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Abstract
Background. Previous research has shown that neurectomy of the sciatic nerve leads to a reduction in bone 
density in the femur and tibia of laboratory mice and rats. However, the impact of surgeries aimed at restoring 
nerve innervation on the bones of distal limb parts has not been studied. 
Aim of the study — to identify structural changes in the shaft of the third metatarsal bone after primary 
autogenous plasty of the resection defect of the tibial portion of the sciatic nerve in rats.
Methods. Autologous neuroplasty of the tibial portion of the sciatic nerve was performed on 16 Wistar rats  
(aged 8-10 months). The animals were euthanized at 4 and 6 months after the surgery, and a control group 
of 7 intact rats of similar age was included. Histomorphometric analysis was conducted on a dissected 
fragment of the forefoot at the level of the metatarsal bones. The ratio of fuchsinophilic and anilinophilic 
structures of the cortical plate was determined using point-count volumetry on Masson-stained images 
of transverse sections of the third metatarsal bone shaft. The thickness of the cortical plate, numerical 
density, area, and diameter of osteons and Haversian canals were measured.
Results. After 4 months, compared to the control group, a 15% decrease (p = 0.0001) in the proportion of 
mineralized structures of the cortical plate and a 12.7% reduction (p = 0.0184) in its thickness were observed. 
Osteolysis signs were present in the osteonal layer, along with decreased numerical density and dimensional 
characteristics of osteons, and the presence of osteons with dilated Haversian canals. At 6 months,  
the thickness of the cortical plate did not significantly differ from the norm (p = 0.2067), but there was 
a progressive 33.6% decrease (p = 0.0001) in the proportion of mineralized structures. Reduced values  
of numerical density, area, and diameter of osteons persisted in the osteonal layer, while the diameters  
of Haversian canals in osteons increased over time.
Conclusion. From 4 to 6 months, the thickness of the cortical layer in the compact bone of the third  
metatarsal bone shaft was restored. However, changes in the numerical and dimensional composition of 
osteons, along with decreased mineralization of the extracellular matrix and erosion of the subperiosteal 
bone layer, continued to progress. The developed experimental 2D model can be used to assess denervation 
osteopenia in distal limb parts and further explore rehabilitation interventions that enhance and  
improve reinnervation.
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Структурная реорганизация диафиза III плюсневой кости  
после аутогенной пластики большеберцовой порции  
седалищного нерва
Н.А. Щудло, Т.А. Ступина, Т.Н. Варсегова

ФГБУ «Национальный медицинский исследовательский центр травматологии  
и ортопедии им. акад. Г.А. Илизарова» Минздрава России, г. Курган, Россия

Реферат
Введение. Из мировой литературы известно влияние нейрэктомии седалищного нерва на снижение 
костной плотности бедренных и большеберцовых костей лабораторных мышей и крыс, но не изучено 
состояние костей дистальных отделов конечностей после операций, направленных на восстановление 
иннервации. 
Цель исследования — выявить структурные изменения диафиза III плюсневой кости после первичной 
аутогенной пластики резекционного дефекта большеберцовой порции седалищного нерва крыс. 
Материал и методы. У 16 крыс Wistar (возраст 8–10 мес.) выполнена аутологичная нейропластика 
большеберцовой порции седалищного нерва. Через 4 мес. (n = 8) и 6 мес. (n = 8) после операции живот-
ных эвтаназировали. Группу контроля (контроль) составили 7 интактных животных в возрасте 14 мес.  
(n = 3) и 16 мес. (n = 4) — соответственно возрасту оперированных крыс на момент эвтаназии. Для гисто-
морфометрического анализа иссекали фрагмент переднего отдела стопы на уровне плюсневых костей. 
Методом точко-счетной объемометрии в изображениях поперечных срезов диафиза III плюсневой ко-
сти, окрашенных по Массону, определяли соотношение фуксинофильных и анилинофильных структур 
кортикальной пластинки. Измеряли толщину кортикальной пластинки, определяли численную плот-
ность, площадь и диаметр остеонов и гаверсовых каналов. 
Результаты. Через 4 мес. эксперимента по сравнению с контролем выявлено снижение доли мине-
рализованных структур кортикальной пластинки на 15% (р = 0,0001), уменьшена ее толщина на 12,7%  
(р = 0,0184). В остеонном слое выражены признаки остеолиза, снижена численная плотность остеонов, их 
размерные характеристики, отмечены остеоны с расширенными гаверсовыми каналами. В срок 6 мес. 
толщина кортикальной пластинки не имела статистически значимых отличий от нормы (р = 0,2067), од-
нако прогрессировало снижение доли минерализованных структур — на 33,6% (р = 0,0001). В остеонном 
слое сохранялись сниженные значения численной плотности остеонов, их площади и диаметров. Значе-
ния диаметров гаверсовых каналов остеонов продолжали увеличиваться.
Заключение. В период от 4 до 6 мес. восстанавливалась толщина кортикальной пластинки диафиза III 
плюсневой костия, но прогрессировали изменения численно-размерного состава остеонов, уменьше-
ние минерализации внеклеточного матрикса и эрозирование субпериостального слоя кости. Оценка 
денервационной остеопении дистальных отделов конечностей в данных условиях эксперимента при-
менима в дальнейших исследованиях реабилитационных воздействий, ускоряющих и улучшающих 
реиннервацию.

Ключевые слова: седалищный нерв крысы, аутонейропластика, диафиз плюсневой кости, денерваци-
онная остеопения, гистоморфометрия.
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BACKground

The study of bone structure changes in peripheral 
nerve injuries has been ongoing for many years. 
According to J.A. Gillespie, these changes are  
a result of muscular atrophy due to inactivity, and 
there is no evidence of specific trophic effects 
of nerves on bones [1]. However, as early as the 
first half of the 20th century, vasomotor nerves  
of Haversian canals and nerve fibers in the bone 
matrix were discovered [2]. In the last two de-
cades, research on bone innervation has inten-
sified [3], demonstrating the involvement of 
peripheral nerves in bone development and re-
pair through neurotransmitters, neuropeptides,  
axonal growth factors, and neurotrophins [4]. 
Neural regulation of osteoblast and osteoclast 
function in both normal and pathological condi-
tions, particularly osteoporosis, has been studied 
[5, 6, 7]. It has been established that the patho-
genesis of "spot" osteoporosis in post-traumatic 
complex regional pain syndrome (CRPS), previ-
ously known as "reflex sympathetic dystrophy" or 
"causalgia" (in patients with peripheral nerve inju-
ries), involves not only the peripheral but also the 
central nervous system [8]. Radiologically, spotted 
osteoporosis is often detected in the wrists and 
feet, predominantly affecting the subchondral 
bone. According to some authors, it does not lead 
to fractures and resolves spontaneously in most 
cases [9]. However, other specialists argue that the 
development of therapy aimed at increasing bone 
density is necessary for such patients [10].

Animal studies have shown a systemic de-
crease in bone density with chronic constriction 
of the sciatic nerve [11, 12] and after neurectomy 
[13, 14]. Separation, anisotropy, disruption of 
continuity, and reduced trabecular density in the 
proximal metaphysis of the tibia were more pro-
nounced after sciatic neurectomy than in ova-
riectomized rats [13]. On the other hand, bone 
loss in ovariectomized rats was also associated 
with decreased intracortical innervation [15].

Bone density loss after sciatic neurectomy oc-
curs more intensively in trabecular bone than in 
compact bone [16]. However, in the cortical plate 
of the mouse tibia, accelerated bone resorption 
and decreased bone formation rate were observed 
as early as 4 weeks after sciatic neurectomy [13]. 
A similar result was obtained in rats, with a de-
crease in bone density occurring in a distal-prox-
imal direction [17].

Pharmacological suppression of macrophages 
[18], low-intensity loading [19], low-frequency 
electric myostimulation [20], and the use of the 
flavonoid naringenin [21] have been shown to 
slow down bone mass loss induced by neurectomy.

However, the available literature does not 
provide information on changes in the micro-
structure of bones in the distal parts of the limbs 
after nerve surgeries aimed at restoring limb 
innervation.

The aim of the study was to identify structural 
changes in the diaphysis of the third metatarsal 
bone after primary autogenous plasty of the re-
section defect of the tibial portion of the sciatic 
nerve in rats.

Methods

The study was conducted on 23 male Wistar 
rats aged 8-10 months with a body weight of  
360-420 g. Autologous neuroplasty of the tibial 
portion of the sciatic nerve at the mid-third of the 
thigh was performed on 16 experimental animals, 
as described in our previously published article 
[22] (Fig. 1). At 4 and 6 months after the surgery, 
the animals were euthanized with an overdose 
of thiopental after premedication: Rompun 2%  
(1-2 mg/kg) and Zoletil 100 (10-15 mg/kg). The 
control group consisted of 7 intact animals aged 
14-16 months, corresponding to the age of the 
operated rats at the time of euthanasia.

Fig. 1. Tibial portion (Tn) of the sciatic nerve after 
suturing the autologous graft (At) with 10-0 thread, 
Pn — peroneal portion of the sciatic nerve, Sn — sural 
nerve



TheoreTical and experimenTal sTudies

TraumaTology and orThopedics of russia2023;29(3)59

For histomorphometric analysis, a fragment 
of the anterior part of the foot at the level of the 
metatarsal bones was dissected. The specimens 
were fixed in 10% formalin solution, partially de-
calcified in a mixture of hydrochloric and formic 
acid (needle test), dehydrated in ethanol, and  
embedded in paraffin. Paraffin sections (thick-
ness: 5-7 μm) were prepared using an NM 450 
Thermo Scientific microtome (USA), stained with 
hematoxylin and eosin, and with the trichrome 
method according to Masson. Light microscopy, 
digitization, and morphometry were performed 
using an AxioScope.A1 microscope with an 
AxioCam digital camera and Zenblue software 
(Carl Zeiss MicroImaging GmbH, Germany). The 
object of histomorphometric analysis was the di-
aphysis of the third metatarsal bone innervated 
by branches of the tibial nerve.

Using the point-count volumetry method in 
full-color digital images of transverse sections 
of the bone diaphysis stained with Masson's tri-
chrome, the percentage (%) of fuchsinophilic 
(red-stained) and anilinophilic (blue-stained) 
structures of the cortical plate was determined. 
The measurements were performed at 400x mag-
nification using the PhotoFiltre 7 program with 
a test grid of equidistant points with transparent 
centers [23]. Morphometry was conducted using 
the Zenblue software (Carl Zeiss MicroImaging 
GmbH, Germany) with the following parameters: 
at 40x magnification, the thickness of the cortical 
plate (h, μm) was measured, and at 400x magni-

fication, the numerical density of osteons (Na), 
area of osteons (S, μm2), diameter of osteons  
(d, μm), and diameter of Haversian canals (d, μm) 
were determined. 10 to 15 fields of view were  
analyzed for each case.

statistical analysis

Data analysis was performed using descriptive 
statistics. Quantitative characteristics are pre-
sented as medians and quartiles (Me, Q1-Q3). 
Non-parametric Wilcoxon test was used to test 
statistical hypotheses for differences, and differ-
ences were considered statistically significant at 
p < 0.05 (AtteStat software, version 9.3.1).

results
In the intact group of animals, the cortical plate 
of the third metatarsal bone exhibited well-de-
fined outer and inner layers of the general plates, 
with the osteonal layer located between them 
(Fig. 2a). The osteonal layer showed structural-
ly mature osteons with narrow Haversian canal 
lumens.

In the experimental group, a similar structure 
was observed, but there were osteons with dilated 
Haversian canals (resorptive-type osteons), in-
dicating bone loss due to resorption of compact 
bone substance around blood vessels (Fig. 2b). The 
Haversian canals were dilated and filled with eryth-
rocytes. Changes in the extracellular matrix, such 
as the disruption of clear boundaries of osteons and 
the architecture of bone plates, were observed.

Fig. 2. Fragments of the cortical plate of the third metatarsal bone. Experimental period — 4 months:
a — control (intact animals); b — experimental group; 1 — outer layer of the cortical plates;  
2 — inner layer of the cortical plates; 3 — mature osteon; 4 — resorptive-type osteon.
Cross-section; stained using the Masson’s trichrome method. Mag. ×400 

а b
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At 4 months of the experiment, a decrease 
in the intensity of red staining in the sections 
of the cortical plate, particularly in the oste-
onal layer, was noted compared to the con-
trol group. The percentage of fuchsinophilic 
structures was reduced by 15% compared to 
the control (Table 1). The frequency of occur-
rence of osteoclasts was 0-2 per field of view at  
400x magnification.

At 6 months of the experiment, visually in-
creased proportions of anilinophilic structures 
were observed in the Masson's trichrome-stained 

sections (Fig. 3). Quantitative analysis revealed 
a 33.6% decrease in the percentage of fuchsino-
philic structures relative to the control (Table 1), 
indicating progressive reduction in cortical plate 
mineralization. Signs of periosteal resorption of 
the cortical plate were detected, and ingrowth 
of blood vessels and active osteoclasts were ob-
served from the surrounding soft tissues (Fig. 3).

The outer layer of the general plates was thin 
in most observations, with some areas showing 
thickening. The osteonal layer exhibited signs of 
osteolysis, with reduced size of osteons and ex-

Table 1
ratio of mineralized and non-mineralized structures in the cortical plate during  

the experimental stages, Me (Q1–Q3)

Parameter Mineralized structures (%) Non-mineralized structures (%)

Control 77.28 (74.93–79.06) 22.71 (19.89–24.51)

4 months experiment

Experiment 65.33 (64.51–68.48) 34.66 (31.52–34.56)

р рк-о = 0.0001 рк-о = 0.0001

6 months experiment

Experiment 51.25 (46.25–58.66) 48.75 (41.33–51.33)

р рк-о = 0.0001; р4-6 = 0.0018 рк-о = 0.0001; р4-6 = 0.0018

Wilcoxon test was used, and differences were considered statistically significant at p<0.05; pк-о - comparison between con-
trol and experimental groups; p4-6 - comparison between experiment durations.

Fig. 3. Fragments of the cortical plate of the third metatarsal bone. Experimental period — 6 months:
1 — vascular invasion and osteoclast (arrow) in the outer layer of the bone plates;  
2 — inner layer of the cortical plates;  
3 — mature osteon; 4 — resorptive-type osteon.
Cross-section; stained using the Masson’s trichrome method. Mag. ×400 
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panded Haversian canals with irregular contours 
(Fig. 3). The intensity of the resorption process 
was indicated by an increase in the frequency of 
occurrence of osteoclasts from 2 to 5 per field of 
view at 400x magnification.

In the histomorphometric analysis, the thick-
ness of the cortical plate was significantly de-
creased in the experimental group compared to the 
control at 4 months of the experiment (p = 0.0184), 
but at 6 months, there were no significant differ-
ences compared to the intact group (p = 0.2067).

Throughout the experiment, the osteonal lay-
er showed a decrease in the area and diameter of 
osteons compared to the control, with the low-
est values observed at 4 months. The numerical 
density of osteons also progressively decreased. 
There was a statistically significant increase in 
the diameter of Haversian canals compared to 
the control (p = 0.002), and by the end of the ex-
periment, the values of this parameter continued 
to increase (Table 2).

Table 2
Quantitative characteristics of the third metatarsal bone, Me (Q1–Q3)

Parameter h cortical plate, μm Na osteons S osteon, μm 2 d osteon, μm d haversian canal, μm

Control 332.39
(239.2/466.8) 5 (4/6) 1439.36

(629.69/1934.58)
37.48 

(21.71/59.63) 5.63 (3.94/11.84)

4 months experiment

Experiment 289.91
(260.17/302.26) 3.5 (3/4) 613.31 

(435.06/954.82)
24.96 

(21.14/56.59) 8.83 (7.47/15.26)

р рк-о = 0.0184 рк-о = 0.017 рк-о = 0.008 рк-о = 0.0085 рк-о = 0.002

6 months experiment

Experiment 301.65
(256.80/327.03) 3 (2/3) 680.41 

(311.07/987.07)
29.43 

(19.18/45.65) 10.88 (7.64/25.29)

р рк-о = 0.2067
р4-6 = 0.2701

рк-о = 0.013
р4-6 = 0.0781

рк-о = 0.0357
р4-6 = 0.9149

рк-о = 0.0357
р4-6 = 0.5934

рк-о = 0.0027
р4-6 = 0.3735

Wilcoxon test was used, and differences were considered statistically significant at p<0.05; pк-о — comparison between 
control and experimental groups; p4-6 — comparison between experiment durations.

disCussion

The primary end-to-end suture is considered the 
gold standard for surgical treatment of anatomi-
cal nerve injuries. However, complete functional 
recovery is achieved in only 10% of cases, as re-
ported in a review of publications from 25 coun-
tries [24]. The main reasons for unsatisfactory 
clinical outcomes are believed to be the slow re-
generative growth of axotomized neurons, which 
regenerates at a rate of only one inch per month 
in humans [25], and the long regenerative path, 
which predisposes to irreversible denervation 
changes in the target tissues of the distal extrem-
ities even before reinnervation occurs [26]. In 
particular, the degree of muscle changes can vary 
widely, reflecting the heterogeneity of the initial 
parameters of nerve injury and the different rates 
of atrophic compensatory processes. However, in 
the long term, the extent of these changes often 
becomes significantly pronounced [27].

However, not only in clinical practice but also 
in experiments on small laboratory animals, 
nerve regeneration parameters are restored slow-
ly and partially. For example, up to 20 weeks after 
transection and suture of the sciatic nerve in rats, 
the ratio of peptidergic to non-peptidergic nerve 
fibers in the epidermis of foot pads remains dis-
rupted [28]. According to other authors, 220 days 
after the sciatic nerve suture in rats, the average 
diameter of regenerating myelinated fibers in 
the distal nerve segment reaches no more than 
50% of the corresponding parameter in the in-
tact nerve, and the regenerating nerve contains a 
large number of thin non-conducting fibers [29].

In our previous experimental model of prima-
ry autoplasty of the resection defect of the sciatic 
nerve with a short autologous transplant, it was 
found that at 6 months after the surgery, the av-
erage diameter of regenerating myelinated fibers 
of the sciatic nerve at the middle third of the leg 
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was 52% of the corresponding parameter in the 
intact nerve. The vascularity index of the interos-
seous muscles of the sole was halved compared 
to intact animals, and the median diameter of 
muscle fibers was reduced by 20.96%, indicating 
partial reinnervation and reduced muscle vascu-
larity in the foot [22].

In the present study, structural changes in 
the diaphysis of the third metatarsal bone were 
investigated for the first time in the long term 
after primary autoplasty of the sciatic nerve. In 
addition to the traditional hematoxylin and eo-
sin staining for osteoporosis assessment [30], the 
Masson's trichrome staining method was used, 
which allows differentiation between mature 
mineralized bone and demineralized bone. The 
former exhibits an affinity for acidic fuchsin and 
is therefore stained red [31].

At 4 months of the experiment, a 15% de-
crease in the proportion of mineralized struc-
tures in the cortical plate compared to the con-
trol was found, and its thickness was reduced 
by 12.7%. The osteonal layer exhibited signs of 
osteolysis, decreased numerical density of oste-
ons, and altered dimensional characteristics of 
osteons, including the presence of osteons with 
dilated Haversian canals. At 6 months, the thick-
ness of the cortical plate did not show significant 
differences from the normal value, but there was 
a progressive decrease in the proportion of min-
eralized structures by 33.6%. Reduced numeri-
cal density, area, and diameter of osteons were 
observed in the osteonal layer. The diameters of 
Haversian canals of osteons increased over the 
course of the observation. The dilated Haversian 
canals with irregular contours were a result of os-
teoclastic resorption of bone tissue. By the end of 
the experiment, pronounced signs of periosteal 
resorption of the cortical plate were observed, 
and invasion of blood vessels and osteoclasts was 
registered from the surrounding soft tissues.

The dynamics of morphometric parameters 
of compact bone are likely determined by persis-
tent reduction in vascularity of the surrounding 
soft tissues and the bone itself under conditions 
of incomplete reinnervation. The progressive in-
crease in the diameter of Haversian canals and 
the restoration of cortical plate thickness may be 
related, as the formation of resorptive-type oste-
ons provides a substrate for mineralization of the 
newly forming matrix.

It is also worth noting that the changes ob-
served in our study are significantly different 
from disuse-related osteoporosis, which is char-
acterized by a significant reduction in cortical 
plate thickness predominantly due to endosteal 
resorption [32], as well as from age-related os-
teopenia in rats, which is characterized by an 
increase in the numerical density of osteons and 
a decrease in the diameter of Haversian canals 
[33]. The development of age-related osteopenia 
in mice and humans is also manifested by an in-
crease in cortical plate porosity due to the forma-
tion of osteon-like structures [34]. Biomechanical 
studies have shown that increased bone porosity 
leads to irreversible changes in shape through 
layer-by-layer compaction and destruction of the 
microstructure without fragmentation [35].

ConClusion

The results of the conducted study indicate that 
during the period of 4 to 6 months after autolo-
gous grafting of the resection defect of the tib-
ial portion of the sciatic nerve, the thickness of 
the cortical plate of the diaphysis of the third 
metatarsal bone is restored. However, progres-
sive changes in the numerical and dimensional 
composition of the osteons, decreased minerali-
zation of the extracellular matrix, and erosion of 
the subperiosteal layer of the bone are observed. 
The developed experimental 2D model for evalu-
ating denervation osteopenia in the distal parts 
of the limbs is applicable for further research on 
rehabilitation interventions that accelerate and 
improve reinnervation.
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