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Abstract

The purpose of this study is to develop a rat lumbosacral spinal cord injury (SCI) model that causes consistent moto-

neuronal loss and behavior deficits. Most SCI models focus on the thoracic or cervical spinal cord. Lumbosacral SCI

accounts for about one third of human SCI but no standardized lumbosacral model is available for evaluating therapies.

Twenty-six adult female Sprague-Dawley rats were randomized to three groups: sham (n = 9), 25 mm (n = 8), and 50 mm

(n = 9). Sham rats had laminectomy only, while 25 mm and 50 mm rats were injured by dropping a 10 g rod from a height of

25 mm or 50 mm, respectively, onto the L4-5 spinal cord at the T13/L1 vertebral junction. We measured footprint length

(FL), toe spreading (TS), intermediate toe spreading (ITS), and sciatic function index (SFI) from walking footprints, and

static toe spreading (STS), static intermediate toe spreading (SITS), and static sciatic index (SSI) from standing footprints.

At six weeks, we assessed neuronal and white matter loss, quantified axons, diameter, and myelin thickness in the peroneal

and tibial nerves, and measured cross-sectional areas of tibialis anterior and gastrocnemius muscle fibers. The result shows

that peroneal and tibial motoneurons were respectively distributed in 4.71 mm and 5.01 mm columns in the spinal cord.

Dropping a 10-g weight from 25 mm or 50 mm caused 1.5 mm or 3.75 mm gaps in peroneal and tibial motoneuronal

columns, respectively, and increased spinal cord white matter loss. Fifty millimeter contusions significantly increased FL

and reduced TS, ITS, STS, SITS, SFI, and SSI more than 25 mm contusions, and resulted in smaller axon and myelinated

axon diameters in tibial and peroneal nerves and greater atrophy of gastrocnemius and anterior tibialis muscles, than 25 mm

contusions. This model of lumbosacral SCI produces consistent and graded loss of white matter, motoneuronal loss,

peripheral nerve axonal changes, and anterior tibialis and gastrocnemius muscles atrophy in rats.
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Introduction

The lumbosacral spinal cord includes the lumbar enlarge-

ment and sacral segments of the spinal cord, containing most

of the neurons that innervate the legs and pelvic organs. Located in

the T11 to L1 vertebral segments, the lumbosacral spinal cord ends just

below the L1 vertebra and the cauda equina fills the spinal canal from

L1 to S5 vertebra. Spinal cord injury (SCI) at the T12 or L1 vertebral

segment not only interrupts long spinal tracts but also damages gray

matter containing neurons that innervate legs and pelvic organs, as

well as lumbosacral spinal roots that run alongside the spinal cord.

The National SCI Database1 reports that 55% and 35% of SCI

involve the cervical and thoracic spine, respectively, in the United

States, suggesting only 10% of SCI are lumbosacral. This likely

underestimates lumbosacral SCI since T10-T11 injuries damage

lumbosacral cord and as many as 15% of cervical and thoracic SCI

have associated lumbosacral injuries.2 Lack of spasticity after injury

may indicate lumbosacral SCI since cervical or upper thoracic in-

juries are associated with spasticity; however, up to 22% of patients

with cervical and thoracic SCI have flaccid paralysis.3 If these 22%

of patients were added to the 10% of L1 vertebral injuries, a third of

SCI would involve the lumbosacral cord. Wang and colleagues4

reported that cervical SCI accounted for 46.3%, thoracic 20.4%,

and lumbosacral 33.3% of SCI in Anhui province, China.

The lumbosacral spinal cord contains critical motor centers,

including the central pattern generator (CPG) for locomotion,

Onuf’s nucleus for micturition, and sacral nuclei that control anal

and sexual functions. Damage to these centers disrupts crucial

motor programs. Loss of motoneurons causes flaccid paralysis and

atrophy of limbs, the bladder, and anal muscles. Lumbar and sacral
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spinal roots run alongside the spinal cord at T11- L1. Lumbosacral

trauma may damage the spinal roots.5 Finally, 10 segments (L1-S5)

of lumbosacral spinal cord and their roots are squeezed into three

vertebral segments (T12-L1). Injury to one vertebra can compro-

mise multiple spinal cord segments.

Most animal SCI models have focused on the cervical6 or thoracic

spinal cord.7 Injuring methods include transection,8 hemisection,9,10

contusion,11–14 or compression.15,16 In thoracic SCI models, the

major consequence is damage to long spinal tracts and consequent

sensory and motor loss.17,18 Thoracic gray matter includes sensory

neurons, interneurons, and motoneurons that innervate multiple

segments of axial musculature. Thoracic damage causes functional

loss due to long tract damage. Magnuson and colleagues17 found that

injecting the neurotoxin kainic acid (KA) into T9 spinal cord killed

gray matter, preserved white matter, and did not contribute to loco-

motor deficits in rats. In contrast, T9 contusion caused marked loss of

locomotor function. KA injections into L2 spinal cord caused only

gray matter damage but nevertheless caused severe locomotor defi-

cits. Contusion of L2 spinal cord containing the central pattern

generator also causes severe locomotor deficits.

Repairs of thoracic SCI have usually focused on regenerating or

remyelinating ascending and descending white matter tracts. Different

therapeutic approaches are required for repairing injuries involving

gray matter loss.17 These include replacing interneurons and moto-

neurons, as well as regenerating long tracts to innervate these neurons

and coaxing the motoneurons to grow their axons into the ventral roots

to innervate muscle. To test therapeutic strategies for restoring func-

tion after gray matter injuries, consistent animal SCI models involving

gray matter loss in the cervical or lumbosacral spinal cord are re-

quired. Several cervical SCI models are available.6,19–23 Most cervical

SCI models utilize unilateral upper cervical hemisections, hemi-

contusions, or bilateral lower cervical contusions that cause partial

injuries of the spinal cord.22,24 Such partial injury models usually

allow rats to recover substantial hindlimb locomotion due to contra-

lateral sprouting of serotonergic fibers in the lumbosacral cord.25

Plasticity of spared tracts and behavioral substitution often allow

spontaneous respiratory, motor26–28 and sensory recovery.29

Several investigators have hemisected30,31 or crushed32 part of

the lumbosacral cord to study pain after SCI. Faulkner and col-

leagues33 stabbed and crushed the L1-L2 spinal cord in mice to

investigate the protective effect of reactive astrocytes. Fukuda and

colleagues34 developed a lumbar SCI model in dogs by inflating a

balloon catheter in the vertebral L1 spinal canal. Shunmugavel and

colleagues35 developed a cauda equina compression model in rats

by implanting silicone gels into L4 and L6 vertebral epidural

spaces. Finally, Magnuson and colleagues36 found severe loco-

motor deficits after contusions of the T13-L1 and L1-L2 spinal cord

and less severe locomotor deficits after contusions of the L3-L4

spinal cord. Lower lumbosacral spinal cord injuries do not severely

compromise locomotion in rats.37

We describe a rat lumbosacral spinal cord contusion model with

reproducible anatomical, histological, and functional outcomes

similar to human lumbosacral injuries. Motoneuronal pools for

lower limb muscles are situated in L4-L5 spinal cord located in the

T13 and L1 vertebral canal. To assess spinal cord damage resulting

from a 25 mm or 50 mm weight drop contusion, we counted mo-

toneurons identified by backfilling the tibial and common peroneal

nerves with fluorescent dyes, quantified spared white matter, de-

termined diameters of myelinated axon and thickness of myelin

sheath in the two nerves, and assessed atrophy of the tibialis an-

terior and gastrocnemius muscles. To assess functional deficits, we

used static and walking footprint analysis.

Contusion of the rat spinal cord at T13-L1 vertebral junction

with a 10 g weight dropped from a height of 25 or 50 mm resulted in

graded lumbosacral SCI accompanied by reproducible graded tibial

and peroneal motoneuronal losses, white matter losses, peripheral

nerve axonal diameter decrease, reduced myelinated axonal

thickness, and atrophy of the tibialis anterior (TA) and gastrocne-

mius (GA) muscles, as well as easily measurable changes in both

static and walking footprints of the rats. This model can be used to

assess regenerative therapies of lumbosacral SCI, including mo-

toneuronal replacement and reinnervation of muscle.

Methods

Animals, care, and euthanasia

Three green fluorescent protein (GFP)–expressing Sprague-
Dawley female rats (10 weeks) were obtained from the W. M. Keck
Center for Collaborative Neuroscience for preliminary studies of
the anatomy of the lumbosacral cord and distribution of tibial
and peroneal motoneurons. A total of 26 wild-type adult female
Sprague-Dawley rats (10 weeks old, 210–230 g) were purchased
from Charles River Laboratory for the lumbosacral SCI experi-
ments. The rats were randomized to three injury groups: Sham
(laminectomy only, n = 9); 25 mm spinal cord contusion (n = 8); and
50 mm spinal cord contusion (n = 9).

The rats were housed in a controlled environment room, and
provided with standard rodent chow and water for a week before the
study. The rats were maintained in individual rat boxes for six
weeks, received bladder expression one to two times daily, and
assessed before and weekly after surgery for standing and walking
footprints. The rats were euthanized and fixed by perfusion at six to
seven weeks. The experimental protocol complies with Rutgers and
National Institutes of Health regulations regarding protection of
animals used for experimental purposes. The Rutgers Animal Care
and Facilities Committee (the equivalent of the institutional animal
care and use committee) approved the protocol.

For surgical procedures, the rats were deeply anesthetized with
isoflurane (5% induction and 1–2% maintenance). For euthanasia
and fixation, the rats were deeply anesthetized with intraperitoneal
injections of ketamine (80 mg/kg) and xylazine (10 mg/kg). To fix
the rats for histology, we opened the chest cavity, inserted a blunt
needle through the left ventricle into the aorta, clamped the needle
in place, and cut open the right atrium. After injecting one mL of
1% lidocaine to dilate blood vessels, we perfused 200 mL of saline
at 35 mL/min to wash out blood, and then 300 mL of 4% parafor-
maldehyde at 25 mL/min.

Retrograde motoneuronal labeling

Three transgenic GFP (green-fluorescent-protein) expressing
Sprague-Dawley rats and twelve wild-type Sprague-Dawley rats
were euthanized seven weeks after SCI. At six weeks after injury,
we applied Fluoro-Ruby (FR, Invitrogen, NY) and Fluoro-Gold
(FG, Fluorochrome, CO) dyes to the common peroneal and tibial
nerves to label motoneurons innervating the nerves. We anesthe-
tized the rats with isoflurane, incised the back of the thigh and knee,
blunt-dissected muscles to expose the tibial nerve and common
peroneal nerves, cut the nerves with sharp scissors, placed the
proximal stumps into small polyethylene tubes containing 2% dye
(FR or FG) in saline, sealed the tubes with silicone grease and
Vaseline to prevent leakage, and left the tracer in contact with the
nerve for at least 1 h. The tube was then removed, the nerve was
rinsed in saline, and the skin was sutured.

One week later, the rats were anesthetized, perfused, and fixed as
described above. The spinal cord were removed, placed in the 30%
sucrose/0.1 M phosphate buffer at 4�C for 24 h, and embedded in
OCT compound (Fisher, Pittsburgh, PA). Serial sagittal sections
were cut at a thickness of 50 lm using a cryostat microtome
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(OTF5000, Bright instrument Co Ltd., Cambridgeshire, UK), washed
three times with 0.1 M PBS and cover-slipped with fluorescence-
compatible anti-fade mount (Mo1, Biomedia, CA). We imaged
sections with an epifluorescent microscope (Axiovert 200M, Zeiss,
Germany) and counted FR- and FG-positive motor neurons in all
sections using ImageJ software.

The L5 to S1 spinal cord segments are located just above and
below the junction of T13 and L1 vertebrae. The dorsal root entry
zones for L4 and L5 roots were on either side of the junction. The
tibial nerve (L4-5, S1-S3) gives off branches to the gastrocnemius,
popliteus, soleus, and plantaris muscles, as well as the sensory sural
nerve that innervate the lateral foot. The common peroneal nerve
(L4-5, S1-2) form the superficial and deep peroneal nerves, in-
nervating the peroneus longus, peroneus brevis, and short head of
the biceps femoris muscles.

Lumbosacral spinal cord contusion

We anesthetized rats with isoflurane (5% induction and 1–2%
maintenance) using a facemask, shaved the rats, washed the skin
with betadine solution, and surgically exposed the L1 dorsal pro-
cess. After removing the dorsal lamina of L1, we placed a suture to
mark the lower margin of T13, and then removed the T13 dorsal
lamina. The Sham group received only laminectomy.

The MASCIS Impactor (Multicenter Animal SCI Impactor,
W.M. Keck Center for Collaborative Neuroscience, Piscataway,
NJ) was used to drop a 10 g rod (impactor head diameter, 2.5 mm)
from a height of either 25 mm or 50 mm onto the spinal cord at the
junction of T13 and L1 vertebral bodies. The dura was not opened.
After contusion, we placed a piece of subcutaneous fat on the dural
surface to prevent adhesions between the dura and surrounding
tissues.

After injury, we manually expressed the bladders of the rats
twice daily for a week and once daily as necessary after the first
week, injected 6 mL saline subcutaneously daily for 3 d, and gave
antibiotics (Cefazolin 50 mg/kg) subcutaneously daily for one
week. After the first week, if the rats showed evidence of urinary
tract infection ( i.e., hemorrhagic and cloudy urine), they were
housed separately from the other rats and given subcutaneous en-
rofloxacin (Baytril 2.5 mg/kg per day) daily for 10 d. If the urinary
tract infection had not resolved within that period, the rats would
have been euthanized. None were.

If the rats had shown signs of post-operative pain during the first
week after surgery, we would have been treated with buprenorphine
(0.05 mg/kg) subcutaneously daily. None did. Animals that showed
early signs of autophagia or autotomy, they would receive oral
acetaminophen (64 mg/kg, Infant TYLENOL� Oral Suspension
Liquid; Johnson & Johnson, New Brunswick, NJ) daily for the
remainder of the experiment. The rats readily drank the medicine
from a dropper. Two rats did not respond and were euthanized, one
from the 25 mm and the other from 50 mm injury group.

Footprint analyses

The rats were assessed before injury (Day 0) and tested weekly
for changes in their walking and standing footprints. To obtain
walking footprints, the rats were placed in a confined walkway that
has a dark shelter at the end of the corridor (10 · 100 cm). White
paper was placed on the walkway. The hind paws of the rats were
inked with a paint-soaked sponge. As they walked down the cor-
ridor, they left their footprints on the paper. The rats were trained to
walk in the corridor and baseline-walking tracks were recorded
before surgery.

Three measurements were made from the walking footprints:
Footprint Length (FL) distance is the change in footprint length
from the heel to the third toe before injury (NFL) to after injury
(EFL) divided by NFL; therefore, (EFL-NFL)/NFL. Toe Spread
(TS) is the change in distance from the first to the fifth toe before

(NTS) and after injury (ETS), divided by NTS; therefore, (ETS-
NTS)/NTS. Intermediate Toe Spread (ITS) is the change in distance
from the second to the fourth toe before (NITS) and after (EITS),
divided by NITS.

These measurements were used to calculate the sciatic function
index (SFI) proposed by Bain and colleagues38 and described in
Table 2. An SFI index is set at - 100 if no footprint were mea-
surable (i.e. the rats could not walk).39,40 In cases where the rat
could not walk, we assumed 45 mm for FL (39.1 mm is the longest
observed), 10 mm for TS (10.1 mm was the shortest observed), and
5.0 mm for ITS (5.3 mm was the shortest observed).

For standing or static footprints, the rats were placed into acrylic
glass containers (25 cm · 15 cm · 10 cm) on a transparent base plate
and photographed from below. We analyzed five photographs of
each rat by ImageJ. Toe spread factor (TSF) is the distance between
the first and fifth toes on standing footprints. Intermediate toe
spread factor (ITSF) is the distance from the second to the fourth
toe. The SSI41 was calculated from TSF and ITSF, as described in
Table 2.

Fixation, sectioning, and staining

At six weeks after injury, animals were anesthetized and per-
fused transcardially with 0.9% saline and then 4% paraformalde-
hyde. The spinal cords, tibial nerve, common peroneal nerve,
tibialis anterior (TA) and gastrocnemius (GA) were collected and
post-fixed in 4% paraformaldehyde for 24 h. For spinal cord sec-
tions, we cut 1-cm lengths of spinal cord centered on the injury
area, serially sectioned the cord horizontally, and stained two
sections from every 20 sections, one for Luxol Fast Blue (LFB) and
the other for NeuN staining.

Fixed tissues were dehydrated through a graded series of ethanol
solutions, cleared in xylene, and embedded in paraffin blocks for
sectioning. Spinal cord sections were cut with a rotary microtome
(Model 820, American Optical, NY) at 5 lm thickness and
mounted on slides. The sections were deparaffinized in xylene and
rehydrated in 100% and then 95% ethanol. The sections were then
stained with LFB for myelin or NeuN antibody for neurons.

To stain white matter, we incubated sections in 0.1% Luxol Fast
Blue (LFB, Acros, NJ) diluted in 95% ethanol with 10% acetic acid

Table 2. Footprint Factors

Factors Calculation

Footprint length factor (FLF) FLF = (EFL - NFL) / NFL
Toe spread factor (TSF) TSF = (ETS - NTS) / NTS
Intermediate toe spread

factor (ITSF)
ITSF = (EITS - NITS) / NITS

Sciatic Function Index (SFI) SFI = - 38.3 · FLF + 109.5
· TSF + 13.3 · ITSF - 8.8

Static Sciatic Index (SSI) SSI = 108.44 · TSF + 31.85
· ITSF - 5.49

EFL, footprint length after injury; NFL, footprint length before injury; ETS,
toe spread after injury; NTS, toe spread before injury; EITS, intermediary toe
spread after injury; NITS, intermediary toe spread before injury.

Table 1. Distances (lm) of Farthest Labeled

Motoneurons From T13-L1

Proximal end Distal end

Tibial nerve 1772.0 – 199.1 2939.3 – 314.3
Common peroneal nerve 2411.7 – 323.9 2601.7 – 339.0

The – values indicate standard deviation.
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at 56�C for 24 h, rinsed in 95% ethanol and then distilled water,
differentiated in 0.05% lithium carbonate, rinsed in 70% ethanol,
dehydrated in 99% ethanol, cleared with xylene, and cover-slipped
with mounting media. LFB-stained sections were photographed
with a microscope (Axiophot, Zeiss, Germany). Areas of spared
white matter were outlined and quantified (ImageJ) every 20th
section. Sections with the least spared white matter were designated
the injury epicenter.

For NeuN staining, we first did antigen retrieval by immersing
sections in fresh citrate buffer (1 g NaOH, 2.1 g citric acid, and 1 L
H2O), heating for 15 min at 100�C, and cooling at room tempera-
ture for 20 min. The sections were incubated in primary antibody
for NeuN (1:1000 dilution; Millipore, MA) overnight at 4�C, wa-
shed with PBS, incubated in biotinylated secondary antibody
(1:500 dilution; Millipore) for 1 h at room temperature, followed by
ABC (avidin and biotinylated horseradish peroxidase; Vector, CA)
and DAB (3,3¢-diaminobenzidine), washed and then cover-slipped
with mounting medium.

The tibial nerves and common peroneal nerves were mounted in
paraffin, cut into 5-lm cross-sections, and stained with Holmes
Silver Nitrate and LFB. Briefly, sections were deparaffinized and
hydrated to distilled water, placed in 20% silver nitrate in dark at
room temperature for 1h, washed in water, placed in impregnating
solution at 37�C overnight, placed in reducing solution for 5 min,
washed in distilled water, toned in 0.2% aqueous gold chloride for
3 min, placed in 2% aqueous oxalic acid for 5 min, placed in 5%
aqueous sodium thiosulfate, and washed in tap water for 10 min,
followed by LFB staining.

Image analyses

Spinal cord sections were photographed with an epifluorescent
microscope (Axiophot). Motor neuronal cell bodies in ventral horn
were outlined using ImageJ software. Ventral horn was defined as
gray matter ventral to the central canal. Only motor neurons with a
clearly identifiable nucleus and a cell soma larger than 100 lm2

were counted. Motor neurons were counted every 20th section.
(Please note that these counts do not represent total motoneuron
count and is a sampling approach.)

Sections of the peripheral nerves were digitally photographed
with a microscope (Axiophot). Total numbers of myelinated axon
were counted manually from representative images while axon
diameter and thickness of myelin sheath were determined with
ImageJ software. We calculated mean axon numbers, axon diam-
eters, and thickness of myelinated sheaths, with standard error of
means for the three groups.

To quantify muscle atrophy, we cut thin (5 lm) cross-sections of
TA and GA muscles, stained the sections with hematoxylin and
eosin (H&E), and digitally photographed the sections with a mi-
croscope (Axiophot). On each image, two vertical and five hori-
zontal lines were drawn. One muscle fiber close to the intersection
of a vertical and horizontal line was selected for analysis. A total of
10 muscle fiber cross-sectional areas (CSA, expressed in square
micrometers) were determined with the ImageJ program from
representative sections from each animal. We calculated mean fiber
CSA and standard errors of means for each injury group (Sham,
25 mm, and 50 mm).

Statistics and number of animals studied

Results are expressed as means – standard deviation. We used a
commercial statistics program (Statview ) to do analysis of variance
(ANOVA) to estimate overall statistical significance and a post hoc
test (Scheffe’s test) to estimate statistical significance of differ-
ences between pairs of groups. To assess change of footprint pa-
rameters over time, we used repeated ANOVA (over time) and
a post hoc test (Scheffe’s test) to determine the effects of time
on each variable. Some data were expressed as a percentage of

controls. For example, white matter areas are expressed as a per-
centage of mean value of the Sham group. A p value of less than
0.05 was considered statistically significant.

Some preliminary experiments were excluded from this report.
In preliminary studies (unpublished) using several male Sprague-
Dawley rats, we found that male rats developed flaccid bladders
and had bladder blood clots after a 50 mm L4-L5 spinal cord
contusion. We limited further experiments to female rats and ex-
cluded the male results.

A total of 29 female rats were studied. Three rats were not in-
jured and studied for distribution of back-labeled peroneal and
tibial motoneurons. The remaining 26 rats were randomized to
three injury groups (i.e., Sham, n = 9; 25 mm, n = 8; and 50 mm,
n = 9). One rat in the 25 mm group and one rat in the 50 mm group
had to be euthanized and perfused two weeks after surgery due to
autotomy (self-amputation of digits or foot). One rat in the 50 mm
group showed a mild heel ulcer in the sixth week after surgery but
the condition was well controlled with acetaminophen. One rat in
the Sham group died during the procedure to label motoneurons.
The footprint and spinal cord histological data came from 23 rats
(i.e., eight rats in the Sham group, seven rats in the 25 mm group,
and eight rats in the 50 mm group). Twelve of the 23 rats were
studied with retrograde labeling of the peroneal and tibial nerves in
horizontally sectioned spinal cords (four Sham, four 25 mm, and
four 50 mm). The 11 remaining rats were studied with coronal
sections of the spinal cord, peripheral nerve, and muscle histology
(four Sham, three 25 mm, and four 50 mm).

Results

Determination of injury site

We chose the injury site based on the following reasons. First,

we wanted to identify an unambiguous landmark that could be used

to direct the contusion. The junction of the T13 and L1 vertebra is a

distinct landmark that could be easily identified. Second, our goal

was to injure motoneurons from the tibial nerve and common pe-

roneal nerves. We therefore identified motoneuronal pools of these

two nerves by backfilling with fluorescent dyes and then contused

the spinal cord where these motoneurons were located. Third, we

wanted to avoid the L2 spinal cord where the central pattern gen-

erator (CPG) is located.

We used three GFP Sprague-Dawley rats to identify locations of

tibial and common peroneal motoneuron pools (GFP Sprague-

Dawley rats express green fluorescent protein so that the sections

were fluorescent green). We backfilled tibial and common peroneal

nerves with Fluoro-Gold (blue fluorescence) and Fluoro-Ruby

(reddish orange fluorescence). To expose the T13-L1 junction, we

did a laminectomy of L1 (Fig. 1A), marked the lower edge of T13

(indicated by dashed line in Fig. 1B) with a suture at the lami-

nectomy edge, cut the spinal cord with a sharp scalpel, and then

removed the lamina of T13. Figure 1 shows a horizontal section of

the spinal cord with a cut at the lower edge of T13.

The tibial and common peroneal motoneurons were clearly

visible even in low-power views of the section. The lengths of the

motor columns were 4.71 mm for the common peroneal nerve and

5.01 mm for the tibial nerve. Table 1 lists the mean distances of the

most proximal and distal labeled neurons from the T13/L1 vertebral

junction. Motoneuron pools of common peroneal and tibial nerves

overlapped with each other. Motoneurons of tibial nerve were more

caudal and lateral than common peroneal motoneurons. The center

of the common peroneal motoneuronal column was close to junc-

tion of the T13/L1 vertebra while the center of the tibial moto-

neuronal column was about 500 lm distal to the T13/L1 vertebral

junction. Contusion of the spinal cord at the T13/L1 vertebral
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junction should damage both the common peroneal and tibial

motoneuron pools.

Walking footprints

Before injury, mean FLs were 20.1 – 0.95 mm, 23.04 – 1.26 mm,

and 22.38 – 1.57 mm for the Sham, 25 mm, and 50 mm groups,

respectively. Normally, rats walked with their heels elevated from

the ground. After injury, as shown in Figure 2H, the rats walked

with their heels on the ground and hence had longer footprints. At

one week after injury, three of seven rats in Group 25 mm and four

of eight rats in Group 50 mm could not take steps and their footprint

lengths were assumed to be 45 mm. With these assumed values,

mean footprint lengths of the 25 mm and 50 mm groups, respec-

tively, increased to 39.89 – 5.88 mm and 40.33 – 5.07 mm (Fig. 2).

By two weeks, all the rats were able to walk. Repeated ANOVA

indicated significant differences among the groups ( p < 0.0001).

Post hoc testing revealed significant differences between the Sham

and 25 mm groups ( p < 0.0001), the Sham and 50 mm groups

( p < 0.0001), and the 25 mm and 50 mm groups ( p = 0.0023).

TS and ITS decreased after SCI (Fig. 2). Before injury, TS was

approximately 20 mm and ITS was approximately 11 mm. One week

after T13/L1 injury, TS decreased to 12.30 – 2.84 mm and

10.51 – 0.79 mm in the 25 mm and 50 mm groups, respectively; ITS

decreased to 7.39 – 2.34 mm and 5.76 – 1.01 mm, respectively. Both

TS and ITS partly recovered at two to six weeks. ANOVA indicated

significant differences of TS ( p < 0.0001) and ITS ( p < 0.0001)

among the groups. Post hoc testing showed significant differences in

TS ( p < 0.0001) and ITS ( p = 0.0028) between Sham and 25 mm, TS

( p < 0.0001) and ITS ( p < 0.0001) between Sham and 50 mm, and TS

( p = 0.0018) and ITS ( p = 0.0006) between 25 mm and 50 mm.

The SFI decreased precipitously to - 83.04 – 24.19 and - 93.51 –
8.65 in the 25 mm and 50 mm groups one week after injury while

it remained stable between 0 and - 10 in the Sham group (Fig.

2). SFI in the 25 mm and 50 mm groups recovered gradually to

- 54.29 – 8.74 and - 68.57 – 9.12 respectively after six weeks.

From weeks one to six, mean SFI of the 25 mm group was higher

than the 50 mm group. ANOVA indicated significant differences

among these three groups ( p < 0.0001). Post hoc testing reveal

significant differences between the Sham and 25 mm groups

FIG. 1. Retrograde labeling of tibial and common peroneal nerve, and anatomy of rat’s spine and spinal cord. (A) Anatomy of rat’s
spine and spinal cord, exposed by a L1 laminectomy. (B) Enlarged box area in A. The lower margin of T13 laminae is indicated by a
dashed line. (C) Motoneurons labeled by fluororuby (red) and fluorogold (blue) backfilled respectively from the tibial nerve and
common peroneal nerve by retrograde labeling. The spinal cord cut between T13 and L1. R13, rib 13; T13, vertebra T13; L1, L1
vertebra; L2, L2 vertebra. Scale bar, 500 lm.
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( p < 0.0001), the Sham and 50 mm groups ( p < 0.0001), and the

25 mm and 50 mm groups ( p < 0.0001).

Static footprints

We analyzed standing or static footprints of the rats by photo-

graphing the feet of the rats standing on a transparent acrylic

platform. Normally, rats spread their toes when they stand (Fig. 3A)

so that the distances between the first and last toes (static toe spread

or STS) are *20 mm and the distances between the second and

fourth toes (static intermediate toe spread or SITS) are *12 mm

(Fig. 3A).

One week after T13/L1 injury, STS decreased to 10.94 – 3.09 mm

and 8.79 – 2.10 mm in Group 25 mm and 50 mm, respectively. SITS

decreased to 7.27 – 1.48 mm and 5.91 – 1.07 mm, respectively. Both

STS and SITS gradually increased at two to six weeks after SCI but

they all were significantly lower than the Sham group at six weeks.

ANOVA indicated significant differences among the three groups

both for STS ( p < 0.0001) and SITS ( p = 0.0001). Post hoc testing

revealed significant differences between Sham and 25 mm in STS

( p = 0.001) and SITS ( p = 0.0066), Sham and 50 mm in STS

(p < 0.0001) and SITS ( p = 0.0001), and 25 mm and 50 mm in

STS ( p = 0.0363). However, there was no difference in SITS be-

tween the 25 mm and 50 mm groups ( p = 0.1983).

SSI fell precipitously to - 67.84 – 22.26 and - 83.70 – 13.88 in

the 25 mm and 50 mm groups, respectively, one week after injury

while SSI in the Sham group was stable (Fig. 3). SSI in Group

25 mm and Group 50 mm increased gradually to - 39.66 – 19.58

and - 73.80 – 16.19 after six weeks, respectively. From weeks one

to six, SSI values of Group 25 mm were always higher than Group

50 mm, consistent with more severe injury in Group 50 mm rats

than in Group 25 mm rats. ANOVA indicated significant difference

among these three groups ( p < 0.0001). Post hoc testing reveal

significant differences between the Sham and 25 mm groups

( p = 0.0029), the Sham and 50 mm groups ( p < 0.0001), and the

25 mm and 50 mm groups ( p = 0.0220). Although the SSI scores

were statistically significant in the three injury groups, the standard

errors of means were much greater than the SFI score and the p

values were correspondingly greater, particularly between the

25 mm and 50 mm groups.

Motoneuron loss

To assess motoneuronal loss, we counted NeuN-stained cells that

met the criteria for motoneurons in coronal sections (i.e., located in

ventral horn) with a clearly identifiable nucleus and a cell soma larger

than 100lm2 (Fig. 4). In the Sham group, the number of motoneu-

rons declined from 20–25/section at the T13 vertebral level to 15–20/

section at the L1 vertebra level. Injury caused complete loss of

motoneurons at the lesion epicenter (Fig. 4C), gradually returning to

levels similar to the Sham group at 5 mm rostral and caudal. Re-

peated measures ANOVA indicated significant difference of spared

motoneurons among the three injury groups ( p < 0.0001). Post hoc

testing revealed significant differences between Groups Sham and

25 mm (p < 0.0001), Groups Sham and 50 mm ( p < 0.0001); and

Groups 25 mm and 50 mm ( p = 0.0004).

To identify loss of specific motoneuronal groups, we used

Fluoro-Ruby (FR) and Fluoro-Gold (FG) to identify the tibial and

peroneal motoneuron pools. FR usually produces a reddish fluo-

rescence while FG tends to be bluish. Figure 5 shows FR and FG

labeled motoneurons back-labeled from the tibial nerve and com-

mon peroneal nerve. Figure 5A to 5C are pictures with all moto-

neurons from one animal projected on one spinal cord background.

Figure 5D to 5F are hand-drawn (camera lucida) pictures corre-

sponding to Figure 5A to 5C. All labeled neurons were located in

gray matter and exhibited morphology consistent with motoneu-

rons. The cells have large multipolar perikarya with several den-

drites that extended radially from the cell body.

Before injury, mean motoneuronal counts were 931.7 – 25.11

backfilled from the tibial nerve and 944.7 – 20.11 backfilled from

the peroneal nerve. After T13/L1 contusions, the numbers of spare

motoneurons fell precipitously. In the 25 mm group, the moto-

neuron count was 546.5 – 144.96 for tibial nerve and 542.0 – 11.37

for peroneal nerve (i.e., about half of the motoneurons were de-

stroyed). In Group 50 mm, the counts were 327.0 – 87.23 for tibial

nerve and 294.0 – 57.37 for peroneal nerve (i.e. about two third of

the back-labeled motoneurons were destroyed).

Spared white matter in spinal cord

The contusions spared consistent white matter areas at the injury

site. Figure 6 shows Fast Blue–stained white matter of a 10 mm

length of the spinal cord at impact center six weeks after surgery.

Total coronal spinal cord areas, as well as white matter (blue

stained) areas, were lower in the injured spinal cords. We calculated

percentages of spared white matter by dividing the number of blue

pixels in injured cord sections by the mean number of pixels of

white matter areas in the Sham group.

Compared with the Sham group, both the 25 mm and the 50 mm

groups showed significant loss of white matter at distances up to

5 mm from the lesion epicenter. The 50 mm group had significantly

less spared white matter than the 25 mm group. Repeated ANOVA

indicated significant difference of spare white matter among the

three groups ( p < 0.0001). Post hoc testing revealed significant

differences of spared white matter between the Sham and 25 mm

groups ( p < 0.001), the Sham and 50 mm groups (p < 0.0001), and

the 25 mm and 50 mm groups ( p = 0.0147).

The pattern of white matter sparing is different from thoracic

spinal cord injuries where a rim of white matter usually is present

both in the dorsal and ventral regions. In the lumbosacral spinal cord,

the spared white matter was largely present in the ventral region and

absent from the dorsal region after a 25 mm weight drop contusion.

After spinal cords injured with the 50 mm weight drop, there was

FIG. 2. Walking footprint and analysis. (A–C) Pictures of typical footprints obtained at one week after injury in the Sham, 25 mm, and
50 mm groups, respectively. Scale bar (A-C), 10 mm. Dash line: Footprint length (FL), maximum distance from the third toe to end of
the print; Toe spread (TS), distance between the first and fifth toes; Intermediate toe spread (ITS), distance from the second to the fourth
toe. (D) The increase in mean footprint length (FL) in the Sham (n = 8), 25 mm (n = 7), and 50 mm (n = 8) groups. (E) and (F) show the
decrease in toe spread (TS) and intermediate toe spread (ITS) in the three injury groups. (G) shows the decrease in mean sciatic function
index (SFI) scores. The error bars indicate standard deviation. The three groups differed significantly from each other at all time-points
after the first week. * indicates significant difference compared with the Sham group. # indicates significant difference between 25 mm
and 50 mm groups. (H) shows a walking injured rat (2 weeks after injury) while (I) shows a normal rat. Both rats had just moved their
left hindlimb forward. The heel of injured rat (H red arrow) touched the ground, while normal one did not. The toes of injured rat (H
blue arrow) did not flatten and spread, while the normal one did. Neither of these behaviors would be rated in a BBB score.
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significantly less and often no white matter left at the epicenter. Only

a few LFB-stained patches were present in the lateral area.

Axonal changes in common peroneal and tibial nerves

We assessed axons in the tibial and common peroneal nerves

(Fig. 7). Profiles of collapsed axons surrounded by myelin sheaths

were present in both nerves of rats injured by 25 mm or 50 mm

contusions (Fig.7F, 7G). Total myelinated axon counts in tibial

nerve were 3015.2 – 180.0 for the Sham group, 2939.4 – 144.1 for

the 25 mm group, and 2852 – 145.7 for 50 mm group. Total mye-

linated axonal numbers in common peroneal nerve was

1007.6 – 133.6 for the Sham group, 967.4 – 88.3 for the 25 mm

group, and 994.4 – 119.3 for the 50 mm group. ANOVA showed no

significant differences of total myelinated axon numbers among the

three groups ( p > 0.05) in either nerve.

Axon diameters, however, decreased significantly after surgery.

In the Sham group, mean axon diameters were 2.54 – 0.49 lm for

tibial nerve and 2.38 – 0.32 lm for peroneal nerve. In the 25 mm

group, it fell to 1.74 – 0.59 lm and 1.89 – 0.44 lm, respectively. In

the 50 mm group, it was 1.41 – 0.40 lm and 1.41 – 0.19 lm, re-

spectively. ANOVA revealed significant differences among three

groups for both nerves ( p < 0.0001). For tibial nerves, Scheffe’s

post hoc tests indicated significant differences between Sham and

25 mm ( p = 0.005), Sham and 50 mm (p = 0.0001), but not for

25 mm and 50 mm ( p = 0.3601). For peroneal nerves, Sham and

25 mm ( p = 0.0098), Sham and 50 mm (p < 0.0001), and 25 mm and

50 mm ( p = 0.0135) differed significantly.

Myelin thickness also decreased significantly after surgery. In

the Sham group, myelin thickness averaged 2.22 – 0.23 lm for

tibial nerve and 2.29 – 0.33 lm for peroneal nerve. In the 25 mm

group, the mean myelin thickness was 1.59 – 0.21 lm, and

1.84 – 0.39 lm, respectively. In the 50 mm group, the mean myelin

thickness was 1.18 – 0.31 lm, and 1.24 – 0.268 lm, respectively.

ANOVA indicated significant differences among the groups for

both nerves ( p < 0.0001). Scheffe’s post hoc testing revealed sig-

nificant differences of tibial myelin thickness between Sham and

25 mm ( p < 0.0001), Sham and 50 mm ( p < 0.0001), and 25 mm

and 50 mm ( p = 0.0051) for the tibial nerve. Likewise, 25 mm

( p = 0.0166) and 50 mm ( p < 0.0001) groups differed significantly

from Sham and each other ( p = 0.0014).

Histologic examination of TA and GA muscle

Both the tibialis anterior (TA) and gastrocnemius (GA) muscles

showed evidence on atrophic changes on hematoxylin & eosin

staining. Muscles were transversely sectioned to show cross-

sections of muscle fibers. Injury clearly reduced muscle fiber size.

To quantify the atrophy, we analyzed three sections of each muscle

sample from the Sham (n = 3), 25 mm (n = 4), and 50 mm (n = 4)

groups. On each section, five images were obtained. In each image,

we measured the cross-sectional areas (CSA) of 10 randomly-

chosen fibers.

Figure 8 shows the histologic changes of GA muscle in the three

groups. Injury clearly changed the appearance of the muscle. In the

Sham group, the muscle fibers were large and pinkish with ec-

centric nuclei and CSA of 1300–1500 lm2. Muscle fiber CSA’s in

the GA muscle were slightly bigger than in the TA muscle. Injury

remarkably reduced the CSA of the muscle fibers. After 25 mm

contusion of the spinal cord, hematoxylin and eosin-stained mus-

cles fibers were smaller and deeper purple, with large trabeculae

separating bundles of shrunken muscle fibers. After 50 mm con-

tusions of the spinal cord, the muscle fibers were even smaller and

more condensed.

FIG. 3. Static foot positions and analysis. (A–C) Images of typical foot positions at two weeks after injury in the Sham, 25 mm, and
50 mm groups, respectively. (D) and (E) show the declines in mean static toe spreading (STS) and static intermediate toe spreading
(SITS) in the three injury groups. (F) shows the declines of Static Sciatic Index scores in the three injury groups. The error bars indicate
standard deviation. Animal numbers are the same as in Figure 2. All changes of foot positioning scores were statistically different
among the three injury groups after the third week. * indicates significant difference compared with the Sham group. # indicates
significant difference between the 25 mm and 50 mm groups.
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The muscle atrophy was not only visually apparent but also

remarkably different among the three groups when quantified.

Measurements of muscle fiber CSA indicate that a 25-mm contu-

sion of the L4-5 spinal cord reduced CSA by nearly 40% in both the

GA and TA. A 50-mm contusion reduced CSA by nearly 80%.

ANOVA indicated significant differences among the injury groups

and post hoc testing indicated that 25 mm and 50 mm differed

significantly from Sham, as well as each other ( p < 0.05). These

changes are not only consistent with atrophy of the muscles due to

the SCI but suggest that measurement of muscle fiber CSA may

provide a sensitive measure of injury severity and possible recovery

of function.

Discussion

In humans, injuries to the lumbosacral spinal cord at the T12/L1

vertebral segments usually cause flaccid paralysis of the lower limb

muscles that control the foot, including the gastrocnemius and

anterior tibialis. In addition, such injuries cause paralysis of the

pelvic organs, including the bladder and anal sphincter, as well as

loss of sexual function. Lumbosacral SCI accounts for as much as a

third of spinal cord injuries but few animal studies of this injury

have been conducted and no effective therapies are available to

reverse flaccid paralysis.

In rats, the lumbosacral (L1-S5) spinal cord is located in within

the T11-L1 vertebra. Unlike humans who have 12 thoracic verte-

brae, rats (and other sub-human animals) have 13 thoracic verte-

brae. Like humans, the rat cauda equina occupies the spinal canal

below L1. The rostral lumbar cord contains the CPG and injuries of

the L1-L2 spinal cord causes severe disruptions of locomotion.

While injuries of the L3-L5 spinal cord do not prevent locomotion,

they cause flaccid paralysis of the muscles that control the foot, as

well as the pelvic organs.

We therefore sought to develop a lumbosacral rat contusion

model of SCI that would mimic the human condition. First, we

back-labeled the tibialis and common peroneal branches of the

FIG. 4. Counts of spared NeuN-stained motoneurons. (A) Normal spinal cord. Large motoneurons are located in the ventral horn. (B)
Injured spinal cord in Group 50 mm about 3 mm proximal to injury epicenter. (C) Injury epicenter in Group 50 mm. (D) Injured spinal cord
in Group 50 mm about 3 mm distal to injury epicenter. Scale bar (A-D), 200 lm. (E) Graph of the numbers of spare motoneurons of – 5 mm
of the injury epicenter in the Sham (n = 4), 25 mm (n = 3), and 50 mm (n = 4) injury groups. The error bars indicate standard deviation.
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FIG. 6. Fast blue staining of white matter. (A) Cross-section in Group Sham. (B) Epicenter of Group 25 mm. (C) Epicenter of Group
50 mm. (D) Percentage of spared white matter compared with Group Sham. Animal numbers are the same as in Figure 4. Scale bar
(A–C), 200 lm. The error bars (D) indicate standard deviation.

FIG. 5. Retrograde labeling of spared motoneurons. (A–C) are exemplary images of contused spinal cords at T13/L1 from the Sham,
25 mm and 50 mm injury groups, respectively. (D–F) are camera lucida drawings corresponding to A-C, indicating counted moto-
neurons. Scale bar (A-F), 500 lm. (G) shows a graph of the number of counted spared motoneurons back-labeled from the tibial and
peroneal nerves in the Sham (n = 4), 25 mm (n = 4), and 50 mm (n = 4) injury groups. The error bars (D) indicate standard deviation. *
indicates p < 0.05 versus the Sham group, # indicates p < 0.05 versus the 25 mm group.
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sciatic nerve with fluorescent dyes and found that back-labeled

tibial and peroneal motoneurons are located at L3-L5 spinal cord.

The L4 spinal cord is located at the T13/L1 vertebral junction. We

chose to contuse the spinal cord at this level. Second, we contused

the spinal cord by dropping a 10-g weight 25 or 50 mm onto the L4

spinal cord. This injury caused consistent changes in both walking

and static footprints of the rats.

Histological analyses of the spinal cord, peripheral nerves, and

muscles showed remarkably consistent losses of motoneurons and

white matter, as well as substantial changes in axon diameter,

myelin thickness of peroneal and tibial nerves, and cross-sectional

areas of the gastrocnemius and anterior tibialis muscles. Surpris-

ingly, we did not find a change in the number of axons in the

peripheral nerves after 25 and 50 mm weight drop contusions.

These findings will be discussed in sequence below.

The contusion site

We chose to contuse the L4-L5 spinal cord at the junction of

T13/L1 vertebra for various reasons. This is a readily identifiable

site that contains the motoneuronal columns of the peroneal and

tibialis nerves. In addition to damaging motoneurons, the contusion

also damages descending and ascending spinal tracts to the sacral

segments that control the pelvic organs. Also, it does not damage

the upper lumbar segments that contain the locomotor CPG, which

would severely disrupt locomotor function.

Magnuson and colleagues36 had earlier reported the effects of

contusing rat L3-L4 spinal cord at vertebral level T13, causing mild

locomotor deficits and relatively little change of the Basso-Beattie-

Bresnahan (BBB) locomotor scores. Thoracic spinal cord contu-

sions interrupt ascending and descending pathways18,25,37 to and

from the lumbosacral cord, causing severe deficits of hindlimb

locomotion. The BBB locomotor score was designed to reflect the

loss and sequence of locomotor recovery after thoracic SCI.

In contrast, contusions of L1-L2 spinal cord cause severe loco-

motor deficits due to damage of the CPG located at L1-L2.42,43

Magnuson and colleagues17 confirmed this by injecting kainic acid

(KA), an excitotoxin that selectively damages gray matter and spares

white matter. KA injected into thoracic cord (T10) did not affect

walking. However, injection of KA into the L1-L2 cord caused se-

vere locomotor deficits. The CPG contains the neuronal circuitry

required to generate functional locomotor patterns44,45 and plays a

crucial role in restoring hindlimb locomotion after SCI.46,47 We

contused the L4-L5 cord to avoid compromising the CPG.48

The result is a rat with lumbosacral SCI that can walk but has

weakness of plantar flexion and toe spread, both of which can be

easily documented by analyzing walking and standing footprints.

Motoneuronal loss can be readily quantified by back-filling the

tibial and deep peroneal nerves with fluorescent dyes, as well as by

changes in peripheral nerve and muscle fiber analysis. The injury

can be varied to cause partial or complete loss of white matter by

increasing the height of the weight drop from 25 mm to 50 mm.

Motoneuronal loss

As shown by retrograde labeling after injury (Fig. 5), the mo-

toneuron columns of the common peroneal and tibial nerves extend

above and below the injury site. The overall length of the common

peroneal and tibial motoneuron pools were 4.71 mm and 5.01 mm

respectively, consistent with previous studies showing motoneuron

pools in the adult rat extending 3–5 mm and spanning more than

one spinal segment.49 As shown in NeuN stained cross-sections

(Fig. 4), large, darkly stained motoneurons in the ventral horns were

absent in 1.50 mm and 3.75 mm longitudinal gaps in the 25 mm and

50 mm groups.

Peroneal motoneurons are more lateral and rostral than tibial

motoneurons, consistent with previous reports.50,51 The L1 spinal

cord is located at the T12 vertebra, the L2 spinal cord at the rostral

end of T13 vertebra, the L3 and L4 spinal cord at the caudal end of

T13 vertebra and the disc of T13/L1.36 Kaizawa and Takahashi50,52

described sciatic motoneurons at mid L4 through L6 spinal seg-

ments. Peroneal motoneurons are located at L3-L4 and rostral L5;

tibial motor neurons are located in L4, L5, and the rostral L6 spinal

cord.49,51

The 50-mm L4-5 weight drop contusion expectedly caused

greater motoneuronal and white matter loss than the 25-mm weight

drop but still without significant locomotor deficit. Previously,

Magnuson and colleagues36 found that a L3-4 contusion equivalent

to 25 mm weight drop caused motoneuron loss restricted to a 2 mm

length of cord, not enough to induce severe locomotor deficits.

Schrimsher and Reier53 likewise showed that motoneuron loss

confined to the C4/5 spinal segments did not induce severe forelimb

functional deficits.

This lumbosacral SCI model, therefore, is suitable for assessing

motoneuronal replacement therapies. The motoneurons can be

readily identified and counted. Successful regeneration of moto-

neuronal axons into the ventral roots and out the peripheral nerves

can be documented by back-labeling axons from the peroneal and

tibial nerves. Successful reinnervation of the motoneurons can be

readily assessed histologically. The consequences of the moto-

neuronal loss or replacement can be readily quantified from foot-

print analyses.

Footprint analyses

The BBB test reflects recovery of multi-joint hindlimb loco-

motor function after thoracic SCI.54,55 BBB scores recover rapidly

after L4-L5 contusion because the model preserves femoral mo-

toneurons and the CPG. Although the rats are able to walk and

usually recover BBB scores of greater than 15, their walking is not

normal and the effects of the contusion can be determined readily

from footprint analysis.

Rats normally stand on their toes and their hind footprints nor-

mally show all five toes and footpads at the base of the toes. The toes

should be spread and their heels should not touch the ground. Coming

from the L4, L5, L6, S1, and S2 spinal roots, the common peroneal

nerve innervates the short head of the biceps femoris and peroneus

muscles that contribute to knee and plantar flexion of the feet (ankle

extension). Injury to peroneal motoneurons weaken plantar flexion so

that the rat rests more of its feet, including its heels, on the ground and

hence produces a longer footprint (Fig. 2) when walking.

The tibial nerve comes from similar spinal roots (L4, L5, S1, S2,

and S3) to innervate the gastrocnemius, popliteus, soleus, and

plantaris muscles that also contribute to plantar flexion. In the foot,

the tibial nerve divides into medial and lateral plantaris branches.

The former supplies the abductor hallucis, flexor digitorum brevis,

flexor hallucis brevis, and the first lumbrical muscles, which control

the lateral foot and toe movements. The latter supplies the quad-

ratus plantae, flexor digiti minimi, adductor hallucis, the interossei,

and the second to fourth lumbricals. Damage to tibial motoneurons

paralyzes the feet and prevent spreading of the toes during standing

and walking.

Thus, changes in footprint length and toe spread reflect damage to

the peroneal and tibial motoneurons. From two to six weeks after

injury, footprint lengths, toe spreading and intermediate toe
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spreading in the 25 mm and 50 mm groups differed significantly from

those of the Sham group, as well as each other. The SFI in particular

showed large and consistent changes. This should be a very sensitive

measure of both neuroprotection, as well as restoration of function.

Walking versus standing footprints

We used both the SFI and SSI to assess foot function. Introduced

in early 1980s56 and later modified by Bain and colleagues57 SFI

was widely used to assess functional recovery of the sciatic nerve in

rats.40,58–62 The SFI is not usually used to assess foot recovery after

SCI because the rats must walk to produce interpretable foot-

prints.63 SSI is technically easier to do than footprint analysis of

walking, has all advantages of walking footprints, and produces

results that correlate highly with dynamic footprint analysis.41

Foot print length during walking has been used alone as a be-

havioral test in a tibial nerve crush and transection model.64 Toe

spreading also has been used to evaluate behavioral changes in a

lumbar (L4-6) dorsal root ganglion injury model in rats,65 thoracic

rat SCI,63 a rat Achilles tendon rupture model66 and a sciatic nerve

injury model.67 Static toe spread correlates with toe spread in

walking foot prints and has turned out to be a useful parameter for

measuring functional recovery after sciatic nerve injury.41

Both SFI and SSI turned out to be reliable behavioral tests for

L4-L5 lumbar SCI. Both indices fell precipitously after injury in the

25 mm and 50 mm groups then recovered partially, while both in-

dices remained stable in Sham rats (Fig. 2 and Fig. 3 ). ANOVA

indicated that SFI and SSI differed significantly in the three treat-

ment groups. SFI and SSI in Group 25 mm were always higher than

Group 50 mm at all times observed after surgery. Our results sug-

gested that both SFI and SSI are reliable behavioral tests to assess

rats with L4-L5 SCI.

Walking footprints cannot be collected if the animal cannot

walk. Individual and motivational factors also can affect walking

velocity and SFI.68,69 To reduce such variability, we pre-trained the

rats for walking track analysis, measured five pairs of footprints

from each rat before and after surgery, and acquired only footprints

from the middle of the walking track and when walking pace was

stable. Static toe footprints are easier to collect, does not require

walking animals, and correlate with injury severity.41 However,

walking footprints are more sensitive and have smaller standard

errors of means.

Gray matter damage

Contusions reproduce many manifestations of human SCI, in-

cluding hemorrhagic necrosis, ischemia, and inflammation, central

cavitation surrounded by gliosis and a spared rim of white mat-

ter.13,70 Histological analysis of the spinal cord also revealed typ-

ical features of contusions seen in humans, including edema,

inflammatory cell infiltration, and cystic cavity formation.53

Dropping a weight onto the L4-L5 spinal cord damaged both gray

and white matter at the injury site.

Gray matter damage is apparent from coronal sections of the

contusion site. At the epicenter, no motoneurons were left at the

injury site – 2 mm of a 50 mm impact epicenter. In fact, no neurons

of any kind were present at the impact epicenter (Fig. 4), although

both motoneurons and other neurons were present at – 2.5 mm from

the injury epicenter. Note the greater destruction of dorsal spinal

cord and the enlarged ventral spinal artery in the ventral sulcus.

This pattern differs from contused thoracic spinal cords, which tend

to have equally distributed circumferential damage and less ventral

spinal artery dilation.71

Spinal cords injured with 25 mm weight drops had more spared

motoneurons than rats injured with 50 mm weight drops. Retro-

grade labeling of peroneal and tibial neurons with Fluoro-Ruby and

Fluoro-Gold allowed comparison of two populations of spared

motoneurons (Fig. 5). Surprisingly, of about 950 backfilled moto-

neurons counted from each nerve, 25 mm and 50 mm contusions

reduced the number of tibial and peroneal motoneurons almost

identically by about 43% and 73%, respectively.

Earlier studies by Magnuson and colleagues17 reported that in-

jection of the neurotoxin kainic acid in the T9 spinal cord killed

gray matter and preserved white matter with little effect on loco-

motor deficits in rats. However, the same injections into L2 spinal

cord caused only gray matter damage with no white matter loss, but

the rats showed severe locomotor deficits. Likewise, L2 contusions

cause severe locomotor deficits. The locomotor central pattern

generator is located at L2. The L4-5 contusion should have spared

the central pattern generator but damaged its connections to pero-

neal and tibial motoneurons that control the ankles and feet, as well

as the peroneal and tibial motoneurons themselves.

We chose to do the contusion at L4-5 to avoid damaging the L2

central pattern generator. Damage to the central pattern generator

would disrupt walking even if the lower hindlimb motoneurons

were intact. The L4-5 contusion model preserved the central pattern

generator so that the rats could still walk, allowing investigators to

assess effects of neuronal replacement therapy on the muscles

controlling the ankle and foot. Of course, an L2 contusion would be

useful for assessing therapies aimed at replacing the proximal limb

motoneurons and rebuilding the central pattern generator, both

daunting tasks.

White matter damage

The contusion also clearly damaged white matter. Spinal cords

in the 50 mm group had significantly less spared white matter than

the 25 mm group. As shown in Figure 6, the 25 mm group had 20%

spared white matter at the epicenter, compared with nearly 0% in

the 50 mm group. More white matter was spared on the ventral side

than the dorsal side. In thoracic spinal cord injuries, white matter

sparing correlates with locomotor scores.72 However, in lumbosa-

cral injuries, white matter sparing and injury severity do not predict

BBB scores, although the footprint indices corresponded to injury

severity and motoneuronal loss.

FIG. 7. Measurements of myelinated axons after surgery. (A–C) shows exemplary images of combined silver and fast blue staining of
tibial nerve in the Sham, 25 mm, and 50 mm injury groups, respectively. Axons were stained black and surrounding myelin sheathes
were stained blue. (D) shows the numbers of myelinated axon in tibial and peroneal nerves of the three injury groups. (E–G) are higher
magnification images of tibial nerve in the Sham, 25 mm, and 50 mm, groups, respectively. Arrows indicate densely silver-stained axon
bulbs. (H) shows mean axon diameters in the three injury groups. (I) shows myelin sheath thickness in the three injury groups. Scale bar
(A–C), 100 lm; (E–G), 10 lm. The error bars (D, H, I) indicate standard deviation. * indicates p < 0.05 versus Sham; # indicates p < 0.05
versus 25 mm. The data represent means and standard errors of means from 3 rats from the Sham group and 4 rats each from the 25 mm
and 50 mm groups.
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Note the presence of blue-stained myelinated axons in the cen-

tral part of the spinal cord contused with the 50 mm weight drop.

These faint blue stains were not included in the spared white matter

analysis. Earlier studies described this phenomenon in contused

thoracic spinal cords (i.e., many axons are growing in the central

part of the spinal cord), particularly in severely contused spinal

cords and that these axons are myelinated by six weeks after in-

jury.71,73 Normally, no axons are present in the central part of the

spinal cord. Spontaneous axonal growth appears to be occurring at

contusion site of lumbosacral model, like the thoracic spinal cord

contusion model.

The loss of white matter at L4-5 indicates disruption of as-

cending and descending connections between the proximal cord

and supraspinal centers. The rats should have loss of sensation from

L4-5 and sacral segments, as well as supraspinal control of the foot

and sacral functions. We did not investigate the sacral nuclei in this

study but suspect that the proximal sacral nuclei probably damaged

by the L4-5 contusion and hence caused the difficulty we had with

bladder care of the rats. However, the observation that the rats

continue to defecate suggests that the lower sacral nuclei may have

been preserved.

Peripheral nerve axon counts

The L4-L5 injury eliminated many motoneurons. Based on the

counts of backfilled neurons (Fig. 5), the 25-mm weight drop

eliminated about 40% of both tibial and peroneal motoneurons,

while the 50 mm weight drop eliminated about 70% of both tibial

and peroneal motoneurons. ANOVA indicated significant differ-

ences in spared tibial ( p = 0.001) and peroneal motoneurons

( p < 0.0001) among the three injury groups. For the tibial nerve,

post hoc tests indicated significant differences between the Sham

and 25 mm groups ( p = 0.0126) and the Sham and 50 mm groups

( p = 0.001) but no difference between the 25 mm and 50 mm groups

( p = 0.0971). For the peroneal nerve, post hoc tests indicated sig-

nificant differences between the Sham and 25 mm groups

( p = 0.0003), the Sham and 50 mm groups ( p < 0.0001), and the

25 mm and 50 mm groups ( p = 0.0031).

We therefore expected to see significant loss of axons in the

peripheral nerves. Combined silver and LFB staining clearly

showed axons and their myelin sheaths. However, we found no

significant difference of myelinated axon counts among the Sham,

25 mm, and 50 mm groups (Fig. 7D), even though there were sig-

nificant differences of motoneuron loss among these groups. One

explanation is that the motor axons are degenerating slowly (i.e.,

like Wallerian degeneration of central axons). The light micro-

scopic findings should be confirmed with ultrastructural, tracing,

and neurophysiological studies at earlier and later times.

Rapid degeneration of peripheral axons after peripheral nerve

injury is well known.74–76 However, little has been reported con-

cerning speed of peripheral nerve degeneration after SCI.77,78

Delayed Wallerian degeneration occurs in peripheral nerves in

alcoholic neuropathy,74 triethyl- and trimethyl-tin lesions,79

Werdnig-Hoffmann disease,80 and other conditions.81 It would be

of interest to see if lumbosacral SCI triggers the Wld(s) gene that

slows down Wallerian degeneration82,83 and other genes that may

regulate Wallerian degeneration.84,85

Axon diameters, myelin sheath thickness,
and muscle changes

Although lumbosacral contusion did not significantly reduce

axon counts in peroneal and tibial nerves compared to Sham-

injured rats, we observed striking reductions in axon diameters and

FIG. 8. Histologic changes of muscles. (A–C) show exemplary images of hematoxylin and eosin (H & E) stained gastrocnemius (GA)
muscles in the Sham (A), 25 mm (B), and 50 mm (C) groups at six weeks after surgery. Scale bar (A–C), 100 lm. (D) Mean muscle fiber
cross-sectional areas (CSA) of tibialis anterior (TA) and GA muscle in the Sham (n = 3), 25 mm (n = 4), and 50 mm (n = 4) groups. The
error bars indicate standard deviation. Mean muscle fiber CSA in the 25 mm and 50 mm groups were significantly smaller than in the
Sham group and from each other. * indicates p < 0.05 versus the Sham group; # indicates p < 0.05 versus 25 mm group.
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myelin sheath thickness in the peroneal and tibial nerves after L4-

L5 SCI, as well as muscle atrophy similar to those observed in

diaphragm after phrenic motoneuronal loss.19 The changes of axon

thickness and myelin are similar to a previous study that found

reduced diameter and myelin sheath thickness of optic axons after

encephalomyelitis.86 ANOVA indicated that rats in the 50 mm

group had significantly thinner axon diameter and myelin sheath in

the peroneal, but not tibial, nerve of rats in the 25 mm group

( p < 0.05), and both the 25 mm and 50 mm groups had thinner

axons and myelin than the Sham group ( p < 0.05) in both nerves.

These observations suggest that many axons of motoneurons

damaged by the contusion may not have degenerated but have

undergone atrophy at six weeks. Occasionally, we saw densely

silver-stained and enlarged axons (red arrow, Fig. 7F) without

surrounding myelin. These may be retracted axon bulbs. Thus,

while axon counts in the tibial and common peroneal nerves do not

reliably reflect motoneuron damage in the spinal cord, axon di-

ameter and myelin sheath thickness do correspond to the severity of

the spinal cord contusion and motoneuronal loss.

Muscular degeneration was clearly present at six weeks after

injury. H&E staining showed both atrophied and degenerating

myofibers in the TA and GA muscles. There may be other causes of

the muscle atrophy besides motoneuronal loss, including non-use

atrophy and contusion to spinal roots running alongside the L4-L5

lumbosacral spinal cord. Nevertheless, muscle fiber cross-sectional

areas (CSA) were uniformly smaller in 50 mm-contused rats than in

25 mm–contused rats.

Drawbacks and opportunities

Our experiments revealed several drawbacks to the lumbosacral

contusion model and the outcome measures that we chose. First, we

had to study female rats because preliminary experiments sug-

gested that male rats may have higher mortality rates due to de-

velopment of flaccid paralysis and blood clots in the bladder (data

unpublished). Female rats did not have this problem. The L4-L5

contusion may damage local circuitry for Onuf’s nucleus, causing

flaccid bladder paralysis.87 Male rats have longer urethras and an

external sphincter, making manual expression of the bladder more

difficult. Female rats have a shorter urethra and only an internal

bladder sphincter, which may make bladder expression easier. The

model presents an interesting opportunity to test therapies to re-

verse bladder flaccidity in both male and female rats.

Second, we unexpectedly found that 25 mm and 50 mm contu-

sions of the L4-L5 cord did not significantly change the number of

myelinated axons in the peroneal or tibial nerves at six weeks al-

though the nerves did show significant differences of axon diam-

eters and myelin-sheath thickness. Waiting longer than six weeks

after the injury may result in clearer patterns of axon loss. However,

both GA and TA muscles showed severe atrophy that could be

readily quantified from muscle fiber cross-sectional areas. These

findings indicate that muscle changes are a more sensitive indicator

of motoneuronal damage than peripheral nerve axon counts. On the

other hand, our findings provide an opportunity to study slow ax-

onal degeneration that occurs after lumbosacral contusion, very

different from rapid axonal degeneration after peripheral nerve

injury.

Third, the two muscles (TA and GA) we studied did not corre-

spond directly to the two nerves (tibial and deep peroneal) that we

backfilled. In retrospect, we probably should have assessed the long

peroneus and the abductor hallucis muscles, which, respectively,

would have better reflected the common peroneal and tibial nerve

branches that we backfilled. On the other hand, our data shows that

L4-5 contusions cause significant atrophy of the TA and GA, two

major muscles innervated by the tibial nerve. It would be of interest

to do electrophysiology tests to confirm denervation despite per-

sistence of the axons.

Choice of outcome measures

The BBB score is a popular approach to assessing hindlimb

function in rats after spinal cord injury.54,88 We chose not to apply

BBB to this model because rats with lumbosacral injuries do not

exhibit many of the behavioral changes that BBB score use to

assess hindlimb function. BBB scores depend on graded recovery

of hip/knee/ankle joint movements, weight support, forelimb/hin-

dlimb coordination, foot eversion on contact and liftoff, toe clear-

ance, tail position, and postural stability. Rats with lumbosacral

injures have intact motor control of hip and knee joints and there-

fore can support their weight and walk with forelimb/hindlimb

coordination. However, lumbosacral injuries paralyze the plantar

and foot muscles, so that the rats no longer walk on their toes but

shuffle along with their heels on the ground. Their feet clench in

flexion and they cannot spread their toes. The tail touches the

ground. Both the 25 mm and 50 mm rats will have a BBB score of

15 and stay at that level.

Two other commonly-used measures of hindlimb were not

useful for distinguishing lumbosacral injury severity in the rats. For

example, due to their plantar weakness and inability to spread the

toes, rats with lumbosacral injuries cannot support their weight on

rungs of ladders and therefore perform poorly on the horizontal

ladder test. Likewise, the rats cannot gain traction on inclined

surfaces and tend to slide off even moderately inclined planes.

Treatments that restore foot innervation may allow the rats to im-

prove on these two tests but these tests are not useful for distin-

guishing between 25 mm and 50 mm contusions.

Finally, although our original intent was to study the bladder,

bowel, and sexual function as well as walking in this model, we

encountered significant difficulties caring for male rats with flaccid

bladders resulting from lumbosacral injuries. In female rats, urinary

retention with overflow incontinence occurs at an early stage after

L4-5 contusion. With spinal cord recovery and the appearance of

detrusor hyperreflexia, urge urinary incontinence appears. The rats

defecated without difficulty. We therefore chose to wait until we

figure we can determine how to care for lumbosacral injured male

rats before doing this study.

Conclusion

Traditional spinal cord injury models have focused on mostly the

thoracic and cervical spinal cord, ignoring the lumbosacral spinal

cord injury, which is much more common than usually thought. As

much as a third of spinal cord traumas may involve the lumbosacral

spinal cord. Because the lumbar enlargement and sacral nuclei are

present in the lumbosacral cord, injuries to that region of the spinal

cord result in flaccid paralysis of lower hindlimb muscles and

pelvic organs, including the bladder and anal sphincters. Restoring

function to lumbosacral spinal cord injury will require more than

regeneration of long spinal tracts. Motoneuronal replacement will

be necessary. Unfortunately, no standardized model of lumbosacral

spinal cord contusion is available for testing such therapies.

We therefore developed a lumbosacral spinal cord contusion to

address this gap. Our experiments show that motoneurons back-

filled from the deep peroneal and the tibial nerves reside in the L4-

L5 spinal cord located at the T13/L1 vertebral junction. Contusion

RAT LUMBOSACRAL SCI MODEL 889



of the spinal cord at the T13/L1 vertebral junction produces graded

loss of 40% to 70% of motoneurons that contribute axons to both

nerve, reflected in significant and readily quantified changes in

walking footprint lengths and standing toe spread. The contusions

also produce significant reductions of axon diameter and myelin

sheath thickness in the deep peroneal and tibial nerves, as well as

severe and reproducible graded atrophy of the gastrocnemius and

tibialis anterior muscles.

This model closely mimics human lumbosacral injuries, in-

cluding the flaccid paralysis of lower limb muscles and develop-

ment of flaccid bladder paralysis. The model should allow the study

and testing of therapies aimed at preventing and restoring function

in lumbosacral spinal cord contusions. Both the injury model and

the outcome measures should be readily implemented in most

laboratories that do spinal cord injury studies. This model utilizes

simple and reliable outcome measures that do not require costly

instrumentation and specialized facilities.
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