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The aim of the present study was to investigate leukocytic responses in peripheral blood and the features of bone mar-
row hematopoiesis in acute and chronic inflammatory processes against a background of experimental localized removal 
of non-phagocytic granulocytes. Bone marrow hematopoiesis was assessed by calculating the total number of myelokary-
ocytes and the cellular composition of bone marrow obtained from the femurs of 24 male Wistar rats weighing 180–220 g. 
During the inflammatory process after prior localized removal of non-phagocytic granulocytes, hematopoiesis-especially 
lymphopoiesis-was enhanced, and there was a decrease in leukocyte counts from the bone marrow into the blood.
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Проведено изучение особенностей костномозгового кроветворения и лейкоцитарной реакции перифериче-
ской крови при остром и хроническом воспалительном процессе на фоне локального удаления нефагоцитирую-
щих гранулоцитов. Костномозговое кроветворение изучали путем подсчета общего количества миелокариоци-
тов и клеточного состава костного мозга, полученного из бедренной кости 24 крыс-самцов линии Wistar массой 
180–220 г. Установлено, что при воспалительном процессе на фоне предварительного удаления НГ из очага про-
исходит усиление гемопоэза, особенно лимфопоэза, и уменьшение поступления лейкоцитов из костного мозга в 
кровь. 

Ключевые слова: острое воспаление, хроническое воспаление, нефагоцитирующие гранулоциты, эксперимент
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All mechanisms and manifestations of 
inflammation are interconnected, forming 
a single functional system. The system is 

successful because it is controlled by many factors, 
including localized tissue homeostatic mechanisms 
(mediator systems) and integrative systems of the 
body (nervous, endocrine, and immune systems) [1, 
2]. The inflammatory process involves a branched 
multicomponent complex of mechanisms that 
periodically become dysfunctional. In such instances 
inflammation becomes a dysregulatory pathology 
rather than a protective adaptive reaction [3].

At the effector level hematological changes play 
a leading role in the formation of nonspecific and 
specific reactions in the body, and in combination with 
manifestations of components of connective tissue 
and the microvasculature they make up the essence of 
the inflammatory process and determine the reactivity 
and resistance of a macroorganism as a whole [4, 5]. 
The blood system contributes to the emergence and 
maintenance of the focus of leukocyte infiltration, which 
is the main component of inflammation. In inflammation 
sequential interconnected changes in bone marrow and 
peripheral blood influence the formation of the leukocyte 
focus [6, 7, 8]. White blood cells are the main effector 
factors in inflammation. After entering connective tissue 
from the bloodstream they contribute to both specific and 
nonspecific protection by way of killer activity, exocytosis 
of biologically active substances, and phagocytosis, as 
well as antibody synthesis. Phagocytic cells constitute the 
main protective mechanism against bacterial infection 
[9, 10, 11].

The least studied aspects of errant or dysregulated 
inflammation are the mechanisms of leukocyte infiltration 
involved, the associated changes in cell phases, and 
the transition from pathological inflammation to its 
subsidence. The aims of the present study were to 
investigate peripheral blood leukocyte responses 
and the features of bone marrow reactions involved 
in the inflammatory process, against a background 
of experimental localized removal of non-phagocytic 
granulocytes.

Material and Methods. Twenty four male Wistar 
rats weighing 180–220 g were used in the current 
study, and they were assigned to either a control group 
or an inflammation group (n=12 per group). Chronic 
inflammation was induced in the experimental via a 
well-known model of formalin edema and experimental 
subcutaneous granuloma [12]. The standard procedure 
was used to induce aseptic inflammation. Under light 
ether anesthesia 0.1 mL of 2 % formalin was injected into 
the hind paws of rats under the plantar aponeurosis. Leg 
volumes were measured with an oncometer (GONOTEC, 
Germany) [13]. The masses of the granulomas 
subsequently formed were determined using a torsion 
balance (VesMaster, Russia). Dynamic changes in the 
inflammatory process were assessed starting from 6 
hours after experimental induction of inflammation, and 
thereafter on days 1, 3, 7, 14, and 28. The rats in the 
control group were administered sterile saline.

Bone marrow hematopoiesis was investigated by 
counting the total number of myelokaryocytes and 

assessing the cellular composition of bone marrow 
(MiniMed, Russia) [13]. To obtain bone marrow each rat 
femur was isolated, soft tissues were removed from it, 
and the channel was thoroughly washed with 1 mL of 3 % 
acetic acid. The acetic acid used in this process contained 
gentian violet stain, to facilitate subsequent assessments. 
The bone marrow was then suspended, collected into a 
melanger for white blood cells, and diluted in 3 % acetic 
acid. The total number of myelokaryocytes per femur was 
calculated using a Goryaev camera (BioVitrum, Russia) 
[13].

The cellular compositions of femur bone marrow 
samples were investigated by counting myelograms in 
smears, followed by calculations to determine absolute 
numbers of cells based on the total karyocyte count 
(TKC). To prepare the aforementioned smears, bone 
marrow was squeezed from the distal end of the femur 
onto defatted glass and diluted with isological serum 
(Agat-Med, Russia). Smears were fixed in methanol 
and stained with azure II-eosin in accordance with the 
Romanovsky – Giemsa method [13].

Peripheral blood leukocyte reactions were 
investigated by counting the total number of leukocytes 
(TNL) in blood, as well as the leukocyte formula with 
the determination of the functional state of leukocytes. 
TNL was calculated using a Goryaev camera. Prior to 
applying the leukocyte formula, blood smears were fixed 
in methanol and stained with azure II-eosin. After utilizing 
the leukocyte formula the absolute number of cells was 
calculated based on the total number of leukocytes [13].

Statistical assessments were conducted via one-way 
analysis of variance and the Newman-Keysl multiple-test 
criterion using Primer of Biostatistics 4.03 for Windows 
software, and p<0.05 was deemed to indicate statistical 
significance. All experimental studies were conducted 
in accordance with the requirements of good laboratory 
practice (set forth in the national standard «Principles 
of Good Laboratory Practice» GOST R 53434–2009), in 
compliance with the International Principles of the European 
Convention on the Protection of Vertebrate Animals Used 
for Experiments and Other Scientific Purposes (Strasbourg, 
1986), in accordance with international recommendations 
for biomedical research using animals (1985), General 
Ethical Principles of Experiments on Animals, the Rules 
of Laboratory Practice in the Russian Federation (Order 
of the Ministry of Health of the Russian Federation  
№ 267 of 06/19/2003), and the positive conclusion of the 
ethics committee in vivarium conditions on the basis of the 
Stavropol State Agrarian University (Russian Federation). 

Results and Discussion. During the course of 
inflammation in models of formalin edema and experimental 
subcutaneous granuloma, compared to control animals the 
TKC in bone marrow decreased somewhat by the 6th hour 
and more substantially by the 24th hour (Fig. 1). This was 
likely due to leaching of mature cells from the bone marrow 
postmitotic reserve pool into the blood, from where they then 
entered the focus of inflammation. By the 3rd day TKC was 
restored, and it slightly exceeded the initial TKC, which was 
presumably a phenomenon associated with the activation of 
hematopoiesis. By the 7th day TKC decreased again, both 
in comparison with the 3rd day in experimental rats and in 
comparison with control rats, reflecting further release of 
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karyocytes into the blood and the focus of inflammation. 
From the 14th day to the 28th day there was an escalating 
increase in TKC, both in comparison with the 7th day in 
experimental rats and with control rats, indicating further 
activation of hematopoiesis. This was accompanied by the 
development of bone marrow hyperplasia, and TKC on the 
28th day was approximately 4 times that of control rats.

Similar observations were made with regard to all 
types of karyocytes. Notably however, instead of the 
amounts of mature and immature neutrophils decreasing 
by the 6th hour a pronounced increase was observed, 
and by the 24th hour the number of mature neutrophils 
peaked. This may have been because the controls were 
not intact rats, but rats taken 24 hours after the creation 
of experimental models, i.e., rats that already had, as 
indicated above, moderate acute inflammation due to 
mechanical tissue damage caused by the introduction 
of formalin and, accordingly, the hematopoiesis process 
had started. In other words, the 6th and 24th hours of 
the experiment actually correspond to the 30th and 48th 

hours from the onset of inflammation, i.e., the time 
determining the activation of hematopoiesis. It is known 
that granulocytopoiesis commences very 
soon after the initiation of inflammation.

In rats with experimentally induced 
inflammation there was a significant decrease 
in the number of monocytes in bone marrow 
by the 6th or the 24th hour, and a significant 
decrease in the number of lymphocytes by 
the 24th hour. This may have been due to their 
abundant release into the blood, destined for 
the focal site of inflammation, as these cells 
are effectors of chronic inflammation.

In bone marrow a progressive recovery 
or increase in all types of cells compared 
with initial levels began from the 14th day of 
the inflammatory process and peaked on the 
28th day, indicating pronounced activation 
of hematopoiesis. This typically resulted in 
bone marrow hyperplasia. A likely cause is 
the need for increased entry of leukocytes, 
especially monocytes, into the pathological 
focus due to the persistence of inflammation. 
Concordantly, while TKC and the levels of 
other cell types increased by 3–5 times in rats 
with experimentally induced inflammation, the 

number of monocytes only doubled. This was presumably 
due to more intensive release of the latter.

Sharp increases in TKC and the levels of all other cell 
types investigated were observed in the control group 
when the inflammatory process occurred and before 
the removal of non-phagocytic granulocytes (NGs). In 
our opinion this was likely associated with a decrease in 

the release of cells from bone marrow into 
the blood and into tissue, and as a result, 
increased hematopoiesis. NGs may reduce 
the entry of cells from bone marrow into the 
blood and tissue, and inhibit hematopoiesis 
(Fig. 2). This is concordant with the 
observation that during inflammation against 
a background of NG removal, from the 6th 
hour to the 7th–14th day of TKC the levels of 
individual cell types exceeded normal levels. 
During the inflammatory process against 
a background of NG removal, the numbers 
of neutrophils and macrophages at the 
focal site of inflammation decreased and 
the number of lymphocytes increased; i.e., 
increases in the numbers of neutrophils and 
monocytes in bone marrow may be largely 
due to decreases in their release into the 
blood, while an increase in lymphocytes may 
be associated with increased lymphopoiesis.

Notably the first peak in the increase in 
cells in bone marrow occurred on the 7th–14th 
day, which presumably reflects more intense 
hematopoiesis. On the 21st day the number 
of myelokaryocytes in bone marrow slightly 

decreased again, i.e., repeated release of cells into the 
blood was not observed on the 7th day but on the 21st, which 
may indicate reduced migration of cells into the blood. 
By the 28th day the number of karyocytes was noticeably 
restored and barely differed from original levels, with the 
exception of a significantly smaller number of monocytes. 
This was apparently due to their predominant release into 
the bloodstream and consequent accumulation at the focal 
site of inflammation during this period of time. Moreover, 
in comparison with the natural course of inflammation only 
the number of mature neutrophils significantly increased, 
which corresponds to the general pattern of a decrease 
in neutrophil migration to the focal site of inflammation 
against a background of preliminary removal of NG from 
that site.

Fig. 1. Bone marrow hematopoiesis during the natural course of chronic 
inflammation (x109/L), (M±m, n=6). The data differ statistically significantly 

from those of the control group (p<0.05)

Fig. 2. Bone marrow hematopoiesis during chronic inflammation against 
a background of local non-phagocytic granulocyte removal (x109/L), 

(M±m, n=6). The data differ statistically significantly from those 
of the control group (p<0.05)
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With regard to leukocyte responses in peripheral 
blood, during inflammation transient leukopenia was 
not observed (Fig. 3), which was apparently because in 
the formalin edema and subcutaneous granuloma rats 
inflammation activated hematopoietic processes. Thus, 
leukocytosis was observed from the 24th hour and lasted 
for 28 days. The maximum increase was observed on the 
7th day, which corresponded with the repeated release of 
cells from bone marrow into the blood.

On the 3rd–7th day a significant increase in the 
number of stab neutrophils was detected, with maximum 
values observed on the 3rd day, which coincided with 
the first peak of hematopoiesis activation. The number 
of segmented neutrophils was significantly increased 
at the 6th hour, and on the 28th day. On the first day 
the increase was associated with the release of mature 
neutrophils from the bone marrow postmitotic reserve 
pool (redistributive leukocytosis). On the 3rd day it was 
associated with the activation of hematopoiesis, and on 
the 28th day it was associated with the repeated activation 
of hematopoiesis due to the persistence of inflammation.

Eosinophilic leukocytosis was observed on the 14th day 
and was presumably a reflection of the involvement of a 
degree of autoimmunity that manifested as a component 
of the chronic inflammation. Notably lymphopenia at the 
6th hour and lymphocytosis at the 7th–21st days, as well 
as monocytopenia at the 6th hour and monocytosis at the 
1st–28th days, reflect increased migration of monocytes 
and lymphocytes to the focal site of inflammation. Initially 

this occurs as a result of circulating leukocytes, then 
it continues as a result of the entry of cells from bone 
marrow into the blood, and to the pathological focal site 
of chronic inflammation.

When NG was removed in the control rats TNL and 
the levels of all types of leukocytes sharply increased, 
and there was a corresponding increase in the number of 
TKC in bone marrow. The number of mature neutrophils 
in the bone marrow increased by 8.4 times, segmented 

neutrophils in the blood increased by 
12.2 times, eosinophils increased by 3.0 ti-
mes in bone marrow and 7.6 times in blood, 
and monocytes increased by 3.5 times in 
bone marrow and 3.8 times in blood. In our 
opinion these increases are associated with a 
decrease in the output of these cells from the 
blood into the tissues when NG is removed. 
Concurrently the number of lymphocytes 
increased by 5.6 in bone marrow and 3.2 ti-
mes in blood, indicating enhanced output of 
lymphocytes from the blood into the tissue 
under these conditions. Concordant changes 
in the total number of cells were observed. 
TKC in bone marrow increased by 5 times, 
and TNL in the blood increased by 4.6 ti-
mes. This reflects a general decrease in the 
release of karyocytes from the bone marrow 
into the blood. With regard to the dynamics of 
inflammation, total number of leukocytes was 
significantly less than it was during the natural 
course of the process. On the 1st day the 
number of SNs – on the 3rd day; NS – on the 
6th–24th hours, lymphocytes – on the 1st and 
21st days; monocytes – on the 3rd–7th day.

It is known that the number of leukocytes 
in the blood reflects their migration from the 

blood to the focus of inflammation and their entry from the 
bone marrow into the blood [3, 9]. Given the changes in 
the numbers of leukocytes at the pathological focal site, 
it can be assumed that a smaller number of neutrophils 
and monocytes in the blood is associated with a decrease 
in their entry from the bone marrow into the blood. With 
regard to lymphocytes, it is likely to correspond with their 
increased migration from the blood to the pathological 
focal site.

Conclusions. Against a background of prior removal of 
NG from the focal site of inflammation, there is an increase in 
hematopoiesis (especially lymphopoiesis) and a decrease in 
the entry of leukocytes from the bone marrow into the blood. 
Concurrently, more lymphocytes migrate to the focus of 
inflammation, and less neutrophils and monocytes migrate 
there. Therefore, the results of the present experimental 
study indicate that in acute and chronic inflammation in 
vivo non-phagocytic granulocytes limit hematopoiesis 
(especially lymphopoiesis) and enhance the release of 
karyocytes from bone marrow into the blood.

Fig. 3. Leukocyte responses in peripheral blood during the natural course 
of chronic inflammation (x109/L), (M±m, n=6). The data differ statistically 

significantly from those of the control group (p<0.05)
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ЭКСПЕРИМЕНТАЛЬНОЕ МОДЕЛИРОВАНИЕ РЕКОНСТРУКЦИИ  
УШНОГО ХРЯЩА НА ПОДЛОЖКЕ
А. Н. Габоян 1, Н. С. Сукорцева 1, Г. А. Аганесов 1, М. Е. Синельников 3,  
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Reconstruction of cartilage tissue is an essential aspect of modern reconstructive surgery. This experimental study 
outlines the development and in vivo application of autologous cartilage tissue with flexible configuration with a Reperen 
on-lay mesh. As a result of the experiment, a novel method was developed for fixation of cartilage transplants in the recipient 
zone in a predetermined configuration. This allows for shape retention in the recipient zone during cartilage transplantation. 
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