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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.

Keywords: rat sciatic nerve, autoneuroplasty, metatarsal bone shaft, denervation osteopenia, histo-
morphometry.
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Pecdepar

BeedeHue. VI3 MUPOBOI TUTEpaTypbl U3BECTHO BJIMUSIHME HENPIKTOMMU CEATMIIHOIO HEpBa HA CHMKEHME
KOCTHO1 IUIOTHOCTY OeIpeHHbIX M O0IbIIe6ePIIOBbIX KOCTEN JJaO0OPATOPHBIX MBIIIEN M KPbIC, HO HE U3YUYEHO
COCTOSIHME KOCT€ OUCTa/bHBIX OTAEI0B KOHEUHOCTe Moc/ie orepaluii, HalpaBJeHHbIX Ha BOCCTAHOBJIEHME
MHHepBalN.

Ilens uccnedoeanuss — BBISIBUTDH CTPYKTYpHbIe M3MeHeHMs auadmusa III miocHeBoi KOCTH MOc/e epBUYHOM
ayTOTEeHHOJ IJIACTUKY PE3EKIIMOHHOTO JedeKTa 60IbIIedepIioBOI MTOPLINUM CeTaIUIIHOTO HEPBA KPbIC.
Mamepuan u memodst. Y 16 kpbic Wistar (Bo3pact 8—10 Mec.) BbIIOJHEHA ayTOJOIMYHAS HEMPOILIACTUKA
60J1bIIIE6EPITOBOI TTOPIIUM CemaINIITHOTO HepBa. Yepes 4 mec. (n = 8) u 6 mec. (n = 8) mocye onepamuy KUBOT-
HbIX 9BTaHa3MpoBau. ['pyniry KOHTPOsSl (KOHTPOJIb) COCTaBWIN 7 MHTAaKTHBIX XXMBOTHBIX B Bo3pacTe 14 mec.
(n=3) u 16 mec. (n =4) — COOTBETCTBEHHO BO3PaCTy OIIePMPOBAHHBIX KPbIC HA MOMEHT 3BTaHa3Uu. [Ij1 rucTo-
MopdOoMeTprUecKoro aHaaM3a uccekaunu GparMeHT epesHero OTAeIa CTOIbI Ha YPOBHE TUTIOCHEBBIX KOCTEIA.
MeTomoM TOUKO-CUETHOI 06beMOMETPUM B M300pakeHUSIX IOIIepeYHbIX cpe3oB Anadu3sa III miocHeBoli KO-
CTU, OKpaIlleHHbIX TT0 MacCoHY, Onpenesisyiv COOTHOLIeHre GYKCMHOMDUIbHBIX ¥ aHMIMHODMIBHBIX CTPYKTYP
KOpTI/IKaIIbHOI'/JI IIJIACTUHKMN. I/IBMepﬂHI/I TOJNIIMHY KOpT]/[Ka]IbHOﬁ IJIaCTUMHKU, OIIpeneIsjn 4YnMCcJIeHHYIO IIOT-
HOCTb, IVIOLAlb U AMaMeTp OCTEOHOB Y TaB€pPCOBBIX KAHAIOB.

Pesynemamest. Yepe3 4 MeC. SKCIIEpUMEHTA 10 CPAaBHEHMIO C KOHTPOJIEM BBISIBJIEHO CHVKEHME OJIM MUHE-
PaIM30BaHHbBIX CTPYKTYP KOPTUKAIBHONM IJIacTMHKM Ha 15% (p = 0,0001), ymeHblleHa ee TonuHa Ha 12,7%
(p=0,0184). B ocTeOHHOM CJ10€ BbIpaskeHbI IIPU3HAKM OCTE0/IN3a, CHYKEHA UMCIeHHAs IVIOTHOCTb OCTEOHOB, UX
pasMepHble XapaKTepUCTUKY, OTMeUeHbl OCTEOHBI C PaclIMPeHHbIMM TaBepCOBbBIMM KaHaaMu. B cpok 6 mec.
TOJIVHA KOPTUKAIBHO IIJIaCTUHKM HE MMera CTAaTUCTUUECKY 3HAaUMMbIX OT/AMYMiA OT HOpMbl (p = 0,2067), ox-
HaKO IMPOTPEeCCUPOBAIO CHUKEHME N,0/IM MUHEPAIN30BaHHbBIX CTPYKTYP — Ha 33,6% (p = 0,0001). B ocreoHHOM
CJIOe COXPaHSIUCh CHMKEHHBIE 3HAUEHMS UMCIeHHOM IVIOTHOCTU OCTEOHOB, UX IUIOIAAM U [UMaMeTpOB. 3Have-
HUS [UaMeTPOB raBepCcoBbIX KAHAJIOB OCTEOHOB MPOAO/DKAIN YBEIUUMBATHCS.

3axnouernue. B nepuop ot 4 1o 6 Mec. BOCCTaHABIMBAIACh TOJMIIMHA KOPTUKAIbHONM IUTaCTMHKY nuadmusa 111
IIIOCHEBOJ KOCTUS, HO IPOTPECCUPOBAIYN U3MEHEHMS YMCIEHHO-Pa3MEPHOTO COCTaBa OCTEOHOB, YyMeHblle-
HYe MUHepaIn3aluyuu BHEKIeTOYHOTO MaTPUKCA ¥ 3pO3MpOBaHMe CYOIIepMOCTaabHOTO CJI0sT KOCcTu. O1jeHKa
JleHepBallMOHHO OCTEONeHMUM IUCTATbHBIX OTAEI0B KOHEUYHOCTEN B JaHHbBIX YUIOBUSX SKCIIEPUMEHTA MPU-
MeHMMa B HaJbHENIINX MCCAeA0BAHUAX PeabUIUTAIMOHHBIX BO3IECTBMI, YCKOPSIOUIUX U YAYUIIAIOMINX
peuHHepBaLMIo.

KaroueBblie ci1oBa: ceJa/IMIIHbBIN HEPB KPbICHI, aYTOHeﬁpOHHaCTIAKa, ,Z[I/Ia(l)I/IS TIJIFOCHEBOM KOCTH, JeHepBalln-
OHHas OCTeOoIIeHNsd, I‘I/ICTOMOp(l)OMETpI/IH.
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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
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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 um) 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.Al microscope with an
AxioCam digital camera and Zenblue software
(Carl Zeiss Microlmaging 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 Microlmaging
GmbH, Germany) with the following parameters:
at 40x magnification, the thickness of the cortical
plate (h, um) was measured, and at 400x magni-

fication, the numerical density of osteons (Na),
area of osteons (S, ym2), diameter of osteons
(d, yum), and diameter of Haversian canals (d, um)
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. x400
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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)
p p¥°=0.0001 p¥°=0.0001
6 months experiment
Experiment 51.25 (46.25-58.66) 48.75 (41.33-51.33)
p p*°=0.0001; p**=0.0018 p<° =0.0001; p**=0.0018

Wilcoxon test was used, and differences were considered statistically significant at p<0.05; p*° - comparison between con-
trol and experimental groups; p*® - 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. x400
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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, ym Na osteons S osteon, ym 2 d osteon, um | d haversian canal, ym
332.39 1439.36 37.48
Control (239.2/466.8) > (4/6) (629.69/1934.58) | (21.71/59.63) | 63 (3:94/11.84)
4 months experiment
) 289.91 613.31 24.96
Experiment | »¢4 17202 26) 3.5(3/4) (435.06/954.82) | (21.14/56.59) |  8:83 (747/15.26)
p pro=0.0184 pro=0.017 p*° = 0.008 p*° = 0.0085 p*° = 0.002
6 months experiment
) 301.65 680.41 29.43
Experiment | »5c790) 297 03) 3@2/3) (311.07/987.07) | (19.18/45.65) | 10-88 (7.64/25.29)
pro=0.2067 p°=0.013 p<° = 0.0357 peo = 0.0357 p<° = 0.0027
p p*6=0.2701 p*6=0.0781 p*6=0.9149 p*6=0.5934 p*6=0.3735

Wilcoxon test was used, and differences were considered statistically significant at p<0.05; p*° — comparison between
control and experimental groups; p*® — 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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