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THE authors have previously described the function-
ally essential neuronal population—the minimum 

for some motor and sensory functions by performing 
nerve-lesioning, tract-lesioning, and neuronal destructive 
experiments.4,5,8,9,11,13,14,16 However, the number of nerve 

normal motor function is unknown. Therefore, the purpose 
of this study was to evaluate the extent to which undam-
aged residual axons contributed to motor function, and to 

-

nerve, motor function of the lower limb is assessed by the 
static sciatic index (SSI) for sciatic function.1 Several stud-

-
tional assessments using the SSI;15,17,18 however, it remains 
unclear which sciatic nerve component (tibial or common 

effect of resection of either the tibial or common peroneal 
nerve on motor function in rats, and then investigated to 
what extent undamaged residual axons contributed to pre-
serving motor function in rats that had undergone varying 

immunohistochemically visualized III-tubulin, an axonal 
marker. The number of acetylcholine receptors was mea-
sured in the same sections by histochemically visualized -
bungarotoxin, an acetylcholine receptor antagonist. These 
agents have been widely used to detect nerve terminals and 

6,7,19

Methods
Animals

The experiments were performed on 42 adult female 
Wistar rats (180–220 g body weight; Japan SLC Inc.). All 
procedures were conducted in accordance with the NIH 
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Motor function and undamaged residual axons

Guide for the Care and Use of Laboratory Animals, and 
the protocols were approved by our Institutional Animal 
Care and Use Committee. All efforts were made to mini-
mize animal suffering and pain. Surgical procedures were 
performed under general anesthesia induced with an in-

mg/kg) and medetomidine (10 mg/kg). Atipamezole hy-

reverse the effect of anesthesia.

Resection of the Tibial Nerve or Common Peroneal Nerve 
and Functional Assessment Using SSI

-
ial and common peroneal nerves, were exposed through 
a gluteal muscle–splitting incision. The tibial (n = 2) or 
common peroneal (n = 2) nerve was resected 1 cm in 

-
gery, rats were housed under standard laboratory condi-
tions with a 12-hour light/dark cycle and room tempera-
ture maintained at 22°C. Food and water were supplied ad 
libitum. To assess functional loss following nerve resec-
tion, we performed a conventional footprint analysis using 
procedures described in previous publications.1,10–12,20,21 

acute period. Hind footprints were obtained by applying 

animals to walk freely in a box (70.0 × 33.5 × 22.0 cm); 
thus tracks were left on the underlying paper. Two param-
eters of 1–5 toe spread and 2–4 toe spread lengths on both 
sides were measured manually by a ruler and SSI was 

1 
When footprints could not be obtained because of very 
severe motor dysfunction, the SSI score was considered 
to be 100.0. SSI scores were calculated for each animal 
from 15 sets of footprints, and the trimmed mean (i.e., the 
average with the top 3 and bottom 3 scores excluded) was 
considered the best estimate for each animal.

Graded Pressure Injuries of the Common Peroneal Nerve
The left common peroneal nerve (n = 32) was ex-

posed and crushed with either a brain aneurysm clip (Su-
gita standard aneurysm clip, holding force 147 g; Mizuho 
Ikakogyo) for 1, 2, 3, 4, 5, and 10 seconds, or a disposable 
microvascular clip (holding force 60 g; BEAR Medic Cor-
poration) for 1, 20, 60, 80, 90, 100, 110, 120, and 180 sec-
onds. Because the brain aneurysm clip caused strong dam-
age (SSI score < 80) in a very short time due to its strong 

a weaker microvascular clip. The left common peroneal 
nerve was exposed but left intact in the control rats (n = 6).

Functional Assessment Using SSI and Slope-Walking 
Ability

At 48 hours after surgery, footprint analyses were per-
formed for all rats in the control and nerve-crushed groups 
using the procedures described above. After motor func-
tion was assessed with SSI, the control and nerve-crushed 
rats were placed on the 30° and 45° slopes constructed 
with a plastic panel (50 × 30 cm) to evaluate slope-walking 

ability. Before placing the rat on the slope, both hind feet 
were wiped with a wet towel and examined to determine 
whether the rat could maneuver in both of the slope an-
gles. A trial was considered a success if the rat could walk 
up the slope or stay on the slope for at least 5 seconds.

Tissue Preparation
After motor function assessments, rats were killed with 

mg/kg) and perfused through the heart with 300 ml of 4% 
paraformaldehyde in 0.1 M phosphate buffer. The tibialis 

phosphate-buffered sucrose for 2 days. The muscles were 
cut longitudinally into 50- m-thick serial sections on a 
freezing microtome and collected at 600- m intervals. To 
evaluate the neuromuscular innervation, the sections were 
co-labeled with neuronal class III -tubulin polyclonal an-
tibody (Covance) to identify the presence of axons and Al-

-bungarotoxin (Life Technolo-
gies) to identify the presence of motor endplates.6,7 The 
sections were immersed for 2 hours in phosphate-buffered 
saline containing 0.3% Triton X-100, and then incubated 
at room temperature for 2 days in rabbit anti– III-tubulin 
antibody (1:25000). The sections were then incubated for 
5 hours in a mixture of Alexa Fluor -
rabbit immunoglobulin G (1:1000, Life Technologies) and 

-bungarotoxin (1:2000). 
The sections were rinsed, mounted on coated slides, and 
coverslipped with FluorSave Reagent (Calbiochem).

Statistical Analysis
The ratio of the number of III-tubulin–positive nerve 

terminals to -bungarotoxin–positive acetylcholine recep-
tors was determined for both control and nerve-crushed 

undamaged residual axons to acetylcholine receptors in 
each nerve-crushed rat was expressed as a percentage of 
the mean value of the control. Z-stack images were cap-
tured at 2.5-
microscope (Keyence) to view the images of thick sam-
ples. The data were expressed by means ± standard devia-
tions (SD), and were compared using the Student t-test and 
Spearman’s correlation analysis. Those p values less than 

Results
Resection of the Tibial or Common Peroneal Nerve

Figure 1 shows the changes in SSI scores for tibial 
and common peroneal nerve–resected rats. SSI scores for 
the tibial nerve–resected rats were 34.2 and 35.9 at 24 
hours, and 32.2 and 47.1 at 48 hours after nerve resec-
tion. The common peroneal nerve–resected rats, however, 

SSI scores were 100.0 and 100.0 both at 24 and 48 hours 
after nerve resection.

Graded Nerve Pressure Injuries and SSI Scores
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on lower limb motor function than the tibial nerve, rats 

common peroneal nerve. The 6 control rats showed no gait 
disturbances, and their SSI scores were above 20 (range 
1.3 to 18.3), the standard SSI range for normal motor 

ranged from 1.7 to 100.0 (Table 1). Figure 2 shows repre-
sentative footprints taken from nerve-crushed rats. Based 

groups that demonstrated normal (score above 20, n = 17; 
Fig. 2A), mildly disordered (score 20 to 50, n = 7; Fig. 
2B), moderately disordered (score 50 to 80, n = 3; Fig. 
2C), or severely disordered (score below 80, n = 5; Fig. 
2D) motor functions.

Graded Nerve Pressure Injuries and Undamaged Residual 
Axons

-

had both III-tubulin and -bungarotoxin staining were 

stained with only -bungarotoxin were considered de-
nervated. In the control rats, the ratio of the number of 

III-tubulin–positive nerve terminals to -bungarotoxin–
positive acetylcholine receptors was 91.9% ± 2.7% (858 ± 
62 terminals/935 ± 77 receptors). The ratios for the nerve-
crushed rats with normal, mildly disordered, moderately 
disordered, and severely disordered motor functions were 
62.1% ± 13.0% (612 ± 148 terminals/982 ± 95 receptors), 
53.9% ± 13.6% (538 ± 121 terminals/1007 ± 90 receptors), 
47.0% ± 12.5% (532 ± 138 terminals/1133 ± 14 receptors), 
and 9.3% ± 3.8% (93 ± 37 terminals/1004 ± 66 receptors), 
respectively. The ratios of residual axons to acetylcholine 
receptors that were expressed as a percentage of the con-
trol (91.9% ± 2.7%, n = 6) in the nerve-crushed rats with 
normal, mildly disordered, moderately disordered, and 
severely disordered motor functions were calculated as 
67.6% ± 14.2%, 58.6% ± 14.8%, 51.2% ± 13.6%, and 10.2% 
± 4.1%, respectively. The ratios of residual axons to ace-

tylcholine receptors (percentage of control) for individual 
animals in the nerve-crushed rats are shown in Table 1.

Correlation Analysis of SSI and Undamaged Residual 
Axons

In Fig. 4, SSI scores are plotted against the ratios of 
residual axons to acetylcholine receptors (percentage of 
control) for common peroneal nerve–crushed rats. Statis-

-
tween an increasing SSI score and an increasing ratio of 
residual axons (rs = 0.68, p < 0.01).

FIG. 1. -

TABLE 1. Results of assessments of motor function and ratios of 
undamaged residual axons

SSI

Slope-

1 1 S S
2 1 S S
3 2 S S
4 2 S

3 S S
3
4 S S

8 4 S S
4 S S
4 S S

11 4 S S
12 4
13
14

1 S S
1 S

S S
18 S

S S
S S

21 S S
22 S S
23 S S
24

S S
S S
S S

28 S S
S
S S

31 S S
32 S S
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Slope-Walking Ability
The control rats successfully performed the slope-

walking test at both 30° and 45° angles. The common 
peroneal nerve–crushed rats were divided into 2 groups 
based on whether they succeeded or failed in the slope-
walking test. Figure 5 shows the ratios of residual axons 
to acetylcholine receptors (percentage of control) in the 
success and failure groups, which were (means  SDs): 
62.7% ± 16.9% and 14.4% ± 12.4% at 30°, and 66.2% ± 
13.6% and 26.8% ± 21.6% at 45°. The differences between 

tested (p < 0.01).

Discussion
Effect of Tibial and Common Peroneal Nerve Resection on 
Motor Function

The SSI scores obtained after nerve resection revealed 
that motor dysfunction was more severe in rats with com-
mon peroneal nerve resections than those with tibial nerve 
resections. That is, the effect of nerve resection on motor 
function as assessed using SSI was greater for common 

underwent common peroneal nerve resection received an 
SSI score of 100.0 (severely disordered motor function), 
whereas rats that underwent tibial nerve resection received 
an SSI score of approximately 40.0 (mildly disordered 
motor function). The common peroneal nerve innervates 

-
rum longus muscles; the tibial nerve innervates the plantar 

2,3,22 The com-
mon peroneal nerve–resected rats showed severe motor 

-

Graded Nerve Pressure Injuries

common peroneal nerve, we used 2 different clips (the 
brain aneurysm clip and microvascular clip) and varied 
the durations for which the clips were attached to the nerve 
i.e., 1, 2, 3, 4, 5, and 10 seconds for the brain aneurysm clip 
and 1, 20, 60, 80, 90, 100, 110, 120, and 180 seconds for the 

brain aneurysm clip showed motor dysfunctions that var-

and ratios of residual axons to acetylcholine receptors 
ranged from 2.1 to 22.9 and from 39.8% to 66.5% for 
1–2 seconds, from 19.2 to 100.0 and from 3.7% to 87.8% 
for 3–4 seconds, and from 91.7 to 100.0 and from 9.1% 
to 11.1% for more than 5 seconds. Conversely, there was no 
relationship between motor dysfunction and the duration 

showed different motor dysfunctions, and their SSI scores 
ranged from 11.6 (normal motor function) to 94.7 (se-
verely disordered motor function). Furthermore, the rats 

normal motor function (SSI above 20). Therefore, it ap-
pears that the motor dysfunctions in rats with a nerve crush 

the amount of connective tissues around the nerve because 
the pressure exerted by this clip was relatively weak. Be-
cause great care was taken not to damage the nerve itself 
before the nerve crushing procedure, the total removal of 
the perineural connective tissue appeared impossible, and 
thus varying amounts of the connective tissue inevitably 
remained around the nerve, which caused differential de-
teriorating effects on the nerve among rats with the same 

FIG. 2. (A) (B) (C)
(D)
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-

the common peroneal nerve using 2 different clips, as is in-
dicated by a wide range of SSI scores (from 1.7 to 100.0) 
and ratios of residual axons (from 3.7% to 88.7%).

Undamaged Residual Axons to Maintain Normal Motor 
Function

The slope-walking test, which aims to assess motor 

-
ments. According to the functional assessments conduct-

ed using SSI and slope-walking ability following varying 

correlation between motor function and the number of un-
damaged residual axons. In our previous study, we dem-
onstrated that a functionally essential neuronal population 

4,5,8,9,11,13,14,16 Similarly, 
concerning axonal components essential for normal motor 
function, approximately 40% of undamaged axons appear 

of residual axons to acetylcholine receptors in the nerve-
crushed rats with normal motor function (SSI above 20) 
ranged from 36.5% to 88.7%, and the ratios for the success 
group in the slope-walking test at angles of 30° and 45° 

FIG. 3.
A:

B and C:
(B)

(C) Arrowheads

FIG. 4.
-

s

FIG. 5.

(left) (right)
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ranged from 14.7% to 88.7% and from 39.8% to 88.7%, 

were inconsistencies between motor function and the ra-
tio of undamaged residual axons to acetylcholine recep-
tors. Some rats with more than 40% of undamaged axons 
showed mild or moderate motor dysfunction and failed the 
slope-walking test at an angle of 45°. This inconsistency 
might have been caused by the method that we used to 
assess the ratio of residual axons to acetylcholine recep-
tors only in the tibialis anterior muscle, one of the primary 
muscles innervated by the common peroneal nerve.

Study Limitations
The limitations of this study include the measurement 

of motor function. Functional assessments were performed 
only by 2 methods, the SSI and slope-walking ability. The 
different values might be obtained from other assessments 
such as video assessment and ankle kinematics. Moreover, 
an appropriate evaluation method needs to be chosen if a 
similar experiment is performed in other models of nerve 

Conclusions
Based on the results of this study, we conclude that less 

-
mal motor function of the lower limb in rats.
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