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ABSTRACT

BACKGROUND: Angiogenesis is one of the most important factors of histogenesis in tissue regeneration. In the evaluation of
wounds of various etiologies, identifying blood vessels in hematoxylin- and eosin-stained specimens is often challenging. This
difficulty arises from the histological structure of the vascular wall and the complex histotopographic arrangement of vessels.
Immunchistochemical staining with antibodies to von Willebrand factor, a specific endothelial cell protein, is one of the most
informative methods for vascular detection. Applying this technique to the study of wound healing enhances the assessment of
the histotopography and morphology of the microvascular network involved in skin repair.

AIM: To assess the changes in the number and size of skin vessels at various stages of regenerative histogenesis following
mechanical injury, using immunochistochemical staining with antibodies against von Willebrand factor.

METHODS: A single-center, controlled, randomized, nonblinded experimental study was conducted. The study material
consisted of skin samples from the mid-thigh region of Wistar rats collected at different time points during wound healing
after a deep incised injury. The animals were divided into 9 groups: the control group (n = 3) included intact animals, whereas
the remaining groups (3 animals per group) corresponded to different time points of removement from the experiment —
12 hours, 24 hours, and 2, 3, 6, 10, 15, and 25 days after injury. At each time point, skin biopsies were processed for histological
examination with immunohistochemical staining using antibodies to von Willebrand factor, followed by morphometric analysis
of the resulting digital images.

RESULTS: Blood vessels were visualized in the dermis and hypodermis of rat skin and classified into 4 groups according to
their caliber (visible cross-sectional area). The most pronounced changes were observed in small-caliber vessels (cross-
sectional area < 100 um?). These vessels were absent in intact skin specimens but appeared in the experimental groups
from day 2 through day 10 after injury. In skin samples obtained on days 15 and 25 after injury, a gradual decrease in the
number of vessels with a cross-sectional area < 100 um? was noted. Similar trends were observed for vessels of medium
(100-500 pm?) and large (500-1000 um?) caliber. Vessels with a cross-sectional area > 1000 um? were rare, and their number
did not correlate with the wound healing phase.

CONCLUSION: Immunohistochemical staining with anti-von Willebrand factor antibodies in rat skin sections demonstrated
good reproducibility and yielded high-quality specimens. In the experimental wound healing model, the method exhibited high
selectivity in identifying blood vessels. Morphometric analysis of histological samples confirmed a correlation between vessel
count and the sequential phases of the wound healing process.

Keywords: skin; dermis; hypodermis; wound healing; immunohistochemistry; von Willebrand factor; blood vessels.

To cite this article:
Berezovskaya TI, Konyaev GV. Morphometric Study of Skin Vessels After Mechanical Injury Based on von Willebrand Factor Antibody Labeling. Morphology.
2025;163(1):39-48. DOI: 10.17816/morph.640909 EDN: CLUYSH

Submitted: 04.11.2024 Accepted: 10.12.2024 Published online: 04.04.2025
V-2
ECOSVECTOR Avrticle can be used under the CC BY-NC-ND 4.0 International License

© Eco-Vector, 2025


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.17816/morph.640909
https://elibrary.ru/cluysh
https://doi.org/10.17816/morph.640909
https://elibrary.ru/cluysh
https://crossmark.crossref.org/dialog/?doi=10.17816/morph.640909&domain=PDF&date_stamp=2025-05-14

40

OPUTHAJTBHBIE MCCIELOBAHIA Tom 163, Ne 1, 2025 Mopdonorvsa

DOI: https://doi.org/10.17816/morph.640909 EDN: CLUYSH

MopdomeTpuueckoe uccnegoBaHme CocyioB
KOXXMU Nocjie MeXaHM4ecKoM TpaBMbl Ha OCHOBeE
MX MapKUpOBaHUA aHTUTenaMu K aktopy
¢oH Bunnebpanpa

T.W. bepe3soBckas, I.B. KoHses

BoeHHo-MeauumHcKas akapemus uM. C.M. KupoBa, CaHkT-Iletepbypr, Poccus

AHHOTALNA

O6ocHoBaHMe. OgHMM U3 BaHeWWMX (aKTOpPOB UCTOreHe3a B MPOLIECCE PEreHepaLuu TKaHel ABNSETCA aHrMOreHes.
Mpy MUCCNeAOBaHMM paH pasfMYHONM 3TUOMOTMM UAEHTUPUKAUMA COCYAOB Ha Npenapatax, OKPALUEHHbIX MO CTaHAAPTHOMY
MeTOZy reMaTOKCUIMHOM W 303MHOM, 3aTpyAHeHa. 3T0 CBA3aHO C 0COBEHHOCTAMM TUCTONOTMYECKOr0 CTPOEHUS COCYANCTON
CTEHKW W CJIOXHOCTBIO MUCTOTOMOrpacMuecKoro pacnonoxeHus cocyAoB. VIMMyHOrMCTOXMMMYECKas peakLmus C aHTUTeNnaMm
K cneumnduueckoMy benky aHgoTenvoumtoB daktopy ¢oH Bunnebpanaa (vVWF) — onuH 13 Hanbonee MHGOPMaTUBHBIX Crio-
coboB aeTeKuum cocynoB. [TpUMeHeHe LaHHOTO MeToAa NpU U3yYeHUM paHeBOro NpoLecca No3BoJIAET YTOYHUTb MUCTOTOMO-
rpacduto u Mophonormio cocy0B MUKPOLMPKYNIATOPHOTO PYCna, Y4acTBYHLLMX B 3aXMBJIEHUM KOXHBIX paH.

Lienb nccnepaoBaHus — C NMOMOLLBI0 UMMYHOMMCTOXMMUYECKON peakumu ¢ aHTUTenammn K VWF BbISIBUTb AMHAMUKY Konuye-
CTBa M pa3MepoB COCYLL0B KOXM Ha pasHbIX 3Tanax pereHepalnoHHOro rucToreHesa nocae MexaHu4ecKoi TpaBMbl.
MeTogp!. [lpoBeaeHo 3KCnepuMeHTanbHOe OJHOLEHTPOBOE CMIOLIHOE KOHTPONMpYEMOe PaHLOMM3MPOBaHHOE HEOCNEeNEH-
Hoe uccnepoBaHue. 06beKTHI MccnefoBaHNs — dparMeHTbl KOXMW cpefHeit TpeTu beapa Kpbic i Wistar Ha pasHbix
CPOKax 3aXMBMEHMS NOCNe HaHECEeHUs rnyboKol pe3aHoi paHbl. HUBOTHLIX pa3fenunm Ha 9 rpynn: KOHTPOMbHaA rpynna
(n=3) — WHTaKTHble 0c0BK; OCTanbHbIE rPYNMbl COOTBETCTBYHOT CPOKaM BbIBEJEHWS U3 IKCNepuMeHTa (Mo 3 ocobu B Kawaom
rpynne) — cnycta 124, 24 v, 2, 3, 6, 10, 15 1 25 cyToK nocne HaHeCeHNUs MexaHU4YecKom TpaBMbl. Ha KaxaoMm aTane u3 buo-
MTaToB KOXM FOTOBUIM MUCTOMNOTMYECKME NpenapaTthbl 418 UMMYHOTUCTOXMMUYECKOT0 MCC/el0BaHMs C MPUMEHEHNEM aHTUTEN
K VWF 1 nocnegytowero MophoMeTpuyecKoro aHanmusa noayyYeHHbIX LMGpPOBbIX M306paKeHNN.

Pesynbtathl. B nepMe v runogepmuce Koxu Kpbic 6binn BU3yanu3upoBaHbl KPOBEHOCHBIE COCYZbI, KOTOPble pasfenviu
Ha 4 rpynnbl B 3aBUCUMOCTU OT Kanubpa (BuamMoil nnowaam ceyenus). Hanbonee cylecTBeHHYH AMHaMUKY NPOLEMOHCTPU-
poBanu Cocyfibl Manoro Kanubpa (mnowanp ceverns <100 Mkm?). Ha npenapatax MHTaKTHOM KOMM TaKMX COCY/10B He 06Ha-
PYXEHO, @ B 3KCMepUMeHTanbHbIX rpynnax co 2 no 10 cyTku nocne TpaBMbI UX KONMYECTBO YBenuuMBaeTcs. Ha npenapatax
Koxu cnycta 15 u 25 cyTok nocne TpaBMbl HabmlofaeTca NOCTENEHHOE YMEHbLLEHUE KOJIMYECTBA COCYL0B C MOLLAMbH0 Ce-
yeHns <100 MKM?. Cx0)Kas AMHaMMKa BbisiBNIEHa W ANA COCYA0B cpeaHero (mnowaab cevenmna 100-500 MkM2) u Gonbluoro
(500-1000 mkm?) Kanmbpa. Cocyabl ¢ nnowaabio ceyenns >1000 MKM? eMHWYHBI U TOBOPUTbL O KOPPENALMM KONMYecTBa
TaKWX cocynoB ¢ Ppa3oi paHeBOro NpoLecca He NPeLCTaB/IAETC BO3MOKHBIM.

3aksnioueHme. IMMYHOTMCTOXMMUYECKAA peakums ¢ npuMeHeHueM aHTuTen K VWF Ha cpesax KoMu KpbiC MMEET XOpoLLyio
BOCNPOM3BOAMMOCTL M NO3BOASAET NOJy4aTh NPenapathl BLICOKOTO KayecTsa. B 3KcnepUMeHTanbHOM paHeBOM MpoLiecce Me-
TOJ, MOKa3an BbICOKYH CENEKTUBHOCTb BbISBNIEHWS KPOBEHOCHBIX cocyaoB. Mpu npoBefeHn MOpGOMETPUYECKOr0 aHanu3a
TMCTONOrMYECKMX NPenapaToB MofyyeHbl AaHHbIe, MOATBEPKAAIOLLME B3aMMOCBA3b MEXKAY KOMYECTBOM COCYL0B M nocne-
A0BaTeNbHLIMM (ha3aMu paHeBOro npoLecca.

KnioueBble cnioBa: KOXa; AepMa; rMNoJepMuc; paHeBOW MpOoLecc; UMMyHorucToxumms; daktop doH BunnebpaHaa;
KPOBEHOCHbIE COCYAbI.
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BACKGROUND

Regenerative histogenesis is a part of reparative tissue
regeneration process. In the healing of various types of
wounds, this process occurs similarly and follows well-
known rules. The most important tissue regeneration
processes take place in histotopographic zones identified
by histologists at the Kirov Military Medical Academy, which
include the wound channel, the area of primary traumatic
necrosis; and the perinecrotic area [1]. This histological study
analyzed exactly these areas of skin biopsy specimens. The
reaction of the microcirculatory vessels is an important
factor determining the course of events after a mechanical
injury [2]. Sufficient vascularization is crucial for replenishing
undifferentiated cell reserves and forming an optimal amount
of connective tissue intercellular substance. It is known
that the favorable healing of skin wounds is related to the
development of granulation tissue, a special type of tissue
that cannot mature without capillary involvement [3]. In
scientific research, blood vessels can be identified using
various histological methods. The most commonly used
method is tissue staining with hematoxylin and eosin [4, 5].
However, this method is not sufficiently selective for reliable
evaluation of the morphometric indicators of vessels in tissue
specimens. In addition, after staining with hematoxylin and
eosin, the use of automated image analysis systems (e.g.,
ImageJ) is challenged due to the insufficient specificity of
vessel staining [6]. Several authors [7-9] describe effective
visualization of endothelial cells on histological specimens
using immunohistochemical (IHC) staining with antibodies to
von Willebrand factor (vWF). Therefore, in this experimental
study, we used IHC to track changes in the number and
morphological characteristics of the vessels involved in
regenerative histogenesis.

The von Willebrand factor is a large multimeric glycoprotein
found in blood plasma and subendothelial matrix, which is
also present in the Weibel-Palade bodies of endothelial cells
and in the a-granules of platelets [10]. vWF has been shown
to play a certain role in the onset of inflammatory reactions.
Thus, vWF multimers and platelets attached to the damaged
endothelium promote active leukocyte influx, creating
conditions for the spread of inflammation [11]. According to
the previous data, VWF is secreted by endothelial cells in
three ways: through constitutive and regulated exocytosis
of Weibel-Palade bodies, as well as through exocytosis
involving autophagosomes [12, 13]. Exocytosis of vWF is
activated under various conditions, including inflammation,
vascular damage, hypoxia, and some other pathological
factors. Endothelial cells are the main source of vWF
circulating in the blood. The data on the role of von Willebrand
factor in angiogenesis are contradictory. Some authors note
that the absence of vWF contributes to angiogenic processes,
manifested as a significant increase in vitro endothelial cell
proliferation [14]. In addition, experimental data indicate that
von Willebrand factor can act as an inhibitor of angiogenesis
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dependent on vascular endothelial growth factor (VEGF). It
is believed that vWF deposited in the endothelium limits the
proliferation of endothelial cells induced by the VEGF growth
factor. However, the opposite effect was observed in other
types of cells. When the wall of a large vessel is damaged,
vWF can penetrate the intima, coming into contact with
smooth muscle cells. The deposition of von Willebrand factor
in the intima is accompanied by intimal thickening, indicating
that vWF promotes cell proliferation. In vitro studies have
shown that vWF directly stimulates the proliferation of
smooth muscle cells [12]. Nevertheless, despite the ambiguity
of vVWF multimer functions, immunohistochemical reaction
using antibodies to this protein allows for accurate labeling
of blood vessel endothelium, while lymphatic vessels are not
stained. In this context, the use of the IHC method can be
highly beneficial in comprehensive research, as it enables
the acquisition of reliable data on the quantity and caliber of
blood vessels at various stages of regenerative histogenesis,
as well as the establishment of correlations between these
parameters and the regeneration phase.

This study aimed to assess the changes in the
number and size of skin vessels at various stages of
regenerative histogenesis following mechanical injury,
using immunohistochemical reactions with antibodies to von
Willebrand factor.

METHODS
Study Design

A single-center, continuous, controlled, randomized,
nonblinded study was conducted. The study material consisted
of skin samples from the mid-thigh region of Wistar rats
collected at different time points during wound healing after
a deep incised injury. The biopsy specimens were used to
prepare paraffin sections and conduct immunochistochemical
reactions with antibodies to von Willebrand factor. Images
of the specimens were digitized for further analysis of the
changes in the total number of vessels visible in the section
and the assessment of their morphometric characteristics,
including location and cross-sectional area of each vessel.

Eligibility Criteria
The study included 27 rats aged 1.0-1.5 months, with
a baseline weight of 180-200 g.

Study Setting

The experimental part of the work was carried out in
the certified vivarium of the State Research and Testing
Institute of Military Medicine of the Ministry of Defense of
the Russian Federation (Agreement on Scientific Cooperation
No. 15 between the Kirov Military Medical Academy and the
State Research and Testing Institute of Military Medicine of
the Ministry of Defense of the Russian Federation, dated
September 13, 2023). The morphometric and statistical
analysis was performed at the Department of Histology and



https://doi.org/10.17816/morph.640909

ORIGINAL STUDY ARTICLES

Embryology at the Kirov Military Medical Academy of the
Ministry of Defense of the Russian Federation.

Study Duration

Skin patches at the site of injury with adjacent normal
tissue were excised 12 hours, 24 hours, 2, 3, 6, 10, 15, and
25 days after injury. The animals were removed from the
experiment after overdosing with a combination of tiletamine
and zolazepam (Zoletil 50 (10 mg/kg; Virbac, France))
with xylazine (10 mg/kg; Pharmamagist Ltd., Hungary)
administered intramuscularly.

Intervention

After being divided into groups, the rats were kept in
separate marked cages, one for each point of experimental
material collection. Manipulations with animals were
conducted in the morning. Each animal received an
intramuscular injection of a combination of Zoletil® and
xylazine at 10 mg/kg each. Using a sharp scalpel, a deep
transverse incision was made in the skin of the mid-thigh. The
incision length varied from 1.5 to 2.0 cm. No initial surgical
treatment of the wound was performed, and no bandage
was applied. After the injury, the animals were placed in
the appropriate cage until the end of a certain regeneration
period. No further medical procedures were performed to
simulate a contaminated wound.

The experimental material collection involved excising
a skin patch at the site of injury with adjacent normal tissue
12 hours, 24 hours, 2, 3, 6, 10, 15, and 25 days after injury.
The skin of intact rat limbs was used as an intact control.

Main Study Outcome

In this study, IHC staining of sections allowed identifying
blood vessel endothelium, which enabled the use of an
automated method (Zen 2.3 software; Zeiss, Germany)
to count blood vessels and determine their morphometric
parameters (cross-sectional area and localization) during the
evaluation of the phases of the wound healing process.

Subgroup Analysis

All rats were divided into groups. The control group (n = 3)
consisted of intact animals: they were not injured, and the
time points were not observed. In this group, three normal
skin fragments were taken from the mid-third of the thigh.
The data from the analysis of these fragment specimens
were used to compare regeneration at different stages.

The remaining groups corresponded to the time points
at which the animals were removed from the experiment:
12 hours, 24 hours, 2, 3, 6, 10, 15, and 2 days after the
mechanical injury (n = 3 for each group).

Outcome Registration

Immunohistochemical study: To detect vWF expression,
immunohistochemical reactions were performed using
specific polyclonal antibodies (Agilent, USA, catalog number:
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A008202) at a dilution of 1:400. The skin specimens were
fixed in 10% buffered formalin solution for 24 hours, after
which they were transferred to 96% ethanol. After completing
all process stages, the material was poured into paraffin
blocks in special plastic cassettes. Paraffin sections of
5 um thick were prepared using a Sakura (Japan) manual
microtome and placed on poly-l-lysine-coated slides. The
glass slides with sections were then dried in a thermostat
for 12 hours at 37 °C. The specimens were deparaffinized
in two rounds of washing with xylene (10 minutes each),
rehydrated in decreasing concentrations of alcohol (two
rounds of washing with 96% ethanol for 5 minutes each, one
round of washing with 80% ethanol for 5 minutes), and rinsed
in distilled water (5 minutes). The specimens were placed in
S 1700 citrate buffer (Dako, Denmark), preheated to 60 °C in
a thermostat. Antigen thermal unmasking was carried out
in a steamer for 20-25 minutes. The sections were rinsed
in distilled water for 5 minutes and then placed in a 3%
hydrogen peroxide (H,0,) solution for 10 minutes. Next, after
rinsing, the specimen was transferred to a 0.01M phosphate-
buffered saline (PBS, pH 7.4; Biolot, Russia) solution for
5 minutes. To block nonspecific antibody binding, a blocking
solution (Protein Block DP-125, Spring Bioscience, USA) was
used at room temperature for 10 minutes. After removing
the blocking solution, a solution of primary antibodies to
vWF was applied. The specimens were placed in a humid
chamber and incubated at 27 °C for 24 hours. After incubation
with primary antibodies, the slides were washed in two
rounds of PBS and anti-rabbit secondary reagents (Reveal
Polyvalent HRP DAB Detection System (Spring Bioscience,
USA)) were applied, conjugated with a polymer for binding
to the corresponding primary antibodies and with horseradish
peroxidase for detection. The incubation was carried out in
a humid chamber in a thermostat at 27 °C for 30-40 minutes.
After rinsing in PBS, a working solution of the chromogenic
substrate 3,3'-diaminobenzidine tetrahydrochloride (Dako,
Denmark) was applied onto the sections. The formation of
the colored reaction product occurred within 1-3 minutes.
After achieving optimal section staining, which was
monitored under a microscope, the samples were washed
in a 3% hydrogen peroxide solution (3 rounds of washing,
5 minutes each). At the final stage, the sections were washed
in distilled water, dehydrated in isopropyl alcohol and a 1:1
mixture of isopropyl alcohol and xylene, clarified in xylene,
and embedded in Cytoseal 60 mounting medium (Thermo
Scientific, USA). A Zeiss Axio Scope.A1 light microscope with
a built-in Zeiss Axiocam ERc 5s camera (Zeiss, Germany) was
used to visualize the results of the IHC reaction.
Morphometric study: For morphometric analysis of
digitized images from a Zeiss Axio Scope.A1 light microscope
with a built-in Zeiss Axiocam ERc 5s camera, licensed Zen 2.3
software was used. Labeled endothelial cells were visualized
in 10 fields of view in each area: wound channel, primary
necrosis, and perinecrotic area. The number of vessels formed
by labeled cells was counted in automated mode using the
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“point” option. Next, the area of each detected vessel was
calculated using the built-in “spline” option. Numerical data
was entered into Excel spreadsheets to create graphs.

Statistical Analysis

Principles for calculating the sample size: The sample
size was not precalculated.

Statistical analysis methods: The quantitative data
in the article are presented as the mean and standard
deviation (M£SD). The statistical significance of differences
in quantitative characteristics between experimental groups
was not assessed.

RESULTS

Participants

The skin fragments from the mid-third of the thigh of
Wistar rats after inflicting a deep incised injury. The biopsy
specimens measuring 1.5-2.0 c¢m included the wound
channel and surrounding visually normal tissue.

Primary Results

Owing to high selectivity of the chosen method for
labeling blood vessels and the use of an automated system
for counting and morphometry of digital images, the detected
structures were classified into four groups based on the mean
visible lumen area (Sm): 0-100 pm?, small; 101-500 pm?,
medium; 501-1000 um?, large; and <1000 pm?, very large.
We did not aim to determine whether each vessel belonged
to the arterial or venous system, and when characterizing the
phases of the wound healing process, we only considered
their number, caliber, and location relative to the skin layers.

When examining intact skin specimens, only three
blood vessels were found in the hypodermis: two large

Vol. 163 (1) 2025
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ones (Scp = 604.16 + 0.61 ym?) and a very large one
(Scp = 2578 pym? Fig. 1).

Notably, small-caliber vessels in intact skin were not
observed in any field of view. However, the samples of injured
skin in the necrosis phase, which corresponds to a period of
12-24 hours, revealed seven small-caliber vessels in the
reticular layer of the dermis: four vessels at 12 hours of the
experiment and three at 24 hours (Fig. 2).

At later stages corresponding to the inflammatory phase
(starting from day 3 of the experiment), a positive trend
in the number of small-caliber vessels is observed up to
day 10, when there is an explosive growth in their number.
If by day 6, we could observe a small increase in the
number of small vessels (11 vessels) compared with day 3
of the experiment (9 vessels), then on day 10, their number
increased by 37 (Sm = 35.28 + 3.32 pm?). Medium-sized
vessels are detected on intact skin specimens. Their number
progressively increases during the initial phases of the wound
healing process: 2 vessels in samples 24 hours after injury
(Sm = 244.54 + 1.42 ym?), 4 by day 6 (Sm = 209.00 + 4.81
um?), and 6 by day 10 (Sm = 190.86 + 1.43 pm?). We
observed small and medium-sized vessels mainly in the
dermis of the skin, while the largest vessels are found only
in the hypodermis. Similar to the intact skin sections where
one very large vessel was found, very large vessels with the
same localization were found in the sections 12 hours after
injury (Sm = 4296.04 um?) and 24 hours later (Sm = 2986.45
um?). However, at some time points, such as day 3, we did
not detect any such vessels. Single large-caliber vessels
were also observed in the view field (Sm = 698.75 um? on
day 6 and Sm = 788.40 pm? on day 10).

Based on the histology of specimens on days 15 and 25
of the experiment, a period corresponding to the adaptation
phase, we can conclude that there is a significant decrease in
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Fig. 1. Intact skin of the rat thigh. A large blood vessel in the
dermis. Immunchistochemical staining with anti-von Willebrand
factor antibodies; objective x40, eyepiece x10.
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Fig. 2. Skin of the rat thigh on day 2 after mechanical injury. Small
blood vessels in the dermis within the perinecrotic area. Immuno-
histochemical staining with anti-von Willebrand factor antibodies;
objective x63, eyepiece x10.
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vascularization of the studied area during this period. During
the adaptation phase, we observe a single very large vessel
(Sm = 1173.95 um?), the absence of large and medium-sized
vessels, and, unlike previous periods, a significant decrease
in the number of small vessels: in the 15-day specimens,
there are 21 vessels (Sm = 79.62 + 2.12 ym?), and in the
25-day specimens, there are only 7 (Sm = 54.47 + 3.36 pm?).

DISCUSSION

Summary of Primary Results

The regeneration of connective tissue in the skin involves
blood vessels, as shown by differences in the number and
caliber of blood vessels in rat skin between the initial phase
of regenerative histogenesis and the subsequent phases of
the wound healing process.

Small-caliber vessels (cross-sectional area < 100 pm?)
are likely to play a special role in the regeneration of incised
wounds. The number of these vessels steadily increases
up to 10 days of the experiment, corresponding to the
proliferation/differentiation phase. It is the number of small-
caliber vessels that shows the most prominent changes over
time (Fig. 3). At later stages (15 and 25 days after injury),
their number decreases. The largest vessels are isolated
and found only in the hypodermis at all the time points
studied. Therefore, further research is needed to clarify their
morphological characteristics in the wound healing process.

Discussion of Primary Results

The wound healing process is a complex set of the
body’s responses to injury, that is characterized by phases.
The process includes four phases (necrosis, inflammation,
proliferation and differentiation, adaptation) that all injuries
go through, but the severity of these phases varies. The
reaction of the microcirculatory vessels plays an important

== 0-100 ym, === 101-500 pm,
60
E 50
& 40
(3]
HE:
-]
] 20
%] ]_3
@ 10 e
= 2 /;’jf’_’_/:- =
0 [ 0 0
Q‘Q’g& éé}c) &".}\é\
© ¥ &
&

Yol. 163 (1) 2025

Morphology

role in regenerative histogenesis. The immunohistochemical
analysis of blood vessels in different stages of the wound
healing process revealed that the most significant changes
affect the number of small blood vessels, primarily located
at the reticular layer of the dermis in the perinecrotic area of
the incised injury (Fig. 4).

In the specimens of rat thigh skin 12 and 24 hours after
mechanical injury, we observe an increase in the number
of visible vessels, which is consistent with the results of
the previous experimental studies. It has been demonstrated
that during the first hours after injury, the damaged tissues
are partially excluded from the bloodstream. This effect
is then replaced by the initial signs of an inflammatory
response, arterial and venous hyperemia with an increase
in vascularization. During the IHC study, we observed
a similar pattern: 12 hours after injury, only a few capillaries
of various calibers were detected in the specimens, but by
the end of the first day, vVWF-positive endothelial cells were
visualized much more frequently. It is known that during
the wound healing process, hyperemia is accompanied
by increased vascular permeability. This promotes the
migration of leukocytes into the wound, the release of
hydrolytic enzymes that destroy microorganisms and
cellular debris, cleaning the wound, as well as the secretion
of cytokines (tumor necrosis factor and interleukins) that
induce inflammation. After 1-2 days, monocytes migrate to
the wound and transform into macrophages, and by days
3-4 they become the predominant cellular elements in the
area of tissue damage. Macrophages are involved in the
phagocytosis of necrotic cells and foreign matter, as well
as to secrete hemostatic and growth factors that activate
various regenerative processes, including angiogenesis
[15]. Our study shows that the day 3 of the wound healing
process marks the beginning of a steady increase in
the number of small and medium-sized blood vessels.
Subsequently, fibroblast activity results in the formation of
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Fig. 3. Changes in blood vessel count across the phases of the wound healing process.
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Fig. 4. Graph showing the number of blood vessels of different calibers in relation to the time elapsed after mechanical skin injury.

granulation tissue, the proper development of which ensures
favorable healing. However, fibroblasts require oxygen,
amino acids, and trace elements for normal functioning
[16]. They are supplied by the process of neoangiogenesis
from the intact vessels located in the perinecrotic area [2].
If angiogenesis is not active enough, fibroblast migration
slows down, eventually stopping completely and halting the
healing process. In our study, the external appearance of
experimental wound healing indicates active formation of
well-vascularized regenerate, which is confirmed by the
results of IHC staining.

Some authors observed the greatest number of newly
formed vessels 10-14 days after injury, which is consistent
with our data [17]. This period refers to the proliferation
and differentiation phase of the wound healing process. In
our study, all injuries healed by primary tension, and after
the control time point of 10 days, we recorded a gradual
decrease in the number of vessels. This was reflected in the
formation of thin scars, which gradually changed color from
red, due to the large number of blood vessels, to a lighter
shade, pink or almost white.

It should be noted that the sequential change of phases
in the wound healing process always has individual
characteristics. Thus, when the wound is heavily contaminated
with microorganisms and devitalized tissue, the duration
of the inflammatory phase may increase significantly. We
examined contaminated wounds, so the course of their
regeneration varied among different animals. The removal of
necrotic tissue, scab formation, granulation tissue formation,
and connective tissue scar formation occurred at different
times in different animals, but all processes followed the
general laws of regenerative histogenesis.

00l https://doiorg/10.17816/morph.640909

Study Limitations

The data on the correlation between the phase of the
wound healing process and the number of blood vessels in
the regenerate obtained in our study are generally consistent
with the information from the previous works. However, we
believe that the study sample may have been insufficient for
a reliable study of changes in the largest skin vessels over
time. Furthermore, based on the data from recent studies,
we can conclude that labeling with antibodies to vVWF allows
for selective identification of blood vessels, but not lymphatic
vessels.

CONCLUSION

As a result of the study, it can be concluded that
immunohistochemical staining using antibodies to von
Willebrand factor is the optimal method for determining
the phase of the wound healing process and identifying
the dynamics of angiogenesis in regenerated tissue
in experimental studies of incised skin wounds. This
method allows obtaining high-quality histological
samples for further morphometric analysis of blood
vessels.
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