygen
deprivation and the recovery following reoxygenation. Quan-
titative measurements of the DAP in (c) were made at both 2
and 4ms following the peak of the CAP. (c) Mean DAP of pre-
oxygen deprivation, oxygen deprivation, and reperfused cords
at 2 and 4ms following the CAP peak. It is clear that following
60min of oxygen deprivation, the amplitude of the DAP at
these two time points post CAP peak are significantly lower
than pre-anoxia (Po0.01). The DAP fully recovered upon
reoxygenation (Po0.01). There is no significant difference of
the DAP between pre-oxygen deprivation and after reoxygena-
tion (P40.05)
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insult. Figure 5a shows the relationship between the
interstimulus interval and the amplitude of the two
elicited CAPs. The amplitude of the second CAP was
plotted against the log of the interstimulus inter-
val revealing the expected sigmoidal relationship
(Figure 5b). Oxygen deprivation increased the absolute
refractory period from 0.7570.03 to 1.370.03ms
(N¼ 8, Po0.0001), and relative refractory period
from 5.1370.14 to 6.1370.35ms (N¼ 8, Po0.0001).
Absolute refractory period recovered completely
upon reoxygenation (0.71370.035ms). Relative re-
fractory period following reoxygenation was reduced
to a value (3.6370.183ms) that is significantly shorter
than at the end of the oxygen deprivation period
(Po0.0001).
Changes in the ability to follow repetitive stimuli were

also tested in response to hypoxic insult and following
reoxygenation (Figure 6). Figure 6a shows an example
of responses to the train stimuli administrated to the
white matter strip. Figure 6b displays the average
amplitude of the last CAPs in response to a train stimuli
of 500Hz/50ms, 500Hz/100ms, 1000Hz/50ms, and
1000Hz/100ms (N¼ 7 for each average). Within these
four groups, oxygen deprivation reduced the respon-
siveness of cords and reoxygenation induces a recovery
with a value that is higher than the pre-oxygen
deprivation level. Statistical analysis revealed that the
significant difference was detected only in the compar-
ison between the value during oxygen deprivation and
the value at the end of reoxygenation for the four groups
(Po0.05).

Discussion

Previous studies of in vitro spinal cord ischemic injury
In the current study, we have found that guinea pig
white matter can retain 63% of pre-oxygen deprivation
level of axonal CAP amplitude following 60min of
oxygen deprivation and 30min of reoxygenation. Con-
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Figure 5 Refractory period changes determined by twin pulse
stimuli. (a) Superimposed, 20 individual recordings of CAP
from a spinal cord strip in response to twin stimuli with
different interstimulus intervals. The first CAP shows consis-
tent amplitude across all interstimulus intervals due to
constant stimulus intensity. From left to right, the amplitude
of the second CAP of each recording increases as the stimulus
interval progresses through the relative refractory period. (b)
The amplitude of the second CAP is plotted as a percentage of
the first CAP against the log of the interstimulus interval for
eight spinal cord strips pre-oxygen deprivation (B), oxygen
deprivation (J), reoxygenation (&). Note that the relative
refractory period response is sigmoidal, and that the % of
CAP is reduced as a result of oxygen deprivation and
recovered following reoxygenation. (c) Bar graph showing
the changes of absolute and relative refractory period as a
result of oxygen deprivation and their reversal upon reox-
ygenation (*Po0.001, N¼ 8)
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sistent with the changes of CAP conduction, the
responding membrane potential was observed to
correlate with CAP amplitude, with depolarization in
response to oxygen deprivation and partial repolariza-
tion upon reoxygenation (Figure 1b).
The changes of conduction observed in this study are,

in general, consistent with our previous work showing
that axons regained B70% of predeprivation conduc-
tion following a similar time course (30min reoxygena-
tion).13 In two out of 17 cords tested in the current
study, we extended the reoxygenation period to 60min
and a full recovery of conduction was achieved (102 and
97%, respectively). This is also similar to the complete
recovery of conduction achieved following a total of
60min of reoxygenation in our previous study where
both oxygen and glucose were deprived.13

It is interesting that, compared to our previous study
where both oxygen and glucose were omitted in the
media,13 the current study achieved a similar, if not
slightly less, recovery of axonal conduction following
30min of reoxygenation. This suggests that glucose may

not be as influential a factor in ischemic insults within
30min post oxygen deprivation. This is consistent
with the previous observation that glucose given after
hypoxic ischemia does not affect brain injury in
piglets.26 Furthermore, it has been suggested that
glucose may worsen the outcome of functional recovery
following ischemic injury,27,28 possibly through the
promotion of an intracellular lactic acidosis where
associated hydrogen ions are injurious to neurons
and glia.29

Membrane potential depolarization is likely due
to ionic imbalances across the axonal membrane as a
result of lower energy levels, which stem from oxygen
deprivation. The resulting ionic imbalance and depolar-
ization could directly contribute to the failure of
conduction loss. Specifically, prolonged membrane
depolarization could inactivate Na channels and
make it unresponsive to incoming stimuli. In addition,
prolonged membrane depolarization could also con-
tribute to the reduction of DAPs. DAPs have been
shown to be generated, in part, through a voltage-
dependent inward positive current, such as sodium or
calcium.30–32 Therefore, prolonged depolarization may
inactivate those channels that are responsible for the
inward positive current. In addition, several other
mechanisms have also been proposed to influence DAPs
which will be discussed in detail below.

Reduction of DAP due to oxygen deprivation
Afterpotential is an important electrophysiological
phenomenon that has been documented in animals
ranging from the excitable cells of lizards33 to guinea
pigs,34 rats,22 cats,22 and sheep.35 Afterpotential has
long been recognized to influence the frequency of
repetitive firing of action potentials as well as the
excitability of neurons in certain areas of the central
nervous system, such as motor cortex36 and hippocam-
pus.37 It has been shown that afterpotential is affected
by the activity of calcium-dependent potassium con-
ductivity,38 ouabain (Naþ /Kþ pump blocker),39 and
calcium channel blockers.39 Interestingly, an overactiva-
tion of Kþ channel, or Naþ /Kþ pump, as a result of
repetitive firing, has been shown to elicit a hyperpolar-
izing afterpotential in rat optic nerves, which can be
blocked by TEA, 4-aminopyridine (4-AP), or stro-
phanthidin, a blocker of the electrogenic pump (Naþ /
Kþ -ATP ase).40,41 Furthermore, Kaji and Sumner42

have shown that conduction block at the site of
demyelination can be improved by ouabain, likely
through the blockade of the Naþ /Kþ electrogenic
pump. We have found in the current study that the
DAP, either normalized to its CAP peak amplitude or
in absolute value, is significantly depressed following
oxygen deprivation, but recovered upon 30min of
reoxygenation. This is true when the DAP was measured
at both 2 and 4ms after the peak of action potential.
This may indicate a change in the activity of Kþ

channel and/or the Naþ /Kþ pump which have already
been implicated in the formation of afterpotential.40,41
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Figure 6 Response of spinal cord strips to train stimuli at
frequencies of 500 and 1000Hz. (a) This graph shows a series
of compound action potentials (CAPs) from an uninjured cord
strip in response to a train stimuli of 1000Hz and 50ms
duration. (b) Bar graph showing the pre-oxygen deprivation,
oxygen deprivation, and post-reoxygenation responses to 500
and 1000Hz stimuli at 50 and 100ms duration. The data were
averaged from the last CAPs of the responses of cord strips to
train stimuli. Statistical difference (Student’s t-test) was
observed between oxygen deprivation and post reoxygenation
in all four groups indicated in this figure: 500Hz/50ms,
500Hz/100ms, 1000Hz/50ms, and 1000Hz/100ms (Po0.05,
N¼ 7). Note that there is no significant difference between the
response at 50 and 100ms at both 500 and 1000Hz (P40.05)
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For the same reason, the change in the activity of Kþ

channel and/or the Naþ /Kþ pump may directly lower
the excitability of axons and lead to conduction block.
A further ramification of a decrease of the DAP is that
it may affect the responsiveness of axons to dual or
multiple stimuli, which will be discussed next.
It is also worth mentioning that CAP amplitude

following reoxygenation is about 70% of that at pre-
oxygen deprivation, while DAP amplitude after re-
oxygenation is higher than the level at pre-oxygen
deprivation. This infers that some process may affect
DAP but not CAP, or at least contribute differently to
these two phenomena.

Changes of responsiveness to dual and multiple stimuli
Similar to the decrease of CAP amplitude following
oxygen deprivation, the responsiveness of axons to
multiple stimuli following oxygen deprivation is also
decreased. This is signified in the increase of the absolute
and relative refractory periods, as well as the decreased
ability to follow repetitive stimuli. As discussed
above, an overactivation of the Kþ channel and/or
the Naþ /Kþ pump may contribute to the decrease
of excitability by lowering the DAP.
It is interesting to point out that upon reoxygenation,

the overall excitability of axons that are capable of
conducting an action potential is actually higher than
during pre-oxygen deprivation. This phenomenon was
also noted in our previous study where both oxygen and
glucose were deprived.13 The mechanism of such an
increase in responsiveness is unknown.

Vulnerability of larger axons to hypoxic insult
Consistent with our previous observation, we have
shown that larger diameter axons are more vulnerable
to oxygen deprivation in terms of impulse conduction.13

This phenomenon is probably due to the fact that larger
diameter axons are more energy demanding than smaller
diameter axons.13 However, it is also interesting to point
out that such vulnerability was partially reversible
following 30min of reoxygenation even though a
complete recovery of the CAP conduction was not
achieved (Figures 1 and 4). This indicates that even
though the larger axons are more vulnerable to oxygen
deprivation, they are sensitive to the return of the
oxygen and regain conduction upon reoxygenation.

Method of quantifying CAP conduction: peak amplitude
versus CAP area
It is clear in this study that the measurement of CAP
conduction using both peak amplitude and CAP area is
similar. This is important since both methods are used in
different preparations in various labs.16,18,20,43 Knowing
the equivalency of these two methods in some situations
will facilitate the comparisons of various findings and
avoid duplicated and redundant efforts. Despite the
similarity of these two methods in the current study, we

suggest that caution be taken in some extreme situations
where these two methods may produce significantly
different results. One such situation is a significant
increase of the DAP independent of peak CAP
amplitude. In this case, CAP area will increase
significantly, which could be much greater than the
degree change in peak amplitude. This has been the case
in the study where the millimolor 4-AP was applied to
both uninjured and injured guinea pig cords.44 In
conclusion, although the two approaches may make
relatively little difference in the current study, it does not
mean that they can be used interchangeably elsewhere.
Similarity between these methods can only be expected
in the cases where the DAP is only a small fraction of
the peak amplitude or the DAP changes proportionally
compared to the peak amplitude.
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