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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. 
Immunohistochemical 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 immunohistochemical 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 μm2). 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 μm2 was noted. Similar trends were observed for vessels of medium 
(100–500 μm2) and large (500–1000 μm2) caliber. Vessels with a cross-sectional area ≥ 1000 μm2 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. 
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Морфометрическое исследование сосудов 
кожи после механической травмы на основе 
их маркирования антителами к фактору 
фон Виллебранда
Т.И. Березовская, Г.В. Коняев
Военно-медицинская академия им. С.М. Кирова, Санкт-Петербург, Россия

АННОТАЦИЯ
Обоснование. Одним из важнейших факторов гистогенеза в процессе регенерации тканей является ангиогенез. 
При исследовании ран различной этиологии идентификация сосудов на препаратах, окрашенных по стандартному 
методу гематоксилином и эозином, затруднена. Это связано с особенностями гистологического строения сосудистой 
стенки и сложностью гистотопографического расположения сосудов. Иммуногистохимическая реакция с антителами 
к специфическому белку эндотелиоцитов фактору фон Виллебранда (vWF) — один из наиболее информативных спо-
собов детекции сосудов. Применение данного метода при изучении раневого процесса позволяет уточнить гистотопо-
графию и морфологию сосудов микроциркуляторного русла, участвующих в заживлении кожных ран.
Цель исследования — с помощью иммуногистохимической реакции с антителами к vWF выявить динамику количе-
ства и размеров сосудов кожи на разных этапах регенерационного гистогенеза после механической травмы.
Методы. Проведено экспериментальное одноцентровое сплошное контролируемое рандомизированное неослеплён-
ное исследование. Объекты исследования — фрагменты кожи средней трети бедра крыс линии Wistar на разных 
сроках заживления после нанесения глубокой резаной раны. Животных разделили на 9 групп: контрольная группа 
(n=3) — интактные особи; остальные группы соответствуют срокам выведения из эксперимента (по 3 особи в каждой 
группе) — спустя 12 ч, 24 ч, 2, 3, 6, 10, 15 и 25 суток после нанесения механической травмы. На каждом этапе из био-
птатов кожи готовили гистологические препараты для иммуногистохимического исследования с применением антител 
к vWF и последующего морфометрического анализа полученных цифровых изображений.
Результаты. В дерме и гиподермисе кожи крыс были визуализированы кровеносные сосуды, которые разделили 
на 4 группы в зависимости от калибра (видимой площади сечения). Наиболее существенную динамику продемонстри-
ровали сосуды малого калибра (площадь сечения ≤100 мкм2). На препаратах интактной кожи таких сосудов не обна-
ружено, а в экспериментальных группах со 2 по 10 сутки после травмы их количество увеличивается. На препаратах 
кожи спустя 15 и 25 суток после травмы наблюдается постепенное уменьшение количества сосудов с площадью се-
чения ≤100 мкм2. Схожая динамика выявлена и для сосудов среднего (площадь сечения 100–500 мкм2) и большого 
(500–1000 мкм2) калибра. Сосуды с площадью сечения ≥1000 мкм2 единичны и говорить о корреляции количества 
таких сосудов с фазой раневого процесса не представляется возможным.
Заключение. Иммуногистохимическая реакция с применением антител к vWF на срезах кожи крыс имеет хорошую 
воспроизводимость и позволяет получать препараты высокого качества. В экспериментальном раневом процессе ме-
тод показал высокую селективность выявления кровеносных сосудов. При проведении морфометрического анализа 
гистологических препаратов получены данные, подтверждающие взаимосвязь между количеством сосудов и после-
довательными фазами раневого процесса. 

Ключевые слова: кожа; дерма; гиподермис; раневой процесс; иммуногистохимия; фактор фон Виллебранда; 
кровеносные сосуды.
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基于血管性假血友病因子抗体标记的机械损伤后皮肤
血管形态计量学研究
Tatyana I. Berezovskaya, Grigory V. Konyaev
Kirov Military Medical Academy, Saint Petersburg, Russia

摘要

论证。在组织再生过程中最重要的组织发生因素之一是血管生成。在各种病因的伤口研究

中，用标准的苏木精和伊红染色法在制剂上很难识别血管。这与血管壁组织学结构的特殊

性和血管组织地形图位置的复杂性相关。血管内皮细胞特异性蛋白血管性假血友病因子

（vWF）抗体的免疫组织化学反应是检测血管信息量最大的方法之一。在研究伤口过程中应

用这种方法，可以明确参与皮肤伤口愈合的微循环血管的组织结构和形态。

研究目的 — 使用vWF抗体的免疫组织化学反应，确定机械伤害后再生组织发生不同阶段皮

肤血管数量和大小的动态。

方法。进行了一项实验性的单中心全面的随机对照非盲法研究研究对象 — Wistar大鼠大腿

中三分之一处进行深层切口创伤后不同愈合期的皮肤碎片。动物被分为9组：对照组（n=3)

是完整个体；其余组对应于机械损伤后12小时、24小时、2、3、6、10、15和25天退出实验

的时间（每组的个体为3个）。在每个阶段，从皮肤活检物中制备组织学制剂，用于使用vWF

抗体进行免疫组织化学研究，并随后对获得的数字图像进行形态计量学分析。 

结果。在大鼠皮肤的真皮和皮下组织中对血管进行成像，根据口径（视横截面积）将血管分

为4组。小口径血管（横截面积≤100μm2）表现出最明显的动态.在完整皮肤的制剂中未发

现此类血管，在实验组中，损伤后2至10天，其数量增加。在皮肤制剂上，损伤15天和25天

后，观察到截面积≤100μm2的血管数量逐渐减少。对于中等血管（横截面积100～500μm2）

也发现了类似的动态和大（500～1000μm2）口径。横截面积≥1000μm2 的血管是单一的，

因此无法谈论此类血管的数量与伤口进程阶段的相关性。

结论。在大鼠皮肤切片上应用vWF抗体进行免疫组化反应具有良好的重现性，可获得高质量

的制剂。在伤口实验过程中，该方法对血管的检测显示出较高的选择性。通过对组织学药物

的形态计量学分析，获得了证实血管数量与伤口过程连续阶段之间关系的数据。 

关键词：皮肤；真皮；皮下组织；伤口过程；免疫组织化学；血管性假血友病因子；血管。
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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 α-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 

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 vWF 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 immunohistochemical 
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 
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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: 

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 μm 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 (H2O2) 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 cm 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 μm2, small; 101–500 μm2, 
medium; 501–1000 μm2, large; and <1000 μm2, 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 

ones (Scp = 604.16 ± 0.61 μm2) and a very large one 
(Scp = 2578 μm2; 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 μm2). 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 μm2), 4 by day 6 (Sm = 209.00 ± 4.81 
μm2), and 6 by day 10 (Sm = 190.86 ± 1.43 μm2). 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 μm2) and 24 hours later (Sm = 2986.45 
μm2). 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 μm2 on 
day 6 and Sm = 788.40 μm2 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 

Fig. 1. Intact skin of the rat thigh. A large blood vessel in the 
dermis. Immunohistochemical staining with anti–von Willebrand 
factor antibodies; objective ×40, eyepiece ×10.
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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 ×63, eyepiece ×10.
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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 μm2), 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 μm2), and in the 
25-day specimens, there are only 7 (Sm = 54.47 ± 3.36 μm2).

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 μm2) 
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 

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, vWF-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 

Fig. 3. Changes in blood vessel count across the phases of the wound healing process.
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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.

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 vWF 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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Fig. 4. Graph showing the number of blood vessels of different calibers in relation to the time elapsed after mechanical skin injury.
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