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Abstract: Objective — To investigate the extent of degenerative changes in neurons of spinal ganglion and segmental apparatus in various
injuries to sciatic nerve in the experiment on white rats.

Material and Methods — The research involved 40 white non-pedigree male rats distributed among four groups. The animals of Group 1
(n=10) underwent the compression of nerve trunks with Mosquito clamp forceps for 15 minutes. In Group 2 (n=10), the animals had their
nerve trunks ligated; and in Group 3, they had their nerves completely transected in their middle thirds. The separate group of control
animals (n=10) suffered no damage to their sciatic nerves. Spinal cords and spinal ganglia at L4-L6 level were the material for
histopathological examination. We calculated the number (percent) of degenerated neurons in spinal cords and spinal ganglia at the
affected sides on Day 30, and compared them to those at the intact sides.

Results — The number (percent) of degenerated neurons in spinal cord and spinal ganglion, expressed as Me (Q1; Q2), constituted 2.52%
(1.92; 2.74) and 3.75% (2.37; 4.74) in Group 1, 9.27% (9.03; 9.94) and 16.74% (16.01; 18.22) in Group 2, 25.59% (24.36; 26.29) and 31.94%
(31.44; 33.03) in Group 3, respectively. Depending on the number (percent) of degenerated neurons, we classified three grades of change
manifestation: mild (Group 1), medium (Group 2), and severe (Group 3). No degenerated neurons were found in the control animals.
Conclusion — The compression, ischemic exposure on the sciatic nerve, and complete anatomical transection of its trunk resulted in

Wallerian degeneration, as well as degeneration of segmental apparatus in spinal cord neurons.
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Introduction

The so-called Wallerian degeneration is a well-studied
phenomenon described in detail in both domestic and foreign
published sources. It features changes in the distal segments of
the damaged peripheral nerves and denervated muscles a few
hours after trauma [1]. In recent years, medical examiners and
pathophysiologists suggested that these pathological changes may
proceed the other way around and involve the proximal segment
of the nerve, as well as spinal ganglion and neurons in the
segmental apparatus of the spinal cord [2, 3].

While studying the damage to peripheral nerves, many
researchers considered the functional recovery of the limbs
insufficient even after various combination therapy methods have
been employed. This may be caused by neuronal degeneration
due to disruption of both structural and functional continuities of
the neural circuit [1, 3-5].

It should be noted that the mechanisms of degeneration

process in spinal cord neurons in conditions of damaged peripheral
nerve trunks is insufficiently studied. This is due to the fact that

the integrity of all segments in the neural circuit is difficult to
trace, and finding the changes in the segmental apparatus of
human spinal cord is problematic [4, 5].

Such phenomena are studied on experimental animals. The
most commonly used models for peripheral nervous system
damage are transection, compression, and ligation of the sciatic
nerve trunks in rats. The changes in spinal cord neurons under the
damage to sciatic nerves in white rats are evaluated via the
examination at the L4-L6 level [6, 7].

It is worth noting that the degeneration of spinal cord and
spinal ganglion neurons is not studied well enough, since there is
no reliable data on the minimal possible damage to peripheral
nerve leading to the development of such changes.

This research was aimed at detecting the extent of
neurodegenerative changes at epicone and cone (L4-L6 segments)
levels in various injuries of sciatic nerves in the experiment on
white rats.
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Material and Methods
Laboratory animals

The research involved 40 white non-pedigree male rats with a
body weight of 180-240 g, kept in the vivarium and provided with
free access to food and water. The experiments were conducted at
the Federal State Budgetary Institution of Higher Education,
Vavilov State Agricultural University of Saratov, the Russian
Federation Ministry of Agriculture. The research was approved by
the Ethics Committee and complied with relevant regulations
(Directive No. 755 of the Russian Federation Ministry of Healthcare
of August 12, 1977, On Measures for Further Improvement of the
Organizational Forms of Working with Experimental Animals;
Directive No. 266 of the Russian Federation Ministry of Healthcare
of June 19, 2003, On Adoption of the Regulations for Laboratory
Practices) and the 1983 revision of the Declaration of Helsinki.

Surgical procedures

Surgical procedures and other invasive interventions were
performed under general anesthesia with 0.1 mL/kg of zoletil and
0.1 mL/kg of xylazine at a dose of 1 mg/kg of the rat weight,
administered via intramuscular injections. Sciatic nerves were
isolated from the middle thirds of the femurs, using microsurgical
instruments, and then the animals were distributed among the
groups. In animals of Group 1 (n=10), the nerves were compressed
for 15 minutes with 12.5 cm long, 0.02 kg Halsted-Mosquito clamp
forceps, with their closed ramus 4 mm wide and a retention
pattern formed with grooves perpendicular to the instrument axis
(simulation of compression and ischemic injury). In animals of
Group 2 (n=10), the nerves were ligated on the same level with
nonabsorbable filament Premilen UPS 6/0. The applied
compression ratio caused no deformity to the visible contours of
the nerve trunks, and it was left for 30 days. In animals of Group 3
(n=10), sciatic nerves were isolated and completely transected
with a 140 mm long ophthalmic general operating knife at the
level of the middle third of the femur without their further
neurorrhaphy. We performed no surgical interventions on sciatic
nerves of the control animals (n=10) (with no surgical wounds in
the projection of the nerve trunks). After surgical procedures, the
new soft tissue defects were sutured with an atraumatic UPS 5/0
suture. The animals (Groups 1-3) were kept in individual
containers and provided with a proper care as well as with access
to sufficient amounts of food and water. We monitored the
changes in the condition of operated animals throughout the
experiment.

Pathomorphological examination

The rats were sacrificed by intramuscular injections of
Lysthenon on Day 30. At that point, we performed laminectomies,
using microsurgical instruments, and removed the distal fragments
of spinal cords with spinal ganglia. The biomaterial was preserved
with a 10% solution of neutral formalin and hydrated through an

increasing series of alcohol (70% alcohol | — 2 h, 70% alcohol Il — 3
h, 80% alcohol | — 3 h, 80% alcohol Il — 4 h, 96% alcohol | — 3 h,
96% alcohol Il — 4 h, 96% alcohol Ill — 2 h). Then, the material was
dehydrated (chloroform | — 30 min, chloroform II — 30 min,
chloroform Il = 30 min, chloroform IV — 30 min, 1:1 chloroform
and paraffin mixture — 2 h). The biomaterial was then paraffin-
embedded (paraffin | — 1.5 h, paraffin Il — 19 h), and 5-7 um thick
sections were cut by the RMD 3000 semi-automatic rotary
microtome and stained with hematoxylin and eosin. The samples
were studied using the Olympus CX31 microscope with a VIDI-CAM
module. We calculated the number of degenerated neurons, using
the calibrated ocular grid, considering the number of spinal cord
neurons on the intact side as 100 percent.

When studying histologic sections, we paid special attention to
the number of vessels full of blood, the number and condition of
ganglion cells (size and shape of the cells, presence of nucleoli),
and stromal edema. The arrangement of pseudounipolar neurons,
their shape, and size, as well as the presence of nucleoli, were
taken into account when studying histological specimens. All these
features are indicative of degenerative changes in ganglion cells.

Statistical analyses

We used Statistica 10.0 for Windows (SPSS version 23)
software package for statistical processing of our findings. Since
the initial check with Shapiro-Wilk and Kolmogorov-Smirnov tests
demonstrated non-normal distributions, we employed the
distribution-free  methods to compute the median and

interquartile ranges: Me (Q1; Q3). The differences between the
analyzed groups were assessed with Mann-Whitney U test,
Kruskal-Wallis test, and Wilcoxon rank-sum test. They were
considered statistically significant at p<0.05.
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Figure 1. Intact neurons (control), hematoxylin-eosin stained, 400x.

Table 1. Statistical characteristics of degenerated neurons in spinal ganglion and segmental apparatus of the spinal cord

Levels Control

Group 1

Group 2 Group 3

Degenerated spinal cord neurons at 152 (143.75; 157.50)
the epicone and cone levels

152 (146.75; 155.5)
P2=0.0051 P°1.0=0.969

137 (134.0; 141.75)
P£=0.0051 P°1.,=0.011

113.50 (110.0; 116.0)
P2=0.0051 P°».3=0.00001 P°1.3=0.00001

Degenerated spinal ganglion
neurons

109.5 (106.75; 122.25) 104.50 (101.75; 116.25)
P2=0.0744 P°1.0=0.163

75.5 (73; 85.25)
P5=0.0051 P°,.5=0.0004342 P°;.5=0.00018

91 (89; 103.25)
P£=0.0051 P°1.,=0.0089

P2 — p-value to compare healthy and affected sides via the Wilcoxon rank-sum test; P°.i— p-value to compare differences in pathologies among j-th and i-th

groups via the Mann-Whitney U test.
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Figure 2. Degenerated neurons (Group 2), hematoxylin-eosin stained,
400x.

Figure 4. Degenerated spinal ganglion (Group 3), hematoxylin-eosin
stained, 400x.

Results

The investigation of histological specimens revealed
degenerative changes of neurons in all experimental groups (1-3).

The homogeneity in all analyzed groups (p=0.504 for spinal
ganglions, p=0.618 for spinal cords) at the level of the intact limb
was established with the Kruskal-Wallis test.

The investigation of the degenerative changes in spinal
ganglions involved the Kruskal-Wallis testing of homogeneity
hypothesis in the groups of animals with affected limb, and
revealed the differences between the groups (p<0.00001). The
pairwise comparisons resulted in statistically significant
differences between the controls vs. Group 2, control group vs.
Group 3, Group 1 vs. Group 3 (p<0.00001). The comparison of
spinal ganglions in healthy and affected sides in Group 1 revealed
no differences at p=0.074 (the Wilcoxon rank-sum test), but since
the sample number was small (n=10) and confidence level was
close to significant we propose that these differences actually
exist. The differences were also determined for Group 2
(p=0.0051) and Group 3 (p=0.0051).

The z-score for multiple comparisons revealed the statistically
significant differences only in Group 3 (p<0.00001), as compared
with other groups. The differences between other groups were
statistically insignificant, although within the groups, the
differences between affected and healthy limbs were obvious.

Therefore, Group 1 presented the small number (percent) of
degenerated nerve cells that we regarded as mild damage to the
spinal cord and ganglion neurons. The changes in spinal cords in
Group 2 were regarded as medium damage, and Group 3
represented the severe grade of neuron degeneration. No
degenerative changes were observed in the control rats.

It is worth noting that there were more degenerated neurons
in spinal ganglions, as compared with those in spinal cords: such
difference was found in Groups 2 and 3 with intragroup
comparisons of the proportionate factor (percent) for degenerated
neurons (the Wilcoxon rank-sum test p=0.0051).

The true Wilcoxon rank-sum and Mann-Whitney U test p-
values for each analyzed group are presented in the Table 1.

As the study of histological specimens in the intact animals
demonstrated, the multipolar neurons kept their former shape
and size with the central position of nucleoli. The neurocytes were
mainly localized as aggregates or stretched columns with
individual small full-blooded vessels (Figure 1), which
corresponded to the norm.

Even though some neurons in the experimental groups (1-3)
remained unchanged, they suffered moderate pericellular edema
and pyknosis, formed microcysts, featured multiple full-blooded
vessels; and their nerve cell bodies shrank, changed, and lost
nuclei (Figure 2).

Pseudounipolar neurons in the spinal ganglia of the control
animals were sitting tight, their form and size identical (Figure 3),
whereas in the spinal ganglia of the experimental animals (Group
1-3), the cell bodies changed their shape and size and lacked nuclei
(Figure 4).

Discussion

There were studies confirming the retrograde degeneration in
the spinal cord and spinal ganglion neurons with peripheral nerve
injury. In these publications [2-3], the authors presented the
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evaluation results concerning the changes in the lesions and
restoration of the spinal cord and spinal ganglion neurons at
various time points, based on the morphological examination of
motoneuron populations, forming sciatic nerves at both sides of
the rats. It was established that after axotomy at various time
points of post-traumatic period the ratio of different motoneurons
is variable, but it returns to the initial values by Day 300, even
though the number of neurons within the population decreases.
However, no data on the intensity of degenerative changes in
nervous structures, depending on the severity of the sciatic nerve
damage, was previously presented.

The results of other studies [8, 9] exhibited morphofunctional
cell changes, including those of synaptic nature. They took place in
motoneurons of rat spinal cords after sciatic nerve injury, and
featured the reduction in signals for synaptic adhesion molecules.
The authors also established that peripheral axotomy triggered
retrograde degeneration, distal in relation to the lesion, and was
accompanied by the loss of synapses (synaptic removal) from the
surface of damaged spinal cord motoneurons, affected by reactive
astrocytes and microglia (total removal of axon collaterals) in
neuroinflammatory response. The authors also presented the data
on the alteration of spatial arrangement of neurons and glia cells
in anterior cornu. However, no data on the development of
retrograde degeneration with respect to the severity of alterations
in spinal cord nervous structures was presented.

The findings of another study [10] were related to the
investigation of synaptic plasticity of motoneurons after axotomy,
depending of general mechanisms in charge of trauma severity,
because synaptic plasticity defined the potential errors of
targeting the peripheral sensory and motor axons. The axons
turned the afferent cohesion in spinal cord’s maladaptive and
reduced synaptic activity. However, the author provided no data
on the severity of damage to spinal ganglion and spinal cord
neurons, depending on the severity of damage to sciatic nerve.

In [11], the retrograde degeneration was confirmed with
changes in  muscular activity in rats (based on
electroneuromyography data) after sciatic nerve transections. It
featured disappearance of soleus and gastrocnemius H-reflexes,
and repression of direct M-responses to posterior tibial nerve
stimulation. This study has also drawn no conclusion about the
severity of changes in morphology of spinal cord neurons,
depending on the severity of sciatic nerve injury.

It was the lack of reliable conclusions in above-listed papers on
the severity of retrograde degeneration in the spinal cord and
ganglion that makes our research relevant in view of the necessity
to evaluate this pathological process, depending on the severity of
mechanical damage to the sciatic nerve. We introduced the
concept of proportional factor of the injury to both spinal cord and
ganglion that enabled reliable determination of the damage
severity to peripheral nerves, and quantitative evaluation of the
efficacy of neuroregeneration and neuroplasticity as components
of neuronal remodeling in the course of neuroprotective therapy.

Conclusion

Histomorphological analysis of various lesions imposed upon
experimental animals revealed that the damage to the peripheral
nerve has caused not just the orthograde degeneration (sensu
Waller) but the retrograde degeneration as well, featured by the
degeneration of neurons in the spinal ganglia and involved
segments of the spinal cord. While short-term compression of the

nerve caused mild damage to the spinal ganglion and spinal cord
neurons, long-term compression resulted in the medium changes,
and nerve transection has led to severe damage.
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