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Abstract 

The aim of this study was to evaluate changes of both peripheral motor function and histology 

of spinal anterior horn in adult rats after unilateral sciatectomy. Ten adult healthy rats served as 

control group, while in the ten rat experimental group the right sciatic nerve was severed. We 

followed-up nerve motor function using a sciatic function index and electromyography activity 

of the gastrocnemious muscle. The rats of the experimental group presented the expected gross 

locomotor deficit and leg muscle atrophy. At 12 weeks post sciatectomy, L4 and L5 spinal cord 

segments were removed from the twenty rats and were analysed by istological stereological 

methods.  In the axotomized animals volume of the anterior horn and its content of motor neurons 

decreased, while the content of astrocytes increased (p < 0.05). Thus, in adult rats, beside the 

obvious peripheral nerve disfuction, the sciatic nerve axotomy have severe consequences on the 

soma of the injured motor neurons in the spinal anterior horn. All these quantitative analyses 

may be usefull to quantify changes occurring in adult animals after axotomy and eventual 

management to modify the final outcomes in peripheral nerve disorders. 
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 Severe nerve injury may have devastating impact on 

quality of life. Axotomy, a peripheral nerve injury (PNI), 

may occur by trauma and many more medical disorders.1 

Typical symptoms are sensory and motor function deficts 

that may result in complete paralysis of affected limb or 

in intractable neuropathic pain.2 Most of the peripheral 

nerves, particularly spinal nerves, are mixed nerves that 

contain motor and sensory nerve fibers.3,4 Though 

damaged nerve may regenerate following peripheral 

axotomy, some of the dorsal root ganglion and ventral 

horn neurons undergo a series of retrograde degenerative 

changes that may lead to neuronal death.5-8 These 

changes are related to dysregulation of the retrograde 

flow of neurotrophic factors from periphery to the 

neurons.9 Albeit different type of graft including 

autografts, allografts, and xenografts have been used to 

increase nerve regeneration, they present limited 

potentials of recovery and immunological rejection.10,11 

Previous studies have shown that, following injury, 

motoneuron degeneration in the spinal cord is mediated 

by oxidative stress and apoptosis, possibly related to 

trophic factor deprivation, as well as by activation of 

death receptors.12 As for PNI, motor functional recovery, 

the end-goal for patients, depends on successful axonal 

regeneration of the motoneurons,3,4 that is too often quite 

slow and partial.13 Therefore, we are interested to set up 

a standard animal model to study impairment of motor 

function and of histological consequences on the spinal 

anterior horn induced by peripheral axotomy. Here, we 

present the main changes occurring at functional and 

structural levels in the classical rat model of unilateral 

sciatic nerve resection. 

Materials and Methods 

Animals and surgical procedures 

Twenty adult male Wistar rats that weighed 

approximately 260 g were used. Animals were housed 

individually in standard rat cages 20×20×40 cm in size in 

the animal house (12-hs light / 12-hs dark environment), 

and provided with water ad libitum. Rats were 

randomized into two groups of ten animals: 1. Normal 
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group: healthy rats; 2. Axotomy group: rats with severed 

sciatic nerve without further treatments. Briefly, animals 

were anesthetized by intraperitoneal injection of sodium 

pentobarbital (40 mg/kg body weight) before the sciatic 

nerve was exposed by a 2 cm longitudinal skin incision 

then interrupted at 0.5 cm below ischial tuberosity in the 

right lateral thigh. A nerve segment (10 mm in lenght) 

was removed. After surgery, animals were housed in their 

cages and fed routinely under normal conditions. 

Sciatic Function Index 

Four, eight and twelve weeks post-surgery, the walking 

pattern of animals were recorded for the analysis of the 

sciatic functional index (SFI). Briefly, before the 

experiments, rats were trained to walk down a wooden 

track (100×20×15 cm) into a darkened goal box. After 

surgery, the animal's hind paws were dipped using inkpad 

and the changes in their paw prints that resulted from 

nerve denervation were recorded. The recordings 

continued until five measurable footprints were 

collected. From the footprints, the following parameters 

were calculated using a ruler: print length (PL), that 

refers to the distance from the heel to the top of the third 

toe, intermediary toe spread (ITS) that refers to distance 

from the second to the fourth toe, and toe spread the 

distance between the first and the fifth toe. All these 

measurements were obtained both from the right 

experimental foot (EPL, ETS and EITS, respectively) 

and from the left non- operated foot (NPL, NTS and 

NITS, respectively) of each rat. By using these data, SFI 

was calculated by the equation of Table 1.14 

Electromyographic studies (EMG) 

After 12 week of sciatic nerve axotomy, EMG evaluation 

was performed on all rats prior to sacrifice. Under 

anesthesia by intraperitoneally xylazine (8 mg/k) and 

ketamine hydrochloride (60 mg/kg), the right sciatic 

nerve of the operated side was re-exposed by longitudinal 

incision on the posterior aspect of each thigh from the 

greater trochanter to the knee. A bipolar stimulating 

electrode was positioned to the nerve trunk at a location 

10 mm proximal to the site of axotomy and compound 

muscle action potentials were recorded in the belly of the 

gastrocnemius muscle at the ipsilateral side using an 

EMG recorder. The physiologic parameters including the 

peak amplitude of compound action potentials and 

latency were measured.15 

Perfusion and tissue collection 

After 12 weeks, animals were anesthetized with ketamine 

(100 mg/kg) and xylazine (10 mg/kg) intraperitoneally, 

and then rats were perfused intracardially with 150 ml 

normal saline and 200 ml 4% paraformaldehyde. Spinal 

cord samples were extracted and post-fixed in 4% 

paraformaldehyde at 48C for 4-5 days.  The paraffin 

blocks were prepared and cut in serial sections of 10 µm 

thickness. Sections were stained with cresyl violet. 

Cresyl violet staining of spinal cord 

Transverse sections were re-hydrated in 70%, 95%, 95%, 

100%, and 100% ethanol (3 min each). After a 1-min 

wash in water, the slides were incubated in 0.25% cresyl 

violet in 200 mM acetate buffer for 30 min. Following 10 

dips each in water, 70% and 100% ethanol, the tissue was 

differentiated in 0.25% glacial acetic acid until white 

matter was visible. Then slides were dipped in 95% and 

100% ethanol (10 dips each), and cover-slipped using 

Permount (Fisher Scientific, Unionville, Canada), were 

slides viewed by light microscope (Nikon, Japan).  

Motoneurons were identified by their position in the 

spinal cord (ventral horn, lamina IX), size (substantially 

larger than interneurons and glial cells), and presence of 

Nissl substance arranged in polygonal clumps. The 

motoneurons present in the ventral horn on the ipsilateral 

and contralateral sides to the injury were counted in 

alternate sections of each specimen in the injured area of 

the lumbar intumescence. Only cells with visible nuclei 

were counted. 

Immunohistochemical study of GFAP expression in the 

anterior horn of spinal cord 

Rats were deeply anesthetized by chloral hydrate and 

perfused transcardially using chilled saline followed by a 

fixative consisting of 4% paraformaldehyde in 0.1 M 

PBS. Then, spinal cord were placed in formalin, 

prepared, and placed on slides. The primary antibody was 

diluted with PBS containing 0.3% Triton X-100 and 1% 

bovine serum albumin (BSA). Sections were incubated in 

primary antibodies against GFAP (1:300) overnight in 4 

°C. Sections were then incubated with the avidin– biotin 

complex substrate and treated with 0.05% 3,3-

diaminobenzidine tetrahydrochloride and 0.03% 

hydrogen peroxide in 0.05mTris buffer (pH 7.6). After 

immunohistochemical reaction, sections were mounted, 

counterstained, and observed under a light microscope. 

Table 1. Sciatic function index  measuremet. Using the measured values, SFI was calculated by the following 

equation.14 

 

SFI= - 38.3 (EPL- NPL)/ NPL + 109.5 (ETS – NTS) / NTS + 13.3 (EIT- NIT) / NIT – 8.8 

 

SFI value of nearly 0 represents a normal functional leg. 

The SFI value of -100 indicates total dysfunction of the sciatic nerve. 
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Stereological estimate of the total volume of spinal 

anterior horn 

The volume was estimated using the Cavalieri method. 

Briefly, 10 sections were selected using systematic, 

uniformly random sampling for stereological 

estimations. Each microscopic slide was analyzed using 

a video microscopy system which was made up of a 

microscope (E-200, Nikon, Tokyo, Japan) linked to a 

video camera, a computer, a flat monitor, and a 

microcator (MT-12, Heidenhain, Traunreut, Germany). 

The formula for calculation of volume of spinal anterior 

horn was as follows, (Figure 1):16 

 
Where “ΣP” was the total points hitting the anterior horn 

sections, “a/p” was the area associated with each point, 

and “d” was the distance between the sampled sections. 

Stereological estimate of the number of motor neurons 

and astrocytes cells 

The optical dissector method was used to determine the 

total number of neurons and astrocytes cells. Random 

sampling was ensured by moving the microscopic field 

position at equal intervals. A microcator was used for 

 

 
Fig 1. Volume study. (A, B) Schematic drawings of transverse section from L5 level of the spinal cord in control and 

axotomy groups. Photomicrograph of the spinal cord stained with Cresyl violet. ×10. A grid of points was 

superimposed on the Image for estimation of total volume of anterior horn. AH, Anterior horn. 

 
Fig 2. Photomicrographs of the spinal cord stained with cresyl violet. ×40. Counting frames were superimposed 

on Images for estimation of total number of anterior horn neurons. A: control and B: axotomy. 
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measurement of the Z-axis movement of the microscope 

stage. An unbiased counting frame, with exclusion and 

inclusion borders, was superimposed, according to the 

sectional images, which were observed on the monitor. A 

nucleus was counted if it fell completely or partially 

within the counting frame, and did not reach the 

exclusion line. The formula for calculation of numerical 

density (Nv) was as follows16 (Figure 2 and 3): 

 
 where ΣQ is the number of the nuclei, h is the height of 

the disector, a/f is the frame area, ΣP is the total number 

of the unbiased counting frame in all fields, t is the real 

section thickness measured in every field using the 

microcator, and BA is the block advance of the 

microtome which was set at 10 μm and 5 μm(for 

astrocytes cells) . The total number of the neurons and 

astrocytes cells was estimated by multiplying the 

numerical density (Nv) by the total V. 

 

  

Data Analysis 

Comparison between groups was made by one-way 

analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test to analyze the difference. Walk 

data were analyzed using the two-way ANOVA method 

(repeated measures mixed model ANOVA). After two-

way ANOVA, differences between curves/groups were 

 

 

 
Fig 3. Astrocytic migration (gliosis). Immunohistochemistry against GFAP was done among various groups.in the 

anterior horn of spinal cord. ×40.  A: control and B: axotomy. Astrocyte (arrow). 

 
Fig 4. Sciatic function index. The significant 

difference between axotomy group and 

control group is indicated. ***p < 0.001 

 
 

Fig 5. Muscle activity in rats. The sciatic nerve 

was stimulated, and the muscle action 

potential and latency were recorded in the 

gastrocnemius muscle. 
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determined by the Mann-Whitney test. All statistical 

work was performed in IBM SPSS version 21. All data 

are represented as the mean ± SEM. The significance of 

the comparisons was set at p<0.05. 

Results 

Fuctional analyses 

Walking track analysis was performed to assess the 

eventual recovery of locomotive function in the 

experimental rats. At weeks 4, 8 and 12, rats in the 

axotomy groups showed a time-dependent decrease in 

SFI values due to sciatic nerve degeneration and 

gastrocnemius muscle atrophy that were significantly 

different compared to control group (P<0.001) (Figure 

4). At week12 post operation, results of the muscle EMG 

activity showed that compound action potential 

amplitude in gastrocnemius muscle was reduced in 

axotomy group compared with the control group. 

Difference was statistically significant (P<0.001). 

Significant differences in the latency after sciatic nerve 

injury were also seen between the 2 groups (p<0/001), 

(Figure 5 and Table 2). 

Volume of spinal anterior horn 

After the sciatic nerve injury, there was a significant 

reduction in the total volume of spinal anterior horn in 

the axotomy group in comparison with the control group 

(*P<0.05) (Figure 6, A) 

Numbers of motor neurons and astrocyte cells 

Our stereological analysis showed that the total number 

of motor neurons was reduced in the axotomy group in 

comparison to the control group (P < 0.05), (Figure 6, B). 

For detection of astrocyte migration (gliosis), 

immunohistochemistry against GFAP in the anterior horn 

of spinal cord was done. Migration of astrocytes in the 

axotomy group was statistically higher than that in the 

control. (p < 0.05) (Figure 7). 

Discussion 

When a peripheral nerve is cut, there is an immediate 

paralysis of the muscles and loss of sensation in the area 

supplied by the nerve. Our findings indicate, indeed, a 

time-dependent decreases of SFI values related to the 

sciatic nerve axotomy, accompanied by atrophy of the 

gastrocnemius muscle. Furthermore, EMG compound 

action potential amplitude was significantly reduced in 

the gastrocnemius muscle. These functional results are 

accompanied by the finding of the death of motor 

neurons in the anterior horn of spinal cord, where using 

immunodetection method, we demonstrated also that 

axotomy significantly increased astrogliosis.  

Table 2. EMG. Amplitude and Latency after 12  weeks post operation 

Group Control Axotomy p value 

Amplitude (mv) 34.03±1.162 0.00 < 0.001 

Latency (ms) 1.00 ±0.089 0.00 < 0.001 

 

All data were expressed as the mean ± standard error of mean 

 

 

 

   
Fig 6.  (A) Statistical analysis of Total volume of spinal anterior horn; (B) Statistical analysis of Total number of 

motor neurons. Data are expressed as mean ± SD, * p < 0.05 
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In this study axotomy of the sciatic nerve induced both 

the expected impairment of motor function and of 

histological structure of spinal anterior horn. 

Specifically, the damage of the peripheral nerve is 

associated with neurodegenerative events in the spinal 

anterior horn. Axotomy has a very long experimental 

history as a paradigm to study responses of motor 

neurons to injury.17 Our results add that the 

disappearance of Nissl-stained profiles from the ventral 

horn reflects death of these cells and is not alterations of 

the staining properties of the injured motor neurons. 

Indeed, a significant reduction in total volume of the 

spinal anterior horn occurred in the axotomy group. 

Furthermore, by stereological analysis a statistically 

significant decrease of the motor neurons is present in the 

axotomy group. 

Nervous system inflammatory responses occurring after 

nerve injury are initiated by peripherally derived immune 

cells, and activated glial cells that proliferate or migrate 

into the lesion site following injury.18,19  

Many mechanisms may be involved in loss of anterior 

horn motor neurons. Soon after an axonal lesion, the 

process of Wallerian degeneration occurs in distal nerve 

fibers.20,21 In the distal stump, the cytoskeletal structures 

(neurofilaments and microtubules) disintegrate, with 

accumulation of granular debris in the axoplasm. Cell 

membrane disappear, the axon undergoes fragmentation 

and the myelin rapidly disintegrates. In rodents, these 

events usually occur between 2 to 3 days following 

axotomy 22. There are also changes at the nerve cell body 

level occurring after distal nerve trauma.23 The most 

consistent and conspicuous observation in cell body 

following nerve injury is probably chromatolysis, that 

involves disintegration of the Nissl substance (large 

condensation of the endoplasmic reticulum). In addition, 

nuclear eccentricity, nucleolar enlargement and cell 

swelling can be noted. Other changes include increases 

in cytoplasmic acid phosphatase and smooth 

endoplasmic reticulum with hypertrophy of Golgi 

apparatus. The main metabolic event seems to be an 

increase in nuclear RNA synthesis, associated with an 

increase in cytoplasmic protein synthesis and content.24,25 

Martin et al., suggested that chromatolysis is a form of 

apoptosis. Their study demonstrated that after 21 days of 

unilateral sciatic nerve avulsion in adult rats, the number 

of large motoneurons in the lumbar spinal cord was 

reduced by one third.26 Other studies have also shown 

that ventral root avulsions cause motor neurons death 

associated with neuronophagia. As a model of retrograde 

degeneration, the L4-L5 ventral rhizotomy is similar to 

axotomy paradigms in the CNS, in which loss of 

differentiated transmitter phenotype (usually an early 

change) is accompanied by alterations in the neuronal 

cytoskeleton and, eventually, cell death.27,28  Li et al. 

reported that in adult rats, nerve avulsion induced a 70% 

loss by 3 weeks, whereas, by 6 weeks, all motor neurons 

were lost.29 Additional studies showed that the mode of 

motor neuron degeneration is complex and is related to 

developmental age and type of lesion.30 During the 

developmental cell death period, peripheral neurons are 

dependent on trophic factors produced by their targets 

cells, and those developing neurons that fail to compete 

successfully for sufficient target support die by 

apoptosis.31,32  

 
Fig 7. Statistical analysis of GFAP positive cells (astrocyte cells) in anterior horn of spinal cord. The significant 

difference between control with the axotomy groups is indicated.  Data are expressed as mean ± SD, * p < 

0.05. 
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In summary, based on present findings on adult rat, 

axotomy of the sciatic nerve is followed by: i) a time-

dependent decrease in SFI; ii) a marked decrease of EMG 

compound action potential amplitude in atrophying 

gastrocnemius muscle; iii) a remarkable reduction in the 

total volume of the spinal anterior horn; with iv) a 

reduction of the total number of motor neurons; and v) an 

increased presence of astrocytes in the anterior horn.  

All together these quantitative analyses will be usefull to 

collect strong evidence of extent of functional changes 

and to test hypotheses and protocols for damage/repair 

mechanisms of motor neuron and their target organs in 

experimental and clinical research aimed to understand  

pathological processes and the eventual beneficial effects 

of interventions in peripheral nerve disorders and 

beyond.33-36 
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