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Local Blockade of Sodium Channels by Tetrodotoxin Ameliorates
Tissue Loss and Long-Term Functional Deficits Resulting from

Experimental Spinal Cord Injury
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Although relatively little is known of the mechanisms involved in
secondary axonal loss after spinal cord injury (SCI), recent data
from in vitro models of white matter (WM) injury have implicated
abnormal sodium influx as a key event. We hypothesized that
blockade of sodium channels after SCI would reduce WM loss
and long-term functional deficits. To test this hypothesis, a
sufficient and safe dose (0.15 nmol) of the potent Na™* channel
blocker tetrodotoxin (TTX) was determined through a dose—
response study. We microinjected TTX or vehicle (VEH) into the
injury site at 15 min after a standardized contusive SCI in the
rat. Behavioral tests were performed 1 d after injury and weekly
thereafter. Quantitative histopathology at 8 weeks postinjury
showed that TTX treatment significantly reduced tissue loss at
the injury site, with greater effect on sparing of WM than gray

matter. TTX did not change the pattern of chronic histopathol-
ogy typical of this SCI model, but restricted its extent, tripled
the area of residual WM at the epicenter, and reduced the
average length of the lesions. Serotonin immunoreactivity cau-
dal to the epicenter, a marker for descending motor control
axons, was nearly threefold that of VEH controls. The increase
in WM at the epicenter was significantly correlated with the
decrease in functional deficits. The TTX group exhibited a
significantly enhanced recovery of coordinated hindlimb func-
tions, more normal hindlimb reflexes, and earlier establishment
of a reflex bladder. The results demonstrate that Na™ channels
play a critical role in WM loss in vivo after SCI.
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The deleterious consequences of traumatic spinal cord injury (SCI)
are largely attributable to disruption of descending and ascending
white matter (WM) tracts. Tissue degeneration after SCI develops
later and more slowly in WM than in gray matter (GM) (Lampert,
1967; Dohrmann et al., 1972; Balentine, 1978a,b; Ransom et al.,
1990a). Furthermore, the sparing of even a small percentage of axons
can significantly enhance function (Windle et al., 1958; Guth et al.,
1980; Blight, 1983; Blight and Young, 1990). Thus, therapeutic in-
terventions aimed at preservation of WM could be extremely impor-
tant for SCI. The development of effective treatments, however, has
been hampered by lack of knowledge of the mechanisms underlying
secondary loss of WM after SCI. The importance of Ca®* influx in
axonal injury consequent to spinal cord trauma has long been pos-
tulated (Balentine and Spector, 1977). Nonetheless, the events lead-
ing to this abnormal Ca®" influx have been obscure. Recent studies
in vitro have identified some key events in WM injury that may also
operate in vivo.

A preparation of rat optic nerve has been used to study the effects
of anoxia in vitro (Ransom et al., 1990b; Stys et al., 1990, 1991a). The
results indicate that Ca®" influx into axons leads to irreversible
damage. The abnormal influx of Ca®" is mediated primarily by
“reverse operation” of the Na*—Ca®" exchanger (Stys et al., 1991b).
This, in turn, is driven by abnormally high [Na*]; and depolarization.
Na™ influx through Na™ channels, under conditions of anoxia-
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mediated dysfunction of Na*-K* ATPase, produces the accumula-
tion of [Na*],. Thus, blockers of Na™ channels, such as tetrodotoxin
(TTX), local anesthetics (Stys et al., 1992a,b), antiarrhythmics, and
certain anticonvulsants (Stys, 1995; Fern et al., 1993), as well as
antagonists of the Na*—Ca®* exchanger, e.g., benzamil and bepridil
(Stys et al., 1992b), are highly protective against anoxic injury in this
in vitro model.

In addition, mechanical injury in the absence of anoxia was studied
in an in vitro preparation of rat spinal dorsal funicular WM (Agrawal
and Fehlings, 1996). The results indicate that axonal injury attribut-
able to compression can also be mitigated by TTX. Instead of
benzamil and bepridil, blockers of the Na*-H™" exchanger (amilo-
ride and harmaline) were significantly protective, suggesting a link
between increased [Na™]; and intra-axonal acidosis.

Therefore, Na™ influx through axonal Na* channels is impli-
cated in secondary injury of WM after both anoxia and mechan-
ical compression. Because both compression and ischemia/anoxia
occur in traumatic SCI (Tator and Fehlings, 1991; Young, 1993),
it is logical to postulate that similar mechanisms operate acutely in
vivo and could contribute to secondary WM loss. We hypothesized
that Na™ influx is one of the key elements leading to WM
degeneration after SCI.

To test this hypothesis, we microinjected TTX, one of the most
potent Na™ channel blockers known (Hille, 1992), into the injury
site beginning at 15 min after a standardized spinal cord contusion
injury in the rat. We determined the effects of TTX on functional
deficits over time after injury, and on quantitative histopathology
at 8 weeks after SCI.

MATERIALS AND METHODS

SCI. Female Sprague Dawley rats (230-250 gm) were anesthetized with
chloral hydrate (360 mg/kg, i.p.). A laminectomy at the T8 vertebral level
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exposed a 2.8-mm-diameter circle of dura, and the animals were then
stabilized with Allis clamps on the T7 and T9 spinous processes. The
impounder tip of a weight-drop device was rested on the dura, and the
contusion injury was produced by dropping a 10 gm weight from the
height of 2.5 cm onto the impounder (Wrathall et al., 1985, 1994; Teng
and Wrathall, 1996). This model has been characterized in terms of
biomechanics (Panjabi and Wrathall, 1988), resulting functional deficits
(Gale et al., 1985; Wrathall et al., 1985), somatosensory evoked potentials
(Raines et al., 1988), effects on the blood-spinal cord barrier (Noble and
Wrathall, 1989b), and quantitative histopathology (Noble and Wrathall,
1985, 1989a).

After SCI, manual expression of bladders was performed twice daily
until a reflex bladder was established, which usually happens in the
second week postoperatively. Postinjury (p.i.) care also included housing
the rats in pairs to reduce isolation-induced stress, maintaining ambient
temperature at 22-25°C, and using highly absorbent bedding. No prophy-
lactic antibiotics were given.

TTX administration. Dose-response studies were used to determine a
dosage regimen for TTX (RBI, Natick, MA) that would block Na* channels
for a substantial period of time without significant mortality. TTX was
dissolved in citrate buffer (1.5 mm, pH 4.8) at a concentration of 300 or 500
uM and a total dose from 0.15 to 1 nmol, in volumes ranging from 0.5 to 2
wl, and was microinjected into the spinal cord through a stereotaxically
placed 33 gauge needle inserted into the spinal cord 1 mm below the dura.
The needle was linked with a 10 ul microsyringe (Hamilton, Reno, NV)
through polyethylene (PE 10) tubing (Clay Adams, Parsippany, NJ). The
microsyringe was expressed, at rates from 0.1 ul to 0.2 ul/min, with a syringe
pump (Model 341A, Sage Instruments, Cambridge, MA).

On the basis of the results from these preliminary studies, in the
definitive experiment TTX was dissolved in citrate buffer at a concentra-
tion of 300 uM. Vehicle (VEH)-treated control animals received citrate
buffer solution alone. Solutions were sterilized through 0.22 um filters
(Millipore, Bedford, MA, USA). A total volume of 0.5 ul of TTX (0.15
nmol) or VEH was injected into the injury site over a period of 5 min.
After the injection, the needle was kept in the spinal cord for an
additional 2 min to reduce the possibility of losing injected solution from
the site.

Experimental protocol. The experiments were performed according to a
randomized block design. Experimental group size was decided on the
basis of power analysis of outcome measure data from injury dose-
response studies using this SCI model (Gale et al., 1985; Noble and
Wrathall, 1985; Wrathall et al., 1985). On the basis of these analyses, with
12 rats per group there is an 80% probability of detecting an effect =34%
in inclined plane score, 25% in the combined behavioral score, and 15%
in WM area at the epicenter (see description of these outcome measures
below). The TTX-treated and VEH-treated control groups (n = 12 per
group) were behaviorally tested at 1 d and weekly thereafter through 8
weeks after injury. The animals were then reanesthetized, and the spinal
cord tissue was fixed by perfusion for histopathological analyses, as
described below.

Behavioral evaluations of functional deficits. Tests of functional deficits
were performed by one individual blind to the treatments, and the results
were confirmed by separate evaluations of the rats by a second indepen-
dent and blinded investigator. At each time point a battery of tests of
hindlimb reflexes as well as coordinated use of hindlimbs were used, as
described previously (Gale et al., 1985; Kerasidis et al., 1987). The
reflexes tested included toe spread, placing, withdrawal in response to
extension, pressure or brief pain, righting, and the reflex to lick the toes
in response to heat. Coordinated motor activity that was assessed in-
cluded open-field locomotion, swimming, and ability to maintain position
on an inclined plane. Results in individual tests were examined sepa-
rately, and in addition, overall hindlimb impairment was estimated with a
combined behavioral score (CBS) that ranges from 0 (normal rat) to 100
(rat with no evidence of hindlimb function). The CBS was developed on
the basis of initial injury dose-response studies (Gale et al., 1985). It
exhibits a normal distribution, as formally tested with the Wilk—Shapiro
procedure (Shapiro and Wilk, 1965), and was designed as a parametric
statistic to provide a continuous measure of overall hindlimb deficits that
is correlated to injury severity. It has greater statistical power than any of
its component behavioral tests (Gale et al., 1985) and is significantly
correlated with both degree of initial mechanical injury (Panjabi and
Wrathall, 1988) and chronic histopathology (Noble and Wrathall, 1985,
1989a).

In addition, a more detailed examination of open-field locomotion was
performed using an expanded scale that ranges from 0 to 21, where 0
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reflects no locomotory function and 21 reflects a normal performance
(Basso et al., 1995). This “BBB” scale has been adopted by the Multi-
center Animal Spinal Cord Injury Study, which is currently engaged in
preclinical screening of potential therapeutic agents for SCI. Therefore,
use of the BBB as an outcome measure after experimental SCI supports
easier interlaboratory comparison of results.

Histopathology. After the 8 week behavioral testing, animals were
anesthetized with chloral hydrate and perfused intracardially with saline
followed by 4% paraformaldehyde in PBS, pH 7.4. Spinal cord tissue was
removed from the vertebral canal, and a 1.5 cm segment centered at the
injury site was left in fixative for an additional hour, equilibrated with
increasing concentrations of sucrose solutions (10-20%), and frozen with
dry ice-isopentane (—50°C). Twelve spinal cords in each group were
sectioned for morphometric and immunocytochemical analyses. Serial 20
pm cross sections were cut with a Jung Frigicut 2800E cryostat, mounted
with five sections (100 wm of tissue) per slide on slides that were coated
with 3-aminopropyltriethoxysilane (Koo et al., 1988). All morphological
analyses were performed with tissue identified only by animal number:
the evaluator was blind to the treatment group until after the primary
data were collected.

For morphometry, every tenth slide was stained with luxol-blue/hema-
toxylin and eosin, and projected. Areas of GM, myelinated WM, hypo-
myelinated WM, lesion cells, and cavities were traced as described
previously (Noble and Wrathall, 1985). The tracings were digitized, and
areas of each tissue component were calculated with a Zeiss IBAS image
analysis system, through which three-dimensional reconstructions of the
lesions were also generated.

5-HT immunoreactivity was used as a marker for descending sero-
tonergic innervation from the brainstem (Skagerberg and Bjorklund,
1985; Tork, 1990). Rabbit antibody to 5-HT conjugated to bovine
serum albumin (BSA) with paraformaldehyde was purchased from
Incstar (Minneapolis, MN; catalog no. 20080). The antibody was puri-
fied with the aid of a BSA-agarose (Sigma, St. Louis, MO; catalog no.
A-3790) column, to preclude nonspecific binding to BSA, and used at
a dilution of 1:2000. Spinal cord sections were selected that repre-
sented 3 mm rostral and caudal to the lesion epicenter. All of the
selected sections were processed together for immunocytochemistry,
using the same solutions to allow comparison of the relative staining
for 5-HT. Using a Zeiss IBAS image analysis system, fields of view
containing the ventral horns were analyzed to determine the total areas
(pixels) of stained immunoreactive terminals. The same processing
parameters were used for all samples. The data were combined to
estimate total immunoreactivity (wm?) for the ventral horn area.

Statistical analyses. Because both CBS and inclined plane data repre-
sent parametric data as well as repeated measures, the data were analyzed
statistically using repeated measures ANOVA, followed by Tukey’s test
for multiple comparisons between groups. The appropriateness of the
model, initially recommended by Dr. D. Mundt (Division of Biostatistics
and Epidemiology, Georgetown University) and used in previous studies
(e.g., Wrathall et al., 1992, 1994), was tested with each individual set of
data using the SAS statistical software. Nonparametric data (i.e., motor
scores) were compared with the Wilcoxon test. BBB scores were also
analyzed by ANOVA with repeated measures (Basso et al., 1995), fol-
lowed by Tukey’s test for differences at individual time points. For
comparison of areas of spared tissue at different levels of the spinal cord
rostral and caudal to the epicenter in TTX and VEH groups, repeated
measures ANOVA was used, followed by Tukey’s test for differences at
individual levels of spinal cord. For comparison of 5-HT immunoreactive
terminal area, the unpaired Student’s ¢ test was used. All values are
expressed as mean = SEM. Use of the term “significant” in the text
indicates that statistical testing was performed and p < 0.05.

RESULTS

Feasible dose of TTX to block sodium channels in
thoracic spinal cord

Considering the well defined pharmacological nature as well as
the potent toxicity of TTX, we conducted a step-by-step dose—
response study to identify a feasible dose of TTX for testing our
hypothesis. We began the experiments by using 1 nmol TTX, with
2 wl of a 500 um solution infused at a rate of 0.2 ul/min into the
injury site beginning at 15 min after SCI. This dose is twice the
amount of TTX used to block axonal activity in the cortex of rat
for an electrophysiological observation period of 6 hr (Carmi-
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Figure 1. Effect of TTX on overall hindlimb deficits over time after SCI.
Deficits are expressed as a combined behavioral score (CBS) (Gale et al.,
1985). Data points represent the average CBS per group where groups
received either VEH alone (O, n = 4) or 1.0 nmol TTX (@, n = 5). Data
were analyzed with repeated measures ANOVA, which showed an overall
significant ( p < 0.05) effect of treatment. Asterisks indicate that means are
significantly different from the VEH-treated control group at the specified
times after SCI (Tukey’s procedure).

gnoto and Vicini, 1992). Fifty percent of the SCI rats given this
dose of TTX (5 of 10) died of cardiorespiratory failure (confirmed
by cardiorespiratory electrophysiology; data not shown) within 2
hr after the TTX injection. The surviving five rats, however,
showed a dramatic reduction of functional deficits over an 8 week
observation period as compared with a VEH-treated control
group (n = 4) (Fig. 1). Histopathological analyses revealed that
the TTX-treated group had a significantly reduced lesion length
(7.75 = 0.75 vs 10.25 £ 0.63; unit: mm), suggesting a reduction in
secondary injury. Because of the high mortality rate, however, the
apparent effect of TTX could be attributed to the preferential
survival of relatively less injured animals.

We reasoned that the TTX, injected in the thoracic cord (T8),
had probably reached more rostral spinal segments that are im-
portant in regulating cardiorespiratory function. Therefore, re-
ductions in both the quantity of TTX and the administration
volume seemed equally important to achieve a lower mortality
rate. Thus, we performed a series of studies with different doses of
TTX (1.5, 1.0, 0.75, or 0.5 ul of either a 300 or 500 um TTX
solution) under electrophysiological observation of cardiorespira-
tory function as well as behavioral evaluation of the effect of the
drug in blocking axonal activity (i.e., causing hindlimb paralysis in
otherwise normal rats). Injection of VEH solution alone produced
no discernible effect: there were no behavioral abnormalities
when rats (n = 4) were tested after recovery from anesthesia. We
found that a 0.5 ul volume of a 300 um TTX solution (total dose
of 0.15 nmol, infused at the rate of 0.1 ul/min under general
anesthesia) paralyzed the hindlimbs of normal rats for 43.8 + 3.3
hr (n = 5) without causing any mortality. These rats recovered
fully after the period of paralysis caused by TTX and thereafter
exhibited no deficits in any of our behavioral tests. Another small
preliminary group of rats given this dose at 15 min after SCI (n =
3) also survived without mortality. Hence, this dose of TTX (0.15
nmol in 0.5 ul) was chosen for use in the definitive study reported
below. With this dose, all rats (n = 12 per group) survived the full
8 week course of the experiment without evidence of any chronic
adverse physical conditions other than those commonly associated
with SCL
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Effects of TTX on functional deficits after SCI

As described previously by our laboratory (Gale et al., 1985;
Noble and Wrathall, 1989a), rats demonstrated profound impair-
ment of hindlimb function at 1 d after SCI, including areflexia and
lack of coordinated motor functions such as locomotion. There-
after, partial recovery of function was seen until a plateau was
reached at 3—4 weeks, reflecting the long-term deficits character-
istic of this degree of SCI. Focal infusion of TTX dramatically
increased the speed and extent of recovery of hindlimb reflexes
after SCI, as exemplified by the withdrawal reflex to a pressure
stimulus (Fig. 24), and righting reflex (Fig. 2B) (other reflex data
not shown). Recovery of coordinated motor functions including
swimming (Fig. 34) and maintaining body position on an inclined
plane (Fig. 3B) were significantly enhanced. Recovery of capacity
to use the hindlimbs in open-field locomotion, as graded by the
motor score that ranges from 0 in completely paralyzed rats to 5
in normal animals, was also significantly improved at days 14, 21,
28, and 56 p.i. (Fig. 4). Overall hindlimb functional deficits, as
assessed by the CBS, were reduced significantly compared with
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Figure 2. Effect of TTX (0.15 nmol) on recovery of hindlimb reflexes. A,
Effect of TTX on recovery of the reflex to withdraw the hindlimb in
response to pressure applied to the toe pads (pressure withdrawal reflex).
B, Effects of TTX on recovery of the righting reflex to turn over in
response to abnormal body position (righting reflex). Data points repre-
sent the percentage of rats in each group (n = 12 per group; VEH, O;
TTX, @) that exhibit a normal reflex.
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Figure 3. Effect of TTX on recovery of coordinated hindlimb functions.
Comparison of groups (n = 12) that received VEH alone (O) or TTX (@).
A, Percentage of rats that use their hindlimbs in swimming. B, Inclined
plane performance. Data points represent average = SEM maximum
angle at which rats can maintain position for 5 sec. Data were analyzed
with repeated measures ANOVA, which showed an overall significant
(p < 0.05) effect of treatment. Asterisks indicate that means are signifi-
cantly different from the control group at the specified times after SCI
(Tukey’s procedure).
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Figure 4. Effect of TTX on the recovery of locomotor function after SCI.
Open-field locomotion was observed and graded on a 0-5 scale (the motor
score) (Wrathall et al., 1985), in which a grade of 3 or more indicates the
ability to bear weight and use the hindlimbs for effective locomotion. Data
points are individual scores for rats that received TTX (@) or VEH alone
(O) (n = 12 per group). The bars represent the modal score for the group.
The extent of recovery as measured by the motor scores was significantly
(p < 0.05) higher in the TTX group at 14, 21, 28, and 56 d p.i. (Wilcoxon
scores for rank sums).
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Figure 5. Hindlimb function over time after SCI in groups (n = 12) that
received either VEH alone (O) or 0.15 nmol TTX (®). A, Overall func-
tional deficits expressed as the combined behavioral score (CBS) (Gale et
al., 1985). B, Locomotor function graded on an expanded scale (BBB)
(Basso et al., 1995) that ranges from 21 in normal rats to 0 in rats with
complete hindlimb paralysis. Data points represent the group average.
Where no error bar is shown, the SEM was smaller than the symbol. Data
were analyzed with repeated measures ANOVA, which showed an overall
significant (p < 0.05) effect of treatment. Asterisks indicate that means are
significantly different from the VEH-treated control group at the specified
times after SCI (Tukey’s procedure).

the VEH controls beginning 2 weeks after SCI and throughout the
8 week course of the study (Fig. 54). We also evaluated use of the
hindlimbs in locomotion with the expanded BBB scoring system
(Basso et al., 1995), which showed a significantly improved score
in the TTX-treated group from 2 through 8 weeks after SCI (Fig.
5B). This more detailed assessment of locomotor function dem-
onstrated a more robust effect than that seen with the motor score
(compare Figs. 4 and 5B).

After SCI, physiological micturation is lost, and manual expres-
sion of the bladder is required for the rats until a reflex bladder is
established, usually in the second week after this degree of SCI
(Wrathall et al.,, 1985). In addition to the effects on hindlimb
functional deficits, focal application of TTX was also associated
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with a significant reduction in the number of days required to
develop a reflex bladder (5.08 = 0.53 vs 7.50 = 0.26; unit: day).

Effects of TTX on the histopathology produced by SCI
As described previously for this model of SCI (Noble and
Wrathall, 1985, 1989a), the lesioned area of the cord exhibited an
elongated ovoid form with maximal tissue loss at the so-called
“lesion epicenter.” As exemplified by a three-dimensional recon-
struction of the injury site from a rat typical of the VEH-treated
group (Fig. 6D), the lesion tapered rostral and caudal to the
epicenter, with its most distal elements ending in the ventral
portion of the dorsal funicular WM. At the epicenters (Fig. 6C),
the cross-sectional profile of the spinal cords from the VEH-
treated group was reduced compared with the normal thoracic
cord or the cross sections of the injured cord rostral and caudal to
the epicenter. The epicenters were characterized by a peripheral,
often incomplete, rim of residual WM, with the occasional pres-
ence of the most peripheral elements of GM. This residual rim
surrounded the central lesion, consisting of cavities and a loose
network of non-neuronal cells. There was a marked decrease in
the extent of the lesions in most TTX-treated animals as shown in
the reconstruction of the injury site of a rat typical of the TTX
group (Fig. 6B). At the epicenters of lesions in the TTX group
(Fig. 6A4), there appeared to be more residual spinal cord tissues,
especially WM. The cross sections showed profiles that frequently
looked larger and closer to the diameter of the normal thoracic
spinal cord.

The images of the spinal cord sections were analyzed further
using morphometric techniques. Determinations of WM area in
sections of the epicenter and at specified distances rostral and
caudal to it demonstrated a significant increase in residual WM at
the epicenter and at 1 mm rostral and 1 and 2 mm caudal to the
epicenter (Fig. 74). Quantitatively, the greatest effect of TTX was
seen at the epicenter, which was also the injection site. At this site
the average WM area was more than threefold that in the VEH
control group. Although the results obtained from analysis of the
GM area showed a similar trend, the differences were quantita-
tively less, and only significant at 2 and 3 mm caudal to the
epicenter (Fig. 7B).

The relationship between WM sparing at the lesion epicenter
and chronic hindlimb function at 8 weeks after SCI was examined.
Linear regression analysis indicated a significant negative corre-
lation (r = 0.796) between area of preserved WM and overall
functional deficit, as measured by the CBS (Fig. 8).

Measurement of longitudinal lesion lengths also showed a sig-
nificant effect of TTX. The average lesion length in the TTX-
treated group was 6.50 £ 0.54 compared with 8.92 = 0.67 (unit:
mm) in the VEH-treated control group. Treatment with TTX was
associated with a ~27% decrease in the length of the lesion.

To see whether focal application of TTX had altered not only
the extent but also the typical pattern of chronic histopathology
after SCI, we did sector analysis of the spared tissue from sections
representing the lesion epicenters and 3 mm caudal to the epi-
centers. For WM analysis, cross-sectional profiles were divided
into six radial sectors: the dorsal funiculus (Sector 1), left and
right dorsal lateral funiculi (Sectors 2 and 6), left and right ventral
lateral funiculi (Sectors 3 and 5), and ventral funiculus (Sector 4)
(Fig. 94). Sector analysis of WM at the epicenter (Fig. 9B)
showed a generalized effect of TTX, with significant sparing in five
of the sectors and a similar tendency in the sixth. Significant WM
sparing at 3 mm caudal to the epicenter was, as expected, in the
dorsal funicular WM (Sector 1), the area most likely to be lost
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Figure 6. Effect of TTX on residual spinal cord tissue at 8 weeks after injury. Tracing of sections through the lesion epicenters in rats of the TTX-treated
group (4) and VEH-treated control group (C). Epicenters from the TTX-treated group usually show a complete thin rim of peripheral myelinated and
hypomyelinated WM (not distinguished in these tracings), and in occasional cases, peripheral portions of dorsal horn GM (cross-hatched). The centers
of the lesions contain cavities and a loose network of lesion cells (stippled). Also shown are three-dimensional reconstructions of spinal cord of two
individual rats representative (with final CBS similar to the group mean) of the TTX-treated group (B) and the VEH-treated group (D). Color code: red
for WM; orange for GM; dark blue for hypomyelinated WM; blue for lesion cells; and pink for cavity.

after SCI in sections distal to the epicenter (Fig. 9C). There was
no significant GM at the epicenter in either group, but at 3 mm
caudal to the epicenter the effect of TTX was to spare GM sectors
2,4, and 5, those closest to the dorsal funicular focus of the distal
lesion and closest to the location of the WM spared in the
TTX-treated group (Fig. 104,B). Thus, TTX treatment did not
change the pattern of chronic histopathology typical of this model
of SCI; rather it restricted the extent of tissue loss.
Serotonin-immunoreactive terminals in the ventral horn areas
were evaluated quantitatively in sections 3 mm rostral and caudal
to the epicenter. The values in the rostral tissue sections were
similar for the TTX-treated and VEH-treated groups (859.26 =
36.83 vs 793.72 * 47.21; unit: um?); however, 3 mm caudal to the
epicenter, the 5-HT terminal area averaged significantly higher in
the TTX-treated group (226.75 = 51.75 vs 79.60 *= 21.62; unit:
um?), suggesting that the spared WM included axons of this
important descending motor control pathway from the brain stem
(Skagerberg and Bjorklund, 1985; Faden et al., 1988; Tork, 1990).

DISCUSSION

Our results demonstrate that the potent Na* channel blocker
TTX applied focally at the injury site after SCI results in signifi-
cant long-term tissue sparing and reduced functional deficits. At
the time at which TTX was applied, 15 min p.i., the axonal
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Figure 7. Effect of TTX on lesion morphometry at 2 months after injury.
The area of spared WM (4) and GM (B) in spinal cord sections caudal
(=1 to —4 mm) and rostral (1-4 mm) to the injury epicenter. Data
represent the average from 12 rats per group. Groups received VEH alone
(O) or 0.15 nmol TTX (®). There was a significant overall difference (p <
0.05) between the groups (repeated measures ANOVA). Asterisks indicate
that means are significantly different from the VEH-treated group at the
specified locations (Tukey’s procedure).
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Figure 8. Linear regression analysis. A significant correlation between
sparing of total WM (myelinated + hypomyelinated WM) at the lesion
epicenter and reduction of functional deficits as estimated by the CBS at
8 weeks after SCI. r = 0.796; R* = 0.634; p < 0.001 (ANOVA). Analysis
was based on 12 rats from each group that received VEH alone (O) or 0.15
nmol TTX (@).
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Figure 9. Effect of microinjected TTX on residual WM in different radial
sectors of the spinal cord at 8 weeks after injury. A, WM sectors that were
analyzed. B, Sector analysis of sections at the lesion epicenter in groups of
rats microinjected with VEH alone (open bars) or 0.15 nmol TTX (hatched
bars) at 15 min after SCI (n = 12 per group). C, Analysis of sectors at 3
mm caudal to the epicenter. Repeated measures ANOVA indicates an
overall significant difference (p < 0.05). Asterisks signify that means are
significantly different from the VEH-treated group in the specified sectors
(Tukey’s procedure).

pathology after SCI has not yet fully developed (Balentine,
1978a,b). The dose of TTX that we used, 0.15 nmol, blocked
axonal conduction in normal rats for ~43 hr, and thus was likely
to be present in effective concentrations at the injury site during
the critical period (i.e., 4 hr p.i.) of development of acute axonal
pathology after SCI (Lampert, 1967; Dohrmann et al., 1972;
Balentine, 1978a,b; Rosenberg et al., 1996). The lengthy period
(43.8 £ 3.3 hr; n = 5) of hindlimb paralysis in normal animals with
TTX injection, however, suggests that the conduction block may
be attributable to more than the direct blockade of Na™ channels
at Nodes of Ranvier. In this respect, the report that TTX can be
toxic to astrocytes in culture (Sontheimer et al., 1994) may be
relevant. Because astrocytes are needed to maintain appropriate
ionic conditions at the Nodes of Ranvier (Orkand, 1977; Newman,
1993), a possible TTX-mediated astrocytic toxicity in vivo could
contribute to the long conduction block we observed. Current
electron microscopic studies in our laboratory may shed light on
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Figure 10. Eftect of microinjected TTX on residual GM in different
sectors of the spinal cord at 8 weeks after injury. A, GM sectors that were
analyzed. B, GM sector analysis of sections at 3 mm caudal to the lesion
epicenter in groups of rats microinjected with VEH alone (open bars) or
0.15 nmol TTX (hatched bars) at 15 min after SCI (n = 12 per group). An
overall significant difference (p < 0.05) was found between the groups.
Asterisks indicate that means are significantly different from the VEH-
treated group in the specified sectors (Tukey’s procedure).

this possibility. Our finding of significant sparing of WM in the
chronic injury site at 8 weeks p.i., which was correlated to reduced
functional deficits and associated with improved innervation cau-
dal to the injury by brainstem serotonergic fibers, indicates that
TTX is highly protective of WM in vivo. Hence, the present results
are consistent with the hypothesis that Na* channels play a
significant role in secondary injury to WM that occurs after SCI
and contributes to long-term functional impairment.

An alternative explanation could be based on reports showing
that Na™ channel blockers such as TTX can rescue neuronal cell
bodies from anoxic insult through reducing release of glutamate
and aspartate: in other words, by preventing excitotoxicity (Leach
et al., 1993; Lysko et al., 1994; Lynch et al., 1995; Okiyama et al.,
1995). This alternative hypothesis, however, cannot adequately
explain our results. With TTX we observed a preferential sparing
of WM as compared with GM, the opposite of what would be
expected based on an excitotoxic mechanism. Furthermore, in
comparing our present results with those obtained when an opti-
mal dose of the glutamate receptor antagonist 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo( f)quinoxaline was microinjected into the
injury site at 15 min p.i. (Wrathall et al., 1994), there was a
relatively greater effect of TTX in sparing WM and a lesser effect
in sparing GM. Thus, although TTX may also reduce neuronal
loss by blocking excitotoxicity, as has been postulated for TTX and
other Na™ channel blockers used in studies of experimental brain
injury (Leach et al., 1993; Lysko et al., 1994; Sun and Faden,
1995), we postulate that the main effect of the use of TTX in SCI
is through a direct reduction of WM pathology. Ultrastructural
studies are in progress to further investigate this hypothesis, and
preliminary results indicate a reduction in acute axonal pathology
with TTX (Rosenberg et al., 1996). There could also be an effect
of TTX on later WM injury processes, such as apoptotic demy-
elination (Crowe et al., 1997).

Our results with TTX in vivo are consistent with findings from
two in vitro models that have been used to study mechanisms of
WM injury. In these models TTX was shown to ameliorate the
effects of anoxia (Stys et al., 1992b; Stys, 1995) and mechanical
compression (Agrawal and Fehlings, 1996) in reducing axonal
function, i.e., compound action potential. However, the use of in
vitro models precluded the possibility of any histological proof of
long-term axonal sparing that results from blocking Na* influx, or
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evidence of effect in reducing long-term functional impairment.
Furthermore, for the purpose of studying mechanisms, the drugs
tested in these models were applied between 15 and 60 min before
the insults (Stys et al., 1992a; Fern et al., 1993; Stys, 1995; Agrawal
and Fehlings, 1996), leaving open the question of how “second-
ary” the Na™-mediated events might be in causing WM loss after
traumatic SCI. The current results strongly support the concept
that delayed axonal injury that is secondary to the initial mechan-
ical injury of SCI is mediated, at least in part, by Na™ channels in
the WM. Moreover, this postulated secondary axonal injury seems
to contribute significantly to loss of WM and permanent func-
tional impairments.

The pathophysiology of traumatic SCI is understood to be based
on primary mechanical injury to the cord tissue and delayed second-
ary injury processes manifested by the slow development of his-
topathological changes and the lengthy period required for stabiliza-
tion of the histological lesions and functional deficits (Allen, 1914;
Balentine, 1978a,b; Bresnahan, 1978; Noble and Wrathall, 1989a). A
number of mechanisms are involved in the secondary injury process,
e.g., ischemia, abnormal ionic shifts across cell membranes, including
shifts of Na* and Ca**, free radical-mediated lipid peroxidation of
cell membranes, and the abnormal release of excitatory amino acid
neurotransmitters with consequent excitotoxicity (Banik et al., 1987;
Saunders and Horrocks, 1987; Faden and Simon, 1988; Tator and
Fehlings, 1991; Young, 1993). Our current knowledge of secondary
injury processes is based largely on studies focused on damage to
neuronal cell bodies (e.g., Regan and Choi, 1991). Much less has
been learned about mechanisms of secondary injury to axons in the
spinal WM.

Degeneration of tissue after SCI develops later and more slowly
in WM than in GM (Balentine, 1978a,b). It involves the accumu-
lation of calcium in the axoplasm (Balentine and Spector, 1977)
that is believed to activate proteases and trigger collapse of the
axonal cytoskeleton (Kampfl et al., 1996; Saatman et al., 1996).
However, although calcium accumulation in neuronal cell bodies
after injury seems largely mediated by receptors for excitatory
amino acid neurotransmitters (Meldrum and Garthwaite, 1990),
the absence of such receptor-coupled and voltage-gated Ca®"
channels on axons requires a different explanation for axoplasmic
Ca?* accumulation after SCI (Waxman, 1991; Stys et al., 1992b).

The recent in vitro studies have provided new and testable
hypotheses for events in WM injury that could lead to eventual
axonal degeneration. In anoxic injury to the optic nerve in vitro, it
is clear that abnormal Ca®* influx occurs through “reverse oper-
ation” of the Na*—Ca®" exchanger (Stys et al., 1991b). In the
spinal WM compression injury model (Agrawal and Fehlings,
1996), however, blockade of the Na™~H™* exchanger was protec-
tive; blockade of the Na™—Ca®* exchanger was not protective.
The role of Ca®* in this mechanical axonal injury model was not
described. Nevertheless, in both in vitro models, the protective
effect of blocking Na™ channels is clear.

Because ischemia and resultant anoxia develop over a period of
hours in the WM after SCI (Sandler and Tator, 1972; Young,
1985), anoxia-dependent secondary axonal injury is an attractive
therapeutic target. Although TTX itself is not likely to be clinically
useful because of its severe toxicity, it provides an excellent tool
for experimental studies. In the future, dose-response and time-
course studies with TTX could be used to determine lower doses
that are protective of axons but do not block action potentials and
the temporal window of opportunity for use of other, safer Na™
channel blockers, especially drugs that selectively block slow-
inactivating Na™ channels (Stys et al., 1992a). A recent report on
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mexiletine, a drug belonging to the category of use-dependent
Na™ channel blockers, strongly indicates the feasibility and valid-
ity of this approach (Stys and Lesiuk, 1996).

There are two previously published studies on the use of the
Na™ channel blocker lidocaine in experimental SCI. One reported
a beneficial effect (Kobrine et al., 1984) and the second (Haghighi
et al.,, 1987) reported no discernible effect. In these studies in
which lidocaine was administered intravenously, plasma concen-
trations were approximately an order of magnitude lower than
concentrations found to be protective in the recent in vitro studies
(Stys et al., 1992a; Agrawal and Fehlings, 1996). Moreover, in
both of these early studies, the outcome measured was restricted
to acute (up to 4 hr after SCI) somatosensory evoked potentials.
More studies are needed to further explore the effects of Na*
channel blockers on experimental SCI in vivo.

In addition, drugs blocking mechanisms postulated to be
downstream of the Na™ influx in the process of axonal injury,
such as the Na*-Ca®* exchanger (Stys et al., 1992b) and the
Na*-H™" exchanger (Agrawal and Fehlings, 1996), are poten-
tial therapeutic agents. We are currently examining the time
course of development of axonal pathology in our model of SCI
and the pathophysiological role of these exchangers. Such
studies on mechanisms of axonal pathology in SCI will provide
the basis for therapies focused specifically on reducing second-
ary injury to axons and WM.

In conclusion, the results of our current study strongly suggest
that axonal Na* channels are causally involved in secondary injury
to axons after SCI, with consequent loss of WM at the injury site.
The strong correlation seen between WM preservation and re-
duced chronic functional impairment further supports the hypoth-
esis that such secondary WM injury contributes significantly to the
deleterious consequences of SCI. Thus, treatment of acute SCI
with drugs that block Na™ channels, as well as downstream events
in axonal pathology, could form the basis of a new therapeutic
approach for SCI.
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