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Cleavage of Nachannels by calpain increases persistent
Na“ current and promotes spasticity after spinal cord injury

Cécile Brocardi?, Vanessa Plantié?, Pascale Boulengu®Z Sylvie Liabedf Mouloud Bouhadfané,
Annelise Viallat-Lieutaud, Laurent Vinay & Frédéric Brocard

Upregulation of the persistent sodium current (Ingp) in motoneurons contributes to the development of spasticity after spinal

cord injury (SCI). We investigated the mechanisms that regulatel y,p and observed elevated expression of voltage-gated sodium
(Nav) 1.6 channels in spinal lumbar motoneurons of adult rats with SCI. Furthermore, immunoblots revealed a proteolysis of Nav
channels, and biochemical assays identified calpain as the main proteolytic factor. Calpain-dependent cleavage of Nav channels
after neonatal SCI was associated with an upregulation ofly4p in motoneurons. Similarly, the calpain-dependent cleavage of
Navl.6 channels expressed in human embryonic kidney (HEK) 293 cells caused the upregulation ofly,e The pharmacological
inhibition of calpain activity by MDL28170 reduced the cleavage of Nav channels, Iygp in motoneurons and spasticity in rats

with SCI. Similarly, the blockade of Iygp by riluzole alleviated spasticity. This study demonstrates that Nav channel expression in
lumbar motoneurons is altered after SCI, and it shows a tight relationship between the calpain-dependent proteolysis of Nav1.6
channels, the upregulation of Iyzp and spasticity.

Spasticity, a common debilitating complication in people with spineysteine proteas&s are responsible for the cleavage of Navl.6
cord injury (SCI), is characterized by a velocity-dependent increabannels. Our results open new therapeutic avenues, given that
in the tonic stretch reflex and spasmis is primarily attributed to blocking eithel y,p Or the activity of calpain reduces spasticity.

a reduction in postsynaptic inhibition and an increase in the excit

ability of motoneurons below the lesforilthough disinhibition is RESULTS

related to a dysregulation of chloride homeostatii® mechanisms Upregulation of Nav1.6 a-subunit expression after SCI

that cause motoneuron hyperexcitability are not yet fully understoMie tested whether abnormal expression of Nav channels accounts for
In the healthy spinal cord, the excitability of motoneurons is set e upregulation dfy,pafter SCI. To model SCI in rodents, we carried
brainstem-derived serotonin (5-hydroxytryptamine (5-HT)). Theut a complete transection at the T8-T9 level in adult female rats to
activation of 5-HT type 2 receptors (5-pTacilitates voltage-gated avoid regeneration of the supraspinal tracts. At 15 d, 30 d and 60 d
persistent calcium and sodium currefftgpersistent inward currents, after SCI or sham surgery, we performed immunohistochemistry in
or PICs). These PICs considerably amplify the activity of brief synaptimbar segments L4—L5 (caudal to the lesion) to analyze the expres
excitatory inputs, which enables sustained muscle contraét®i®s sion of the two main Navisubunits that are present in motoneurons
are reduced early after S@Gs compared to those in healthy spingNav1.1 and Nav1.6 (ref7)). A pan-Nav antibody that recognizes
cords, but slowly recover within weeks, leading to excessive metorsuNavl isoforms strongly stained axon initial segments (AISs) of
ron activity that is characterized by the plateau potentials associat@toneurons in both sham-operated and SCI ratg.(1a). Although

with muscle spasri8. The upregulation of GaPICs in the chronic the Nav1.1Asubunit was hardly detectabBupplementary Fig. 1a
phase after the injury is due to the increased expression of 5-HT 3\dw1.6-specific immunolabeling largely overlapped the pan-staining
type 2C receptors (5-HF), which become constitutively actie (Fig. 1a, middle and right). The intensity of Nav immunostaining
However, a major question that remains is how thelN& (yap—a revealed by both the pan-Nav and the Nav1.6 antibodies was higher
key conductance of the locomotor netwdri4 that drives plateau in motoneurons after SCI than in sham-operated controls as early as
potentials in motoneuroi8—is upregulated. In adult rats, spinal cord5 d after SCIR < 0.001Fig. 1a-c). Conversely, the Navl.6-specific
neurons express mMRNA encoding fisubunits of sodium channelsimmunostaining in the AlS segments of Renshaw cells did not change
(Nav1.1, Navl1.2, Navl.3, Navl.6 and Na¥f Bt the mainAsubunits — after SCIP > 0.05Supplementary Fig. 1lz).

in spinal motoneurons are Navl.1 and Navl.6 (/8f.We demon

strate here that the upregulationlgfp after SCI is accompanied byCalpain mediates proteolysis of Nav1.6 channels after SCI

a proteolytic cleavage of thesubunit of Nav channels. We furtherTo confirm the changes in Nav expression after SCI, we performed
show that calpains, a family of intracellular calcium-dependenestern blots on the membrane fractions isolated from the lumbar

1Team P3M, Institut de Neurosciences de la Timone, UMR7289, Aix-Marseille Université and Centre National de la Recherche Scientifique (CNRS), Marseille,
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Figure 1 Upregulation of motoneuron AIS Nav Asubunits after SCI. a Pan-Nav Navl.6 Merge
(a) Example single optical sections showing immunostaining of E
Nav Asubunits (left, pan-Nav antibody; middle, Nav1.6 antibody;

right, merged images) in AlSs (arrowheads) of lumbar motoneurons
(L4—-L5) in sham-operated (top) and rats with SCI (bottom; 30 d after SCI).
The insets illustrate higher magnification of the pan-Nav immunoreactive
AlSs indicated by the arrowheads; red border marks the region used to
analyze Nav staining intensity. Scale bars, 20 Mh (main images); 5 Mh
(insets). (b,c) Relative immunostaining intensities obtained for pan-Nav (b)
and Nav1.6 (c) antibodies in sham-operated (white) and rats with SCI (black),
normalized to sham-operated controls at different time points after SCI.

n =51 cells each from three rats per group (sham-operated and SCI) at
15 d; 52 cells each from four rats per group at 30 d; and 52 cells each
from four rats per group at 60 d. Data are mean os.e.m. *P < 0.05,

* P <0.01, ** P<0.001 comparing sham-operated to SCI groups; two-
way analysis of variance (ANOVA), Bonferroni'post hoc test for all panels.

spinal cord. The pan-Nav antibody revealed a prominent ~250-kDla Eg*é?m
band consistent with the full-lengtisubunits of Na¥® (Fig. 2a).

Although this band was unaffected by SCI, a distinct ~120-kDa band | >
increasedR < 0.001Fig. 2ab), such that the total amount of Nav £ | |

1
*

channels at the membrane was higher in SCI samples than in shagn
operated controlsR < 0.05Fig. 2). In sham-operated rats 15-60 d E

after surgery, the ~120-kDa band represented a smaller proportion $f 1
total Nav protein relative to the ~250-kDa bafd<(0.001Fig. ), o

Relative Nav1.6 staining
=
1 1 1 1 1
|—

14
whereas in rats with SCI, the ~120-kDa and ~250-kDa bands were 1
found to represent roughly equal proportions of total Nav protein o0-—=——%& 0 —=
15d 30d 60d 15d 30d 60d

(P> 0.05Fig. ). The expression of the neuronal microtubule ele
ment Btubulin Ill, which was used as an internal control, did not
change after SCF{g. 2). SCI Fig. 24, middle), which suggests the contribution of a cytosolic
We then investigated Nav proteolysis in adult rat spinal cord homo@#2*-dependent protease. A pretreatment of homogenates with
nates. In C&'-chelated saline (5 mM ethylenediaminetetraacetic aditDL28170, a widely used calpain inhib&#, prevented the fer
(EDTA)), homogenates revealed a single ~250-kDa l&agd&l, left mation of this second banéig. 2, right). Conversely, the addition
column). The addition of calcium (10 mM) in homogenates genenf calpain progressively and dose-dependently reduced the ~250-kDa
ated a ~120-kDa second band similar to that observed/o after band and increased the ~120-kDa band corresponding to the cleaved

a b C 150 . O250kDa d e
4 - 0 Sham W 120 kDa
my _Sham _ s&t - |msc N CaCl, - + + Calpan(U) 0051 2 3 1 1
(kDa) & 34 k] MDL28170 - - +  MDL28170 — - - — — — +
250 % :g 60 - MW (kDa) MW (kDa)
S 5 ® 250 250
c & 40 -
g * =
150 K 1 8 20 - 150
3 9@ 130
0- 0- 100 100
100 E E ‘IEI E 15 30 60 15 30 60
kDa kDa Sham SCI
Time after injury (d)
Figure 2 Cleavage of Nav1.6 channels by calpain. &) Pan-Nav f h
immunoblot of lumbar segments in sham-operated and adult 0 250 kDa g HEK293 8 9 O Control
rats with SCI (60 d after SCI). One rat per lane. (b) Quantification _ 100, W120kDa e Calpain - - + + M Calpain  **
of ~250-kDa and ~120-kDa bands in rats with SCI, normalized S go | e e P e MW (kDa) 2 61
to sham-operated controls. Btubulin Il ( Btub) was used as a g 250 £
control. *P < 0.05, *** P <0.001, comparing sham-operated to 5 60 g 4
SCI; Mann-Whitney test. (c) Proportion of ~250-kDa and & 40 130 E
~120-kDa bands relative to total Nav proteins at different é 20 g 2
times after sham or SCI surgery. ***P < 0.001, comparing & 0 100 e
~250-kDa to ~120-kDa bands; two-way ANOVA, Bonferroni’'s "0 05 10 20 30 0 ||
post hoctest. In b and ¢, at 15 d and 30 d, n =3 sham-operated Calpain concentration (U) 250 kDa 120 kDa

and n = 5 rats with SCI; at 60 d, n =4 rats in each group.

(d,e) Pan-Nav immunoblot of intact adult rat spinal cord homogenate incubated with Ca2* and/or MDL28170 (30 N#; d), with increasing concentrations
of calpain alone (0-3 U, left lanes in e), or with calpain (1 U) and MDL28170 (30 N#, right lanes in e). (f) Quantification of ~250-kDa and ~120-kDa
bands relative to total Nav protein (0 U, n=8;0.5U, n=6;1U, n=2;2U, n=4;3U, n=2; nreplicates from four rats). *** P < 0.001, comparing
~250-kDa to ~120-kDa bands; two-way ANOVA, Bonferroni'spost hoc test. (g) Pan-Nav immunoblot of HEK293 Nav1.6-expressing cells with or without
calpain (1 U). (h) Quantification of ~250-kDa and ~120-kDa bands in calpain-treated culture, normalized to untreated culture (OU, n=4;1U, n=6;

n replicates from two cultures). ** P < 0.01; Mann-Whitney test. Data are mean os.e.m. for all panels.
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Figure 3 Calpain inhibition prevents the a
cleavage of Nav channels and thely,p increase Sham sc A'Dzﬁm 100- Dix?
after SCI. (a) Pan-Nav immunoblot of lumbar MW u u a
segments in sham-operated and neonatal rats (kDa)
with SCI (7 d after SCI). One rat per lane. 250
(b) Quantification of ~250-kDa and ~120-kDa

bands in rats with SCI (n = 11 rats), normalized 150
to sham-operated controls f1 = 11 rats).

*P <0.05, ** P<0.001, comparing sham to

SCI; Mann-Whitney test. (c) Proportion of 100 [
~250-kDa and ~120-kDa bands relative to total 250 120 Total -tub 0-
Nav protein. ** P < 0.001, comparing ~250-kDa kba  kba Sham  SCI
and ~120-kDa bands; Mann-Whitney test. d

(d) Pan-Nav immunoblot in neonatal rats with MW
SClI, treated with vehicle (dimethyl sulfoxide; (kDa)
DMSO) or MDL28170 (10 mg/kg/d for 8 d). 250
One rat per lane. (e) Quantification of ~250-kDa

and ~120-kDa bands in MDL28170-treated rats 150
with SCI (n = 12), normalized to vehicle-treated

rats with SCI (n = 9). *** P <0.001, comparing
vehicle-treated rats to MDL28170-treated rats; 100 ot-H= LI KL [ L
Mann-Whitney test. (f) Proportion of the Eg Eg Q%SUMMRNO
~250-kDa and ~120-kDa bands normalized to

total Nav protein. *** P < 0.001, comparing g *kk K
~250-kDa and ~120-kDa bands; Mann- -0 S0 %0 o 0 e ] 1 ——
Whitney test. (g) Leak-subtracted Iygp from 0 600+
sham-operated rats 6 = 60 motoneurons),

and vehicle-treated (n = 62 motoneurons) and
MDL28170-treated neonatal rats with SCI

(n = 63 motoneurons; 10 mg/kg/d for 8 d).

(h) Threshold (left), amplitude (middle) and
density (right) of Iygp *P < 0.05, *** P <0.001,
one-way ANOVA.ij TTX-sensitive, leak-subtracted 600 Sham ]
Inap from Navl.6-expressing HEK293 cells, a — SCl-vehicle K: @9
few minutes after internal perfusion with calpain — SCI-MDL28170 W Y
(0.25 M/ml). (j) Comparison of time-course i Voltage (mV) : 2
changes in the threshold (left) and amplitude 80 -40 O 40 80
(right) of Inap between untreated cells (n = 9) and R
calpain-treated cells (n = 13). ** P<0.01,

** P < (0.001, repeated measures two-way 0

ANOVA. Data are meanos.e.m. for all panels.
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400
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|
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— Control 100

protein (Fig. 2ef). MDL28170 blocked the
calpain-induced cleavagEi¢. 2, right two
bands). Similar results were obtained for — Calpain4 2

Nav1.6 channels expressed in HEK293 cells. '~ _ 17x Time (min) Time (min)

The application of calpain reduced the native

~250-kDa band to generate a lower molecular weight band of ~120 kD&/e performed voltage-clamp recordings to examine the biophysical
(P<0.01Fig. 2gh). In sum, Asubunits of Nav channels in the adulfproperties of\apin lumbar motoneurons. In response to slow volt
rat spinal cord, and specifically the Nav1.6 isoform that is prominergiye ramps, lumbar motoneurons displayed a large inward current

Activation threshold (mV)

— Calpain = *%*% 44

|
-
o

Inap @mplitude (% of control)

Current (pA)

T
o 1 2 3 4 o 1 2 3 4

80 Calpain 1

expressed in motoneurons, are substrates of calpains. (Fig. 3), which we attributed tb\,p because it was abolished by the
known Iyapinhibitors riluzole (5—10M1)14 and tetrodotoxin (TTX)
Calpain is involved in SCl-induced potentiation of Iyp (1 NM; Supplementary Fig. 2 SCI resulted in an upregulation of

To further examine the role of calpain in the SCl-induced cleavdggp (Fig. 3g)—characterized by a negative shift of the activation
of Nav Asubunits, we employed a SCI model in neonatal rats théitreshold—as well as an increase in both the absigyteurrent

when compared to the adult model, more readily enables patahd thely,pcurrent density, as compared to sham-operated controls
clamp recordings to be obtained from motoneurons in acute spirfRl< 0.001Fig. 3h). Chronic treatment of neonatal SCI-model rats
cord slicesn vitro. SCI performed at birth induced a cleavage of Nawth MDL28170 reduced the amplitude € 0.001Fig. 3gh) and the
channels similar to what was observed after SCI in adRdt9(001; density ofi\ap as compared to rats with vehicle-treated $310.05;

Fig. 3a-). Intraperitoneal (i.p.) injections of MDL28170 (10 mg/kg/drig. 3). Note that the biophysical properties lgf;p recorded

for 8 d, beginning 10 min after injury), which readily crosses tfem motoneurons in sham-operated controls were similar in both
blood-brain barrie??, reduced the ~120-kDa band by 466% untreated and MDL28170-treated animabsipplementary Fig. B

(P < 0.001Fig. 3de), as compared to vehicle-injected controls with Because our data suggested that the expression of Navl.6, the
SCI, but did not affect the ~250-kDa bafd>0.05Fig. 3de), such major Nav channel isoform in motoneurons, is altered after SCI, we
that the relative proportions of the full-length and cleaesibunits then specifically investigated calpain-mediated changes ihipe
were reversed-(g. ). that is mediated by Nav1.6 channels expressed in HEK293 cells.
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Figure 4 Riluzole decreases spasms in rats a d g
with SCI. (a,d,g) Representative EMG responses
of the flexor digitorum brevis muscle (FDB),
evoked by tibial nerve stimulation (arrows)

in adult animals with SCI before (top) and

after (bottom) acute i.p. administration of

riluzole (8 mg/kg; n = 8 rats; a) or chronic i.p.
administration of riluzole twice a day for

2 weeks at 1 mg/kg (n = 7 rats; d) or at 4 mg/kg 1s 5ms

(n = 8rats; g). Insets illustrate enlargements of Riluzole acute Riluzole chronic Riluzole chronic
the M wave and H reflex. (b,e,h) Average (& mgko) (2 1 molkgld) (2 4 molkgld)
post-stimulus time histogram (PSTH; bin

width, 100 ms) of FDB multiunit recordings
collected before (black) and after (gray)

the above-mentioned riluzole treatments.

(c,f,i) Quantifications of PSTH, Number of spikes
per bin (left) and area under the curve (right).

*P <0.05, ** P<0.01 comparing animals
before and after the riluzole treatments by a
Mann-Whitney test. Data are mean os.e.m.

for all panels.
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Intracellular dialysis of active calpain
(0.25 Mi/ml) during voltage-clamp recordings
produced a gradual hyperpolarization of the o~ - od
Navl.6-mediatedy,p activation threshold, 0 4 8 0 4 8 0 4 8
which was not observed in untreated cells Time (s) Time (s) Time (s)

(P < 0.001Fig. 3ij). Over the same 4-min ESCl  HRiluzole f ESCl  BRiuzole | ESCl  HRiluzole
recording duration)yap amplitude increased %0 N * %0 S - *

in calpain-treated cell®& 0.001Fig. 3ij) and
was abolished by TTX (#; Fig. 3). The bie
physical properties diyap were stable when
calpain was discarded from the intrapipette
solution (Fig. 3§ andSupplementary Fig. # 0 0 0 0 0 0
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Blocking Inap reduces spasms in rats with chronic SCI we monitored muscle spasms in the same rats with SCI both before
In awake adult rats with chronic SCI, we evoked hind-limb muserd after the administration of riluzole, which is known to inhibit
spasms by stimulation of the tibial nerve, while simultaneousty tdj,p (ref. 26). The initial muscle spasms were significantly reduced
ing electromyography (EMG) recordings from the flexor digitorur6O min after a single i.p. injection of riluzole (8 mg/Rgs 0.05;
brevis muscle. Responses were typically characterized by an inteigsela—C), and self-sustained activity of the motor units dropped in
muscle contraction, and were often followed by the self-sustaimeomber to six, with a firing frequency above 10 Hz (24321 Hz).
activity of motor units, with a mean discharge rate ofold6 Hz The effect was specific to long-lasting tonic activity, because the
(Fig. 4a=). Nearly half of the motor units (13 of 28) fired below 10 H¥ wave and the monosynaptic Hoffmann reflex (H reflex) were
a slow discharge thought to be driver s (refs.4,8,9,23-25). Next, not affected R > 0.05Fig. 4a insets andSupplementary Table 1
We also monitored muscle spasms before and after chronic treatment
01250 kDa with riluzole for 2 weeks in the same rats with SCI (beginning 30-90 d
80 MW120kDa after injury). Although a low-dose riluzole treatment (2 x 1 mg/kg/d,;
* i.p.) had no effeclR> 0.05Fig. 4d-f), rats treated with a higher dose

W SCl-vehicle
15+ @SCI-MDL28170

O

a

SCI- SCI-
MW vehicle MDL28170
(kDa)

*%

60

250 40 Figure 5 Calpain inhibition restores Nav expression and decreases spasms

in rats with SCI. (a) Pan-Nav immunoblot in adult rats with SCI (60 d after

surgery) treated with vehicle or MDL28170 (10 mg/kg/d for 10 d). One rat

0 per lane. (b) Quantification of immunoreactive ~250-kDa and ~120-kDa

100 250 kDa 120 kDa scl- Sscl- bands in MDL28170-treated rats with SCI (n = 7; gray), normalized to

vehicle  MDL28170 SCl vehicle-treated rats (1 = 5; black). ** P < 0.01, comparing vehicle-

— sl 40 4 treated to MDL28170-treated rats; Mann-Whitney test. (c) Proportion of
SCI-MDL28170 immunoreactive ~250-kDa and ~120-kDa bands, normalized to total Nav

protein. ** P < 0.01, comparing the ~250-kDa to the ~120-kDa band;

1 Mann-Whitney test. (d) Representative EMG responses of the FDB muscle,

evoked by stimulation of the tibial nerve (arrows) in adult rats with SCI

(n = 10) before (left) and after chronic treatment with MDL28170 (10 mg/kg/d

0- N for 10 d; right). ( €) Average PSTH; bin width, 100 ms of FDB recordings

1s 0 4 8 Y eo\@ before (black) and after (gray) chronic treatment with MDL28170.

Time (s) (f) Mean spikes per bin. ** P < 0.01, before and after MDL28170

treatment; Mann-Whitney test. Data are mean + s.e.m. for all panels.
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Figure 6 Calpain inhibition has a long-lasting effect on the restoration

of Nav expression and the reduction of spasms after SCI. ) Pan-Nav
immunoblot in adult MDL28170-treated rats with SCI (60 d after surgery)
(10 mg/kg/d for 10 d) and tested either at the end of the 10 d treatment
(n =5 rats (SCI-MDL28170)) or 3 weeks later (n = 6 rats (SCl-wash)).
(b) Quantification of immunoreactive ~250-kDa and ~120-kDa bands in
SCl rats MDL28170-treated and tested 3 weeks after the discontinuation
of the chronic treatment (SCl-wash), normalized to SCI rats treated with
MDL28170 and tested at the end of the treatment (SCI-MDL28170).

P > 0.05, comparing SCl-wash and SCI-MDL28170 rats; Mann-Whitney
test. (c) Proportion of immunoreactive ~250-kDa and ~120-kDa bands,
normalized to total Nav protein. ** P < 0.01, comparing ~250-kDa to
~120-kDa bands; Mann-Whitney test. (d) Representative EMG responses
of the FDB muscle, evoked by stimulation of the tibial nerve (arrows)

in the same adult animals with SCI before (left) and after chronic i.p.
administration of MDL28170 (10 mg/kg/d) for 10 d (middle), and 3 weeks
after the discontinuation of the chronic treatment (right). ( €) Average
PSTH; bin width, 100 ms of FDB multiunit recordings collected before
(black) and after chronic administration of MDL28170 (dark gray), and

3 weeks after the discontinuation of chronic treatment (wash; light gray).
(f) Average number of spikes per bin in the PSTH. *P < 0.05 comparing
SCI, SCI-MDL28170 and SCl-wash groups by one-way ANOVA. Data are
mean os.e.m. for all panels.

compared to those measured before treatmert 0.01Fig. 46-),

discontinuation of the chronic treatmerspplementary Fig. b

Calpain inhibition prevents cleavage and reduces spasms
in rats with chronic SCI

with SCI, as compared to vehicle-treated conti®ks (.01Fig. 5).

treatment with MDL28170 in the same animd<(0.01Fig. 5d-f),

(P < 0.05Supplementary Fig. Y.
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3 weeks lateR> 0.05fig. 6d-f), and they were markedly reduced,

as compared to those measured before treatment in the same animals
(2 x 4 mg/kg/d; i.p.) exhibited markedly reduced muscle spasmgRs 0.05fig. 6d-f). Finally, when we considered all rats for which
both spasms and proteolysis had been assessed, a significant correla
but showed no change in the M wave or H refeupplementary tion was found between both parameteé?s<(0.01Supplementary

Table 1. In high-dose riluzole—treated rats, very few motor unitsig. 8); i.e., rats with spasticity were those in which a prominent
(n = 3) continued to spike at a rate lower than 10 Hz. This benefieiaR0-kDa band was expressed.

effect was temporary; muscle spasms reappeared 2 weeks after the

DISCUSSION

Here we demonstrate for the first time a long-lasting cleavage of Nav
channels in the spinal cord after SCI, and we identify calpain as the
factor responsible for this proteolysis. Proteolysis of Nav channels
Finally, we investigated the effect of chronic treatment wiih associated with an upregulationlgfp in lumbar motoneurons.
MDL28170 in adult rats with chronic SCI. The animals were injectAdclear relationship between these two events is given by our
with MDL28170 (10 mg/kg/d; i.p.) or vehicle solution daily for 10 dfudies on HEK293 cells that express Nav1.6 channels, in which
beginning 30—60 d after SCI. Such treatment reduced the cleaadgain-mediated cleavage of Nav1.6 was found to upredplate
of Nav Fig. 5), which we confirmed by the presence of a lowér similar relationship has been pointed out for epithelial sodium
relative proportion of the ~120-kDa band in MDL28170-treated rathannels (ENaCJ. Indeed, the co-expression of a serine protease with
ENaC inXenopusocytes increases the basal activity of the sodium
The proportion of total Nav protein represented by the ~120-knannel by two- to threefofl The tight relationship between the
band was smaller than that represented by the ~250-kDa banduinctionality of the channel and its proteolysis is further supported
MDL28170-treated rats with SCI, whereas the 120-kDa and ~250-kiyahe observation that internal perfusion of voltage-clamped squid
bands were found to represent roughly equal proportions in thgons with the proteolytic enzyme pronase prevents the inactivation
vehicle-treated SCI control group € 0.01Fig. &). Furthermore, of the sodium conductance and generates a pronouggg¢ref.29).
EMG responses recorded from the flexor digitorum brevis mustlastly, calpain inhibition decreases the late sodium current in
were markedly reduced, as compared to those measured befergricular cardiomyocytes that is associated with chronic heart
failure®0. We observed a similar effect in our study: MDL28170
whereas the M wave and H reflex were not affe@epgdlementary treatment after SCI limited the enhancementgfin motoneurons.
Table 2. Chronic treatment with the vehicle did not change EMBowever, the rescue was partial, suggesting the existence of calpain-
responsesJupplementary Fig.  Remarkably, an additional reduc independent mechanism(s) involvedl jgp upregulation. Given that
tion of EMG responses was observed after a single administratiothefactivation of 5-HJ receptors upregulates thg,p (ref. 4), the
riluzole (8 mg/kg; i.p.) in animals chronically treated with MDL281 #bnstitutive activation of 5-HIreceptors after S&Imight be one of
these mechanisms. TheZ®IC of motoneurons is also facilitated by
The long-lasting beneficial effect of chronic MDL28170 treatmeBuH T, receptord! and their constitutive activity after S€.IBecause
was then tested on another set of animiig. 6). Three weeks after of the low C&*-buffering capacity of motoneuroffs an increase
the discontinuation of the 10 d treatment (‘wash’ animals), cleavagéhe magnitude of the Ga PIC might activate C&4-dependent
of Nav remained lowHig. 6a), and the ~120-kDa band was simicalpains. Then, calpains upregulitge not only by increasing its
lar to that observed at the end of the chronic treatmBnt 0.05; magnitude, but also by hyperpolarizing its activation threshold, such
Fig. &) and remained much smaller than the ~250-kDa baras has been reported in sacral motoneurons from adult rats with
(P < 0.01Fig. &). Similarly, muscle spasms quantified at the emhronic SC#. The enhancement of tHg,p in turn increases the
of the chronic treatment remained at similar levels when assagaditability of motoneuron by facilitating: 1) the spike initiation
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during slowly rising input®; 2) the related, sub-threshold membraneats with SCI, without affecting the H reflex that results from the
oscillations at the source of a slow, self-sustained spiking actidttjvation of glutamatergil afferents, thereby demonstrating that
which is associated with abnormally slow firing of motor unithe antiglutamatergic action of this drug could not account for the
recorded in humans with spastici§?®23-25; and 3) the recruitment observed effects. The observed effect of riluzole probably results from
of the high-threshold G4 PIC815 that ultimately leads to the self-an inhibition ofly,p114, a current that was shown to be upregulated
sustained firing associated with intense muscle sPdsinghis con  and to contribute to reflex hyperexcitability in the chronic phase of
text, riluzole reduces spasticity by decoupling the tandem relations8ipI in both ratd and human®. In line with this assumption, the
of Inapand C&* PIC. slow motor-unit activity ascribed to the regenerative activation of
Calpain proteolyzes the Nav1&subunit after a traumatic brain 1y,%8923-2550 js almost silenced by riluzole. In further support of
injury1934, Proteolyzed Nav channels remain in the plasma memrole for riluzole in reducing spasticity, a dose of 8 mg/kg decreases
brané® and might account for the substantial increase seen in the response of the tail muscles to cutaneous stimuli in rats with SCI
expression of Nav1.6 channels in the AlSs of motoneurons after @Cihe sacral lev&l Similarly, after SClypis upregulated in dorsal
Motoneurons alone are unlikely to account for all of the changeshiorn neuron&?, and riluzole reduces neuropathic pain in rats with
the expression of Nav channels located below the lesion. WhereaS@#?. All together, these data provide strong preclinical evidence for
changes occur in Renshaw cells, increases in the expression ofthettranslation of this treatment to humans during the chronic stage
Nav1.6 channels in the lumbar white matteand Nav1.3 channels of SCI, a process that will probably be facilitated by a major clinical
in dorsal horn neuror®§ have been described after SCI. Similarljal that is currently in progress to test the neuroprotective effects of
increases in the expression of Nav1.6 channels in mictbglight riluzole in the acute phase of S€I
also arise after SCI. Calpain probably proteolyses other substraté®roteases, and particularly calpains, represent important pharma
in addition to Nav channels. Expression of the potassium-chloridelogical targets for the treatment of different human pathol&yies
co-transporter KCC2 was shown to be downregulated in motoneurdnghe present study, the use of MDL28170 demonstrates the potential
after SCI and to cause a net disinhibition, thereby contributing to thenefits of calpain-specific therapies for the treatment of spasticity.
generation of spasticitylt is worth mentioning that the C-terminal Similarly, a single intraspinal microinjection of MDL28170 after SCI
domain of KCC2 is sensitive to calpain, which alters its ability rrearkedly improves both locomotion and pathological outceime
extrude Ct ions®. This leads us to consider the possibility that@ne caveat to the specificity of MDL28170 is its activity against
proteolytic cleavage of both the Nav channels and KCC2 may compbeelysosomal cysteine protease cathepsin B, although MDL28170
the upstream mechanism of spasticity. provides a 2.5-fold better affinity for calpains than for cathepsin B
Calpains exist as two major isofornicalpain (or calpain 1) and (refs.57,58). A predominant effect of MDL28170 on calpains can be
m-calpain (or calpain 2), that differ from each other in the range medicted, given that a minimal systemic dose of MDL28170 was used
Ca&** concentrations that they require for half-maximal activatioto reduce cysteine proteinase activity in the central nervous system
(M and mM ranges, respectively). The expression level of ¢@INS¥220 and that inhibitors targeting cathepsin B do not prevent
pain markedly increases a few hours after38€2| especially in the cleavage of sodium chandls$n line with this, calpain inhibi
motoneurong3. The activation of calpain 1, but not of calpain 2; cotion with genetic tools provides neuroprotection in the acute phase
tributes to initial reactive gliosis and tissue damage aftet®8@%,  of injuries.
but calpain activity is confined to the injury $fteln regard to the  The other major result of the present study is that even when tran
calpain-mediated upregulation ks this observation is compatiblesient treatment with a calpain inhibitor starts only after spasticity has
with the smally,precorded in sacral motoneurons after acute?s5Clbeen established, spasms can still be reduced for a long-lasting period.
Although the increased expression of calpain during the acute phEise post-injury administration of calpain inhibitors for a short period
of injury is well documented, very little is known about its expressiseems to be a rational and feasible treatment for spasticity induced
during the chronic phase. However, global gene expression, as mwsaSCl, without being detrimental to the physiological functions of
ured through laser capture of mRNA in sacral motoneurons beloaipain$§® over a long period of time. Because the co-administration
the SCI, showed differentially expressed genes encoding calpastétiiuzole with MDL28170 further reduced muscle spasms, a tran
(a natural inhibitor of calpains) and calpain 1 (4. In particular, sient inhibition of calpain, followed by a chronic blockadéngh
expression of the gene encoding calpastatin decreases 21 d aftenfgit be even more efficient than either given alone for a functional
whereas the gene encoding calpain 1 increases its expression 60 dexfterery after SCI.
SCI. These data fit with a gradual activation of calpains in the spinal
cord, in parallel with both the proteolytic cleavage of Nav chann®IETHODS
and the emergence of spasticity in hind limbs. The isoform of calpklathods and any associated references are available imlthe
that is involved in the chronic phase of SCI should be investigatedsion of tle pape
further in the future. It is worth mentioning that the expression of
calpain 1, but not of calpain 2, was shown to be increased in the dd{gial Any Supplementary Information and Source Data files are available in the
horn of the spinal cord 3—4 weeks after peripheral nerve ligétion °nline version of the pape

The present study opens up new avenues for the treatment of
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ONLINE METHODS habituated with an appetizing reward to be individually confined in a plexiglass
Animal care. Wistar rats were housed under a 12 h light-dark cycle int@be and to have their paralyzed hind limbs immobilized with tape. For electro
temperature-controlled area withd libitum access to water and food.physiological assessment of spasticity, a pair of stainless-steel stimulating needle
All animal care and use conformed to the French regulations (Décret 2010-El&)trodes was inserted transcutaneously into the surroundings of the tibial
and were approved by the local ethics committee CEEA 71-Comité détiqua@ane above the ankle. A recording electrode was inserted percutaneously into
neurosciences - INT Marseille (authorization Nb A9 01 13). the FDB (flexor of the lateral four toes), and the reference electrode was placed
s.c. into the foot. The ground was s.c. at the base of the tail. Given that the rats
Surgery and postoperative car&pinal cord transection was performed invere spinalized, they could not feel any pain when these needle electrodes were
adult and neonatal rats. Adult female Wistar rats (220-280g) were anesthepizeed in their hindquarters. EMG signals were amplified (100x) and band
with ketamine (Imalgen, Merial, 50 mg/kg i.p.) and medetomidine (Domitgoass filtered (300 Hz to 5 kHz; A-M Systems Amplifier, Everett, Washington;
Janssen, 0.25 mg/kg i.p.) and treated preventively with a long-acting antibioidclel 1700) before sampling at 13.5 kHz (Digidata 1440A, Molecular Devices).
(amoxicillin, Duphamox LA, Pfizer, 100 mg/kg subcutaneously (s.c.). A miffter a 20 min acclimation period in the confinement tube, the tibial nerve
line skin incision was performed, and a local anesthetic (Procaine chlorhydvede stimulated by using square pulses with increasing stimulus intensities
2%, Pharmy H) was injected into the paravertebral muscles before retraciforl. mA increments starting from 0.1 mA, 0.2 Hz, 0.2 ms; A-M systems
A laminectomy of the T8 dorsal vertebra was performed carefully to exposestiraulator, Model 2100) to obtain H-reflex and M-wave recruitment curves.
spinal cord. After cutting the dura, the spinal cord was completely transecdedupramaximal single-pulse stimulation to elicit muscle spasms was then
with small scissors at the T9 segmental level under local anesthesia. The fixege throughout the experiment (two or three times the threshold intensity
vertebral muscles and skin were then sutured and disinfected. The rats feerthe M wave), with 90 s interstimulus intervals.
rehydrated with 5 ml of 0.9% NaCl s.c. and kept warm in an incubator. Two hours
later, they were awakened with an intramuscular (i.m.) injection of atipamelroVitro preparations and intracellular recordingsRat lumbar spinal cords
(Antisedan, Janssen, 0.12 mg/kg) and with a morphinic analgesic s.c. injestgd isolated at the end of the first postnatal week in ice-cold (<4 °C) artificial
(buprenorphine, Vetergesic, Sogeval, 0.05 mg/kg; three injections at 8 h inteceatbrospinal fluid (aCSF) solution with the following composition (in mM): 232
to cover the first 24 h). Rats were then placed in a warm room in clean individuarose, 3 KCI, 1.25 KPO,, 4 MgSQ, 0.2 CaGl 26 NaHCQ, 25 -glucose,
cages with easily accessible, completely natural food for rats (Vitakraft) and vpéder.4. The lumbar spinal cord was then introduced into a 1% agar solution,
bottles containing 1.33 g/l of aspirin for 3 d (Aspégic nourisson, Sanofi Aventisjckly cooled, mounted in a vibrating microtome (Leica VT1000S) and sliced
Their bladders were emptied twice a day until recovery of autonomy. Their wéB&0 Nh) through the L4-L5 lumbar segments. Slices were immediately trans
intake, temperature and weight were checked every day until they recoverddraed into the holding chamber, which was filled with aCSF composed of (in
ascending weight curve. After 7 d, they were housed again with their initial cay: 120 NaCl, 3 KCI, 1.25 NaPiO,, 1.3 MgS@ 1.2 CaGl 25 NaHCQ, 20
partners. Occasional urinary infections were treated with enrofloxacine (Baytrilucose, pH 7.4. All solutions were oxygenated with 95%n@® 5% CQ
Bayer, 5 mg/kg/j for 3 d). In neonates (P0), the procedure was similar, excepSlegs were visualized with infrared differential interference contrast (IR-DIC)
animals were anesthetized by hypothermia, and after the complete transectiomabscopy by using a Nikon Eclipse EG00FN upright microscope coupled with a
the spinal cord at the T8-T9 level, the lesion cavity was filled with sterile,-absé@x water-immersion lens. The image was enhanced with a Hitachi KP-200/201
able, local hemostat Surgicoll. The wound was then covered with Steri-Strifsared-sensitive CCD camera and displayed on a video monitor. Whole-cell
(3M Health Care, St. Paul, Minnesota) and animals were kept warm and peéth-clamp recordings were performed with a Multiclamp 700B amplifier
for 2 h in cotton-wool swab infused with their mother’s smell, after which th@ylolecular Devices) on motoneurons located in the lateral ventral horn and
were returned to their home cages with their mother. The antibiotic amoxychiirere visually identified on the basis of their large soma. Only neurons with a
(150 mg/kg s.c.) was injected postoperatively. Sham-operated animals wembrane capacitance higher than 100 pF were considered. Patch electrodes
subjected to all procedures except the spinal cord transection. (2—4 M7) were pulled from borosilicate glass capillaries (1.5 mm OD, 1.12 mm
ID; World Precision Instruments) on a Sutter P-97 puller (Sutter Instruments
Drug-treatment design. Two main types of experimental treatments wer€ompany) and filled with intracellular solution containing (in mM): 140 K
performed. For treatment one, adult rats with SCI and chronic spasticity wgheconate, 5 NaCl, 2 Mgg£110 HEPES, 0.5 ethylene glycol tetraacetic acid
randomly treated with either a single administration of riluzole (Riluzole-HGEGTA), 2 ATP, 0.4 GTP, pH 7.3 (280—-290 mOsm). Pipette and neuronal capacitive
Tocris, 8 mg/kg i.p. diluted in phosphate-buffered saline (PBS) with 5% or Ififsents were canceled, and after breakthrough, the series resistance was
cyclodextrine; final pH corrected to 7.5) or vehicle 1 h before electrophysiol@gimpensated and monitored. Recordings were digitized online and filtered at
cal tests, or a twice daily i.p. administration of riluzole (1 mg/kg or 4 mg/Kd) kHz (Digidata 1322A, Molecular Devices). Whole-cell sodium currents were
for 2 weeks, ending 15-24 h before the tests. A dose of 8 mg/kg was chosetfoded with an aCSF composed of the following (in mM): 100 NaCl, 3 KCl,
acute and chronic (2 x 4 mg/d) administration in rats with SCI, because 1h25 NaHPO,, 1.3 MgS@ 3.6 MgCJ, 1.2 CaGJl 25 NaHCQ, 40 -glucose,
pharmacokinetic profile of this dose has been well characterized in rats WBhTEA-CI, 0.1 CdG| pH 7.4 (31-32 °C). The main characterizatiohygb
SCFO, and it is within the human-equivalent dose (HED) used for subjecigs accomplished by slow ramp increase from 70 mV to 10 mV, slow enough
according to the power equation from the US Food and Drug Administrati¢h2 mV/s) to prevent transient sodium channel opening.
(FDA) Guidance for Industry (2005): HED = animal dose (mg/kg) x (animal
wt/human wt in kg§-33 For treatment two, the calpain inhibitor MDL28170Stable mammalian cell line expressing Nav1.6 and intracellular record
was administered once a day in spinal rats (10 mg/kg/d i.p., diluted in dimethgk. The HEK293 cells stably expressing hNav1.6 were grown to confluence at
sulfoxide (DMSO)), for 6-8 d in neonates and for 10 d in adults, beginnBig°C with 5% Cgand plated on 100 mm-diameter petri dishes or in 175 cm
30-60 d after injury, and control animals were injected with the vehicle oflgsks in Dulbecco’s modified Eagle’s medium (DMEM) with Nutrient mixture
The systemic administration of 10 mg/kg was used because it has been reperi€dsupplemented with fetal bovine serum (FBS; 10gttamine (2 mM),
to be the minimal effective dose to produce a substantial inhibition of cystgieaicillin (100 U/ml) and streptomycin (10 mg/ml; Life Technologies). G418
proteinase activity in the CN®2. The drug-administration paradigm comes(0.4 mg/ml; Life Technologies) was added to select Navl.6-expressing cells.
from Arataki's studs?, in which a daily i.p. injection of MDL28170 (10 mg/kg fokhole-cell sodium currents were recorded from HEK293 cells with an aCSF
1 week) improved locomotor function after SCI. Treatments were administecenposed of the following (in mM): 110 NaCl, 3 KCI, 1 MgCCadC]J, 20 TEA,
by the experimenter in a blind manner. 5 CsCl, 10 HEPES, 11 glucose at pH 7.4 (23 °C). The main characterization of
Inap Was accomplished by slow ramp increase from 100 mV to 90 mV. Patch
Electrophysiological assessment of spasticity in awake spinal raAdult electrodes (2—4 M) were filled with intracellular solution containing (in mM):
animals were tested 4—12 weeks after SCI, once all signs of spasticity were fid®IZsCl, 30 &gluconate 5 NaCl, 2 Mg£I10.5 EGTA, 10 HEPES, 2 ATP, 0.4
established (excessive muscle tone, spasms and hyperreflexia); rats withouiGpRsat pH 7.3. In some experiments, active calpain 1 {@/&8; Abcam) was
ticity after SCI were excluded. Rats with spasticity after SCI were progressaciled to the intrapipette solution.
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Immunohistochemistry. Transverse spinal cord sections at the lumbar L4-I(8.5-3 U, Calbiochem) were added for 15 min at room temperature (24 °C).
level (20Ivh thick) were processed for immunohistochemistry using antibodi@®e reaction was stopped after the addition of the electrophoresis sample buffer.
against Nav-channel isoforms (Pan, Nav1.1 and Na¥1F&)r tissue prepara In spinal cord total preparatiorfSor the assay activation of endogenous cal
tions, adult rats were perfused transcardially with 1% paraformaldehyde (PFA)am, part of the homogenate obtained after lysis sucrose buffer was solubi
PBS at 4 °C. Tissues were post-fixed for 1 h in 1% PFA at 4 °C and cryoprotiéeedin lysis buffer (1/1) containing 1% Igepal CA-630, 0.1% SDS, PBS 1x,
overnight in 20% sucrose in PBS at 4 °C. Neonate spinal cords were dissgctdd EDTA, 0.5 mM PMSF and ¥ pepstatin A, pH 7.4, and centrifuged at
out, immersion-fixed for 1 h in 0.25% PFA, washed in PBS and cryoproted®@®0@ for 30 min at 4 °C. The supernatant was collected. The total prepara
overnight at 4 °C in 20% sucrose in PBS. Adult and neonate lumbar spinal diwds were pretreated with or without the calpain inhibitor (80MDL 28270,
(L4-L5) were then frozen in Optimal Cutting Temperature (OCT) mediur@albiochem) for 15 min on ice. Calcium (10 mM G@las added or not for
(Tissue Tec), cryosectioned (8®) and processed for immunohistochemistry15 min at 24 °C. The reaction was stopped after the addition of the electro
Sections from the control rats and rats with SCI were mounted on the same sfilegesis sample buffer.
and processed simultaneously. Slices were then (i) rehydrated in PBS at rodm HEK293 cell line stably expressing ,/fiMa Calpain-cleavage assay
temperature (15 min); (ii) permeated with 1% bovine serum albumin (BSAjpcessing was similar to that described above, with an additional step for cell
2% natural goat serum (NGS) and 0.2% Triton x-100 (1 h); (iii) incubated owdgtachment without trypsin.
night at 4 °C in the following affinity-purified rabbit Nav1.1 (residues 465-481;
1:400; AB5204, Merck-Millipore), Nav1.6 (residues 1042-1061; 1:200; ASCHtafistical and data analysisthe sample size was estimated considering the
Alomone)-specific polyclonal antibodies, mouse pan-Nav (preserved sequermcetion and mean of the samples. No statistical method was used to predeter
of the intracellular 111-1V loop; 1:500; clone K58/35, Sigma-Aldrich) or gephyrinine sample size. Adult animals were tested 4-12 weeks after SCI, when signs of
(mAb7a, 1:400; Synaptic System) specific monoclonal antibodies; (iv) waslpedticity were firmly established; rats without spasticity were excluded. Rats with
in PBS (3 x 5 min); (v) subjected to an additional overnight incubation wipasticity were randomly assigned to groups for studiggo. Treatments were
the second primary antibody for double immunostaining and then washadministered by the experimenter in a blind manner. Group outcome assess
again in PBS (3 x 5 min); (vi) incubated with fluorescent-conjugated secoment was also done in a blinded manner. Group measurements were expressed
ary antibodies (Alexa 488- or 633-conjugated mouse- or rabbit-specific aa meanos.e.m. We used Mann-Whitney tests and one- or two-way ANOVA
bodies (1:800 and 1:400; Life Technologies) that were used for visualizatitest$ with or without repeated measures as appropriate (GraphPad Prism 5
the mouse monoclonal or rabbit polyclonal antibodies, respectively, in a solusoftware). For all statistical analyses, the data met the assumptions of the test, and
containing 1% BSA and 2% NGS (1.5 h); (vii) washed in PBS 3 x 5 mhi@yariance between the statistically compared groups was similar. Significance
(viii) coverslipped with a gelatinous aqueous medium. In control experimentss set & < 0.05. All analyses were performed blind for the treatments.
the primary antiserum was either omitted or replaced with rabbit or mouselmmunohistochemistrigections were scanned using a laser-scanning-confo
immunoglobulin fraction during the staining protocol. Images were takezal microscope in stacks ofMh—thick optical sections at 20x magnification.
with the confocal microscope Olympus FV500 at 20x and 60x magnificatiBach optical section resulted from two scanning averages. We used identical
digitized in stacks of 0.2—-l¥h-thick optical sections and processed with theettings, which were finely tuned to avoid saturation, for the whole series.
Fluoview (Olympus) software. Each figure corresponds to a projection im&gentification of Nal.6 and Pan staining intensities were performed using the
from a stack of optical sections. FluoView Sofware (version 5, Olympus). Measurements were performed on AlSs
from the motoneurons identified as the biggest cells located in the ventral horn.
Membrane-protein isolation and western blotsTissues were collected fromAISs from motoneurons were identified as large linear structures double labeled
spinal cord lumbar enlargements and frozen after removing the dorsal &yd?an- and Nav1.6-specific antibodies, located within the ventral horn and for
ventral roots. For the membrane fraction, corresponding to the plasma memhich the beginning and the end of the structure could be clearly determined
brane—enriched fraction, samples were homogenized in ice-cold lysis buf#0 Nh in length), excluding nodes of Ranvier. The mean pixel intensities of
(320 mM sucrose, 5 mM Tris-HCL pH 7.5, # iodoacetamide) supplemented Pan- and Navl.6-specific fluorescence were measured by tracing the labeled
with protease inhibitors (CompleteMini, Roche diagnostic, Basel, SwitzerladSs using the multipoint line feature of the FluoView software Rpela,
Unsolubilized material was pelleted by centrifugation at §,86005 min. inset). Each value was then normalized to the mean value measured from sec
The supernatant was subjected to an additional centrifugation step atgf8f00Qions of sham-operated rats on the same slide. The measurements were repeated
70 min at 4 °C. Pellets were collected and homogenized in ice-cold lysis bwftarsimilar numbers of motoneurons per animal. Similar quantification was
(1% Igepal CA-630, PBS 1X, 0.1% SD3WlLiddoacetamide), supplemented performed on the thin AISs from Renshaw cells identified by characteristic
with protease inhibitors (CompleteMini, Roche diagnostic). Protein coneentiatense, very large and abundant gephyrin clusters on the proximal dendrites
tions were determined by using a detergent-compatible protein assay (Bio-Rat).soma located in the most ventral area of spinal cord lamina VII. As-a nega
Equal protein amounts (604) from samples were size fractionated by 6%ve control, we replaced the primary antibody with a normal rabbit or mouse
(vol/vol) SDS/PAGE from 40% Acryl/Bisacrylamide (29/1) commercial solutiammunoglobulin fraction (same amount) and observed a complete absence of
transferred to a polyvinylidene fluoride (PVDF) membrane and probed with ttabeling in AlSs.
sodium channeksubunit [11-1V loop (pan:Sigma-Aldrich; 1:500) antibody at 4 °C  Extracellular recordinghe amplitudes of the evoked M waves and H reflexes
overnight in Tris-buffered saline containing 5% fat-free milk powder. The bleere measured using the area under the curve, including the first main two
was then incubated for 1 h at 22 °C with an ImmunoPure goat HRP—conjugatedks of each wave after rectification of the signals. The maximal M response
mouse-specific antibody (1:40,000 in blocking solution; Thermo Scientifig)l a4, representing the activation of the total motoneuronal pool by a maximal
The proteins were blotted with the substrate HRP immobilon Western (Meratimulus, was used for data normalization within and between animals. Evoked,
Millipore). Signal intensities were measured with the image-analysis softwang-lasting reflexes were quantified from rectified digital signals by measur
Quantity-One (Bio-Rad). ing the area under the curve from the end of the monosynaptic reflex until the
first 4 s recordings. Note that the background area was previously subtracted.
Calpain-cleavage assdn spinal cord membrane preparationsmbar spinal These areas were divided by the correspondipg Btea, and normalized in the
cords were homogenized in 40Bsucrose buffer for membrane preparatiorfinal histogram to the mean value of the vehicle-treated gfeigp4cf,i, right).
(300 mM sucrose, 10 mM Tris base, 2 mM EDTA, 0.5 mM PMSF &kt 1 PSTHs were also calculated for the whole spike trains by using a voltage-peak
pepstatin A) and centrifuged at 7,@30r 5 min at 4 °C. The supernatant wasletector with time bins of 100 ms. Finally, by means of a motor-unit decom
subjected to an additional centrifugation step at 18070 min at 4 °C, position algorithm (Clampfit software, Molecular Devices), we isolated motor
and the pellet was resuspended in the same buffer. Protein concentratimits that fire repetitively during a stationary period of the EMG recording.
were analyzed using the Bio-Rad Dc Protein Assay. Membrane preparati®ynsetting an amplitude threshold, single motor-unit action potentials were
were then pretreated with or without the calpain inhibitor (80MDL28170, selected offline. Each selected potential was then visually checked, and we
Calbiochem) for 15 min on ice. Calcium (2-10 mM Ga@hd/or calpain 1 verified that they were of similar shape and belonged to the same motor unit.
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Once all units were selected for a single trial, they were superimposed to emtivation threshold of thig,p as the membrane potential at which the slope

pare the shape of each potential and to examine how it changed throughaitleak-subtracted current becomes negative. We measured the magnitude of

recording trial. The motor-unit discharge frequency was taken as the mean tiad\,p by looking at the peak of the leak-subtracted inward current during the

calculated during a stationary period of discharge. Only units still firing 4 s afiecending phase of the voltage command. For current-density measurements,

the stimulation were considered to be sustained-firing motor units. currents were divided by the cell capacitance, as read from the amplifier.
Intracellular recording®nly cells that exhibited a holding membrane potential

E,md an act_lon potential amplltuc_ie larger than _45 mV were Con_s_lderEd' The J%C Wu, Y. et al. Delayed post-injury administration of riluzole is neuroprotective in a

tion potential was corrected offline on the basis of the composition of the internalyeglinical rodent model of cervical spinal cord injury. J. Neurotrauma 30, 441452

and external solutions used for recordings. We defined the voltage-dependen013).
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