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Damages of Neuromuscular
System After Mechanical-Induced Limb Ischemia
(Experimental Study)

Pidlisetskyi A.T.'e2

Summary. Relevance. Traumatic and ischemic injury of the limbs is accompanied
by damage of the skeletal muscles and peripheral nerves of the limbs. The dynamics and
consequences of ischemic lesions remain poorly understood and need to be corrected.
Objective: using quantitative morphological and sonographic methods, to study the
dynamics of skeletal muscle damage of the limb after traumatically induced ischemia with
and without the injection of platelet-rich plasma, bone marrow aspirate, and adipose
tissue fraction. Materials and Methods. In 3 experiments, rabbils were modeled with
6-hour limb ischemia by applying an elastic tourniquet. After compartment syndrome
detection, based on the assessment of subfascial pressure, cell suspensions were injected
into the leg muscles. Sonographic and bistological examination of the muscles was
performed on days 5, 15, and 30. The results of sonography and morphometry were
evaluated by statistical methods. Results. The developed model of ischemia consists
of 6-hour immobilization of the limb, on mwhich medical elastic tourniquets were
imposing. The action of the tourniquets causes bhigh subfascial pressure and necrosis of
the superficial muscle groups of the lower third of the thigh and lower leg. According to
sonography, the &-entropy of damaged tissues on day 5 is reduced relative to the intact
limb, as in the case of administration of bone marrow aspirate cells. On days 15 and
30, sonography showed no difference between the comparison groups. The dynamics of
morphological features of limb tissue damage consist of necrosis of superficial muscle
groups, atrophy in the middle layers, and almost intact deep muscle groups. Necrosis
was replaced by scar tissue, the density of which increases 11-14 times, and does not
differ in the period 5-30 days. The administration of platelet plasma, bone marrow
aspirate, and adipose tissue fraction did not change the dynamics of fibrotic changes in
ischemic damaged muscles. Muscle atrophy is accompanied by activation of endogenous
repair of single muscle fibers, which tended to intensify after injection of bone marrow
aspirate. The sciatic nerve of the injured limb was not structurally damaged according
fo the deep topography, while the nerves of the tibia develop degenerative changes from
the 15th day.
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Introduction

Skeletal muscle and peripheral nerve damage
after compression injury of the limb is a2 common
complication. Long-lasting compression results in
direct trauma and necrosis of muscle tissue, followed
by ischemic reperfusion injury. The mechanisms
underlying ischemia-reperfusion are complex and
distinguish two types of interdependent changes -
structural and metabolic. Acute circulatory hypoxia
of limb tissues remains less studied than structural
changes, which are more isolated and understandable.
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Muscle damage occurs not only as a result of direct
injury to the limb but can occur as a consequence
of compartment syndrome or on the background of
limb's blood vessels disorders [2]. Irreversible changes
in the skeletal muscles of the extremities begin after 2
hours of ischemia, and after 4 hours, necrosis can reach
40% of muscle tissue [3]. Restoration of blood flow
during reperfusion causes secondary tissue damage, as
the accumulated cytotoxic metabolites penetrate the
tissues, including through structurally damaged vessels
of the limb [4]. As a result, edema, biochemical changes,
and tissue necrosis progress.

It has been suggested that it is possible to correct
the condition of ischemic injured limb muscles by
injecting platelet plasma, bone marrow aspirate cells,
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or adipose tissue. Research results indicate the potential
impact of these suspensions in delaying muscle damage
and dystrophy after trauma or ischemia [5, 6, 7, 8, 9].
Therefore, studying the effects of cell technologies on
ischemic muscles is relevant.

Materials and Methods

The developed experimental model consists of
a reproduction of the combined mechanical and
ischemic damage of an extremity's tissues reached by
imposing on a hind leg of a rabbit Chinchilla (weighing
4, 2-4, and 5 kg) a medical elastic plait. The number of
tourniquets is 8 per limb, from the middle third of the
thigh to the ankle joint. It achieved sufficient pressure
and mechanical trauma to the extremity. The duration of
limb immobilization was 6 hours. During this time, severe
mechanical damage to the superficial skeletal muscle
group occurs in the limb. When measuring subfascial
pressure using a device “Stryker Intra-Compartmental
Pressure Monitor” (USA), it was confirmed an increase
in pressure over 30 mmHg, which was evaluated as a
compartment syndrome in the bone-fascial sheaths
of the lower leg. After confirmation of the syndrome,
autologous platelet plasma, bone marrow aspirate, or
SVF was injected into the injured leg. The protocol of
receipt, preparation, and injection are described in
detail in the article [10].

On days 5, 15, and 30, after removal of the
tourniquets, changes in skeletal muscle and sciatic
nerve in the injured limbs were histologically
examined. The materials were fixed in 10% formalin
solution, sealed in paraffin (Leica Surgipath Paraplast
Regular, Formula ‘R’; Germany) through isopropanol-
chloroform. Micropreparations 6 um thick, stained
with hematoxylin and eosin, were examined under a
microscope Olympus BX 51 (Japan).

Directly, before animals were removed from
the experiment, an ultrasound examination was
performed to detect and assess the volume of
necrotized tissue in the limb. To do this, ultrasound
recognized &-entropy in areas of ischemic tissue and
muscle in the contralateral limb. In a separate series
of experiments, animals were injected with platelet-
rich plasma, bone marrow aspirate, or stromal
vascular adipose tissue after knowledge of the
elastic tourniquet. All manipulations on the animals
were carried out by the provisions of bioethics and
a meeting of the bioethics commission of the SI
“Institute of Orthopedics and Traumatology of NAMS
of Ukraine”; sodium thiopental was used at a dose of
00 mg/kg. All statistical calculations were performed
using the nonparametric Kruskal-Wallis test and one-
way analysis of variance ANOVA. The differences were
considered significant at p<0.05.

Results and Conclusions

According to the results of sonographic studies, a
decrease in entropy and after injection of a suspension
of bone marrow aspirate concentrate was revealed only
on the 5th day (Fig. 1). On days 15 and 30, the entropy
level did not differ from the contralateral limb. Because
necrosis of muscle tissue has been detected in recent
experiments, it has been concluded that ultrasound has
value in assessing changes in ischemic damaged limb
tissue only in the early stages of injury.

Macroscopic  examination revealed  significant
damage to the muscles of the calf group: edema with a
large amount of exudate (up to 2.0 ml), the acute blood
supply to blood vessels and hemorrhages, and reduced
density and loss of muscle tissue color (from pink to
yellow-white) (Fig. 2). Such characteristic damage to
the leg muscles was observed on days 5 and 15. On
day 30, free exudate was almost absent, but areas of
hemorrhage and muscle necrosis were still recorded.
After the introduction of platelet plasma or bone
marrow aspirate, no visual differences were detected,
while the injection of SVF caused encapsulation of
adipose tissue and severe angiogenesis.

Analysisof microstructural changesin thelegmuscles
revealed the dynamics of skeletal muscle disorders.
Initially, necrosis of muscle groups accompanied by
edema, necrosis of blood vessels, and hemorrhagic
infiltration of the muscle interstitium, then connective
tissue replaced the area of necrosis and atrophy of
muscle fibers with the formation of a scar. On the
15th day, the density of fibrosis areas significantly
increased. On the 30th day, it remained unchanged or
tended to increase. Thus, if in the intact muscle the
amount of connective tissue was 4.74%0.51%, then
after ischemia, it was 53.87+1.61%,52.68+1.47%, and
09.89+0.85%. There were no differences between the
groups with mechanical ischemia and groups injected
with platelet-rich plasma, bone marrow aspirate
concentrate, and SVE Although on 30th day, the
relative density of collagen sites was slightly lower in
the first two groups, which requires further study and
possibly is not associated with the direct introduction
of these funds. An increase in the number of myocyte
nuclei was recorded, which indicates the activation
of regenerative processes in the muscle fiber in single
damaged muscle fibers.

The topographic dependence of muscle’s damage
level was revealed. Necrosis occurred in the superficial
groups of muscle fibers. Atrophy was revealed in
the middle group of muscles, and deep ones remain
almost undamaged. Structurally preserved sciatic
and femoral nerves were found between the deep
muscle groups. Their fascicular structure remained
preserved throughout the experiment; distal branches
of the peripheral shin nerves had been damaged and
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Fig. 1. The level of entropy in the muscles of the ischemic damaged limb
Note: * - reliable for control (contralateral limb)

2) b)
Fig. 2. Damage to the limb on the 5th (a) and 15th days (b) after mechanically induced ischemia
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degenerative changes were found in them. There was
no difference between the density of nerve fibers in
the sciatic nerve of the injured limb and contralateral.
Degeneration of myelinated nerve fibers was revealed
in the fasciculus of the tibial nerve on the 15th and
30th days after the onset of compartment syndrome.
These changes were isolated, at the level of individual
fascicles that did not affect changes in the density of
nerve fibers in the sciatic nerve. It is important to note
that on the 15th and 30th days in the areas of atrophy,
there were signs of activation of regeneration of
individual muscle fibers: the appearance of additional
myocyte nuclei and the formation of longitudinal
groups of satellite cells. This reaction was observed in
almost all samples, but the intergroup comparison was
more significant after the injection of bone marrow
aspirate cells.

According to morphological data, we assume that
0-hour mechanically induced ischemia, which includes
two factors (trauma and impaired perfusion in the
vessels), causes primary necrosis of muscle tissue in
the superficial group of limb muscles. Injuries of deep
muscles are associated with ischemia and secondary
tissue changes. The revealed changes in the peripheral
nerves of the tibia are explained either by the action of
the tourniquet or by metabolic changes. The reaction
to the injection of adipose tissue was accompanied by
activation of fibrosis processes, while the suspension
of bone marrow aspirate concentrate did not cause
changes (inflammation, osteogenesis, etc.), as well as
platelet-rich plasma. We assume that bone marrow
aspirate concentrate may promote activation of
endogenous regenerative processes in damaged skeletal
muscles. It is indicated by the results of biochemical
studies [11]. Thus, after the injection of bone marrow
aspirate concentrate into ischemic leg muscles, there
was a significant increase in the activity of catalase and
glutathione peroxidase enzymes for 15 and 30 days and,
conversely, decreased NO*. This indicates the activation
of the antioxidant defense system and the neutralization
of the cytotoxic metabolite NO*. The effect of platelet
plasma was less significant in terms of ischemic muscle
damage, but also affected the reduction of oxidative
modification of proteins. Given the multicomponent
nature of bone marrow aspirate concentrate, SVE and
platelet-rich plasma, it is difficult to detect the specific
effect of specific drugs. One can only speculatively
assume the role of the cytokine system of the bone
marrow (8, 12] in the composition of the autologous
aspirate in reducing the inflammatory process, delaying
malnutrition, and activation of regenerative processes
in the muscle tissue of the ischemic damaged limb.
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IIOIKOJKE€HHA HEPBOBO-M’A30BOI'0 aIIAPATy IIPHU MEXAHIYHO iHAYKOBA-
Hill imeMii KiHI[iBKH (€KCIIEpUMEHTAIbHA MOJEIb)

Iioniceupruii A.T."

IV “Tncmumym mpaemamonozii ma opmonedii HAMH Vipainu”, m. Kuig

Pestome. Axmyanvuicmo. Tpasmamuune ma imemiune nOuKOONCeHHA KiHUiKU
CYNPOBOONCYEMBCA YDANCCHHAM CKeACMMHUX M 4318 ma nepupepitinux nepsie Kiniyiexu.
Junamika i HACNIOKY iUeMIMHO20 YPANCeHHS 3ANUUATOMbCL MANOBUSMHUMY | nompe-
oyroms Kopexyii. Mema 0ocaioxncenua. Kinokichumu MoPPOL0MHUMU Ma COHOPA-
piunumu Memoodamu OOCEOUMU OUHAMIKY NOULKOONCCHHA CKEeIMHUX M A3I6 KiHUIeKU
NicA Mpasmamudro iHOYKOBAHOI iutemii 3 ma 6e3 866e0eHHs 30azauenoi mpomooyuma-
MU NAA3MU, ACNIPAMY KiCMK08020 MO3KY ma Ppaxuii wnupoeoi mxanuru. Mamepianru
i memoou. B 3 excnepumeHmansHux cepisx kpoasm mooenosany 6-200unHy mpagma-
MUYHO THOYKOBAHY TMeMII0 KiHWieKY, NICA 6UABNCHHA KOMNADMMEHM-CUHOPOMY Ha
OCHOBE OUIHKU NIOPACUIANBHO20 MUCKY, Y M AU 20MINKY 6600UNL KTMUHHI CYCReH3ii.
Ha 5-my, 15-my i 30-my 000y nposederno conozpagpivre ma 2icmonoiune 00CH0NeH-
HA M A318 NOWKOO0NCeHOT Kinyieru. Pe3ynomamu conozpagpii ma moppomempii oyinero
CIAMUCMUYHUMU Memoodmy. Pe3yrsmamu ma 6ucHo6xu. Po3poonena mooens ie-
MiT Kinyiexu noaseae y 6-200unniti IMMOOLNI3aYTT KiHYIBKL, HA AKY HAKIAOCHO MEOUH]
enacmuani 0xczymu. i 0xnczymie UKIUKAE BUCOKULL NIOPACUIaNbHULL MUCK ) KIHYIBUi
I HeKDO3 NOBePXHeBUX 2pyn M’A3i8 HUNCHLOL MPemuHy Cmezna i 20MiKu. 3a 0anumiu
conozpagii, 5-eHmponia NOUKOONCEHUX MKAHUH HA 5-M) 000) SHUNCEHA U000 HEYULKO-
OXCenoi KIHUIBKU, AK | NICAA 86€0eHHA KATMUN acnipamy Kicmrxo80o20 mo3xy. Ha 15-my
i 30-my 000y conoepagia ne NoKA3ANa DI3HUYL MIXC 2DYNAMU NODIBHANHA. JUuHAMIKA
MOPPON02IUHUX 0COOIUBOCMETE NOUKOONCCHHA MKAHUH KIHUIBKU NOAAAE Y HEKPO3i No-
BEPXHEBUX 2PYN M A3i6, ampoiiy CePeoHix umapax i maiince He IMIHeHUX 2AO0KUX 2DYN
MA3i6. Hekpo3 3amiugyemsca pyoyesor cnoiyunol0 mKanuHo1, WilbHicms Koi 3poc-
mae y 11-14 pasie i y mepminax mix 5-10 i 30-10 006010 He GiOpi3HAEMbCA. Beedenns
MPOMOOUUMAPHOT NAAIMU, ACTIPAMY KICMK08020 MOIKY Ma PPaxyii Iupoeoi mxanu-
HU He 8NAUMHYII0 HA 3MIHY OUHAMIKY DO3BUMKY PIOPOSHUX SMIH ) [UeMIUHO NOUKOONCe-
HUX W A3aX. AMPoPpis M’A3168 CYNPOBOONCYEMBCA AKIMUBAUIEIO eHO02EHH020 BI0HOBACHHSA
NOOOUHOKUX M A306UX B0JIOKOH, AKA MANA MeHOeHYi10 00 inmencudpixayii nicia eee-
0enHA acnipamy Kicmko6020 MO3K). CIOHUMHULL HeDE NOUKOONCeHOT KIHYIeKU 1He 3a3HA6
CMPYKMYPHO20 NOWKOONCEHHA 3 02N140Y) 2AUO0K0T monozpagii, mooi AK Y Hepeax 2omin-
KU BUHUKAIOMb 0e2eHepamuei minu 3 15-i 000u.

Kmouogi cnoea: iviemis; mpaema; ckenemmui m’a3u; Kimumnna mepanis.
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