
A

s
r
p
u
(
t
w
(
m
v
d
m
P
i
©

K

1

t
i
c
t

v
C
T

0
d

Journal of Neuroscience Methods  161 (2007) 259–264

A new approach to assess function after sciatic nerve lesion in the
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bstract

Among the numerous ways of assessing regeneration after peripheral nerve lesions, the analysis of gait is one of the most important, because it
hows the recovery of function, which is the ultimate goal of the repair machinery. The sciatic function index was introduced as a method to assess
einnervation after an experimental sciatic nerve lesion, and was adapted to the mouse model. The sciatic static index (SSI), is more simple and
ractical to perform, and is not so influenced by gait’s velocity, but this method has not yet been adapted to the mouse model of sciatic lesion. We
sed 63 male Swiss mice (Mus musculus) to develop a formula to the sciatic static index in mice (SSIm). The animals were divided on three groups
control, transection and crush). They were evaluated at the preoperative and 7th, 14th, 21st, 28th, 35th and 42nd days postoperative by the ink
rack method (SFI), and by the acquisition of photographs of the plantar aspects of the injured and uninjured hind paws. The parameters evaluated
ere the 1–5 toe spread (TS), the 2–4 toe spread (ITS) and the distance between the tip of the third toe and the most posterior aspect of the paw

PL), on both methods. After verifying the temporal pattern of function, correlation and reproducibility of the measurements, we performed a
ultiple regression analysis using SFI values as dependent variable, and the TS, ITS and PL measured with the photo method as independent

ariables, and found the formula of the SSI for mice (SSIm). The three groups (control, transection and crush) had a characteristic pattern of
ysfunction. The parameters measured in the ink and photo method had variable but significant correlations between them (P < 0.000), but photo

ethod of measurement showed a better reproducibility. The correlation between SFI and SSIm showed a high correlation coefficient (r = 0.892,
< 0.000), and demonstrates that SSIm can be used as an alternative method to assess the functional status relative of sciatic nerve activity

n mice.
 2006 Published by Elsevier B.V.
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. Introduction

After an axonal lesion, there is an extensive degeneration of
he distal segment, known as Wallerian Degeneration. Specially

n the peripheral nervous system, the proximal stump, that is
onnected to the cell body, can regenerate to reinnervate the
arget organs. Although this process is often facilitated by a per-
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issive environment in the periphery (Stoll and Muller, 1999),
ome factors can impede normal return to function, such as the
istance from injury site (Gordon et al., 2003), metabolic distur-
ances (Kennedy and Zochodne, 2005), age (Verdu et al., 2000)
nd type of lesion (Lundborg, 2004).

Strategies developed to improve peripheral nerve regenera-
ion require quantitative approaches for evaluating functional
utcome. The majority of such studies use rats as the chosen
nimal experimental model. In these studies, regeneration can

e assessed by numerous methods, including histomorphometry,
lectrophysiology and gait analysis. Due to the fact that the sci-
tic represents the most used nerve in experimental approaches,
ome tests were developed to assess its function after injuries.

mailto:martinez@histo.ufrj.br
dx.doi.org/10.1016/j.jneumeth.2006.11.016
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Fig. 1. Apparatus to gait photo assessment. The animals were induced to walk
in its cage direction, through a transparent acrylic corridor, with a mirror at 45◦
underneath the floor. At the end of the track, two doors were closed and, when
the animal stopped, the photos were acquired with a Web Cam positioned 2.5 cm
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The sciatic function index (SFI) is one of the most widely
sed forms of functional assessment. It compares parameters
rom the normal and experimental footprints by a mathemati-
al formula, and provides information concerning the recovery
f sensory-motor connections and cortical integration related to
ait function and mediated by the sciatic nerve, without requir-
ng terminal assessment. Since the SFI (DeMedinaceli et al.,
982) was introduced, it was modified several times in order to
ecome simpler and more reliable (Bain et al., 1989; Carlton
nd Goldberg, 1986).

The sciatic static index (SSI), introduced by Bervar (2000),
s another way of assessing recovery of function after sciatic
njury in animal models. It uses the footprints, acquired when
he animal is on a static position, and minimizes bias related
o gait’s velocity. Also, the SSI improves the acquisition
f footprints, and is more repeatable and accurate then the
FI.

The SFI and the SSI were first developed to be used in rats
Bervar, 2000; DeMedinaceli et al., 1982). The SFI was adapted
o be used in mice (Inserra et al., 1998), but the SSI, that is very
imple and easy to perform, has not yet been adapted to this
nimal model. Furthermore, the use of mice in peripheral nerve
egeneration studies is very common, because of the similar-
ty of its biological processes with the human’s, availability of
ransgenic models and because it is easier to manipulate. Never-
heless, functional tests in the mice model of sciatic nerve injury
re poorly investigated. So, our goal was to develop the SSI
ormula for mice.

. Material and methods

.1. Experimental animals and surgical procedure

We used 63 male Swiss mice (Mus musculus), weighing
5–45 g, from our animal facility. The study was in accordance
ith the rules of the Committee for Ethics in Animal Experi-
entation of the Gonçalo Moniz Research Center/Oswaldo Cruz
oundation, Brazil. The animals were housed in individual cages
ith food and water ad libitum and a cycle of 12 h light/12 h dark.
nimals were deeply anesthetized with ketamine (0.1 mL/mg)

nd xylazine (0.2 mL/mg) and then submitted to asepsis and
richotomy of the right gluteus region. After a longitudinal inci-
ion, the sciatic nerve was either only exposed and isolated from
he adjacent tissues (control group) (n = 21), crushed at 1 cm
rom the spinal cord with a non-serrated needle holder, with an
niform pressure applied for 30 s (crush group) (n = 21), or tran-
ectioned at the sciatic notch, with the removal of a 2 mm gap
transection group) (n = 21). The muscle and skin were sutured
y layers.

.2. Functional tests

In the previous day and on 7th, 14th, 21st, 28th, 35th and

2nd days post lesion, the animals were evaluated to obtain three
ootprint parameters—the distance between the first and fifth
oes: toe spread (TS), the distance between the second and fourth
oes: intermediary toe spread (ITS) and the distance between
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part from the mirror, under illumination of a 50 W lamp. After the photos were
cquired, the animals were permitted to go to the cage’s grid and transported
nside.

he tip of the third toe and the most posterior part of the foot in
ontact with the ground: print length (PL).

The assessment was carried out in two ways. First, the ani-
als were disposed on an acrylic corridor (48 cm × 4.5 cm)
ith a mirror placed underneath the apparatus at an angle of
5◦ (Varejão et al., 2001; Westerga and Gramsberg, 1990). A
0 W lamp, with the focus directed to the mirror, illuminated
he corridor (Fig. 1). The animal’s cage was placed at the end of
he corridor to induce the animal to walk in this direction, and
efore it got into it, the corridor was closed (Fig. 1). When the
nimals stopped, at the end of the corridor, three photos were
cquired with a Web Cam (Drop Cam 100, Go Tec, China),
ositioned 2.5 cm from the mirror, and the parameters’ means
f the footprint assessed with an image analysis software (Image
, National Institute of Health, USA), calibrated with a scanned
achymeter. The TS and ITS were defined with the most lateral
nd medial edges of the proper toes, and the PL with the most
nterior edge of the third toe and the most posterior portion in
ontact with the ground, where the limits of the paw became less
lear, pale and discolored (Fig. 2).

After the photos were obtained on the acrylic corridor, the
nimals were disposed on a similar dispositive, made of wood
nd lined on the bottom with a sheet white paper. The animals
ere immobilized and had the hind limb paws painted with black
hina’s ink, until the rear portion of the foot. Then they were
llowed to walk along the corridor and the footprints were regis-
ered. For each animal, a mean of three pairs of footprints, each

rom the same gait cycle, was used in the assessment. These
arameters were measured with a pachymeter, and the TS and
TS measurements followed the same criteria as the photo ones.
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Fig. 2. Photograph showing the plantar aspect of a mouse. Bars show 1–5 toe
spread (TS) (arrow head), 2–4 intermediary toe spread (ITS) (double arrow head)
and print length (PL), estimated as the distance from the tip of the third toe to
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Fig. 3. Comparison of the recovery determined by sciatic function index (SFI)
(�) and sciatic static index for the mouse (SSIm) (�) in the transection group.
The graph shows function during the 6-week period of experiment, assessed
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and PL, and injured ITS), the remaining showed mild to high
correlation (Table 1). The analysis of the parameter’s repro-
ducibility showed coefficients of variations ranging from 8.73%
(TS, uninjured side, ink method) to 28.57% (ITS, uninjured

Fig. 4. Comparison of the recovery determined by sciatic function index (SFI)
he most posterior aspect of the paw in contact with the floor (arrow). Three
hotos were acquired from each animal and the mean TS, ITS and PL achieved
o assess gait function.

or the PL we considered the tip of the third toe and the most
osterior aspect of the footprint.

The factors for each parameter (TS, ITS and PL) were cal-
ulated with the formula: injured − uninjured/uninjured values
e.g. TSF (toe spread factor) = TS experimental − TS normal/TS
ormal), and the SFI with the one conceived by Inserra et al.
1998), where SFI = 118.9 × TSF − 51.2 × PLF − 7.5.

.3. Data analysis

Statistical analysis was performed in various steps. First, we
ssessed the degree of variability on function per group, across
he 6-week period of experiment, using Friedmann’s paired anal-
sis of variance on the SFI values. The second step was to
nd correlation between each footprint parameter and also their
actors, obtained with the two methods (photo and ink), using
earson’s correlation index. Third, we verified the reproducibil-

ty of the measurements, using ANOVA to compare variability
f each parameter between the two forms of assessment (ink
nd video), across the period of experiment. After a curve fit
est, to verify if the values were distributed on a linear dis-
osition, we used multiple linear regression analysis. It was
onsidered as dependent variable the values of the SFI through
ll the period, and as independent variables the TS, ITS and PL
actors, obtained with the photo method. We defined the func-
ional losses as zero preoperatively and −100 postoperatively
nd, using regression analysis, generated the adequate SSI for-

ula for mice (SSIm). Then we assessed correlation between
SIm and SFI, pooling again all the three groups (control, tran-
ection and crush), using Pearson’s correlation index. It was
ccepted the significance level of 5% (P < 0.05). The analysis
as carried out with the OPENSTAT 4.0 statistical package.
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y the SFI and SSIm. Static sciatic index for the mouse seems to be a little
ore sensitive to transection then SFI, showed by a more prominent decrease of

unction on the first 3 weeks post lesion. Data are presented as mean ± S.E.M.

. Results

The animals were analyzed weekly, from the day immedi-
tely before surgery, and the analysis was carried out for 6
eeks. Statistical tests using Friedmann analysis of variance
n SFI values, showed no significant shift on the control group
unction, during the 6 weeks period of experiment (F = 6.454,
.f. = 6, P = 0.3743). Transection group followed a different pat-
ern, with a marked decrease on function at the first week
ost-lesion, and maintained this status until the end of the exper-
ment (F = 50.526, d.f. = 6, P < 0.0001) (Fig. 3). Crush group
lso showed the same decrease on function in the first week
F = 60.00, d.f. = 6, P < 0.0001), but recovering normal gait at
he third week (Fig. 4). Two animals were excluded from both,
rush and transection groups, due to autotomy.

Correlation between ink and photo measurements, using
earson’s index, was significant for all the parameters
P < 0.000). Although some of them were low (uninjured TS
�) and sciatic static index for the mouse (SSIm) (�) in the crush group. The
raph shows function during the 6-week period of the experiment, assessed by
he SFI and SSIm. Both methods show similar pattern, with marked decrease
f function on the first week, and return to normal on the third or fourth weeks.
ata are presented as mean ± S.E.M.
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Table 1
Correlation between photo vs. ink measurements of the footprint variables (TS,
ITS and PL) and their calculated factors

Parameter Degrees of
freedom (d.f.)

Correlation
coefficient (r)

Significance
level (P-value)

1–5 toe spread (TS)
Uninjured hind foot 413 0.363 <0.000
Injured hind foot 413 0.882 <0.000
TS factor 413 0.875 <0.000

2–4 toe spread (ITS)
Uninjured hind foot 413 0.609 <0.000
Injured hind foot 413 0.213 <0.000
ITS factor 413 0.608 <0.000

Print length (PL)
Uninjured hind foot 413 0.234 <0.000
Injured hind foot 413 0.540 <0.000
PL factor 413 0.488 <0.000

Factor = injured − uninjured/uninjured.

Table 2
Reproducibility of the footprint parameters

Parameter Degrees of
freedom
(d.f.)a

Average coefficient
of variation (%)

Most repeatable
technique
(P-value)

Ink Photo

1–5 toe spread (TS)
Uninjured hind foot 1 8.73 10.38 Ink (P < 0.01)
Injured hind foot 1 29.41 8.82 Photo (P < 0.00)

2–4 toe spread (ITS)
Uninjured hind foot 1 18.22 16.33 Photo (P < 0.00)
Injured hind foot 1 26.19 28.57 Ink (P < 0.00)

Print length (PL)
Uninjured hind foot 1 13.9 9.32 Photo (P < 0.05)
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Injured hind foot 1 27.76 11.10 Photo (P < 0.00)

a Between groups.

ide, ink method). Ink and photo methods of acquiring foot-
rint parameters were always different, with photo method being
ore reproducible than ink method on almost all conditions. Ink
ethod was more repeatable only for the uninjured TS and ITS
easurements. Injured side had, almost always, bigger coeffi-

ients of variation (Table 2). Toe spread measurements seemed
o be the most accurate measurements, with coefficients of vari-
tion ranging from 8.73 to 10.38%.
In order to find the SSI formula for mice (SSIm), we per-
ormed multiple linear regression using as dependent variable
FI values, obtained through all period of experiment, pooling

he three groups of animals (control, transection and crush). To

i
a
w
e

able 3
inear regression model, showing the power of each factor on the final SSI formula f

actor R R2 Adjusted R2 S.E.

S factor 0.883a 0.779 0.778 17.74395
L factor 0.893b 0.797 0.796 17.04376

a Predictors: (constant), ftsV.
b Predictors: (constant), ftsV, fplV.
nce Methods  161 (2007) 259–264

inimize errors, we used only those values that were between 10
nd −100. Fifteen values were excluded because they were not
n this range. The independent variables were the three factors
btained in the photo assessment (FTS, FITS and FPL). A curve
t test was performed to verify if they had a linear distribution.
ll of the three achieved a significance level, with the F test being

tronger in the FTS group (F = 1445.22, P < 0.000), followed
y the FITS (F = 450.72, P < 0.000) and the FPL (F = 231.96,
< 0.000).
Multiple linear forward stepwise regression analysis was per-

ormed, and showed toe spread factor as the major function
redictor, representing almost 78% of the variations (R2 = 0.778,
= 1445.22, P < 0.000). Intermediary toe spread factor did not

hange the estimative of function, and PLF generated minor
ut significant changes. When PLF was added to FTS, they
urned to represent almost 80% of the variations (R2 = 0.796,
= 51130.33, P < 0.000) (Table 3). Based on this model we

ound the formula SSIm = 101.3 × TSF − 54.03 × PLF − 9.5
Table 4). The F value for the equation was 798.728, significant
t the P < 0.000 level.

The next step was to validate the new formula finding its
orrelation with the previous SFI index. Pearson’s index was
erformed to correlate all SFI index values with the ones now
btained using the SSIm formula, pooling again all the groups
cross the period of experiment. We found a high and significant
orrelation between the values obtained by the two formulae
r = 0.892, two-tailed, P < 0.000). Static sciatic index for mice
enerated a similar pattern of function compared to SFI on the
hree groups analyzed. Little differences were seen, like on the
rst week post lesion, where SFI values did not decrease so much
s SSIm on the transection group (Fig. 3). These differences
here not seen when SFI and SSIm where compared on the

rush group (Fig. 4)

. Discussion

The search for a practical, reproducible and sensitive test to
nalyze function recovery after a peripheral nerve lesion is very
mportant because these methods allow the quantitative deter-

ination of the recovery process, which relies on the functional
einnervation of the target organs. Bona fide quantitative meth-
ds are needed for the assessment of rehabilitation. Many tests
ere developed and adapted to assess sensory-motor recovery
n the rat model of sciatic nerve injury (Schiaveto de Souza et
l., 2004; Varejão et al., 2004a). Although this rodent is the most
idely used animal model in studies of peripheral nerve regen-

ration, the mouse is not only well characterized genetically,

or mice

Change statistics

R2 change F change d.f.1 d.f.2 Sig. F change

0.779 1445.217 1 410 P < 0.000
0.018 35.379 1 409 P < 0.000
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Table 4
Results of the linear regression analysis, showing the beta coefficients of each factor (B) associated with standard errors (S.E.), the constant generated and significance
level of the estimations

Footprint factor Unstandardized coefficients Standardized coefficients, beta t Significance level (P-value)

B S.E.

Constant −9.949 1.034 −9.618 <0.000
TS factor 101.29 5.29 0.765 19.146 <0.000
I 036
P 159
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TS factor 5.64 5.78 0.
L factor −54.03 9.13 −0.

ut also easier to manipulate and maintain. Gait assessment
s expressive to represent regeneration after peripheral nerve
esions, since it integrates sensory and motor fibers on a special-
zed pattern of movement. The SFI was adapted to the mouse

odel of sciatic lesion by Inserra et al. (1998). In this work, only
he print length (PL) and the toe spread (TS) were considered
elevant to assess function variations. To register the footprints,
he use of China’s ink and paper may be a simple method to allow
lear identification of the footprint parameters and permits var-
ous gait cycles to choose, but it may stress the animals and is
ime consuming. Also, there are some negative factors that can
ntroduce bias in the study, such as foot contractures, autotomy,
xcrements on the corridor (Bain et al., 1989; DeMedinaceli et
l., 1982; Varejão et al., 2004a) and variations due to gait velocity
Walker et al., 1994a).

The SSI, developed by Bervar (2000), seems to be easier
nd faster to be acquired and analyzed, generating consider-
bly less stress to the animals. In our method we found that
he images turned out to be very clear, facilitating the measure-

ent of the parameters involved. Besides, it requires only a low
ost dispositive, that includes a device with transparent bottom,
photographic camera and an imaging processing system, and
orks well under low illumination, i.e. approximately 25% of the
ower used by Bervar (2000), presumably reducing the animal’s
tress, as rodents are light aversive.

The three groups on our experiment showed an expected pat-
ern of function during the 6 weeks period, similar to other
tudies in rats (Bervar, 2000; Grasso et al., 2004; Varejão et
l., 2004b) and mice (Fukuyama et al., 2000; Islamov et al.,
002). Ink and photo methods used to acquire footprint parame-
ers had, always, different reproducibility. Photo measurements
ere more accurate, presenting most of the time lower coeffi-

ients of variation than ink method. The bigger variability on the
nk method may be due to difficulties with smeared footprints,
ontractures and variations on gait velocity, already seen by oth-
rs (Dellon and Mackinnon, 1989; Jihad et al., 1989; Varejão et
l., 2001, 2004b; Walker et al., 1994a). Also, the dynamic proce-
ure to achieve footprints has sometimes to be repeated, because
f the low quality of some prints. This repetition stresses the
nimals and can contribute to greater variations on the measure-
ents. The photos used on the static analysis minimize most of

hese problems, because the researcher can wait for the moment

here animals are stopped to acquire the images. There is no
ias due to smeared footprints, as we can see paws as they are,
r to gait velocity variations, because the animals are stopped.
aybe variations due to weight or sex (Dellon and Dellon, 1991;

b
t
p
c

0.975 0.330
−5.918 <0.000

arker and Clark, 1990) can also be minimized with the static
ethod, because the animal is lying on its posterior paws, dis-

ipating mechanical charges. Sometimes, excrements or forced
dduction of the lateral toes by the cages’ walls interfered with
he measurements. On these situations, we cleaned the acrylic
ispositive or gently moved the animals to another position. We
onsider that it is very important to adapt the animals to the
rocedure. When it was not a new situation, they seemed to be
uieter, stopping just at the end of the corridor, and maintaining
static position.

The formula developed for the SSIm, shows the big influ-
nce of the TS as a measure of gait dysfunction due to sciatic
erve lesion. This parameter represents the majority of alter-
tions and may be used alone as an indicative of the lesion’s
tage, as have been demonstrated by other investigators (Bervar,
000; Walker et al., 1994a). Intermediary toe spread, following
he same pattern of the SFI for mice (Inserra et al., 1998), did not
ave a significant role on demonstrating dysfunction, probably
ecause it is very similar on the crush and control groups, or
ecause of its big variations. The PL gave a small but signifi-
ant contribution to the formula. This parameter expresses the
bility of the soleous and gastrocnemious muscles to maintain
he heel elevated during walking in rodents. As these muscles
re innervated by the sciatic nerve, when impaired they cannot
aintain the normal ankle angle, letting a bigger portion of the

aw to be in contact with the floor. Although the PL may be very
ariable, due to the difficulty to establish its posterior aspect, its
ignificance has also been demonstrated in the ink track method,
hich generated the SFI formula for the mouse (Inserra et al.,
998).

The high correlation between the SFI and SSIm (r = 0.892,
< 0.000) validates the use of the static analysis to assess sciatic

erve dysfunction after lesions in mice. Afterwards, SSIm is
uch more simple to perform, because it does not require the use

f paint or other resources that can confound the measurement
f each parameter. Also, as the animal does not need to walk,
ariations due to gait velocity and changes on the direction are
ot involved.

Further studies should investigate the use of the SSIm to
ssess different types of lesions, like transection and repair or
ubulization. Also it is necessary to assess the use of SSIm to
valuate chronic injuries, as the SFI does not seem to be capa-

le to demonstrate functional status in these situations due to
he presence of contractures. In this situation, the abnormal gait
attern may influence the tail to smear ink or retain it in the
laws, generating difficulties to interpretation of data (Dellon
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Walker JL, Evans JM, Meade P, Resig P, Sisken BF. Gait-stance duration as a
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nd Mackinnon, 1989). Although this does not happen on photo
ssessments, contractures are important consequences of nerve
njury, and studies should be developed to assess its influence on
SIm. Correlations between the SSIm and histomorphometric
easurements should also be performed, as Jihad et al. (1989)

howed that function assessed by the SFI may not be correlated
ith morphological findings.
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