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Short communication

b-Aminopropionitrile treatment can accelerate recovery of mice after
spinal cord injury
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Abstract

Ž .Modulations of the extracellular matrix and scar formation following central nervous system CNS injuries are considered prohibitive
for axon regeneration, thus restricting functional recovery. Recent findings indicating that lysyl oxidase, an extracellular matrix-forming
enzyme, appears in a time-dependent manner at brain injury sites have suggested that inhibition of this enzyme may be conducive for

Žregeneration and functional recovery. Here, we report that after unilateral spinal cord transection in adult mice, daily treatment for 20
. Ž .days with the lysyl oxidase inhibitor b-aminopropionitrile 100 mgrkg intraperitoneal resulted in accelerated and more complete

functional recovery. The mode of functional recovery, however, indicates that axonal regeneration of long descending tracts did not occur.
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Neurons in the adult mammalian central nervous system
Ž .CNS are incapable of successful regeneration following
injury of their axon. Initial regenerative efforts are aborted

Žresulting in a permanent loss of bodily functions Cajal,
.1928 . This failure of regeneration is attributed in large

part to inimical factors in the local extracellular environ-
Žment Bignami et al., 1988; Schwab, 1996; Stichel and

. Ž .Muller, 1998 . Lysyl oxidase EC1.4.3.13 is a secreted
enzyme that catalyzes crosslinking of extracellular matrix

Ž .proteins Kagan, 1994 . Recently, we found evidence, that
early after CNS injury active extracellular lysyl oxidase
molecules accumulate in a spatiotemporal manner in the
lesion site and, as indicated by Northern blot analysis, cells

Žin the region of injury synthesize this enzyme Gilad et al.,
.2000 . Based on these findings, we hypothesized that lysyl

oxidase is involved in modulating the extracellular matrix
and in scar formation at CNS injury sites, thus playing an
unwanted role in wound healing with lasting implications
for functional recovery, and that its inhibition will be
beneficial for recovery of function. b-Aminopropionitrile,

Žan active site irreversible inhibitor of lysyl oxidase Kagan,
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.1994 , is known to alter the physical characteristics of scar
tissue and as such was previously suggested to have
potential in reducing the physical barrier to regeneration in

Ž .the injured spinal cord Rankin et al., 1983 . In the present
study, therefore, we treated adult mice with b-amino-
propionitrile after unilateral spinal cord transection and
measured the rate of functional recovery from sensorimo-
tor and locomotor deficits.

2. Methods

Two-month-old male BALBrc mice, kept under the
Institute’s Animal Care and Use Committee approved pro-

Žtocols, were anesthetized with halothane 1.5% in 100%
.O . Following laminectomy, the spinal cord was injured2

by complete unilateral transection at the T10–T11 level
Žwith a sharp knife as previously described Gilad et al.,

.1979 . This injury model results in acute ipsilateral senso-
rimotor paralysis that recovers to a large extent over time,

Žwith the contralateral hind limb remaining intact Gilad et
.al., 1979 . Mice were randomly assigned to two groups,

Ž . Žone was injected intraperitoneally daily 1st injection at
.10 min postoperative for 20 days with 100 mgrkg b-

Ž .aminopropionitrile monofumarate, Sigma-Aldrich, Israel
Žand the other group was injected with vehicle saline, 0.9%

.NaCl . The two groups were compared for the rate of
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recovery from sensorimotor deficits as assessed by a five-
Ž .component test battery: I A 17-point locomotor scale

Ž .modified for unilateral injury in mice from Basso et al.
Ž . Ž .1995 as outlined in Table 1. II Limb withdrawal reflex
Ž . Ž . Žextension and pain stimuli . III Placing reflex the con-
tact placing response was elicited by rubbing the dorsal

. Ž .and lateral aspect of the foot . IV Toe spread reflex.
Tests II, III and IV were performed and graded by scales

Ž .modified from Von Euler et al. 1996 as follows: 0—no
response, 1—weak response, 2—normal response. And
Ž .V ATail-pull testB, whereby, after recovery from the
initial ipsilateral hind limb flaccid paralysis and contralat-
eral bent of the trunk, ipsilateral hind limb spasticity is
examined in animals trying to escape when being pulled

Ž .by the tail Gilad et al., 1979 . Ipsilateral spasticity indi-
cates interruption of the corresponding long descending
tracts and no recovery is expected unless regeneration has
occurred. APre-lesionB values were recorded for each ani-
mal before infliction of the injury.

Table 1
Ipsilateral hind limb locomotor rating scale following unilateral spinal
cord hemisection in mice

Score Motor function

0 No movement
1 Slight movement of one or two upper joints
2 Slight movement of two or all three joints
3 Slight movement of all three joints
4 Extensive movement of the upper joint with

slight movement of two joints
5 Extensive movement of two upper joints

with slight movement of the third
Ž .lower joint

6 Extensive movement of all three joints
7 Sweeping movement, no weight support
8 Dorsal or plantar stepping with

weight support
Ž .9 Occasional 0–50% of the time weight-

supported plantar stepping, no gait
coordination with contralateral limb

10 Weight-supported plantar stepping,
no coordination

11 Occasional weight-supported plantar
stepping, occasional coordination

12 Weight-supported plantar stepping,
Ž .frequent 50–95% of the time

coordination, occasional toe clearance
13 Weight-supported plantar stepping,

Ž .consistent 95–100% of the time
coordination, occasional toe clearance

14 Consistent plantar stepping, consistent
coordination, frequent toe clearance,
contralateral bent trunk

15 Consistent plantar stepping, consistent
coordination, consistent toe clearance,
contralateral bent trunk

16 Consistent plantar stepping, consistent
coordination, consistent toe clearance,
evenly held trunk

17 Normal gait

One hundred and twenty days after the operation, sen-
sorimotor functions were examined before and after pro-

Žduction of a second identical spinal cord hemisection at
. Ž .the original injury site Gilad et al., 1979 . This Are-le-

sionB was performed in order to verify whether the ob-
served recovery was due to regeneration of the cut axonal

Ž .tracts Gilad and Kupmar, 1982; Gilad et al., 1979 .

3. Results

As illustrated in Fig. 1A, mice treated with b-amino-
propionitrile showed an accelerated and more complete
recovery of locomotor deficits when compared with sa-
line-treated controls. There were no substantial differences

Ž .in the recovery rate of the placing reflex Fig. 1B . But, the
severity of initial deficits was less and the recovery rate of
limb withdrawal reflexes was faster during the first 5
postoperative days in b-aminopropionitrile-treated mice
Ž .Fig. 1C and D . The toe spread reflex was abolished after

Žinjury and never recovered in either group results not
.shown .

Recovery from ipsilateral hind limb flaccid paralysis
was complete after a similar time interval in both groups
Ž6.00"0.63 and 5.66"0.25 days in saline- and b-amino-

.propionitrile-treated mice, respectively , the time when full
ipsilateral spasticity in the tail-pull test ensued. The ipsilat-
eral hind limb remained spastic in both groups for up to
120 days after the injury.

Ipsilateral hind limb flaccid paralysis did not occur in
either group after the second identical transection made
120 days after the first injury. Instead, ipsilateral hind limb
spasticity was observed in animals of both groups immedi-
ately after re-lesioning. At 24 h after re-lesioning, placing
and withdrawal reflex scores did not decline appreciably in

Ž .animals of both groups Fig. 1B,C, and D , while locomo-
tor scores were significantly reduced by 40% and 25% in
saline- and b-aminopropionitrile-treated groups, respec-

Ž .tively Fig. 1A .

4. Discussion

The data clearly demonstrate that b-aminopropionitrile
treatment of adult mice after unilateral spinal cord transec-
tion can result in accelerated recovery of sensorimotor
functions and lead to a more complete recovery of locomo-
tor functions of the ipsilateral hind limb. The immediate
and early beneficial effects of b-aminopropionitrile treat-
ment on sensorimotor functional deficits result most proba-
bly from inhibition of molecular processes that cause
secondary damage at the site of spinal cord injury. Reduc-
tion of secondary damage would limit expansion of the
lesion and, in turn, lead to the long-lasting beneficial
effects of treatment. Several parameters, however, indicate
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 1. Effects of b-aminopropionitrile BAPN B or saline ' treatment on: A Locomotion; B placing reflex; C withdrawal reflex to extension
Ž . Ž .stimulus; and D withdrawal reflex to pain stimuli, following unilateral spinal cord transection. Results are the mean "S.D., vertical lines values for 10

Ž . Žanimals in each group. Note the interrupted scale in days of the abscissa. Differences between groups were statistically significant PF0.01 using
. Ž . Ž . Ž .two-tailed t-test at the following postoperative times: A at all time points after 1 day postoperative; B at 6, 9, 15 and 20 days postoperative; C at 1–4

Ž .and 15–20 days postoperative; and D at 1–4 and 15–27 days postoperative.

that the mode of the observed long-lasting functional
recovery was not the result of successful axonal regenera-

Ž .tion of long descending spinal cord fiber tracts: 1 The
Ž .early ensuing spasticity was persistent. 2 The immedi-

Ž .ately lost toe spread reflex failed to recover. And 3
Flaccid paralysis did not recur, while sensorimotor func-

Žtions and spasticity persisted after re-lesion i.e., after the
second identical spinal cord transection at the original site

.of injury .
Spasticity due to hyperreflexia is a common conse-

Žquence of spinal cord injury in animals and humans Burke,
.1988; Thompson et al., 1992 . It occurs as a result of

synaptic disinhibition after severance of the inhibitory
Ždescending cortical and brain stem tracts Andersen et al.,

.1962 . Thus, the observations that spasticity remained and
that re-lesion had minimal effects indicate that the mode of
the observed functional recovery is most probably due to
plastic synaptic changes in the spinal cord distal to the
unilateral transection. How treatment with b-aminopropio-

nitrile, a known inhibitor of lysyl oxidase activity, aug-
ments this mode of sensorimotor recovery remains to be

Želucidated. Our recent findings showed that early within 1
.day after brain injury in rats, lysyl oxidase immuno-

reactivity accumulates at the lesion site and that enzyme
activity is transiently increased over a period of 20 days
Ž . Žwith a peak at 10 days in the injury region Gilad et al.,

.2000 . Thus, if, as we hypothesized, b-aminopropionitrile
inhibits lysyl oxidase activity during this critical period, it
may prevent or delay unwanted modulation of the extracel-
lular matrix, and lysyl oxidase inhibition should be consid-
ered a target for pharmacological treatment of spinal cord
injury.

Still, one should consider the possibility that systemic
b-aminopropionitrile treatment may somehow affect the
outcome of injury indirectly via lysyl oxidase inhibition
and extracellular matrix modulation in tissues other than
the spinal cord. And, while the action of b-aminopropio-
nitrile on molecular targets other than lysyl oxidase is
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uncertain at this time, this possibility should not be ex-
cluded. In this regard, it is interesting to note that topical
application of b-aminopropionitrile was reported to modu-
late evoked potential conduction in rat sciatic nerve and

Ž .spinal cord Gunasekaran et al., 1987 . b-Aminopropio-
nitrile is known to induce pathological changes in bone
Ž . Ž .osteolathyrism and blood vessels angiolathyrism
Ž .Spencer and Schaumburg, 1983 . And, while b-amino-

Žpropionitrile may not be considered neurotoxic Spencer
.and Schaumburg, 1983; Denlinger et al., 1994 , purkinje

cell toxicity was observed in rats after high-dose treatment
Ž . Ž . Ž1 grkg over an extended period 10 weeks Martin et

.al., 1991 , and toxic changes were observed after addition
Žof b-aminopropionitrile to neuronal cultures Capo et al.,

.1994 .
In summary, the study shows that b-aminopropionitrile

treatment can result in an accelerated and more complete
functional recovery after spinal cord injury in adult mice
and indicates that lysyl oxidase inhibition may be consid-
ered a therapeutic target after spinal cord injury.
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