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Abstract
The relationships between various parameters of tissue damage

and subsequent functional recovery after spinal cord injury (SCI) are

not well understood. Patients may regain micturition control and

walking despite large postinjury medullar cavities. The objective of

this study was to establish possible correlations between morpholog-

ical findings and degree of functional recovery after spinal cord

compression at vertebra Th8 in rats. Recovery of motor (Basso,

Beattie, Bresnahan, foot-stepping angle, rump-height index, and lad-

der climbing), sensory (withdrawal latency), and bladder functions

was analyzed at 1, 3, 6, 9, and 12 weeks post-SCI. Following perfu-

sion fixation, spinal cord tissue encompassing the injury site was cut

in longitudinal frontal sections. Lesion lengths, lesion volumes, and

areas of perilesional neural tissue bridges were determined after

staining with cresyl violet. The numbers of axons in these bridges

were quantified after staining for class III b-tubulin. We found that

it was not the area of the spared tissue bridges, which is routinely de-

termined by magnetic resonance imaging (MRI), but the numbers of

axons in them that correlated with functional recovery after SCI

(Spearman’s q> 0.8; p< 0.001). We conclude that prognostic state-

ments based only on MRI measurements should be considered with

caution.

Key Words: Correlation analysis, Functional recovery, Neurotubu-

lin content, Spared white matter, Spinal cord injury.

INTRODUCTION
Traumatic spinal cord injury (SCI) destroys tissue di-

rectly via the initial impact as well as via subsequent second-
ary degeneration that evolves over time and results in a range
of motor and sensory deficits with various degrees of severity
(1). Both gray and white matter are adversely affected, which,
depending on the vertebral level, leads to deficits in multiple
organ systems (2,3). Furthermore, recent MRI imaging in
humans has shown that after cervical injury, degeneration also
occurs remotely in the lumbar spinal cord, emphasizing the
widespread nature of this injury (4). There are currently no de-
finitive regenerative or restorative interventions that markedly
improve outcome following SCI (5). Current options include
primarily medical management and rehabilitation (2), as well
as increasing emphasis on sensory stimulation (6).

Studies primarily in rodent models have shown that, al-
though lesions of differing severity result in an initial com-
plete loss of motor, sensory and vegetative function, partial
recovery to varying degrees nevertheless often ensues (7–10).
This provides the opportunity to examine whether any mor-
phological factors underpin functional recovery.

A notable feature in any contusion model is that a small
perilesional rim of spared tissue often remains, even following
severe injury (11–17). Survival of such perilesional neural tis-
sue bridges (PNTB) has also been recognized in human SCI
pathology, where there is some tissue sparing even in neuro-
logically complete patients that are categorized as
“discomplete” (18–21). PNTBs are the target of acute treat-
ments that attempt to delay or slow secondary degeneration,
thus preserving intact fibers and therefore function (22). Simi-
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zu Köln, Joseph-Stelzmann-Strasse 20, D-50931 Köln, Germany; E-mail:
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larly, chronic treatments are targeted to either add to these
spared fibers or use rehabilitation to enhance any residual
function (6,23).

The objective of this study was therefore to analyze defi-
cits in locomotion, sensitivity and vegetative functions after
graded incomplete bilateral spinal cord lesions in adult rats
and to relate these to morphological findings (i.e. lesion vol-
ume, lesion length, PNTB area, and number of axons in
PNTB).

MATERIALS AND METHODS

Overview of Animal Groups
Thirty-two adult (175–200 g) female Wistar rats (strain

HsdCpb: WU, Harlan, An Venray, The Netherlands) were
used. All animals were subjected to a single spinal cord com-
pression injury to 50% of its diameter at 3 different impact
speeds: 50 mm/second (SCI-50: 8 rats), 75 mm/second (SCI-
75: 12 rats), and 100 mm/second (SCI-100: 12 rats).

Data from our earlier experiments, provided the basis
for our statistical analysis for which we used G*Power Ver-
sion 3.1.4 (Franz Faul, University of Kiel, Kiel, Germany)
(24). In the previous study, using a contusion velocity of
100 mm/second for 1 second, rump-height index (RHI) at
2 months after SCI was 2.82 6 0.13 points. We predicted that,
in the course of recovery, RHI would reach 4.50 points, corre-
sponding to an effect strength of 3.36. We expected that the
minimal relevant effect that we would be able to detect would
be 0.5 points, which corresponds to an effect strength of 1.4.
For this comparison, a t-test requires 7–9 rats per group. In
this case, significant differences would be detected with a
power of 80% with a type 1 error of 5%.

Animals were fed standard laboratory food (Ssniff Spe-
zialdi€aten, Soest, Germany), provided tap water ad libitum
and kept at 23�C on a 12-hour artificial light-dark cycle. All
experiments were conducted in accordance with German Law
on the Protection of Animals. Procedures were approved by
the local Animal Care Committee (approval number 84-
02.04.2014.A348). Functional recovery was examined in all
rats at 1, 3, 6, 9, and 12 weeks after SCI.

Prelesion Training (Conditioning)
As described in detail previously (24–27), prior to SCI

surgery, all rats underwent daily conditioning for 2 weeks, in-
cluding training to walk on a wooden beam, climb a ladder,
and stay still in the transparent chamber of the Thermal Plantar
Analgesia Instrument (Ugo Basile Thermal Plantar Analgesia
Instrument, Stoelting Europe, Dublin, Ireland), for sensory
measurements. All animals rapidly became accustomed to the
tasks within 2–3 days and did not show any signs of stress,
such as freezing, trying to bite, weight loss, or lack of
grooming.

Spinal Cord Injury
We adopted a transient spinal cord compression method

(28) and have used it routinely in our laboratory (24,27,29).
Briefly, rats were anesthetized (1.8 vol% Isofluorane: Forene,

Abbott Laboratories, Chicago, IL, 0.6 L/minute O2: Conoxia
and 1.2 L/minute N2O: Niontix, Linde, Dublin, Ireland). A
laminectomy was performed at the eighth thoracic vertebra
and the exposed 10th thoracic spinal cord segment (i.e. at the
level of the eighth thoracic vertebra [30]) compressed at a ve-
locity of 50, 75, or 100 mm/second for 1 second using electro-
magnetically controlled watchmaker forceps (Dumont #5,
Fine Science Tools, Heidelberg, Germany); closure was con-
trolled to be 50% of spinal cord diameter.

We used this method to induce mild (SCI-50: velocity
of 50 mm/second), moderate (SCI-75: 75 mm/second), or se-
vere (SCI-100: 100 mm/second) bilateral spinal cord contu-
sion injury. The use of 3 different severities allowed us to
identify which model would cause abrupt initial disability fol-
lowed by a gradual ongoing recovery thereby providing the
opportunity to determine whether there were any associations
between functional recovery and lesion site characteristics
(i.e. length, volume, PNTB area, numbers of antineuronal
class III b-tubulin-positive profiles).

This compressive bilateral injury affects both corticospi-
nal tracts in the dorsal white matter funiculus (31) and the
reticulospinal tract which projects within the ventrolateral fu-
niculus, and determines the degree of locomotor deficit (32–
35). To prevent hypothermia, rats were kept at 37�C for
12 hours and then housed individually in standard cages. Man-
ual bladder voiding was undertaken twice daily at �7:00 and
�19:00 until the end of the experiment, that is, 12 weeks after
SC surgery.

Assessments
All functional and anatomical analyses were undertaken

by 2 independent investigators blinded to treatment group.

Functional Assessments
Locomotor Performance

Locomotor function was measured prior to SCI
(0 weeks) and at 1, 3, 6, 9, and 12 weeks thereafter using the
Basso, Beattie, Bresnahan (BBB) rating scale (7) and beam-
walking as described previously (24,27). Video recordings
(Panasonic NV-DS12, Panasonic Corporation, Kadoma,
Osaka, Japan, at 25 frames per second) of the animal’s left and
right side were made, observed at slow playback speed and
scores for the left and right extremities were averaged (27).

Selected frames within a single frame motion analysis
were used to measure foot stepping angle (FSA), which is an
objective measure of stepping (plantar or dorsal) and a major
attribute of the BBB score. The FSA is the angle at which ani-
mals place their hind paw on the ground at the beginning of
the stance phase. The angle is defined by a line parallel to the
paw’s dorsal surface and the horizontal axis measured from
video frames in which the paw is seen in initial firm contact
with the ground. In intact rats, the stance phase is well defined
and the angle <20�. After SCI, rats drag their hind limbs with
dorsal paw surfaces facing the beam surface and the FSA is in-
creased to 130�–140�. In severely disabled rats, “step cycles”
were defined by the movements of the forelimbs. Video
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frames in which the angle appeared to have its lowest values
for individual “cycles,” typically following a visible attempt
to flex the extremity, were used for measurements. In the less
severely disabled rats that performed stepping of variable
quality (dorsal or plantar), the angle was measured upon dorsal
or ventral placement of the paw on the ground after a swing
phase or after a forward sweep of the paw over the beam sur-
face. At each time point after SCI, 3–6 measurements were
made for each hindlimb, that is, 6–12 “step cycles” that were
defined according to the stepping ability of the animal as de-
scribed above. The values for the left and right paw of each an-
imal were averaged.

Selected frames were also used to measure RHI, a nu-
merical estimate of the ability to support body weight, also an
attribute of the BBB rating scale. RHI defined as the vertical
distance from the dorsal aspect of the base of the animal’s tail
to the beam, normalized to the beam thickness measured along
the same vertical line. For each animal and trial, the maximum
RHI was estimated using video frames of 3–6 “step cycles,”
again defined according to stepping ability.

In addition, we analyzed video recordings of animals
while climbing up an inclined ladder to count correct ladder
steps (CLS), defined as correct placing of the hind paw and a
briefly sustained position until the next forward step (24,27).
In brief, after initial training, rats learned to climb up to the
top of the ladder and even severely disabled animals after SCI
could do so using their forelimbs and the body weight support
provided by the inclined position of the ladder. The ladder-
climbing test thus allows quantitative evaluation of complex
motor behavior spanning normal function (noninjured) to
complete paralysis. Video recordings were observed at slow-
speed playback and the CLS placing of the hind paw and
sustained position until the next forward move, counted. The
pre-injury values varied between 7 and 9 rungs.

Bladder Function

Bladder function was assessed immediately prior to
each manual voiding, that is, 2 times daily (�7:00 and 19:00
o’clock), using the following scoring method which has been
described previously (24,25,36): Completely empty (no urine
could be expressed, 0 points); half empty bladder containing
several drops of clear urine (10 points); wet perineum, filled
bladder with clear urine (20 points); half empty bladder with
turbid urine (30 points); wet perineum, full bladder with turbid
urine (40 points); half empty bladder with bloody urine (50
points); and wet perineum, full bladder with bloody urine (60
points). We analyzed data collected midweek for each week
up to 12 weeks following SCI.

Thermal Sensitivity

Withdrawal latencies following thermal stimulation
were measured before SCI (0 weeks) as well as at 1, 3, 6, 9,
and 12 weeks thereafter. Animals were placed in a clear plastic
chamber on a plastic table with a moveable laser device below
it. The laser beam (2-mm diameter; temperature of 55�C) was
directed over the plantar surface of the left and right hind paws

and the ventral surface of the tail base. Once the laser was acti-
vated, sensors measured time in seconds as well as any move-
ment of the hind limbs or tail away from the laser (Ugo Basile
Thermal Plantar Analgesia Instrument, Stoelting Europe)
thereby enabling measurement of withdrawal latency, that is,
how long the beam was directed at the rat’s hind limbs or tail
before the animal reacted and moved away. Left and right
hind paws, as well as the tail, were stimulated 3 times, and val-
ues were averaged (37–40). Our own previous results showed
that there were no significant differences in the withdrawal la-
tencies recorded from these 3 regions (25). This is why we ini-
tially stimulated the animals in all 3 regions 3 times and
averaged the values. For a more detailed analysis, we consid-
ered all measurements separately.

Anatomical Assessments
Lesion Site

Spinal cord lesion length. Twelve weeks after SCI, rats were
deeply anesthetized with Isoflurane (Forene, Abbott Laborato-
ries) and perfused transcardially with phosphate buffered sa-
line (PBS) for 30 seconds followed by 4% formaldehyde (Carl
Roth, Karlsruhe, Germany) in 0.1 M PBS, pH 7.4, for
20 minutes. The spinal cord was dissected free between T7
and T9, cryoprotected (20% sucrose in PBS), cut in longitudi-
nal cryo-sections (25mm) in the frontal plane and mounted on
SuperFrost Plus slides (Carl Roth). Each fifth longitudinal sec-
tion was collected, yielding a total of at least 10 equidistant
sections through the spinal cord of every animal, stained with
cresyl violet (Carl Roth) and a fractionator sampling strategy
used (41). Lesion lengths (in mm) from images of each section
were measured at a primary magnification of�2.5 using a mi-
croscope (Carl Zeiss, Oberkochen, Germany) equipped with a
CCD Video Camera System (Optronics Engineering, Model
DEI-470, Goleta, CA, supplied by Visitron Systems, Puch-
heim, Germany) combined with Image-Pro Plus 6.2 software
(Media Cybernetics, Silver Spring, MD) (24,27). Measure-
ments were performed by 2 observers blinded to the treatment
groups.

Lesion Volume

Using the same images from longitudinal sections (i.e.
at least 10 per animal), and the same hardware and software,
we delineated and measured the lesion areas in lm2 as de-
scribed earlier (24,27). The total lesion volume was calculated
by multiplying the measured area (in lm2 by 25 lm [the thick-
ness of the sections]), using the Cavalieri method (41).

Perilesional Tissue Bridge Area

Chronic contusion cavities are surrounded by perile-
sional tissue bridges (42). Using the same images, hardware
and software as described above, we delineated and measured
the areas of the PNTB in lm2.
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Antineuronal Class III b-Tubulin Immunoreactivity in
Perilesional Tissue Bridges Immunohistochemistry

A separate set of 10 equidistant longitudinal cryosec-
tions through the lesion site of each animal were immunos-
tained with 1:1000 polyclonal antineuronal class III b-tubulin
(Covance, Richmond, CA, No. PRB-435P) and 1:400 anti-
rabbit IgG Cy3 conjugate (1:400; Sigma-Aldrich, Merck,
Darmstadt, Germany, No. C-2306). All sections were mounted
on slides and incubated in identical solutions.

Sections were initially dried overnight at 37�C and
rinsed the following day in PBS (0.1 M, pH 7.4) for 5 minutes
at room temperature (RT). We used a method that allowed re-
peated use of antibody solutions which had been stabilized by
the nongelling vegetable gelatin lambda-carrageenan (Sigma-
Aldrich, Merck) and sodium azide (Sigma-Aldrich, Merck)
(43). The method allows incubation of all sections from all
rats in one jar, thereby ensuring high reproducibility.

The staining protocol has been described previously
(44). Water-bath antigen demasking (antigen retrieval) was
performed in 0.01 M sodium citrate (Sigma-Aldrich, Merck)
solution, pH 9.0, for 30 minutes at 80�C (45). Nonspecific
binding was blocked using 5% (v/v) normal serum from the
species in which the secondary antibody was produced, dis-
solved in PBS, and supplemented with 0.2% (v/v) Triton X-
100 (Sigma-Aldrich, Merck, CAS Number 9002-93-1; facili-
tates antibody penetration) and 0.02% (w/v) sodium azide
(prevents microbial contamination) for 1 hour at RT. Incuba-
tion with the primary antibody (rabbit antineuronal class III b-
tubulin [Covance, No. PRB-435P, 1:1000]) diluted in PBS
containing 0.5% (w/v) k-carrageenan (Sigma, CAS Number
9064-57-7; a nongelling vegetable gelatin, which reduces non-
specific binding and stabilizes the antibody solution) and
0.02% (w/v) sodium azide (Sigma, CAS Number 26628-22-8),
was performed for 3 days at 4�C. After washing in PBS (3
times for 15 minutes at RT), the appropriate secondary anti-
body (anti-rabbit IgG Cy3 conjugate, Sigma, Sigma-Aldrich,
Merck, No. C-2306) diluted 1:400 in PBS-carrageenan solu-
tion was applied for 2 hours at RT. After a subsequent wash in
PBS, cell nuclei were stained for 10 minutes at RT with Neu-
roTrace 500/525 (1:200; Molecular Probes, N21480, via Life
Technologies, Darmstadt, Germany). Finally, the sections
were washed again, mounted in antifading medium (Fluoro-
mount G; Southern Biotechnology Associates via Biozol, Ger-
many), and stored in the dark at 4�C.

Microscopy. Sections were observed using a Zeiss Axioskop
50 epifluorescence microscope equipped with a “rhodamine”
filter (excitation BP 546/12, beamsplitter FT 580, emission LP
590) and a stabilized powerful UV source (XBO 75W/
HBO100W). Digital images were captured with a slow scan
CCD camera (Spot RT, Diagnostic Instruments) using a �2.5
objective.

The lesion site in rat comprises central cavitation, glial
scar tissue and disrupted, demyelinated, and intact axons
around the ventral and lateral periphery (46), In addition, tis-
sue bridges containing axons extend from the spared rim into
the cavity (42,47,48). Quantification was therefore performed
using an image that encompassed the entire lesion and not se-

lected areas of interest therein. All images were taken using an
identical exposure duration.

Quantification of immunofluorescence after b-tubulin staining. Image
files were opened with the Image-Pro Plus Software (Version
6.2; Media Cybernetics, Inc.). The borders of the PNTB were
outlined using the “create polygon feature” of the “Measure”
menu. Thereafter the number of red immunofluorescent pro-
files (representing structures that were positive for antineuro-
nal class III b-tubulin) was quantified in each delineated
image using the option “Count and Measure Objects” in the
main menu. The intensity range selection (gray scale range)
was adjusted to 128–255. “Automatic bright objects” as an ob-
jective and constant count mode was selected in the “Count/
Size” option.

Statistical Analysis
The experiments generated diverse types of data that re-

quired different statistical analysis. Data were analyzed for
differences in distribution and variance using ANOVA. Time-
related changes were established using repeated measures
ANOVA. For data that were measured once, and for compari-
sons between groups at specific time points, a one-way
ANOVA was used followed by appropriate post hoc tests.
Kruskal-Wallis one-way ANOVA on ranks followed by
Dunn’s post hoc test were performed if the sample variables
violated the assumptions for the parametric ANOVA (neurotu-
bulin-immunofluorescence) or the variable was measured on
an ordinal scale (bladder status).

Statistical analyses of locomotor performance (BBB,
FSA, RHI), spinal cord lesion volume and neurotubulin-
immunofluorescence measurements were performed using
Sigma Plot software (v.11 and 18; SPSS, Chicago, IL).

The effects of time after injury and the velocity of com-
pression on functional outcomes, as well as the association be-
tween morphological and functional findings, were analyzed in
the R language and environment for statistical computing (49).

In repeated measures factorial designs, such as used
here, multiple comparisons at different time points may inflate
the type I errors considerably. Thus, the effect of injury-type
and time since injury on the multivariate functional outcome
was confirmed by nonparametric multivariate ANOVA (50),
followed by analysis of the univariate linear mixed effects
models (51,52). The relationship between functional measure-
ments and injury were fitted to a linear model of the general
form:

Outcome � Valueintact þ Trauma � ðt þ t 2Þ þ ð1jIDÞ

where outcome is the functional measurement in an animal
with identity “ID” from a group “Trauma” in week “t” after
the injury. Valueintact is the value of the measurement in the in-
tact state, that is, before the injury. The model includes a ran-
dom intercept dependent on animal identity—“1jID” in the
logical formula. Intact values were omitted for the BBB and
bladder scores since they are the same for all intact animals.
Additionally, when assessing the bladder score (being an ordi-
nal variable), the quantitative changes over time make little
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sense and therefore data for bladder score were fitted to a non-
parametric mixed linear model using the nparLD library for R
(53). The nonparametric model fits the rank of the bladder
score as a response of the different severity of the injury and
time after the intervention; an interaction term is also in-

cluded. The BBB score is also an ordinal variable but it was
shown that it behaves like normal continuous variable and can
be analyzed with parametric tests (54).

The association between functional and morphological
measurements was assessed by the correlation between each

FIGURE 1. (A–F) Time course of values for several functional parameters. (A) Basso, Beattie, Bresnahan (BBB) motor scores; (B)
foot stepping angle (FSA) in degrees; (C) rump-height index; (D) number of correct ladder steps; (E) bladder score (BS); (F)
withdrawal time in seconds. Time 0 refers to pre-injury, that is, intact normal, values. Values are means 6 standard deviation.
Other abbreviations are as in Supplementary Data Table S1. Comparative analyses of the functional assessment were performed
using Sigma Plot software. Differences with the selected level of statistical significance (p�0.05) between group 100 mm/
second (n¼12 rats) and group 75 mm/second (n¼12 rats) are indicated by *, between group 100 mm/second and group
50 mm/second (n¼8 rats) by # and between groups 75 mm/second and group 50 mm/second by þ.

J Neuropathol Exp Neurol • Volume 0, Number 0, Number of Axons After SCI Predicts Recovery

5

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article-abstract/doi/10.1093/jnen/nlaa050/5864502 by U

niversity of N
ew

 England user on 03 July 2020



functional and each morphological outcome. First, to ensure
one-to-one mapping between functional and morphological
outcomes, we calculated the “total functional outcome” for
each functional measurement. The “total functional outcome”
was presented by the estimates of the area under the curve for

the observed period of 12 weeks. These estimates of “total
function” were correlated with the morphological variables
(55–57).

All data are presented as group mean 6 standard devia-
tion (SD) unless stated otherwise. For all statistical tests, the

FIGURE 2. (A–F) Effects of the velocity of SCI (50 mm/second, 75 mm/second, or 100 mm/second) on the changes in the
measured functional outcomes estimated by the mixed effects models. The shaded area indicates the 95% confidence interval of
the estimates (blue line). The higher velocity of the injury leads to significantly worse intermediate and final results of the
quantitative functional measurements Basso, Beattie, Bresnahan (BBB) score (A), foot stepping angle (B), rump-height index
(C), and number of correct ladder steps (CLS; D). For BBB score (A) and CLS (B) this worsening is accompanied by decreased
rate of recovery over time in the animals subjected to higher velocity injury. (E) The rank of the bladder score was fitted to a
nonparametric model, which includes the same covariates as the other models. The graph shows the estimated change in rank of
the ordinal bladder score over time. This outcome is not quantitative and should be interpreted only qualitatively, that is, the
bladder score is expected to decrease (improve) over time but the animals that were subjected to higher velocity injuries are
more likely to have higher bladder scores and probably slower improvement over time. (F) The estimated effects on the thermal
sensitivity measured by the latency of withdrawal are more obscure. The most severe injury at 100 mm/second leads to
substantial reduction in latency of withdrawal (increased sensitivity) after the SCI and a continuous decrease over time. Perhaps
these values represent hypersensitivity and/or pain. The wider confidence intervals indicate that large portion of the variance was
not explained by the model, that is, there could be other unknown factors influencing postinjury sensitivity.
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significance level for acceptance of differences was set at
p� 0.05.

RESULTS

Injury Model
Overall, and as detailed below, we found that only com-

pression at 75 mm/second was suitable for our correlation
analyses, whereas compression at 50 mm/second caused no
long-term paraparesis and compression at 100 mm/second was
not followed by functional recovery.

Functional Measurements
An initial nonparametric MANOVA examined the ve-

locity of the trauma and the time after injury as independent
variables and all functional measurements as dependent out-
come (50). It showed a significant multivariate effect for the
functional outcomes as a group in relation to both trauma ve-
locity (Dempster’s ANOVA ¼ 55.21; p< 0.001) and time af-
ter injury (Dempster’s ANOVA ¼ 29.70; p< 0.001).
Furthermore, the MANOVA detected a significant interaction
of the 2 factors (Dempster’s ANOVA ¼ 9.07; p< 0.001)
which can be interpreted as a sign that severity of the trauma
changed the recovery rate over time as well. The univariate
relationships between each functional outcome and the studied
factors were fitted to linear mixed effects models. The full
summaries for the models can be found in the Supplementary
File.

Basso, Beattie, Bresnahan
As expected, in normal animals (i.e. preinjury), BBB

scores were 21. As early as 1 week following injury, the scores
(SCI-50: 17.4 6 2.0; SCI-75: 10.9 6 2.1; and SCI-100:
4.3 6 0.8) showed that the different velocities of spinal cord
compression produced injuries that caused different disabil-
ities (7). Differences between the 3 groups could still be
detected at 6 weeks after SCI. At the last 2 time points (9 and
12 weeks), the SCI-75 group improved so much that it almost
reached the initial pre-injury values (19.1 6 2.0). Accordingly,
the mean BBB scores at 9 and 12 weeks differed only between
the SCI-50 and SCI-100 groups (Supplementary Data Table

S1; Fig. 1A). Over the 12 weeks of our observations, we
detected statistically significant differences in the BBB be-
tween the 3 groups. In the SCI-50 group, we saw a slight drop
to �18 at 1 week, indicating a mild initial injury, followed by
almost complete recovery by 3 weeks. By contrast, the SCI-
100 was severe and did not show any recovery. In the SCI-75
group, we saw a reduction in the BBB score to 11 at week 1,
followed by almost complete recovery (Supplementary Data
Table S1; Fig. 1A). The data from the analysis of the statistical
mixed model (Table 2) suggest that there is significant effect
of the velocity of injury on both—the functional outcome and
on the time related changes in BBB scores (the time dependent
rate of change; Fig. 2A).

Foot Stepping Angle
FSAs of >90� indicate that the dorsal, rather than the

plantar, surface of the toes or paw touch the ground during
ground locomotion. Compared with pre-injury values (�18�),
at 1 week following surgery, FSA was significantly higher in 2
groups (SCI-75: 87.0 6 10.2�; SCI-100: 121.0 6 8.6�;
p< 0.001). At 3–12 weeks, values remained significantly
higher than pre-injury at all time points (p< 0.001). The re-
gression analysis showed that in both groups FSA improved
partially over time (Table 2; Fig. 1B). In the first weeks after
the injury, the FSA seemed to improve much faster in SCI-100
as compared with SCI-75. In the second half of the observa-
tion period, however, FSA in both groups did not improve sub-
stantially and no significant differences between the 2 groups
could be detected (p> 0.05; Supplementary Data Table S1;
Figs. 1B and 2B).

Rump-Height Index
RHI indicates the ability of the hindlimbs to support

body weight during overground locomotion. Compared with
pre-injury values (>4) at 1 week following surgery, RHI was
significantly different in all 3 groups (SCI-50: 4.2 6 0.9; SCI-
75: 3.3 6 0.5; and SCI-100: 2.2 6 0.2; p< 0.05). In the fol-
lowing weeks, only the SCI-75 group showed improvement:
The values for SCI-100 remained low (�3) and those for SCI-
50 did not differ from the pre-injury ones (Supplementary
Data Table S1; Fig. 1C). Regarding the RHI, the effects are

TABLE 1. Time Course of Withdrawal Latencies Measured in Both Hind Paws and in the Tail Base

Parameter/Animal Group 0 Weeks Preinjury 1 Week After SCI 3 Weeks After SCI 6 Weeks After SCI 9 Weeks After SCI 12 Weeks After SCI

Left hind paw: SCI-50 5,8 6 0.8 7.2 6 1.4 8.9 6 1.4 9.4 6 1.6 7.5 6 1.5 8.1 6 0.7

Left hind paw: SCI-75 8.3 6 0.3 8.7 6 0.4 8.9 6 1.2 8.2 6 0.5 8.7 6 0.6 7.3 6 0.9

Left hind paw: SCI-100 8.4 6 0.2 6.9 6 1.3 7.2 6 1.4 6.2 6 1.5 5.4 6 0.5 5.2 6 0.3

Right hind paw: SCI-50 5.7 6 0.2 7.9 6 1.2 9.1 6 1.5 9.1 6 2.1 7.7 6 0.8 8.0 6 0.9

Right hind paw: SCI-75 8.5 6 0.7 8.4 6 0.4 8.9 6 0.7 8.3 6 0.7 8.7 6 0.4 7.7 6 0.8

Right hind paw: SCI-100 9.0 6 0.8 7.2 6 1.4 7.3 6 1.4 6.3 6 1.5 5.4 6 0.6 5.2 6 0.3

Tail base: SCI-50 5.9 6 0.6 6.8 6 1.2 8.8 6 1.1 8.9 6 1.6 8.0 6 1.9 8.6 6 0.9

Tail base: SCI-75 8.4 6 0.7 8.6 6 0.0 7.3 6 1.1 7.3 6 0.5 8.8 6 0.6 7.0 6 1.4

Tail base: SCI-100 8.3 6 0.4 7.1 6 0.6 7.1 6 0,6 5.9 6 1.4 5.4 6 0.6 5.2 6 0.4

SCI, spinal cord injury.
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more moderate. It is evident from the mixed effects model that
not all variance in the RHI data can be explained by the effects
of the injury type and the time since injury (Table 2; Fig. 2C).
Here, we observed only main effects, that is, the more severe
trauma lead to reduced RHI in the corresponding animals, but
no substantial effect on the pattern of restoration over time
could be detected (Table 2; Fig. 2C). One possible explanation
of this phenomenon is that RHI might be influenced by 2 op-
posite processes. On the one hand, gradual restoration of mo-
tor control and recruitment of motor units might lead to
improved weight support in the hind limbs and thus increase
the RHI. On the other hand, it is feasible that spasm in the
musculature of the hind legs caused by the loss of the cortico-
spinal projections may affect the position of the caudal trunk
and thus influence the measurement of the RHI.

Correct Ladder Steps
During inclined ladder climbing, both correct paw

placement and maintaining them on the rungs to support body
weight require high levels of motor and sensory control. Com-
pared with pre-injury values (�7.0–8.5), at 1 week following
surgery, the number of CLS was significantly reduced in all 3
groups (SCI-50: 6.5 6 2.7; SCI-75: 1.6 6 0.2; and SCI-100:
0.4 6 0.2; p< 0.001). Thereafter, and similar to BBB and RHI
(see above), only the SCI-75 group showed improvement,
although not complete: Values for the SCI-50 group did not
differ from those before SCI and values for the SCI-100 group
only reached �2 (Supplementary Data Table S1; Fig. 1D).
Similarly to the BBB score, increasing the velocity of impact
during SCI lead to worse functional outcomes and reduced the
rate of functional restoration, especially in the group, injured
at 100 mm/second (Table 2; Fig. 2D).

Bladder Function
Higher scores indicate worse function. Compared with

pre-injury values (0), at 1 week, scores were significantly im-
paired (SCI-50: 12.2 6 2.2; SCI-75: 11.3 6 1.4; and SCI-100:
44 6 15; p< 0.001) including some animals in all 3 groups
who were unable to void spontaneously. Thereafter, the SCI-
50 group showed a rapid and almost complete recovery by
3 weeks, the SCI-75 group showed a progressive recovery to
almost normal by 6 weeks and, although the SCI-100 group
improved somewhat, bladder function was compromised
(Supplementary Data Table S1; Fig. 1E). These observations
are supported by the results of the non-parametric statistical
model (Table 2; Fig. 2E).

Thermal Sensitivity
Pre-injury thermal withdrawal latencies were similar for

the left and right hind paws as well as for the tail base (range:
5.8 6 0.6–8.6 6 0.4 second) (Table 1). Compared with pre-
injury latencies, values in the groups SCI-50 and SCI-75 did
not change in any of the groups until the twelfth week after
SCI. A significant reduction was detected in the SCI-100 group
at weeks 6, 9, and 12 (Supplementary Data Table S1; Fig. 1F).
At a first glance, it seems that there was no effect of injury se-
verity or of time since injury (Fig. 1F). However, the mixed- T
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effects model takes into account the individual differences in
thermal-withdrawal latency before injury. This allows us to ob-
serve an apparent progressive decrease in latency (progressive
increase in pain sensitivity) in the 100 mm/second group as op-
posed to the groups with less severe SCI (Table 2; Fig. 4F).
Thus, the most severe type of trauma is related to the worst sen-
sitivity outcomes (pain) as well. The relatively high unex-
plained variance in the model (demonstrated by the wide

confidence interval of the estimated effects; Fig. 2F) shows
that there are clearly hidden factors influencing sensitivity/pain
after SCI.

Taking all functional measurements into consideration,
we conclude that injury in group SCI-50 was mild with com-
plete recovery by week 3. By contrast, in the SCI-100 group,
the injury was severe with no restoration of function. Never-
theless, in our subsequent anatomical analysis, we looked for

FIGURE 3. (A–E) Anatomical measurements in frontal longitudinal sections (25-mm thick) through the spinal cord from the 3
groups. The lesion site with the cavitation can be clearly identified. Ten serially spaced sections, which “covered” the entire
thickness on the spinal cord, were stained with cresyl violet (Nissl stain) and used to measure the mean lesion length (A), lesion
volume (outlined cavity in C), and area of the preserved neural tissue bridges (outlined bridges in E). Quantitative estimates of
the anatomical measurements. Values for each outcome are means 6 standard deviation. There were no significant differences in
the mean lesion length (B), lesion volume (D), and area of the preserved neural tissue bridges (E), as assessed from cresyl-
stained sections.
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the morphological correlates of functional recovery in all
groups, paying special attention to the comparison between
the SCI-75 and SCI-100 groups.

Anatomical Measures
The multivariate ANOVA (F (4; 6) ¼ 24.4; p< 0.001)

suggests that at least one of the measured morphological out-
comes is related to the severity of the SCI. There were no sig-
nificant differences in the mean lesion length (between 3.5
and 4.5 mm; p¼ 0.84), and the area of preserved neural tissue
bridges (PNTB; between 2.8 and 3.2 mm2; p¼ 0.67) as
assessed from cresyl-stained sections (Fig. 3A–F). In contrast,
the volume of the lesion after the high-velocity SCI-100 (be-
tween 4.4 and 6 mm3) was significantly higher than in the
SCI-50 (1.4–3 mm3; F (1; 9) ¼ 10.9; p¼ 0.009). In trauma at
moderate velocity (SCI-75), the resulting volume of the le-
sioned tissue (3.2–5 mm3) was at intermediate levels between
the other 2 groups and did not differ significantly from either.

The amount of neural tissue in spared perilesional tissue
bridges assessed using staining of neuronal class III b-tubulin

in the SCI-75 group (4485 6 432) was significantly higher
when compared with that in the SCI-100 group (2638 6 471;
F (1; 9)¼ 114.2; p< 0.001) (Fig. 4B).

We conclude that morphological parameters of SCI
(lesion length, lesion volume and PNTB-area) are of limited
prognostic value for the overall outcome. While there is a
clear dependence of the lesion volume on the velocity of
SCI, the differences are too subtle and cannot be used reli-
ably for comparison between groups with small number of
observations. Rather, the number of axons in neural tissue in
spared perilesional tissue bridges may underpin restoration
of function.

Correlation Between Functional Outcome and
Morphological Changes

Finally, we checked for correlation between functional
and morphological outcomes. To avoid the mapping func-
tional measurements at different time points to singular mor-
phological outcomes, we first described functional outcomes
by a single value representative for the entire time course for

FIGURE 4. (A–C) Other sets of serially spaced sections were stained by immunofluorescence for neuronal class III b-tubulin and
used to determine the amount of neural tissue in spared perilesional tissue bridges (outlined in A). (B) Quantifications after
immunofluorescent staining for neuronal class III b-tubulin showed that the amount of neural tissue in the spared perilesional
tissue bridges (number of bright objects) in the SCI-75 group (n¼12 rats) was significantly higher when compared with that in
the SCI-100 group (n¼12 rats). (C) The function “count number of bright objects” of the Image-Pro Plus Software, when
applied to the images displayed in A, allowed documentation of images with relatively high-resolution profiles that were positive
for antineuronal class III b-tubulin.
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each animal. This value is the area enclosed under the curve
limited by the first and last week of the corresponding mea-
surement. An estimate for this area was calculated by the trap-
ezoidal rule (58). The resultant score includes the variance
from all single measurements (although the dynamics of the
data are lost) and is a reasonable estimate for the “total
function” during the period under investigation. FSA, RHI,
CLS, and thermal withdrawal latency vary in intact animals.
To account for this individual variation and to represent accu-
rately the “total outcome” in FSA, RHI, CLS, and thermal
withdrawal latency, we related the calculated area under the
curve for these measures by the hypothetical total outcome
expected in an Intact animal, which is equal to the length of

the observed period of 12 weeks multiplied by the value mea-
sured in the intact animal.

For BBB and bladder score, we used the absolute values
because (1) they are measured and expressed on an ordinal
scale (which makes impossible the interpretation of relative
measurements), and (2) the intact animals have the same val-
ues. The multiple correlations between the “total functional
scores” and the morphological measurements are presented in
Figure 5 and Table 3.

Only the lesion volume and the number of bright objects
were found to significantly correlate with the functional meas-
urements: (1) lesion volume with BBB and paw withdrawal la-
tency (negatively), with FSA and bladder score (positively);
and (2) number of bright objects correlated significantly with
all cumulative functional measures with BBB, RHI, CLS, and
withdrawal latency positively, while with FSA and bladder
score negatively. Thus, it seems that it is the number of bright
objects (representative for the number of axons), which is
most significantly associated with the restoration of functional
parameters.

DISCUSSION
The main results of our present study are 2-fold. First,

by applying graded bilateral contusive injuries to the thoracic
spinal cord (originally described by Curtis et al [28]), we
found that only SCI at speed of 75 mm/second caused initial
paraparesis with subsequent restoration of function. The con-
tusion at a velocity of 100 mm/second caused a severe injury
that was not followed by functional recovery whereas that at
50 mm/second was rather mild and caused only mild parapare-
sis. We therefore confirm earlier findings which show that sur-
vival of axons around the injury as well as motor, sensory, and
vegetative recovery depend strongly on the impact velocity
(59–62). The only case in which impact speed does not seem
to determine severity of SCI has been reported after experi-
ments with fixed impact displacement (63). Second, routinely
used anatomical parameters, such as lesion volume, length
and area of the perilesional tissue bridges did not correlate
with degree of recovery at 12 weeks after SCI. Rather, the
amount of neural tissue in the perilesional tissue bridges, as
determined by antineuronal class III b-tubulin immunohisto-
chemistry, correlated with functional recovery.

Are These Findings Really New?
We believe, yes. The last major study that correlated

functional (BBB score), electro-physiological (motor evoked
potentials and somatosensory evoked potentials), radiological
(MRI: length of the cavity, lesion diameter, lesion area, cavity
size, thickness of ventral and dorsal tissue bridges), and mor-
phological (cross-sectional area of the spinal cord at the site of
lesion, the amount of dorsal and ventral spared white matter)
parameters after compressive SCI was published almost
20 years ago (64).

Moreover, our present results seem to be contradictory
with those of Metz et al (64), who found a strong linear rela-
tion between MRI data (lesion length, spinal cord atrophy,
spared white matter) to electrophysiological and functional

FIGURE 5. Multiple correlation matrix showing the
Spearman’s indices for correlation between the cumulative
scores of the functional measurements (black; see
explanations in text) and the measures for morphological
changes (red) in the spinal cord after injury regardless of the
velocity of the trauma. Only significant (p�0.05) indices are
shown. The color of the index denotes the direction of
association: Green for positive correlation and red for
negative. All functional measures are strongly correlated with
each other, with the number of correct ladder steps (CLS)
showing the highest correlation with all other functional
outcomes. This is an indication that CLS could possibly be
used as a single measurement for the evaluation of the
complex locomotor function after SCI. Of the morphological
measurements, only the number of bright objects shows
strong correlation (absolute value above 0.8) with function.
Lesion volume also correlates with some of the functional
measurements but, interestingly, not with the rump-height
index and CLS.
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(locomotor capacity) outcome parameters. Possible explana-
tions to this discrepancy include the different lesion models
between the 2 studies, with Metz et al using a weight-drop
contusion, which is less precise than the compression model
we used in this study (64). In addition, although these authors
performed SCI with 3 different severities (6.25, 12.5, and
25 g/cm), specific functional and morphological consequences
were not described for each group. Rather, they subdivided the
injured rats into 3 groups based on severe (8–12), intermediate
(13–16), or high (17–21) BBB score and did not relate these to
injury severity. Moreover, the BBB scale was the only method
that was used to determine locomotor activity. Although it
includes a subset of readily observable attributes of gait and co-
ordination, other attributes of locomotor recovery, such as
speed of locomotion, paw area, stance width, and step cycle dy-
namics, are not addressed (65). In addition, limitations emerge
from its categorical nature. Another possible explanation is
that Metz et al used an interactive program for the MRI analy-
sis that was written for the study rather than standardized soft-
ware (64). Furthermore, rats were killed by decapitation,
followed by dissection of the spinal cords, which may have led
to lower quality histological material compared with tissue
fixed by transcardial perfusion. In addition, immunohistochem-
ical staining for neuronal markers tissue was not undertaken.

Aren’t These Findings Obvious?
These findings could be considered as obvious if there is

a direct relationship between the area of the perilesional tissue
bridges and the amount of surviving, and presumably func-
tional, neural tissue. However, the relationship is not straight-
forward. Previous studies have shown that the residual white

matter that persists chronically after SCI (i.e. in the perile-
sional tissue bridges) is structurally abnormal, with a reduced
density of, particularly larger diameter (�5mm) axons, hypo
and hypermyelination, as well as the presence of myelin debris
and macrophages (47,66,67). Thus, the antineuronal class III
b-tubulin-positive tissue comprises only a portion of that in
the perilesional tissue bridges, presumably primarily pre-
served white matter. The remainder comprises, for example,
reactive glia cells, oligodendrocytes and their precursors, im-
mune cells and blood vessels (68), and it has recently been rec-
ognized that the biophysical properties of the damaged spinal
cord also need to be considered (69).

Our findings are, in fact, in line with those of Basso et
al, although indirectly (70). They also stated that “precise gra-
dation in anatomical outcome was not apparent across all
groups” (of varying lesion severities). Whereas Basso et al
“confirmed that greater tissue sparing is highly correlated with
final locomotor performance,” they also emphasized that
“very small increases in spared tissue at the lesion center had
profound effects on basic locomotor recovery” and suggested
“that sparing as few as 5%–10% of the fibers at the lesion cen-
ter was sufficient to help drive the segmental circuits involved
in the production of basic locomotion” (70). Since Basso et al
did not study axon content, but the overall percentage of
spared tissue, it cannot be concluded that the 5%–10% of
spared tissue constituted only axons (70).

Another study also suggested that the anatomical evalu-
ation of spared white matter is less effective for predicting
functional outcome after SCI compared with lesion depth or
the amount of spared white matter in the ventrolateral funicu-
lus (34). Similar to Basso et al (70), they also concluded that a

TABLE 3. Correlation Between Total Functional Outcomes and Morphological Measurements

BBB FSA RHI CLS Paw Bladder

Lesion

Volume

Lesion

Length

Area of

Bridges

Number of

Bright Objects

BBB Spearman’s rho – –0.867 0.769 0.93 0.725 –0.749 –0.721 –0.319 0.115 0.88

p value – <0.001 <0.001 <0.001 0.003 <0.001 0.024 0.266 0.759 <0.001

FSA Spearman’s rho – –0.655 –0.896 –0.643 0.828 0.782 0.349 –0.382 –0.859

p value – <0.001 <0.001 0.012 <0.001 0.012 0.221 0.279 <0.001

RHI Spearman’s rho – 0.764 0.389 –0.402 0.067 –0.253 0.152 0.811

p value – <0.001 0.152 0.123 0.865 0.382 0.682 <0.001

CLS Spearman’s rho – 0.832 –0.902 –0.6 –0.169 0.261 0.881

p value – <0.001 <0.001 0.073 0.563 0.47 <0.001

Paw Spearman’s rho – –0.838 –0.648 –0.088 –0.006 0.888

p value – <0.001 0.049 0.746 1 <0.001

Bladder Spearman’s rho – 0.729 0.603 –0.061 –0.938

p value – 0.011 0.008 0.859 <0.001

Lesion volume Spearman’s rho – 0.045 0.073 –0.555

p value – 0.903 0.839 0.082

Lesion length Spearman’s rho – 0.109 –0.45

p value – 0.755 0.019

Area of bridges Spearman’s rho – 0.027

p value – 0.946

Number of

bright objects

Spearman’s rho –

p value –

BBB, Basso, Beattie, Bresnahan rating scale; FSA, foot-stepping angle; CLS, Correct Ladder Steps; RHI, rump-height index.
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small residual population of reticulospinal fibers can provide
sufficient input to the lower spinal cord to initiate locomotor
movements (34), but they did not study the axon content in
this spared tissue.

What is the Clinical Relevance of These
Findings, Especially in Regard to MRI?

Although the severity of damage after SCI is propor-
tional to the amount of kinetic energy delivered by the me-
chanical impact, subsequent tissue alterations are not well
understood (71). For example, human patients with large post-
injury medullar cavities may recover well, regain micturition
control and even start to walk, that is, the lesion area and the
lesion volume are not significantly related to motor function
(64). In addition, individual differences in pre-injury spinal
cord morphometry influence functional and anatomical out-
comes (72).

MRI, specifically T2-weighted, has become standard in
the assessment of the injured spinal cord and is invaluable to
achieving accurate diagnosis (73). Conventional MRI, how-
ever, has limited sensitivity to detect more subtle changes, for
example in detecting inflammatory cerebrospinal fluid bio-
markers that occur within the spinal cord after contusive injury
in humans (74). Following dorsal column transection injury,
however, quantitative MRI can accurately characterize white
matter damage in the rat spinal cord (75).

Diffusion tensor imaging (DTI) has been applied to non-
invasively detect structural changes and axonal damage in the
central nervous system that occur in SCI (76,77). Whereas
DTI has been shown to provide microstructural information
on pathology in the spinal cord (78), clinical studies are in-
formed by parameters that can be detected only noninvasively
(79–83). Experimental studies, however, have begun to relate
DTI to quantitative analysis of histological and immunohisto-
chemical changes within the lesion following SCI (17,84–86).
However, evidence suggests that inflammation, a hallmark of
SCI (87), as well as axonal loss can confound the DTI assess-
ment of axon or myelin injury (63,88). To eliminate these con-
founds, Lin et al developed diffusion basis spectrum imaging
(DBSI) to separate the contributions of multiple coexisting pa-
thologies that often exist in various white-matter diseases
(89). Axonal loss detected by DBSI correlates well with clini-
cal functional assessments, suggesting that DBSI could poten-
tially serve as an outcome measure to predict neurological
impairment after SCI.
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