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Introduction

The accumulated data on the work of blood systems in norm and pathology showed
that during balanced hematopoiesis, the neuroendocrine substances produce no
direct action on proliferation and differentiation of hemopoietic cells. Under these
conditions, the blood system demonstrates autonomic behavior controlled mostly
by local mechanisms. In contrast, the leading role in upregulating hematopoiesis
under extreme (stressful) conditions counterbalanced by the development of com-
pensatory processes within the blood system is given to neuroendocrine regulatory
structures.

At present, numerous regularities in the work of hemopoietic tissue as an integral
system adequately reacting to varying conditions of external and internal environ-
ments are not evident. In the study of this problem during more than 30 years, we
employed various experimental models of pathological processes (immobilization
stress, acute and chronic blood loss, infectious inflammation, cytostatic and radia-
tion myelosuppressions, encephalopathies of diverse genesis, experimental neuro-
ses, spontaneous leucosis, efc.)

The results of these and other studies carried out by numerous workers had been
described in a number of monographs published in our and other countries. They
focused on specific problems relating to the control of hemopoiesis in norm and
during the development of diverse pathologies. With deeper insight into this field
and establishing new data widely discussed in literature (first of all, data on the
hematopoietic stem cells and the regulatory molecules), we revisited the studies
with previously employed models of pathological processes under a reliable meth-
odology implying the study of the reactions of all major compartments of hemato-
poietic tissue to the action of a pathogenic factor with simultaneous testing of the
functional activity of diverse regulatory systems. Without such a systemic approach,
it is little probable to develop the theory of hematopoiesis control, whose numerous
aspects we discussed many a time in previously published research papers and
monographs. The authors are well aware of the fact that they cannot put the “final
touch” to the problem of hematopoiesis since the study of any biological process
seems to have no winning post.
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However, a huge amount of accumulated data needs generalization and analysis
to formulate the cornerstones of the theory of hematopoiesis control describing the
regularities in the work of major subdivisions of hematopoietic tissue under normal
and pathological conditions with due attention to interlacing activity of local and
long-ranged regulatory systems.

The authors are grateful to the colleagues in State Research Institute of
Pharmacology of Siberian Department of Russian Academy of Medical Sciences
and in other agencies for courteously provided data.
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Chapter 1
Mechanisms of Hematopoiesis Control

The blood system is composed of hematopoietic and hemolytic organs, circulating
blood, and the control apparatus, which plays the important role in hematopoiesis
by a balanced production of spectacular moiety of the cellular elements.

During a long period of time, the experimental and clinical data accumulated,
which attested to the regulatory function of central nervous system (CNS) on the
hemopoietic processes [16, 23, 25, 294]. Diverse external and internal stimuli gener-
ated in the receptive fields are processes by CNS with reflex action on the organs
sustaining the required blood composition [188].

Transformation of nerve impulses into neurosecretory and humoral influences
onto the blood system is performed predominantly in hypothalamo-hypophyseal
complex. Stimulation of ventromedial and mammillary hypothalamic nuclei in
animals up-regulates erythrocytosis and reticulocytosis in the peripheral blood
resulting in an increase in erythrocytic mass [264, 265, 294]. According to
S. Halvorsen, oxygen tension affects the work of hypothalamus, which elevates the
production of erythropoietin in bone marrow transmitting the signals via nerves and
hypophyseal hormones [264, 265]. The regulatory effects of the hypothalamus are
projected not only to erythron, but also to the cells in the mononuclear phagocyte
system. D. B. Konar and S. K. Manchanda showed that lesion of posterior medial
hypothalamic structures inhibited the functional activity of macrophages [291].

The most important part of the blood is immune system. At present, the
development of immune response is firmly established to depend on the regula-
tory influences of dopamine and serotonin [64, 65, 107, 184]. Activation of the
serotoninergic system inhibits both humoral and cellular immune response [64,
65, 106, 343] and abrogates the mitogen-stimulated proliferation of T-cells
[339]. In contrast, stimulation of dopaminergic system (1) elevates the content
of CD4*-T cells in bone marrow and enhances the mitogen-induced proliferative
response of T-lymphocytes; (2) increases the number of splenic antibody-forming
complexes and rosette-forming cells in animals, and (3) abrogates the stress-induced
depression of immune response [65, 106, 363]. While the regulatory effect of
the serotoninergic system is mediated via hypothalamus, hypophysis, and the
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2 1 Mechanisms of Hematopoiesis Control

adrenal glands, the effects of dopaminergic system are exerted via hypothalamus,
hypophysis, and thymus.

An important role in the control of hematopoiesis is given to autonomic nervous
system (ANS). Under the optimal performance of organism, the effect of ANS on
hematopoiesis is commonly viewed as mediated predominantly via the control of
metabolism and oxygen consumption, production of erythropoietin, as well as via
trophogenic influences on intracellular metabolic processes in hematopoietic and
stromal elements of bone marrow, which in their turn, control the proliferative
potential of the hemopoietic cells [78, 141, 198, 52, 40]. The role of ANS transmitters
in the control of hematopoiesis becomes even greater when an organism is exposed
to diverse extreme (stressful) factors [60, 62, 141, 239]. To illustrate, injection of
norepinephrine to mice treated with carboplatin weakens the myelosuppressive
effect of this cytostatic agent [311, 312], while introduction of norepinephrine to the
cultured bone marrow cells inhibits proliferation of CFU-GM. These effects are
prevented by al-adrenergic agonist prazosin. These data open the way to affect
hematopoiesis via al-adrenergic receptors. Probably, activation of these receptors
triggers synthesis of TNF-f which inhibits proliferation of the cells.

The development of hypoplasia of bone-marrow hematopoiesis provoked by
injection of 5-fluorouracil to CBA mice is accompanied by release of catechol-
amines from chromaffin tissue of the adrenal glands [53, 182]. Moreover, these
are direct correlation between concentration of catecholamines in the adrenal
glands and cellularity of various hematopoietic lineages. Injection of dihydro-
ergotamine and propranolol 3—5 min prior to and 5 h after administration of
5-fluorouracil lessened the degree of hypoplastic state of bone marrow on post-
injection days 3 and 6 due to diminished drop in the count of lymphoid cells,
although these agents decelerated regeneration of hematopoiesis starting from day
7. In contrast, administration of adrenoblockers prior to secondary release of the
catecholamines from the adrenals stimulated postcytostatic recovery of hemato-
poiesis accompanied by accelerated increase of cellularity in neutrophilic and
erythroid lineages of the bone marrow. Injections of pentamine to mice under the
same protocol to block the ANS ganglia and to disturb the release of sympathetic
and parasympathetic neurotransmitters modulated hematopoiesis (previously
suppressed with an antimetabolite) in a way, which in many respects mimicked
the effects of adrenergic antagonists [4, 53, 182].

The dependence of recovery rate of bone-marrow hemopoiesis on activity
of the sympathoadrenal system was also demonstrated with cyclophosphane
[4, 53]. Really, combined administration of cyclophosphane with gangliolytic, a- or
B-adrenolytic agents induced more pronounced suppression of bone-marrow and
peripheral blood cellularity in CBA mice in comparison with individual use of
this cytostatic. However, the use of these agents on day 3 after injection of cyclo-
phosphane elevated the content of neutrophilic granulocytes and erythrocaryocytes
in the bone marrow. Prior to the period of regeneration of the bone-marrow
erythropoiesis, there was accelerated restoration of the count of neutrophilic leuko-
cytes in circulating blood accompanied with a decrease in the content of micronuclear
erythrocytes.
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Numerous studies dealt with the role of hormones of pituitary-adrenal axis in the
control of hematopoiesis. They established that hyperproduction of corticotropin could
be accompanied with erythrocytosis while down-regulation of hypophyseal activity
resulted in anemia [26, 274]. In addition, corticotropin inhibited lymphopoiesis
[210], up-regulated the medullar hemopoiesis mostly due to hyperproduction of
neutrophils, and promoted maturation of the cells of myeloid lineage [26, 307].

In physiological concentrations, the glucocorticoids inhibit migration of hemato-
poietic stem cells (HSC) [145, 150]. The effects of glucocorticoids on the blood cells
are dose-dependent. At low doses, they stimulate proliferation and differentiation of
erythronormoblasts [150, 225, 240, 341]. In contrast, the high doses of corticosteroids
inhibit erythropoiesis [225, 247, 254]. Depending on the dose, the corticosteroid
hormones can also activate or inhibit the expansion of CFU-GM [91, 252, 290, 332].

Of great importance in the control influences of glucocorticoids over the
performance of hemopoietic progenitors is interaction of these hormones with
T-lymphocytes [123]. The exogenous glucocorticoids provoke migration of T-cells
into the bone marrow [3, 223, 237] during the period relating to stimulation of
erythropoiesis. The action of glucocorticoids on proliferation and differentiation of
hemopoietic cells under basal conditions is mediated predominantly via their effects
on metabolism and vascular tone [187]. Extirpation of the adrenal glands produced
no effect on the number of hemopoietic islands and the content of precursors of
erythro- and granulocytopoiesis in the bone marrow; moreover, it did not significantly
shift of the blood system indices in mice [183]. During the balanced hematopoiesis,
the adrenal hormones can control secretion of hemopoietic growth factors by the
nonadherent cell elements of the bone marrow [183]. The role of glucocorticoids in
the control of hematopoietic activity is greatly enhanced under the effect of stressors
of diverse etiology [78, 90, 91, 228, 295, 314, 316]. Under these conditions, the
corticosteroid hormones exert their effect on hematopoiesis mostly via some
mediators such as T-cells [34, 35, 40].

Some studies focus on the role of hypophyseal-adrenal axis in proliferation and
differentiation of the hemopoietic cells during cytostatic myelosuppressions.
Thus, administration of acetate-cortisone in mice treated with lethal dose of carbo-
platin protected the progenitor cells of granulomonocytopoiesis in the bone marrow
[347]. This effect is accompanied by deceleration of expansion of CFU-S and
CFU-GM in hematopoietic tissue. This hormone greatly increases resistance of
the granulocyte-macrophage precursor cells against platinum and *H-thymidine.
Moreover, hydrocortisone ameliorates the damaging effect of cytosine arabinoside
to the blastoid cells during DNA synthesis performed in these cells [373].

In mice, the corticosteroids dexamethasone and prednisone efficiently protected
the hematopoietic precursors against the toxic effect of 5-fluorouracil used at the
dose of 200 mg/kg [295]. The greatest degree of protection of the cells against the
side effects of the antimetabolite was observed after 2-3 intraperitoneal injections
of dexamethasone (7.5 mg/kg) performed in the period between hour 7 prior to and
hour 3 after injection of 5-fluorouracil. The protective effect was manifested by an
increase in the number of proliferation colony forming units, which survived in the
bone marrow 3 days after administration of the cytostatic agent. The content of
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medullar progenitors and blood cells returned to initial levels pronouncedly quicker
in comparison with the animals treated with cytostatic alone.

In mice, dexamethasone used at about physiological concentration suppressed
the growth of the erythro- and granulocytopoiesis precursors of regenerating bone
marrow in vitro on day 5 after injection of 5-fluorouracil at 50 % MTD. It is of
importance that introduction of dexamethasone in myelocaryocyte culture during
the period of maximum depression (postinjection day 3) elevated content of granu-
locyte, macrophage, and fibroblastoid precursors [183]. The authors concluded that
the direct effect of dexamethasone in vitro is mostly determined by the functional
state of the cells.

Similar to dexamethasone, other hormones exert pronounced effects on the blood
system. Both thyrotropin and thyroxin (a hormone of thyroid gland) stimulate eryth-
ropoiesis, which explains enhanced erythrocytosis or anemia during thyrotoxicosis
or myxedema, correspondingly [26, 202, 221]. The erythroid lineage of
erythropoiesis is also activated by testosterone. The female sex hormones produce
the opposite effect [226, 244, 340].

Thus, the neuroendocrine system plays the key role in the control of medullar
hemopoiesis suppressed by cytostatic agents. In this performance, the sympathoad-
renal and hypophyseal-adrenal systems work as the peripheral pathways used by the
central neuroendocrine mechanisms to tune the blood system via the erythro- and
granulomonocytopoiesis progenitor cells.

The fundamental feature of hematopoiesis is a huge rate of cell production. This
peculiarity of hematopoiesis is coupled to the corresponding great death rate of the
blood cells after their life duty: in a healthy individual, 20 billion platelets, ten
billion erythrocytes, and five billion leukocytes die in an hour [15, 19, 112]. During
various pathologies, an extra need for the hemopoietic cells mobilizes the entire
blood system, which results in a massive consumption of the hemopoietic progeni-
tors needed to compensate the loss of the cells in the hierarchy downstream of
hematopoiesis [19, 90, 189]. Similar challenges met repeatedly in the life of any
evolutionary developed species could deplete the pool of hemopoietic progenitor
cells if they are enlisted in any response to such challenges by the ‘feedback mecha-
nism’. Thus, it can be logically expected the existence of specialized local mecha-
nisms, which adequately tune hematopoiesis at the level of committed and partially
unipotential progenitors and limit the response of pluripotent hematopoietic stem
cells (PHSC) to the long-distant neural and hormonal stimuli. These mechanisms
assume responsibility for balance between different hemopoietic lineages in rela-
tion to the organism requirements [37, 152]. The role of such local regulatory
system is played by the complex of cellular, extracellular, and the humoral factors
located in immediate proximity to the hemopoietic elements known as hemopoietic
(hemopoiesis-inducing) microenvironment.

The concept of hemopoiesis-inducing microenvironment (HIM) was advanced in
1976 by D. Trentin to explain the ability of some parts of hemopoietic tissue to induce
maturation of the early hemopoietic progenitors to certain direction [177]. For
instance, transplantation of hemopoietic cells to irradiated mice induces formation
of erythroid colonies in the splenic red pulp and the development of granulocyte
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colonies near splenic capsule, trabeculae, and emptied follicles. In contrast to the
spleen, the bone marrow is characterized with predominance of granulocyte colo-
nies [134, 177, 266]. According to the data obtained in recent years, this fact can be
explained by ‘homing’ of the hemopoietic precursor cells that had been preliminary
committed in some specific regions of hemopoietic tissue to develop in a certain
direction [152, 189, 266, 371]. The term HIM is commonly used to draw attention
to ability of individual elements of hematopoietic microenvironment to promote
predominant development of the cell that belong to certain hemopoietic lineages.

Diverse stromal and parenchymatous cells in hematopoietic organs with their
metabolites are involved in formation of HIM. The microenvironment struc-
ture can be subdivided into mobile components and the stromal elements, which
are fixed in the certain regions of the hemopoietic organs to form their ‘meshwork’.
The mobile cellular HIM components are mostly composed of some subpopulations
of T-lymphocytes and macrophages, while the stromal HIM elements consist of
macrophages, adipocytes, endothelial cells, the parts of microcirculatory bed, the
nerve fibers, and the fibroblasts producing the components of extracellular matrix
[37, 135, 181, 217, 266, 359].

The thymic lymphocytes are multifunctional mobile elements that easily form
the structural complexes with macrophages and the stromal mechanocytes. Due to
this property and ability to secrete a number of cytokines, the above lymphoid popu-
lation plays the key role in the development of HIM and in the control over the
processes of migration, proliferation, and differentiation of the hemopoietic cells
[44, 90, 350]. It is of importance that such control can be either positive or negative in
dependence on subpopulation of T-cells and their functional status. Under balanced
hematopoiesis, the lymphocytes produce a rather limited amount of signaling sub-
stances, which control hematopoiesis. However, when affected by the mitogens,
antigenic stimulation, or some stimuli of other modality, they gain the ability to
secrete the early-acting growth factors IL-3 and GM-CSF irrespective to their
polarization. IL-3 activates proliferation of the progenitor cells at different stage of
maturation ranging from PHSC that aroused from the resting (dormant) phase to the
committed precursors of all myelopoietic lineages, while GM-CSF stimulates
expansion of CFU-GEMM and their progeny [134, 152, 273, 336]. Moreover,
T-lymphocytes that differentiated into Th2-cells can secrete some lineage-restricted
factors such as IL-5, which controls the production of eosinophils [134, 320, 326,
327]. In addition, Th2-lymphocytes secrete interleukins (IL-4, IL-9, IL-13, IL-17)
which possess virtually no intrinsic hemotropic activity but affect the hematopoietic
cells synergistically with other hemopoietins [260, 111, 199, 231, 238, 298, 357].
Thus, the activated CD4+*-T-cells produce IL-17, which needs the release of G-CSF
and the presence of transmembrane form of SCF to exert its stimulating effect on
granulocytopoiesis [351].

The recent years changed radically the views on the role of T-cells in bone
marrow, which inhibit both immune response and hematopoietic activity. According
to modern conceptions, the suppressing activity of T-lymphocytes and some other
hematopoiesis-regulating elements is mostly determined by their functional state
instead of a certain ‘suppressive’ phenotype. This suppressing activity can be



6 1 Mechanisms of Hematopoiesis Control

mediated via the intermembrane contacts with the target cells or via release of some
soluble factors by T-lymphocytes. The latter can be presented by TNF- produced
by Th-lymphocytes and TGF-f synthesized by Th2-cells [199, 238, 327].

The most important components of HIM are the cells of mononuclear phagocyte
system (MPS) with medullary macrophages playing an especially pronounced role.
The population of these cells is characterized with great phenotypic and functional
heterogeneity based on transitory expression of the functional features during
maturation of monocytes [98, 152, 330, 348]. The bone marrow MPS cells control
hematopoiesis by releasing diverse cytokines, forming the intermembrane contacts
with the hemopoietic cells, and by producing the specific components of extracellular
matrix (EDa- and EDb-variants of fibronectin) which is a basic part of HIM.

During these processes, the direct cooperation with hematopoietic elements is
realized via formation of hemopoietic islets (HI), which are the structural and
functional units of the hemopoietic tissue where reproduction and maturation of the
hemopoietic cells from the committed to mature forms take place. In erythroid HI,
the centrally located macrophage is surrounded with one or several layers of the
erythronormoblasts at various stages differentiation stages which form a kind of
‘corona’. Within this structure, the concentration of biologically active substances
secreted by macrophage to control erythropoiesis is far greater than that in adjacent
tissue [78, 98, 209, 227]. The resident macrophages and monocytes can produce
cytokines that stimulate proliferation of the family of erythroid precursors where
the most important member is erythropoietin. The mature medullar mononuclear
phagocytes can also produce GM-CSF, which primes the early erythroid progeni-
tors and potentiates the specific effect of erythropoietin [78, 95, 134, 320]. In line
with lineage-restricted hemopoietins (G-CSF and M-CSF) which are also secreted by
macrophages, GM-CSF is involved in the control of granulo- and monocytopoiesis.
In addition, macrophages control the development of the cells in these lineages
while being situated in HI, although in this case, they play a minor role in compari-
son with the stromal mechanocytes. However, the latter are controlled by such most
important monokines as IL-1, IL-6, and TNF. Moreover, these secreted agents can
up-regulate their own release by macrophages [95, 186, 218]. IL-1 and IL-6 are also
important co-factors in stimulation of proliferation and differentiation of the early
hemopoietic progenitors by other cytokines (SCF, Flt 3-ligand, G-CSF, IL-11, and
IL-12), while IL-6 and G-CSF can trigger transition of HSC from resting G,
phase to the cell cycle [37, 134, 152, 320]. Production of cytokines is dramatically
augmented during activation of mononuclear phagocytes by bacterial LPS, the
products of erythrocyte destruction, and T-lymphocytes [37, 78, 134, 320, 377].

Some factors produced by the cells of monocytic/macrophage lineage (specifi-
cally, IL-1 and TNF-o) can not only stimulate, but also inhibit the hematopoietic
processes in dependence on the state of the target cells [277, 366]. For example, the
macrophage-originated prostaglandins E; and E, exert a direct inhibitory effect on
hemopoietic precursors. Similarly, such cell-produced agents as MPS, TGF-«, and
NO inhibit cell colony formation and induce apoptosis [78, 176, 276, 310]. This
phenomenon explains inhibition of erythropoiesis when the content of monocytic/
macrophage cells in bone marrow is rather high [98].
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An important functional feature of HIM cells is their mutual interaction in the
control of proliferation and differentiation of the hemopoietic cells. A striking
example of dependence of the functional state of MPS elements on qualitative com-
position of lymphocytes is given by secretion activity in macrophages induced with
differently polarized T-cells. At this, ‘classical’ activation of NO production in
macrophages is stimulated by Th1 cytokines IFN-y and IL-2. In contrast, inhibition
of NO production in macrophages (in this case, they are considered as alternatively
activated) is exerted by Th2 cytokines IL-4, IL-10, and IL-13 [361]. The functional
polarization of macrophages is viewed as an operation-rational process responsible
for their optimal functional state [315]. Thus, the balance between Thl and Th2
cells with their cytokines can underlie the positive or negative effect of the macro-
phages on hematopoiesis.

The key role in the development of stroma in all hematopoietic organs is given to
stromal mechanocytes exemplified by fibroblastoid and reticular cells. These hetero-
genic adherent cells are not capable for recirculation and phagocytosis under the
normal conditions but they display more or less expressed positive reactions to
lipids, acid and alkaline phosphatase, as well as and non-specific esterase [78, 181,
376]. Among the fibroblastoid progenitors, the stem cells with high proliferative
potential and progressively committed precursors are distinguished by degree of
maturation. The mesenchymal stem cells also known as pluripotent mesenchymal
stromal cells can differentiate not only into stromal meshwork but also into osseous
or chondral elements, tendon cells, adipocytes, and possibly into the cells of other
types [38, 322]. Pronounced polymorphism of stromal mechanocytes results not
only from the above reasons, but it also reflects their functional heterogeneity in
respect to hematopoietic cells and to other HIM elements [20, 39, 78, 189, 259]. The
studies of composition of the bone marrow fibroblasts in humans revealed that the
cells with long processes produce mechanical scaffold for the hemopoietic elements
and make the solid basement of sinuses. They are also the major workshop to pro-
duce the extracellular matrix, which forms the microenvironment in the inner spaces
of the bone marrow [151, 259]. Other type of the reticular cells with delicate pro-
cesses form the close contacts with the young hemopoietic cells, which some
authors consider as indication to functional interconnections [151]. Probably, these
cells are the major producers of granulocyte and mixed HI in medullar tissue [78,
227]. It should be stressed that the cell clusters containing a fibroblastoid-like retic-
ular cell and a macrophage typically incorporate the efferent nerve terminals [135,
286]. Based on this fact, Y. Kazuto and D. Terence advanced a novel anatomical
unit, the ‘neuroreticular complex’ [286].

Similar to other cells in HIM, the stromal elements produce under the basal con-
ditions a very limited and hard-to-detect amount of hematopoietically active sub-
stances [37, 39]. However, after stimulation with some cytokines (IL-1, IL-6, TNF)
or due to interaction with activated macrophages and T-lymphocytes, the fibroblasts
produce the early-acting growth factors and lineage-restricted hemopoietins. The
early-acting factors comprise the stem cell factor (Steel factor, SCF), IL-11, and
GM-CSF. SCF is one of two hemopoietic growth factors stimulating the specific
receptors in stem cells and possessing tyrosine kinase-like activity. This cytokine is
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synthesized in two forms: one is bound to the cell surface, while other form is
soluble. The bound SCF forms a protein locus on the surface of stromal cell, which
binds to c-kit receptors available on HSC surface. Due to this interaction, HSC can
glue to the stromal cells. The genetic defect of s1-locus of chromosome 10 coding
SCF in mice dramatically degrades the ability of bone marrow stroma in mutant
mice to glue HSC and potentiate their proliferation and differentiation in the pres-
ence of growth factors. SCF can induce division of PHSC dormant in G, phase. The
combination of SCF, IL-6 (also secreted by the stromal cells) and/or IL-3 is the most
potent stimulator for differentiation of these cells into the committed progenitors
leading to production of blood cells. The activating effect of SCF spreads over the
processes of proliferation and differentiation of the hemopoietic precursors of all
maturation degree ranging from PHSC to unipotent cells [98, 134, 284, 318]. When
added to cell culture with hemopoietic elements, IL-11 (a cytokine, produced by
bone marrow stromal cells) sustains the growth of a small number of granulocyte-
macrophage, multilineage, and blastoid colonies. However, when used in combina-
tion with IL-3 or SCF, IL-11 enhances colony formation. The synergistic effect of
this cytokine with the early-acting hemopoietins is similar to that of IL-6. Both
interleukins affect similarly GO phase of the cell cycle of the early hematopoietic
progenitors by shortening it and ‘prompting’ the stem cells to proliferation and
differentiation [134, 287, 328]. The characteristic effects of IL-11 injected in vivo
are stimulation of megacaryocytopoiesis, elevation of the count of the mature plate-
lets in peripheral blood, and adipopenia in the experimental animals [253]. Inhibition
of adipogenesis in line with stimulation of myelo- and lymphopoiesis are also
observed during action of IL-11 in the long-term bone marrow culture [287].

The fibroblast-derived and late-acting hematopoietic growth factors are exempli-
fied by G-SCF which controls the development of granulocytes from the committed
to mature forms, and M-CSF that stimulates expansion of monocytic and macro-
phagal colonies and functional activity of the mature cells in MPS [37, 70, 78, 134,
220]. The neutrophil-activating factor IL-8 and IL-7, which stimulates maturation
of the early hematopoietic progenitors in combination with IL-11 and Flt3-ligand,
can be considered as the stromal cell-produced cytokines involved in the control of
hematopoiesis [134, 345].

The adipocytes are also the key players in hematopoietic microenvironment.
In the bone marrow, they are given several roles: while some of them just passively
occupy the excess space in the medullar cavity, other cells are (1) active participants
in systemic lipid metabolism, (2) local energy reservoirs in the bone marrow, (3)
direct regulators of hematopoiesis, and (4) osteogenesis modulators [245, 378]. The
role of adipocytes in the control of hematopoiesis is clearly demonstrated in various
in vitro systems such as a long-term bone marrow culture known to be rapidly
depleted without these cells [337]. While taking a part in forming the scaffold for
the parenchymatous elements, these cells secrete some types of colony-stimulating
factors. When stimulated with LPS or phorbol-2-myristate-13-acetate, the adipo-
cytes can produce SCF and IL-6 [217, 337]. Moreover, some specific agents
secreted by adipocytes affect proliferation and differentiation of the hematopoietic
elements. For instance, hormone leptin stimulates bone marrow hematopoiesis
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(differentiation of granulocytes from the corresponding progenitors) and enhances
the count of CD34*-cells in the peripheral blood. It is believed that leptin is involved
in the development of leukocytosis related to obesity [289, 297]. At the same time,
adiponectin (another product of adipocytes) selectively inhibits B-lymphopoiesis
due to activation of cyclooxygenase and induction of synthesis of prostaglandins by
HIM cells, which in their turn down-regulate the early types of B-lymphocyte pro-
genitors but not the cell of other hemopoietic lineages [375]. However, a decrease in
the number of adipocytes in hematopoietic tissue is characteristic of some myelo-
proliferative diseases [317]. The population of bone marrow adipocytes is recipro-
cally related to some other HIM elements such as osteoblasts, which is explained by
their common origin from the mesenchymal stem cells. As a result, activation of
adipogenesis is usually accompanied with inhibition of formation of the osseous
tissue and vice versa, stimulation of osteogenesis inhibits formation of the adipose
tissue [246, 322].

Of great importance is the role of such indispensable elements of bone marrow
stroma as endotheliocytes. They serve the trophic and support functions, affect
migration of bone marrow cells and take a part in the development of HI (predomi-
nantly of granulocyte and mixed type) [90, 151, 217]. Eventually, an alternative
concept on the structural and functional organization of the bone marrow related to
the vascular system became widely spread. According to this view, the primary
structural role of the bone marrow is given to the hemopoietic cord with centrally
situated arteriole encompassed and interwound with sinuses [197, 329]. Here the
granulopoietic cells are distributed mostly along the wall of the central arteriole.
The erythropoietic cells, located mainly around the sinus wall, form a continuous
network of cords instead of separate islands. The megakaryocytes are positioned in
close vicinity to the sinus wall at the extralumenal surface of sinus endothelium [329].

The spectrum of cytokines secreted by endotheliocytes is rather wide. In addition
to the factors affecting non-differentiated hemopoietic progenitors (SCF, GM-CSF,
IL-6, IL-11, flk-2-ligand), the vascular elements secrete the lineage-specific
G-CSF, M-CSF, and thrombopoietin as well as VEGF-A [134, 197, 217, 337, 344].
The latter is also produced by immature hemopoietic progenitors being one of the
most important regulators not only in vasculogenesis but also in hematopoiesis
playing the certain role in providing HSC survivability. Moreover, endotheliocytes
can produce the inhibitors of certain hemopoietic regulators such as macrophage
inflammatory protein-2, TGF-f, and thymosin p-4 [197, 304]. Type IV and V collagen
as well as laminins involved in formation of extracellular matrix are also the pro-
ducts of endotheliocytes [39, 98, 371].

Involvement of endothelial elements into the processes of migration of both
mature and low-differentiated hemopoietic cells is effected via regulation of entry
of the nucleated cells into circulation followed by their homing in the specific
regions of hemopoietic tissue. Only a small part of hemopoietic progenitors leave
the bone marrow spontaneously. This process engages the adhesive molecules
of B-integrins and the corresponding ligands of the endotheliocytes [197, 324].
A rather low level of spontaneous migration implies that in addition to the adhesive
molecules mediating the direct cell-cell contacts, the paracrine mechanisms play
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important role in migration of the cells into peripheral blood. Specifically, the studies
revealed a great importance of VEGF-A, SDF-1 (a chemokine produced by stromal
cells), G-CSF and other cytokines in involvement of endothelial cells in mobiliza-
tion and homing of the hemopoietic progenitor cells [158, 197, 344].

The postnatal hematopoiesis takes place almost exclusively in bone marrow at
the surface of endosteum or near it. This fact in company with the data on close
contacts of the hemopoietic cells with osteoblasts reasoned to consider the latter to
be active HIM components [151, 283, 379]. Many of the above cytokines and
adhesion factors known to be important for normal hemopoiesis are produced by
the osteoblasts. In addition, the bone marrow cells produce other proteins such as
angiopoietin-1 and osteopontin, which not only can stimulate but also inhibit proli-
feration and differentiation of HSC. Some HSC (at least mostly immovable cells
with low intensity of apoptosis and bound to osteoblasts) express tyrosine kinase
receptor Tie2. In vitro interaction of Tie2 with its ligand angiopoietin-1 induces
formation of the ‘cobble-stone’- like areas, while in vivo it maintains the long-term
repopulation activity of HSC. In addition, angiopoietin-1 restricts motility of HSC
and induces their adhesion to the bone to protect the compartment with HSC from
myelosuppressive stress [203, 204]. Osteopontin (according to D. N. Haylock, it is
‘a bridge between osseous and hematopoietic tissues’) is an acid glycoprotein,
which similarly to angiopoietin relates to hematopoiesis as a factor that limits
proliferation of the early hemopoietic progenitors. Thus, recent data attest to the
key role of the osteoblasts and their products in maintaining the long-term repopula-
tion activity of HSC, providing their immobile anchorage, protecting HSC against
myelosuppressive stress, and limiting proliferation of the early hemopoietic pro-
genitors [204, 269, 270]. At the same time, the cells of osseous tissue are controlled
by some hemopoietic elements. For instance, megakaryocytes in vitro can stimulate
proliferation and differentiation of osteoblasts, as well as inhibit the formation of
osteoclasts [283]. Similar to endotheliocytes, the osteoblasts play an important role
in homing the normal hemopoietic progenitors and the leukemic cells, which in the
latter case leads to formation of so-called leukemic niche [331].

The principle role in the control of functional activity of the hemopoietic cells is
played by adhesive properties of microenvironment elements. The intermembrane
binding (gluing) promote (1) transmission of the regulatory information and signa-
ling molecules, (2) migration of the progenitor cells followed by their homing in
the specific regions of hemopoietic tissue, and (3) exposure of the hematopoietic
growth factors in biologically available forms [135, 266, 371]. The leading role in
association of the hemopoietic and stromal cells is played by membrane-bound
class of regulators comprising the family of surface adhesion molecules (integrins
and selectins) as well as type II histocompatibility antigens [290, 302, 371]. Some
data indicate alterations in association bonds between the hematopoietic cells and
the microenvironment elements during various hematological diseases [256, 317],
which probably play a significant role in their pathogenesis.

As we mentioned before, HIM elements exert their effects on hematopoiesis not
only by producing the hemopoietic activities. The stromal cells and specialized
macrophages produce collagen, the reticulin fibers, fibronectin, laminin, tenascin,
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hemonectin, and some other components of the filamentous network of extracellular
matrix, as well as proteoglycans and glycosaminoglycans (GAGs), which are the
cornerstone components of the connective tissue [78, 98, 157, 259].

The extracellular substance of hematopoietic tissue includes collagen of five
types: the type I, II, and III collagens are secreted by fibroblasts, while type IV
collagen (a protein of basal membrane) and type V collagen are produced by endo-
theliocytes. Collagen plays the key role among the proteins in extracellular matrix
by providing its mechanical stability. Activation of collagen synthesis in the bone
marrow up-regulates production of the hemopoietic progenitors, while its inhibition
suppresses this production [98, 213].

Fibronectin is a heterodimeric glycoprotein with disulfide bonds at the carboxyl
terminus. This molecule has several functional sites mediating adhesion of the host
cell to collagen and laminin. It is believed that fibronectin serves the anchorage
function towards the hemopoietic precursors committed to the development in
erythroid direction [95, 367].

Laminin is a glycoprotein composed of three intersecting protein chains, which
form a tertiary structure stabilized with disulfide bonds. This major adhesive protein
is secreted by endotheliocytes to become a part of basal membrane [261, 335].

Hemonectin is a protein found only in the bone marrow. It is hypothesized that
this protein predominantly binds to the immature granulocytes regulating their
release from the bone marrow as they maturate [219].

In addition to fibrous structures, the extracellular matrix comprises so-called
‘ground substance’ with glycosaminoglycans (GAG), the linear polymers composed
of disaccharide repeat units that form proteoglycans by binding to a protein. GAG
molecule necessarily incorporates either glycosamine or galactosamine residues.
The second monomer is represented by D-glucuronic or L-iduronic acids. According
to the content of hexosamines (either greater or smaller than 4 %), GAGs are con-
ventionally subdivided into acid and neutral ones [8, 157].

The major GAGs in the connective tissue are hyaluronic acid (40 % of all GAG
in bone marrow), chondroitin-4-sulfate, chondroitin-6-sulfate, heparan sulfate,
heparin, dermatan sulfate, and keratan sulfate [8, 358]. The presence of GAGs as
indispensable elements in the cell surface or granular structures, their pronounced
polyanionic properties, and the peculiarities of their conformation promoting inter-
action with the proteins to modify the biological activity of the affected proteins,
attest to the fact that GAGs are involved into direct cell-cell interactions. GAGs
activate mitoses of the early erythroid and granulocyte progenitor cells; moreover,
they down-regulate differentiation of granulocyte progenitors [95, 135]. According
to some authors, effect of GAG is mediated by increasing membrane permeability
of hemopoietic cells to calcium followed by activation of the cyclic nucleotide
system resulting in elevation of cAMP concentration. Thus, GAGs up-regulate
production of the second messengers, which mediate a rapid spread of the signal
from the receptors in hemopoietic cells to their genome under the control of the cor-
responding cytokines [98, 355].

According to modern views, a GAG complex with the above extracellular pro-
teins is considered as a structure that sustains a certain level of the hemopoietic
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growth factors and modulates their functions. The extracellularly polymerized
proteins, polysaccharides, and proteoglycans bind the cytokines and present them in
an accessible form to the receptors localized on the surface of the hemopoietic pro-
genitors [135, 217, 359]. The complexes formed by cytokines and extracellular
matrix components are characterized with greater affinity to the specific receptors
than cytokines per se. In their turn, receptors of the corresponding growth factors
stimulate dissociation of GAG-cytokine complexes. Various components of extra-
cellular matrix also incorporate the adhesive molecules, whose expression rate is
controlled by hemopoietic growth factors IL-3, GM-CSF, and SCF [302, 359, 371].
It is of importance that the surface of most cells in the bone marrow incorporates the
receptors for proteins of the extracellular matrix. These receptors known as integ-
rins are taxonomized as a special receptor group, which includes in particular, the
proteins mediating cell binding to certain components of the extracellular substance.
For instance, integrin VLA-5 of hemopoietic cells is the receptor for fibronectin.
Interaction of integrins with their ligands affects (1) production of second messengers
in the hemopoietic cells, (2) the cytoskeleton parameters, (3) the number of receptors
on the plasmatic membrane, (4) cytokine secretion, (5) function of ribosomes, and
(6) transcription of genes in these cells [95, 372]. Taking into consideration that
many cytokines control synthesis of the components of extracellular substance and
can remodel it, the mutual relations between humoral factors and extracellular
matrix of HIM becomes evident [359, 371]. Thus, the ground substance in the con-
nective tissue is a very active medium, which can be therefore considered as the
most important regulator of hematopoiesis.

The local and long-distant control systems of hematopoiesis are characterized
with redundancy of the regulator influences yielding very precise tuning of overall
hemopoietic process (Fig. 1.1). Specific organization of HIM helps its structures to
efficiently modulate the instructive signals of macroorganism directed to the hema-
topoietic tissue. In this performance, HIM can completely protect some hemopoi-
etic elements from the influence of these signals while modulating and channel
them to other hemopoietic structures. HIM plays this role by engaging the direct
cell-cell contacts with hematopoietic elements and by secreting the hemopoietic
growth factors.
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Chapter 2

Alterations in Blood System Induced
By Extreme Conditions Provoking
No Myelosuppression

Numerous data accumulated about various features of the performance of blood
system in norm and pathology leave unresolved many a problem on the regularities
in the mechanisms integrating the hematopoietic tissue into a sophisticated dynamic
system, which adequately responds to the changing conditions in the internal and
external environment. The overall solution to these problems cannot be reached
without systemic approach [51, 181, 362].

In our studies carried out for many years, we employed diverse experimental
models of the pathological processes (immobilization stress, acute and chronic
blood loss, infectious inflammation, cytostatic and radial myelosuppressions,
encephalopathies of different genesis, experimental neuroses, and spontaneous
leucosis). These studies assessed the cell performance in basic subdivisions of the
hematopoietic tissue and activity of the local and long-distant interacting regulator
systems. Despite the fact that the alterations in the blood system and the underlying
mechanisms triggered by pathogenic factors of different nature are mostly non-
specific and typical, the particular reaction of the blood system is determined by the
nature of the stimulus.

Numerous studies showed that the formation of general adaptation syndrome
developed under the action of extreme (stressful) stimulants of diverse nature
involves all the known homeostatic systems, the system of blood included. The
early changes in hematopoiesis (the first stage of the stress reaction) appear during
12 h after the onset of stimulation and include (1) decrease in cellularity of the
spleen and thymus due to enhanced migration and inhibition of lymphocytic pro-
liferation [99, 100]; (2) the development of neutrophilic leukocytosis in the periph-
eral blood (resulting from mobilization of bone marrow reserve granulocytes and
the marginated leukocyte pool); (3) eosinopenia; and (4) lymphopenia. The latter is
related to migration of lymphoid cells from the peripheral cells to the bone marrow,
lymph nodes, and various tissues [60, 61]. This migration results in the ‘lymphoid
peak’ in the bone marrow caused by increasing content of T- and B-lymphocytes
[59, 60]. The development of lymphocytosis in the bone marrow is accompanied by
enhancement of its immune competence [100], activation of granulocytopoiesis
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manifested by an increase in the number of immature forms of myeloid series [60]
and CFU-S [100]. The second stage is characterized by the development of hyper-
plasia of myeloid tissue and the growth of individual hematopoietic lineages. At this
period, the productive enhancement of splenic cellularity is observed together with
continuing migration of the lymphocytes from the thymus. Only the long-term
action of a stressor (14—16 days) leads to exhaustion of compensatory potencies of
the hemopoietic tissue and inhibition of all hemopoietic lineages [60]. However,
involvement of the HIM-forming elements in these reactions was little studied.
Logically, in a series of experimental studies carried out in Department of
Pathological Physiology and Experimental Therapy, we employed the model of
immobilization stress to examine the role of neuroendocrine and cellular hemo-
poietic control mechanisms in the formation of the adaptive processes in the hemo-
poietic tissue.

We showed that during stress, ANS exerted direct (receptive) and indirect (medi-
ated via HIM-factors) stimulating effect on the hemopoietic precursors (CFU-E,
CFU-GM) resulting in hyperplasia of erythroid and granulocyte medullar lineages
accompanied with an increase in cellularity of the peripheral blood [53]. The hemo-
poietic tissue of mice subjected to 6-10-h immobilization displayed activation of
the stem and committed stromal cells responsible for HIM transfer observed during
post-immobilization days 3-5 [41, 76] accompanied by an increase in the number
of macrophage-positive and macrophage-negative HI (days 4-7) [28, 54, 190]. On
days 5-6, the colony- and cluster-forming potency of the bone marrow enhanced
[192, 55], while the number of myelocaryocytes increased (on days 6—7) mostly due
to elevation in the content of cellular elements of erythroid and granulocyte hemo-
poietic lineages [77, 55, 81]. In the peripheral blood, reticulocytosis, erythrocytosis,
neutrophilosis, and monocytosis developed on days 6-8 [32, 55, 90].

Thymectomy performed 1 month prior to immobilization prevented the
described alterations in the medullar hematopoiesis in the stressed mice. There was
neither bone marrow hyperplasia nor increase in the score of CFU-GM or CFU-E
in the thymectomized mice [77, 192, 41]. Elimination of hemopoietic activation in
mice that had been thymectomized 1 month prior to immobilization indicates that
the regulator T-cells belong to the short-lived population of T-lymphocytes. Namely
these cells are the first to be eliminated in an animal subjected to thymectomy [145].
However, the mere deficiency of T-lymphocytes not accompanied with additional
damaging stimulation produced no significant effect on the state of medullar hemo-
poiesis [44, 192]. Probably, under the optimal conditions of life, the lymphocytes
play a minor role in sustaining hemopoiesis.

After transplantation of 4x 107 viable thymocytes to thymectomized stressed
mice, the count of CFU-GM and CFU-E, the total number of myelocaryocytes as
well as the number of morphologically differentiated erythroid or granulocyte
elements virtually did not differ from the corresponding values of the sham-
thymectomized mice. However, hyperplasia of medullar hemopoiesis did not
develop in the mice grafted with thymus in a diffusion chamber. Similarly, stimula-
tion of hematopoiesis was not observed during blockade of T-lymphocytic system
with antithymocyte serum. Under the conditions of immobilization stress, T-cells
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project their regulating influences not only to committed hemopoietic precursor
cells, but also to more adult and morphologically differentiated hematopoietic ele-
ments [81]. The experimental data attesting to abrogation of hematopoietic stimula-
tion against the background intraperitoneal injection of specific antilymphocyte
antibodies suggest that proliferation of the progenitor cells is initiated by the imma-
ture lymphocytes [27]. In the following, the consecutive changes of T-lymphocyte
population accompany the development of hyperplasia of the medullar hemopoie-
sis: immature cells are dominant on day 4 after the onset of immobilization stress to
be replaced by helper (day 6) and suppressor (day 8) T-cells.

Prior to rising total cellularity in the bone marrow of stressed mice, the total
number of HI in their hematopoietic tissue significantly increased [55, 90, 190]. In
the stressed animals injected with algal polysaccharide carrageenan, which selec-
tively inhibits MPS but not the lymphocytes, blockade of macrophages completely
abrogated enhancement in production of not only HI, but also the progenitor cells as
well as the development of bone marrow hyperplasia observed in control animals on
days 5-6 after immobilization. Similar disturbances developed in the hematopoietic
tissue during adaptation syndrome in thymectomized mice with blocked MPS attest
to the fact that the mechanisms employed by these systems to exert their regulator
influences on hematopoiesis are closely related and interconnected. This is also cor-
roborated by inhibition of stimulation of HI production in the bone marrow of the
stressed mice after injection of the antithymocyte serum. In immobilized thymecto-
mized mice with MPS blocked by carrageenan, the transplanted thymocytes lost the
ability to stimulate production of HI, committed progenitors, and the morphologi-
cally differentiated hemopoietic cells. When the role of stromal microenvironment
in the control of medullar hemopoiesis in the stressed animals was examined with
the method of heterotopic transplantation [41, 76], it turned out that beginning on
day 3 after immobilization, the bone marrow activated the stromal cells responsible
for HIM transfer. This process enlisted not only the committed stromal elements
forming the ‘primary’ heterotopic hemopoietic focus, but also the stem stromal ele-
ments constructing the ‘secondary’ hemopoietic focus. Thymectomy completely
prevented the above alterations in the stressed animals.

The following studies of dynamics of cytokine production by the bone marrow in
stressed mice revealed a dramatic enhancement of spontaneous production of IL-1
activity as early as on day 1 after onset of immobilization, thereupon this activity
moderated but increased again on day 4 [33, 57]. In the next days, the potency of
examined supernatants to stimulate proliferation of thymocytes decreased. Under
stimulation of the adhering elements of the bone marrow with LPS, the maximal IL-1
activity was observed on experiment day 4, and this activity remained significantly
enhanced on days 5-6. Up-regulation of production of IL-3 activity by non-adherent
medullar nucleated cells was observed starting from day 1, and it attained maximum
level on days 4-5 after stimulation. In the experiments where the non-adherent
medullar nucleated cells were stimulated with concanavalin A, up-regulation of pro-
duction of IL-3 activity was observed on days 1-2 after immobilization.

The study of colony-stimulating activity (CSA) of supernatants from murine bone
marrow cells showed that the maximum values of CSA in the conditioned media
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harvested from adherent and non-adherent medullar nucleated cells were attained
on days 4, 6 and days 2, 5, correspondingly. In experiments with LPS-stimulated
adherent medullar cells, the maximum values of CSA were observed on days 3, 4,
and 6, which surpassed the initial level by 6.7, 4.7, and 3.3 times, respectively.
It should be noted that addition of concanavalin A produced virtually no effect on
production of CAS by the medullar non-adherent nucleated cells. At the same time,
pronounced elevation of macrophage-stimulating activity was revealed in the
examined supernatants on day 3 after immobilization under incubation of the non-
adherent medullar cells with concanavalin A.

Stressful conditions enhanced the production of erythropoietic activity (EPA) in
the bone marrow mostly on account of the adherent cells. When the culture was
supplemented with the mitogens, the ability to up-regulate the production of ery-
throid colonies increased in the supernatants harvested both from the adherent and
non-adherent medullar nucleated cells. The study of dynamics of TNF-activity
showed that the maximum of its spontaneous production was attained on experi-
ment day 3, and production was enhanced until day 5 after stimulation. In superna-
tants harvested from LPS-stimulated adherent medullar cell elements, the maximum
elevation of TNF-activity was observed on experiment day 5.

Analysis of the changes in dynamics of medullar synthesis of the regulator
molecules in mice subjected to immobilization stress revealed two characteristic
stages. The first stage was observed on days 1-2 after the onset of stressful stimulation,
and it included induction of the cells capable to produce IL-1 and IL-3 activities,
which probably culminated in stimulation of HSC proliferation. Specifically, IL-1 is
known to enhance sensitivity of the stem cells to IL-3 and to affect HSC pool,
prompting it to enter into the cell cycle [140]. However, just as the stem cells termi-
nate G, phase of the cell cycle, their further proliferation needs the presence of 1L.-3
[301]. It is hypothesized that IL-1 activates T-lymphocytes that accumulate in the
bone marrow during the first hours of the development of stress reaction [60].
During this period, the migrating T-cells produce IL-3 required to support HSC
proliferation. At any case, the primary elevation of IL-3 activity in the bone marrow
is paralleled with rising CFU-S content [60]. Probably, during the early terms of the
development of stress reaction, IL-1 stimulates CSA production by the medullar
nucleated cells.

An important role in the development of the stress-induced alterations is given to
the neuroendocrine apparatus — specifically, to the hypothalamic-pituitary-adrenal
axis [113]. Modeling the hypocorticoid state with bilateral adrenalectomy prevented
the stress-induced accumulation of T-lymphocytes in hemopoietic tissue. Moreover,
these models displayed no signs of the development of hyperplasia among the
committed and morphologically differentiated myeloid elements [191].

The second stage in production of humoral biologically active factors is charac-
terized with migration of hemopoietic regulator T-lymphocytes into the bone marrow
of the stressed mice on experiment days 3—5, where they stimulate proliferation and
differentiation of the progenitor cells of erythro- and granulomonocytopoiesis and
their more differentiated descendants [81]. Proliferation of the progenitor cells is
initiated by immature T-lymphocytes that exert their control effects in cooperation
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with macrophages and stromal elements of the bone marrow [55]. Probably, this
population of lymphocytes takes a part in up-regulating synthesis of IL-3 and
macrophage-activating factor on day 3 after the onset of stressful stimulation. The
activated macrophages start to produce IL-1 and TNF, which in their turn, stimulate
the medullar nucleated cells to synthesize the colony-stimulating activities leading
to stimulation of proliferation and differentiation of the committed hemopoietic
progenitor cells (Fig. 2.1).

To clarify the role of thymus in the control of cytokine production by the bone
marrow cells in stressed mice, we carried out the experiments on thymectomized
and sham-operated animals. The resulting data agree with those on migration of
immature T-lymphocytes into the bone marrow starting from post-immobilization
day 3 [67]. Probably, namely these elements are the major players in up-regulating
IL-3 synthesis by the medullar cells in the stressed mice. However, even the
thymectomized animals demonstrated enhancement of IL-3-like activity, although
it was not so pronounced as in sham-operated mice. Seemingly, production of IL-3-
like activity in the bone marrow can be mediated not only by T-lymphocytes, but also
by other cells — specifically, by the progenitors of thymic lymphocytes [130]. The
concerned experiments showed that elevation of CSA produced by non-adherent
fraction of the medullar nucleated cells is also a thymus-depending process.

Of principal importance is influence of thymectomy on functional activity of the
adherent cells in the bone marrow. Inadequate reaction of the adhering elements to
stress-stimulated thymectomized animals is evident. Such animals demonstrated no
pronounced increase in IL-1 activity on post-immobilization day 1. On the contrary,
they enhanced CSA production. Probably, the control over IL-1 and TNF pro-
duction is mediated via different mechanisms. While in the thymectomized mice
up-regulation of IL-1 synthesis was not observed only on post-immobilization day
1, although the potency of the medullar adherent cells to produce IL-1 did not
significantly differ from that in the sham-operated mice on post-immobilization
days 3-8, the production of TNF-activity in the thymectomized mice did not
increase after stressful stimulation. After supplementing the culture medium with
stimulator (LPS), elevation of TNF-activity was not so much pronounced as in the
sham-operated animals. Probably, thymectomy changes the initial level of func-
tional activity of regulator cells in the bone marrow, which is indirectly attested by
an enhanced level of CSA in the supernatants harvested from the adherent and
non-adherent myelocaryocytes of unstressed thymectomized mice.

Thus, both early and the subsequent stress-induced alterations in HIM functional
activity are controlled by the thymus. However, some populations of the adherent
elements of HIM work independently on the thymus and probably namely these
cells are involved in compensation of the changes observed in the hematopoietic
system after thymectomy.

Numerous studies focused on the effects of acute stressful stimulation on an
organism. However, far smaller number of works examined the effects of chronic or
recurrent stressful stimulation. The bone marrow of mice subjected to multiple
repeated 15-h immobilizations demonstrated dramatic suppression of erythro- and
lymphopoiesis accompanied by the corresponding changes in the peripheral blood.
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The early terms of such experiments were characterized with a drastic increase in
the count of erythroid precursors by at least ten times relatively to the intact control.
Increase in the medullar score of CFU-E was accompanied with up-regulation of
EPA production by the non-adherent and adherent myelocaryocytes. There was a
persistent increase in the level of EPA in the blood serum of the stressed animals,
which could be related to the extramedullary production of erythropoietin [346]. A
decrease in the score of erythrocaryocytes accompanied with insignificant rise in
the number of erythroid islets and elevated production of erythroid precursors can
be related to abnormalities in the processes of differentiation of the erythroid cells,
since according to modern views, HI is the region where the hemopoietic cells mat-
urate from the precursor stage to the mature forms [98, 227].

Enhancement of granulocyte-macrophage colony formation during multiple
immobilization stimulation was also observed starting from experiment day 1
against the background decrease in the number of granulocyte HI in the bone mar-
row relatively to initial level. The multiple stressful stimulation elevated CSA score
both in the conditioned media harvested from myelocaryocyte cultures and in the
blood serum of the experimental animals.

Multiple 15-h immobilization resulted in pronounced involution of the thymus not
accompanied by marked accumulation of Thy-1,2*-cells in the bone marrow at the
early terms of experiments, although immobilization stress dramatically increased the
count of T-lymphocytes [90]. Thus, disturbance of T-cell migration into the bone
marrow and their interaction with the resident macrophages and the stromal mechano-
cytes can explain the absence of hyperplasia of medullar hemopoiesis during multiple
stressful stimulation. However, Thy-1,2*-cells significantly accumulated in the bone
marrow at later terms of experiment. Probably, this cell population is responsible for
up-regulation of IL-3 synthesis in the supernatants harvested from the non-adherent
bone marrow cells of the stressed mice. Enhancement of IL-1 production in the
conditioned media of the adherent myelocaryocytes was observed starting from
experiment day 1, and it was sustained to the end of the observation period, which is
viewed as manifestation of some unspecific response of an organism to any damaging
stimulation [334]. In its turn, elevated IL-1 stimulates the bone marrow cells to pro-
duce both EPA and CSA at the early stages of the stress experiments.

Thus, this lack of hyperplasia of medullar hemopoiesis observed despite
enhanced production of the hematopoietic precursors and up-regulation of synthesis
of the short-range hemopoietic regulators, as well as insignificant elevation in the
number of HI attest to severe dysregulation of proliferation and differentiation of
the hemopoietic cells under such powerful stimulation of an organism as the daily
15-h immobilization.

During acute inflammation (the peritonitis model), the abnormalities in the
control over production of the white blood cells are predominant [79], which is
explained by the key role of neutrophils, the must cells, and monocytes in the
development and culmination of the inflammatory process [45, 78, 114, 251, 380].

Inflammation is accompanied by pronounced activation of bone marrow granu-
lomonocytopoiesis. During inflammation, the changes in cellularity of the above
hemopoietic lineages are phasic in character. The score of immature forms of
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medullar neutrophilic granulocytes grows and attains maximum on experiment days
3 and 6, the corresponding days for monocytes being 2 and 6 [78].

These changes in the bone marrow granulomonocytopoiesis are mostly paralleled
by the dynamics of mature cells content in the peripheral blood. Really, the develop-
ment of neutrophilic leukocytosis is characterized with maxima on experiment days
1 and 6. Enhancement of the blood monocytic score was also bi-phasic. Probably,
the development of neutrophilic leukocytosis observed at the early period in the
development of acute inflammation (experiment day 1) is underlain by re-distributive
mechanisms as indicated by dramatic decrease in the score of mature forms of
medullar neutrophilic granulocytes at this period (probably, due to their accelerated
release into the peripheral blood). At later stages of the inflammatory process, the
development of neutrophilosis and monocytosis is explained by up-regulation of the
production of the corresponding forms of the cell elements, which is attested not
only by spectacular increase of the count of immature granulocytes and monocytes
in the bone marrow tissue, but also by pronounced elevation of the number of mature
(rod and segmented nucleus) forms of the polymorphonuclear leukocytes whose
score attained maximum to experiment day 6.

The development of bone marrow hyperplasia during inflammation is related to
stimulation of proliferation and differentiation of the committed precursors of
granulo- and monocytopoiesis whose medullar score varies in oscillating manner.
Analysis of morphologic preparations of the mature colonies concluded that these
events are accompanied with stimulation of release of three types of colony-forming
units from the bone marrow: CFU-GM (granulocyte macrophage), CFU-G (granu-
locyte), and CFU-MM (monocyte macrophage). We are tempted to relate this phe-
nomenon with biphasic increase of HI score in the hematopoietic tissue
(predominantly, of granulocyte and mixed types). Really, the latter fact attests to
HIM functional activation. During inflammation, the cell elements in hemopoietic
microenvironment start to produce the short-range humoral factors, which stimulate
the processes of proliferation and differentiation of the hemopoietic cells. As early
as day 1 after introduction of inflammatory agent, production of IL-1 by the adherent
nucleated cells was pronouncedly up-regulated. On experiment days 1, 2, and 8, the
potency of macrophage-activating factor significantly increased in the conditioned
media harvested from the non-adherent myelocaryocytes. Similarly, soon after the
onset of observation period, elevation of CSA was established in the supernatants
harvested from the adherent, non-adherent and medullar elements as well as in the
blood serum, which indicates an important role of the colony-stimulating factors
(probably including those produced by the leukocytes in the inflammatory focus) in
the control of bone marrow granulomonocytopoiesis and in shaping the systemic
response of the hematopoietic tissue during inflammation. However, both acute
inflammation and other stress reactions are also accompanied with activation of
erythropoiesis prompted by up-regulation of HIM functional activity (manifested
by an increase in production of the short-range humoral stimulators of proliferation
and differentiation of the erythroid progenitors) and activation of the erythropoietin
system in the blood serum [46, 79, 115]. It should be also noted that the key roles in
enhancement of blood EPA during inflammation are given to the substances released
by the activated leukocytes in the inflammatory focus [125, 381]. When considering
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the mechanisms of hemopoietic activation during inflammation, one should bear in
mind that under these conditions as well as under the action of other stimulants, the
bone marrow is invaded by migrating T-lymphocytes that stimulate the processes of
proliferation and differentiation of the myeloid precursors CFU-GM and CFU-E
either individually (via the release of their own lymphokines) or in cooperation
with other HIM elements (specifically, with monocyte-macrophages) (Fig. 2.2).
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It is corroborated by the fact that removal of Thy-1,2*-cells from the bone marrow
is accompanied by significant down-regulation of CFU-GM and CFU-E production,
abrogation of up-regulation of CSA production by the adherent myelocaryocytes,
and inhibition of CSA and EPA production by the non-adherent HIM elements.

In contrast, acute blood loss activates erythropoiesis, which becomes predomi-
nant among other changes of the medullar hemopoiesis. In rats, the blood loss of 1%
body weight elevated the total count of myelocaryocytes predominantly due to an
increase in the total number of erythroid cells. The early terms of examination are
characterized with stimulation of formation of the erythroid colonies that cannot be
revealed during cloning the bone marrow of intact animals (without addition of
erythropoietin into the culture medium). Moreover, the blood loss increases the
score of erythroblastic islets in the bone marrow similar to what takes place during
immobilization stress, but in the case of blood loss, this effect is more pronounced
and long-lasting attesting to HIM activation (Fig. 2.3).

The development of hyperplasia of erythroid hemopoietic lineage in rats sub-
jected to the blood loss is accompanied with corresponding increase in the counts of
reticulocytes and erythrocytes in the peripheral blood. The study of erythropoietic
properties of the blood serum drawn from experimental animals concluded that the
degree of productive performance of erythron after blood loss and other perturbing
stimuli is proportional to content of erythropoietin in the peripheral blood. These
facts indicate existence of identical humoral mechanisms, which control proliferation
and differentiation of the erythroid progenitor cells. How, during the blood loss the
above changes in the level of erythropoietic activity of the blood are related pre-
dominantly to the developing circulatory and hemic hypoxia [42, 78, 249, 382].
It should be stressed that under the given experimental conditions, activation of
erythropoiesis is accompanied by rather moderately expressed signs of the changes
in the control over other myeloid lineages (elevation of serum CSA as well as up-
regulation of proliferation and differentiation of the medullar granulocyte-macrophage
progenitors), which stimulate the processes of granulomonocytopoiesis.

Thus, despite the fact that alterations in the blood system provoked by naturally
diverse pathogenic factors and the mechanisms underlying these changes are virtu-
ally of the same type, the specific reaction of the blood system is determined by the
nature of the acting stimulus.
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Chapter 3
Disturbances in Hemopoietic Control During
Neurotic Disorders

At present, the experimental models of neurotic disorders have been developed,
which are sufficiently good to reproduce clinical presentation of some neurosis
forms, thereby opening the way to examine the pharmacological effects of antineu-
rotic drugs. One of the popular models of a neurotic stimulation is the conflict
situation based on ‘collision’ of the defensive and food-procuring reflexes, which
in many respects is comparable to situation of uncertainty and to the state of insur-
mountable or difficult obstacle in humans [116, 161]. Another example of such mod-
els is deprivation of the paradoxical sleep, which exerts specific (first of all, in
relation to memory and cognitive functions) asthenizing effect on CNS, because the
paradoxical phase of sleep plays the key role in information processing [11, 66, 117,
282]. The sleep requirements result from necessity to block the sensory input in
order to process and integrate the daily portion of information obtained by the brain.
This model simulates many features of CNS asthenization provoked in patients by
diverse pathologies including the neurotic disorders resulting from sleep depriva-
tion. Moreover, deprivation of the paradoxical sleep shapes the peculiar state of
CNS, which inhibits the active search behavior in wakeful animals. Under sleep
deprivation model, the animal cannot compensate this behavioral abnormality by
normal paradoxical sleep. The long-term deficiency in search activity culminates in
the death of animals [117].

Our study of the reactions of blood system and the mechanisms of their develop-
ment during experimental neuroses showed that the conflict situation and deprivation
of paradoxical sleep provoke pronounced and unequal shifts in the indices describing
the bone marrow and peripheral blood [47, 86, 87, 144, 160-162].

One of the basic features of hematopoiesis during neurotic influences is its phasic
character. It is noteworthy that at the early terms of observation (days 1-3 after the
onset of stimulation), the changes in the blood system are unspecific and relate to
triggering the redistributive mechanisms [86, 87, 161]. The observed integral
response comprising activation of granulocytopoiesis, inhibition of the lymphoid
lineage, neutrophilic leukocytosis, and reticulocytosis in the peripheral blood is in
many respects comparable to the development of ‘emergency defense’ at the early
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period of the stress reaction [59, 60, 78]. The second observation period (days 4—7
after neurotic stimulation) was characterized with the specific changes in some
lineages. In particular, the conflict situation induced hyperplasia of bone marrow
hemopoiesis and neutrophilic leukocytosis as well as lymphocytosis and reticulocy-
tosis in the peripheral blood [86, 87, 161]. Deprivation of the paradoxical sleep
stimulated the development of granulocyte lineage to a far lesser extent than that
observed during conflict situation, and it was accompanied with chronic depression
of erythron and lymphopoiesis.

Our studies showed that important role in plastic rearrangement of medullar
hemopoiesis under the neurotic influences is given to the pool of hemopoietic pro-
genitor cells. The conflict situation up-regulates proliferative activity and intensity
of differentiation of erythroid and granulomonocyte precursor cells [47, 85, 160].
In contrast, deprivation of the paradoxical sleep inhibits division and maturation of
the erythroid cells, which is accompanied by desynchronization of the processes in
the pool of granulomonocyte precursor cells.

Thus, under the considered neurotic influences and during exposure of an organism
to diverse stress factors (infectious inflammation, immobilization, acute blood loss,
hemolytic anemia, etc.), the changes in intensity of proliferation and differentiation
of the committed hemopoietic progenitor cells play important role in selection of
direction and the depth of disturbances in the blood system [40]. In its turn, prolifera-
tion and differentiation of the stem cells are controlled by sophisticated multilayer
regulation system, which includes the distant (based on the neurotransmitters) and
local mechanisms.

We revealed the key role of the core subdivisions of CNS in the formation
of the hematological alterations during experimental neurotic stimulation. Under
these conditions, transmission of the instructive information from CNS to
hematopoietic cells is effected both directly via adrenergic structures on the
hemopoietic precursors and indirectly via a- and p-adrenergic receptors on HIM
cellular elements. At the same time, the performance of hematopoietic progenitors
in many respects depends on the medullar T-lymphocytes that express Thy-1,2
antigen on its surface.

The experiments showed that depletion of the catecholamine depot with reser-
pine or pharmacological blockade of - and p-adrenergic structures with dihydroer-
gotamine and propranolol prevented the development of hyperplasia of the medullar
hemopoiesis during the conflict situation, which was accompanied by the corre-
sponding changes in the state of peripheral blood. In its turn, reserpine augmented
inhibition of medullar erythropoiesis provoked by deprivation of the paradoxical
sleep, while dihydroergotamine and propranolol restored activity of the erythroid
hemopoietic lineage. Stimulation of a- and p-adrenergic receptors by phenylephrine
and orciprenaline sulfate activated the inhibited erythropoiesis up to the state of
hyperplasia, enhanced granulocytopoiesis, and additionally stimulated the hemato-
poietic processes during the conflict situation [48, 171].

Pharmacological blockade of vegetative ganglia with pentamine aggravated
depression of erythropoiesis provoked by deprivation of the paradoxical sleep and
inhibited it during the conflict situation. It is interesting that pentamine up-regulated
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hyperplasia of granulocytopoiesis during deprivation of the paradoxical sleep but
down-regulated it under the conflict situation [170].

Pharmacological blockade of dopamine and serotonin postsynaptic receptors
with respectively, haloperidol and cyproheptadine as well as inhibition of the
M-cholinergic structures with scopolamine down-regulated hyperplasia of medullar
erythro- and granulocytopoiesis in animals subjected to the conflict situation. In
contrast, during deprivation of the paradoxical sleep the pharmacological blockade
of these structures abrogated depression of medullar erythropoiesis [57].

Thus, under the conflict situation the ‘positive’ effects of adrenergic,
M-cholinergic, and serotoninergic systems stimulate functional activity of HIM
elements, proliferation and differentiation of the hemopoietic progenitors. The
direct and indirect (mediated by interaction with adherent HIM elements such as
macrophages and the stromal mechanocytes) potencies of the regulator T-cells to
stimulate the growth of hemopoietic precursors have been demonstrated (Fig. 3.1)
[168, 169].

Simultaneously, cooperation of Thy-1,2*-cells with macrophages and the stromal
mechanocytes induces a cascade of the changes in the system of local regulation of
hematopoiesis manifested by up-regulation of HI formation and production of
hemopoietins by the HIM cellular elements, which in its turn stimulates division and
maturation of the erythroid and granulomonocyte precursor cells and up-regulates
the hemopoietic hyperplasia [47, 160].

Deprivation of the paradoxical sleep depletes the central monoaminergic regula-
tor mechanisms, which similar to the inhibitory effect of M-cholinergic systems
limit the interaction of Thy-1,2*-cells with the elements of adherent fraction in
the bone marrow and inhibit binding of CFU-E and CFU-GM with the stromal
cells (Fig. 3.2).

The final results of disturbances of the cell-cell interactions are manifested by
inhibition of the formation of auxiliary foci of erythroid hemopoiesis, depression
of secretion of the humoral stimulators of hematopoiesis by adherent HIM
fraction, desynchronization of proliferation and differentiation of the granulocyte-
macrophage precursor cells, and down-regulation of mitotic activity and maturation
of the erythroid cells. This cascade of alterations culminates in the development of
‘abortive’ hyperplasia of granulocytopoiesis and long-term depression of erythro-
poiesis. In these processes, the serotoninergic system is mostly responsible for the
changes in erythropoiesis, while the dopaminergic system is mainly involved in
alterations of granulocytopoiesis [47, 160].

Therefore, in conflict situation the hematopoietic microenvironment works
according to ‘stress type’. The mechanisms of inhibitory effect of deprivation of the
paradoxical sleep on hemopoiesis are related to the disturbances in cell-cell interac-
tions between the individual cell elements in HIM (T-cells, macrophages, stromal
mechanocytes) and the hemopoietic precursor cells.

Our studies revealed the important features of medullar hemopoiesis in the intact
mice with active and passive behavior as well as the specific interactions between
HIM and the monoaminergic systems in the control of functional activity of the
hemopoietic progenitor cells during experimental neuroses [49, 144, 169].
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The peculiarities of hemopoiesis in intact active and passive mice are determined
by the intergroup differences in the structure-functional organization of the bone
marrow and intensity of proliferation and differentiation of the granulocyte-
macrophage precursor cells mediated via a-adrenergic structures. In active mice
subjected to the conflict situation, up-regulation of HI formation, enhancement of
the production of humoral hemopoietic regulators by HIM elements, and increase in
the count of blood serum hemopoietins induce synchronous elevation in the rates of
division and maturation of the progenitor cells (mediated via the a-adrenergic struc-
tures), which leads to the development of pronounced hyperplasia of the medullar
hemopoiesis. Simultaneously, the mutual influence augments between the compart-
ments of the erythroid and granulocyte hemopoiesis and between the HIM elements
and the precursor cells. Deprivation of the paradoxical sleep in active mice inhibits
the formation of all types of cell associations resulting in deficiency of the
hemopoietic growth factors in the blood serum where CSA is greater affected than
EPA. In its turn, this deficiency inhibits and desynchronizes proliferation and
differentiation of the hematopoietic precursor cells culminating in the development
of depression of the medullar hemopoiesis.

The corner stones in the development of hematopoietic hypoplasia in passive
mice during the conflict situation are degraded bone marrow ability to form any kind
of the cell associations, disturbance in secretion of the hemopoietic growth factors
by the adherent cells of the hemopoietic microenvironment, and finally, inhibition
and desynchronization (via the a-adrenergic structures) of division and maturation
of the erythropoietic precursor cells. In passive mice subjected to deprivation of the
paradoxical sleep, two opposite processes are going on: (1) up-regulation of the
formation of auxiliary foci of granulocytic hemopoiesis and enhancement of CSA
secretion by the HIM cellular elements and (2) down-regulation of the formation
of erythroid cell associations, moderation of EPA secretion by the elements of
hemopoietic microenvironment, as well as abatement of functional activity of the
erythroid precursor cells.

The correlation analysis revealed strong dependence of functional activity of the
erythropoietic precursor cells on the adrenergic structures in active mice stimulated by
the conflict situation and in passive mice deprived of the paradoxical sleep. In other
groups, desynchronization of division and maturation of the erythroid colony- and
cluster-forming units was less related to the adrenergic stimulation, while the distur-
bances in the division and maturation of granulocyte-macrophage precursor cells
were mostly related to a-adrenergic regulation.

Overall, the considered data attest to existence of two potential therapeutic
avenues to minimize the pathogenic consequences of the neurotic influences. One
way is to enhance neurotic tolerance of the patients, while the second approach is to
moderate the neurotic alterations in CNS and in the effector organs such as the
blood system.



Chapter 4

Alterations in the Blood System During
Myelosuppression Induced by Cytostatic
and Radiation Treatment

The hematopoietic tissue belongs to the structures extremely sensitive to the action
of antiblastomic drugs and ionizing radiation, which is explained mostly by a high
proliferative activity of its constituent elements, so this system is the gold standard
model to examine the regularities in the development of biological effects and the
modes of action of the myeloinhibitory agents [9, 15, 21, 22, 143, 153, 207, 262,
267, 309]. However, the search for most rational and efficient ways to correct the
hypoplastic manifestations should be based on more detailed knowledge about the
mechanisms of suppression and recovery of hematopoiesis in patients subjected to
radiation and cytostatic therapy.

Alterations in the blood system observed during the development of cytostatic
and radiation diseases were examined in a great number of experimental works.
Modern science accumulated numerous data on the state of the major subdivisions
of hematopoietic tissue in experimental animals subjected to radiation and adminis-
tered with different doses of antitumor drugs [6, 24, 58, 127, 208, 212, 224, 242,
263, 306]. However, interpretation of these data in respect to deciphering the
mechanisms of recovery of the suppressed hemopoiesis does not encompass all the
important features of regenerative processes in the hematopoietic tissue. Specifically,
replenishment of the morphologically identified cells in the bone marrow can be
effected either by reproduction of the hematopoietic elements that survived after the
cytostatic therapy or by employing the less mature progenitor cells [112, 118, 205,
278]. It should be stressed that such important avenue of hemopoietic reparation as
accelerated differentiation of the hemopoietic precursor cells under the conditions
of suppressed cell proliferation received little attention.

Analysis of the present data revealed significant differences in the depth and
duration of hemopoietic depression after the use of various cytostatic drugs and
radiation therapy in the doses that are equivalent in the matter of general bio-
logical effect [12, 17, 58, 207, 212, 263, 267, 306]. Usually, these paradoxical
differences are explained by unequal damage to the hematopoietic cells exerted
by the myeloinhibitory agents with diverse modes of action. The toxic effect
towards the hematopoietic elements is surely the most important feature, which
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determines the character of myelosuppressive effect in any particular case.
However, little attention was focused to the changes in the functional state of the
regulatory apparatus of the hematopoietic tissue provoked by the antiblastomic
drugs, which most surely contribute to the specific manifestations of the cytostatic
and radiation diseases.

The most important role in the control of hematopoiesis in the norm and diverse
extreme influences is played by HIM composed of various types of the cell elements
and extracellular matrix. HIM exerts the local control over proliferation and differen-
tiation of the hemopoietic cells by releasing the humoral factors and by transmitting
the signals during the direct cell-cell interactions [90, 95, 96, 123, 198, 229, 266,
313, 320, 359, 370, 371]. At the same time, the cells of hemopoietic microenviron-
ment are rather sensitive to the cytostatic drugs and ionizing radiation [52, 93, 137,
200, 206, 211, 232, 285, 342, 364, 383].

In addition, the plasmatic membrane of hematopoietic progenitor cells at differ-
ent maturation levels as well as the morphologically identified hemopoietic and
stromal cells can expose the receptors to different transmitters (such as acetylcholine,
catecholamines, serotonin, substance P, opioids, efc.). The studies revealed direct
(receptive) and indirect (mediated via HIM cell elements) regulatory effects of
neurotransmitters on proliferation and differentiation of the committed precursors
of hemopoiesis [96, 215, 323, 352, 374]. Most probably, these data indicate existence of
monoaminergic control over the processes of damage and regeneration of the hema-
topoietic tissue during myeloinhibitory influences.

Overall, the study of the roles played by HIM with its elements and by central
and peripheral monoamines in sustaining the hemopoietic regenerative processes
can help to develop the pathogenically reasonable ways to correct the disturbances
in the blood system provoked by the antiblastomic therapy.

Under extreme influences leading to hypoplasia of the hematopoietic tissue
(radiation, the use of cytostatic drugs in the doses that are equivalent by the general
biological effect), hemopoietic recovery develops in various ways. Along with
the direct suppressive effects of the toxic agents on hematopoietic cells, the recovery
dynamics of hematopoiesis is mostly determined by the character of hematopoietic
disorders. First of all, one should bear in mind the changes in functional activity of
individual HIM elements [2, 40, 53, 179, 250]. For example, a single total irradia-
tion of mice at a dose of 2.0 Gy provoked the development of the bone marrow
variant of acute radiation sickness. The total cellularity of the bone marrow
decreased to the end of day 1 after irradiation due to dramatic drop in the content of
erythroid elements, immature neutrophils, and the lymphoid cells (on the average,
by 70 % initial level). In 2 days, the bone marrow displayed the first signs of hemo-
poietic regeneration manifested by appearance of the immature forms of myeloid
cells such as myeloblasts and promyelocytes. To the end of experiment day 4, the
complete recovery of the total number of myelocaryocytes and cellularity of all
hematopoietic lineages took place. The peripheral blood indices attained the initial
values on experiment day 7 [2, 69].

A rather gradual and not especially intensive reparation of granulocytic and
erythroid medullar lineages after exposure to ionizing radiation is explained by the
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fact that the total irradiation produces no significant changes in the functional
activity of HIM elements (Fig. 4.1).

Elevation of serum CSA and EPA accelerates proliferation of the corresponding
precursors. The absence of any drastic changes in maturation of hemopoietic
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elements results from a rather stable structure-functional state of the hematopoietic
tissue. Stimulation of direct and indirect (mediated via macrophage system)
mechanisms of the erythropoietic control exerted by T-cells results in acceleration
of erythron recovery [2].

When administered at MTD, the most cytostatic drugs produce pronounced
myeloinhibitory effect manifested by decreased cellularity of bone marrow and
some hematopoietic lineages. In mice, the most pronounced and long-lasting
depletion of the hematopoietic tissue was observed after injection of 5-fluorouracil.
In our studies, the maximum of depression was observed on experiment day 5 when
the total count of myelocaryocytes was merely 6.3 % initial level. Slow recovery of
hematopoiesis finished only to experiment day 14. Chronic inhibition of granulo-
cytic and erythroid medullar lineages by 5-fluorouracil was accompanied by eleva-
tion of the content of the committed precursors in hematopoietic tissue resulting
from the disturbances in the processes of their maturation [37, 53, 384] (Fig. 4.2).

This phenomenon resulted from stimulation of proliferation of the hemopoietic
precursor cells against the background of unrestored (due to pronounced dissociation
of the progenitors and the stromal elements of the microenvironment) structure-
functional organization of the bone marrow. Under these conditions, up-regulation
of proliferative activity of the clonogenic cells results from an increase in secretion
of the hemopoietic growth factors by T-cells during the late terms of experiment due
to their accumulation in the hematopoietic region and interaction with the adherent
elements.

Under these conditions, the adrenergic system plays a positive role in the
processes of hemopoietic tissue regeneration due to activation of HI formation,
up-regulation of EPA production by HIM non-adherent cells, and elevation of serum
CSA. On the one hand, the dopaminergic system increases the rate of erythron
regeneration by raising the level of serum EPA and by increasing the erythropoietin-
dependent activation of CFU-E proliferation, and on the other hand, it delays the
recovery of granulocytic hemopoietic lineage due to down-regulation of CSA pro-
duction by the adherent cells in the hemopoietic microenvironment. In its turn, the
serotoninergic system augments the development of erythropoiesis depression due to
down-regulation of EPA secretion by the adherent cells in HIM, although it increases
the recovery rate of the granulocytic hemopoietic lineage by up-regulating forma-
tion of the granulocyte and mixt HI and by stimulating division and maturation of the
granulomonocytic precursors mediated via the system of the colony-stimulating
factors [84, 128, 129, 163, 165].

The changes in the content of the medullar hemopoietic cells in animals treated
with anthracycline antibiotic adriamycin were biphasic in character. On postinjec-
tion days 2—4, the count of medullar nucleated cells decreased, which was followed
by a transient rise to initial level and subsequent drop on days 9—11. The study of
the mechanisms of hematopoietic recovery showed that activation of differentiation
of the committed progenitors triggered by adriamycin and the consequential
rapid regeneration of the hemopoietic tissue (Fig. 4.3) resulted from the leading
recovery of medullar HI and especially from their intensive formation by the mature
macrophages.
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In addition, an important role is played by stimulation of the coupling between
the stromal mechanocytes and hemopoietic precursor cells [37]. At this, the high
level of proliferative activity of hemopoietic precursors results from up-regulation
of production of the hemopoiesis-stimulating activities by microenvironmental
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elements at the early terms of examination promoted by vigorous recovery of
their population.

Cyclophosphane also induced rapid reparation of the structure-functional orga-
nization of the bone marrow and early up-regulation of secretory activity of the
adherent myelocaryocytes in cooperation with T-cells, which provided accelerated
transition of the granulocyte-macrophage precursor cells to differentiation phase
[37]. As a result, the total score of medullar cell rapidly restored mostly due to
active regeneration of the granulocytic hemopoietic lineage. The content of imma-
ture forms of the neutrophilic granulocytes assessed on day 2 after injection of the
alkylating agent was as low as 3.5 % initial level, but on day 5, the number of these
cells increased almost 3-fold in comparison with initial level, and their count
remained elevated to the end of experiment. In a natural way, the content of mature
medullar neutrophils attained maximum to day 8, and it normalized during subsequent
4 days. At the same time, the long-term decrease in the content of erythrocaryocyte
is probably explained by pronounced damaging effect of the alkylating agent exerted
directly to the committed precursors of the erythroid hemopoietic lineage [37, 112].

The dopaminergic system predominantly augments the disturbances in the
structure-functional organization of the erythroid compartment of hemopoiesis
caused by the alkylating agent, which results in additional delay in regeneration
of erythropoiesis and in more pronounced reticulocytopenia in the peripheral
blood [128, 165]. These processes are accompanied by stimulation of G-CSF- and
dopamine-dependent control mechanisms over proliferation of granulomonocytic
progenitors impeding the development of neutrophilic leukopenia [84, 163].

The inhibitory effect of adrenergic system on granulocytic and erythroid hemo-
poietic lineages under the action of cyclophosphane (Fig. 4.4) is mediated via
inhibition of functional activity of the HIM adherent cells (i.e., by down-regulating HI
formation and EPA production) as well as via decrease in the division rate of granu-
lomonocytic progenitors related to G-CSF and peripheral adrenergic mechanisms.

Additional down-regulating effect of the serotoninergic system on the
erythron is related to inhibition of formation of the erythroid HI, moderation of
functional activity of the erythroid progenitors (mediated by the erythropoietin
system), and decrease in the level of EPA produced by auxiliary bone marrow
cells [129, 165, 166].

Etoposide (a derivative of podophyllotoxin) decreased the total score of myelo-
caryocytes on postinjection days 1-7, but on day 8, this score elevated to 121.5 %
initial value (Fig. 4.5). In the following, this parameter decreased again attaining the
initial value to postinjection day 12. Examination of myelogram showed that the
drop in the total bone marrow cellularity resulted from a decrease in the content
of mature forms of neutrophilic granulocytes, nucleated erythroid cells, lymphoid
elements, and monocyte-macrophages.

Accumulation of the progenitors of erythro- and granulomonocytopoiesis in
the bone marrow due to differentiation of less mature cells developed in parallel
with intensive recovery of the corresponding hemopoietic lineages [89, 179, 110].
At this, elevation in cellularity of the hematopoietic tissue was mostly provided by
activation of maturation of the committed precursors. This process was caused by
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Fig. 4.5 Control of hematopoiesis during myelosuppression caused by etoposide, a derivative of
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augmented adhesive potency of the elements in the hematopoietic microenvironment
towards the colony-forming cells accompanied by elevated score of the growth factors
in the blood serum and by active production of the colony-stimulating factors by
the adherent cells in the bone marrow [179].
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Carboplatin provoked anemia and thrombocytopenia even at the early terms
after injection. Decrease in the content of erythrocytes and hemoglobin in the
peripheral blood resulted from a pronounced inhibition of medullar hemopoiesis on
postinjection days 5—12 [194]. At this, leucopoiesis was damaged to a small degree,
the alterations being observed only at the later terms of examination. Under the
absence of adequate reaction of the distant humoral system (erythropoietin) to
cytostatic damage produced by this nephrotoxic agent, there was an up-regulation in
secretion of the erythropoiesis-stimulating humoral factors by the adherent cells in
HIM. Such activation of the local mechanisms resulted in accumulation of erythroid
progenitors in the bone marrow, but it could not ensure efficient recovery of the
erythron (Fig. 4.6).

Thus, the character of hematopoietic recovery under the action of various myelo-
inhibitory agents significantly depends on peculiarities of the disturbances in the
hemopoietic control provoked by applied agent. It is explained by the fact that
intensity of growth and maturation of the hematopoietic cells during regeneration
are determined by the damage of specific elements in HIM. For example, the use of
5-fluorouracil is characterized with disturbance of functional activity of the cells in
the system of mononuclear phagocytes with relative functional integrity of the
T-lymphocyte system [40, 53, 385]. In contrast, cyclophosphane is notorious for
pronounced toxicity against T-cells [37, 57, 386]. In both cases, dysregulation of
hematopoiesis results from uncoupling of the cooperative interaction between
T-lymphocytes and macrophages in regulation of the cell cycle in the pool of pro-
genitor cells, which is accompanied by prevalence of the corresponding processes
according to proliferation and differentiation of these cells. Under the conditions
of perturbed cell-cell cooperative interactions between various HIM elements,
the activity of hematopoietic tissue is shaped by the spectrum of humoral agents
(cytokines and GAG) secreted by these elements. In other words, in similar situa-
tions T-lymphocytes can control the proliferative processes (specifically, via
IL-3 production), while the adherent cell can regulate differentiation of the cells
(for example, via production of IL-1 and the lineage-restricted hemopoietins).

Disturbances in the hematopoietic mechanisms are also caused by radiation,
although they are expressed to a far smaller degree than those produced by
5-fluorouracil and cyclophosphane [2, 387]. Correspondingly, the radiation-induced
changes in the control of hematopoiesis do not significantly impede regeneration of
the hematopoietic tissue.

Under the action of adriamycin or etoposide, the overall changes in hemopoietic
microenvironment induced by cytostatic drugs promote the hemopoietic recovery pro-
cesses. Thus, in these particular cases, these changes play the positive adaptive role.

In hypoplastic states resulting from the use of cytostatic drugs, the adrenergic,
dopaminergic, and serotoninergic pathways control (1) proliferation and differentia-
tion of the committed hemopoietic progenitors in HIM, (2) functional activity of HIM
cell elements, (3) the system of colony-stimulating factors, and (4) the erythropoietin
system. At this, the serotoninergic system is mostly responsible for alterations in
erythroid hemopoietic lineage, while the adrenergic and dopaminergic systems pre-
dominantly affect the granulocytic hemopoietic lineage [165, 167, 172].
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Examination of these control mechanisms showed that the ligands of monoami-
nergic nature (predominantly, a- and f-adrenomimetics) accelerate differentiation
of the pluripotent hemopoietic cells into progenitors of granulomonocytopoiesis
(induced by G-CSF in vitro) and increase the rate of division of the newly formed
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CFU-GM. At the same time, the monoaminergic transmitters (typically, serotonin)
enhance the feeder activity of the fibroblastic elements for CFU-G [172].

Reserpine-induced potentiation of granulocytopoiesis-stimulating activity of
G-CSF under the action of cyclophosphane is explained by elevation of the content
of the pluripotent hemopoietic cells, by increased rate of their differentiation
towards the progenitors of granulomonocytopoiesis, and by the stimulating effect of
the stromal elements and Thy-1.2*-cells on the hemopoietic progenitors (predomi-
nantly, on CFU-GEMM) [82, 83].

In view of progressive improvements of the methods employed in treatment of
the malignant neoplasms and increase in the number of the long-living patients, one
of the central problems in tumor chemotherapy can be the long-term side effects of
the toxic action of cytostatic drugs on the normal (not affected by the tumor) and
actively proliferating cell systems. While the disturbances in nervous, cardiovascu-
lar, and endocrine systems can be rather easily detected and diagnosticated, the
changes in the blood system can be latent with the manifestations observed only
during additional hematopoiesis-disturbing influences [58, 325].

For example, exposure of mice to immobilization stress in 1, 3, and 6 months
after injection of doxorubicin and vinblastine in MTD induced pronounced
changes in the parameters of hemopoietic control mechanisms. Injection of antitu-
mor drugs enhanced responsiveness of the hematopoietic tissue in 1 month. In 6
months postinjection, the compensatory and adaptive reactions of the bone marrow
to immobilization stress were little expressed or entirely absent. A single injection
of cytostatic drugs in MTD depleted the pool of the committed progenitor cells at
the late terms of this study. While in 1 month after injection of cytostatic drugs,
the adequate reaction of the precursors to the additional hemopoiesis-perturbing
influences was still observed, the reaction of the committed progenitors to immobi-
lization stress was disturbed 5 months later. The long-term side effects of the
damaging action of vinblastine and doxorubicin on hematopoiesis included
diminished feeder activity of the adherent elements of the bone marrow. The
characteristic abnormalities revealed in 1, 3, and 6 months after injection of vinblas-
tine and doxorubicin were the changes in the content of medullar Thy-1,2*-cells and
disturbance of their migration into the bone marrow during additional hematopoiesis-
perturbing influences.

The long-term side effects of toxic action of the antitumor drugs also include
rearrangement of the short-range hemopoietic control mechanisms. In 1 month after
injection of such drugs, an enhanced level of production of IL-3 activity is observed,
while in 6 months, synthesis of IL-3 is pronouncedly down-regulated in contrast to
up-regulated production of IL-1. The major reasons of hematopoietic disturbances
observed at the later terms after injection of the antitumor preparations are the
disturbances in functional activity of the stromal elements in the hemopoietic organs
and consequential involvement of the interaction mechanisms between the hemato-
poietic cells and HIM cell elements into these pathologic changes.

The common unspecific features such as migration of T-lymphocytes into
the bone marrow and activation of HIM and hemopoietic precursors which are



4 Alterations in the Blood System During Myelosuppression Induced by Cytostatic 45

characteristic of the stress reaction and hemopoiesis-suppressing extreme influences
[2, 40, 44, 78, 86, 90], raise a problem of existence of certain universal neuro-
endocrine mechanisms of physiological and reparative regeneration in the hema-
topoietic tissue.

Really, in addition to significant disorganization in the structure-functional
integrity of the hematopoietic tissue, the disturbances in the hematopoietic control
provoked by hemopoiesis-inhibitory influences (cytostatic drugs, ionizing radia-
tion, etc.) include a pronounced neuroendocrine component related to activation of
the stress-mediating systems of an organism [51, 53, 233]. However, in contrast to
‘pure’ stress reaction, these disturbances are characterized with elimination of
cause-and-effect interrelations between the sympathoadrenal and blood systems.
Moreover, the adrenergic transmitters aggravate uncoupling of the hematopoietic
mechanisms, which is characteristic of the hematopoiesis-suppressive stimulants,
because in contrast to stimulation of relatively resistant cells of the blood system,
they inhibit reparation of the hemopoietic precursors and HIM elements damaged
by the extreme influences. Finally, uncoupling of the hematopoietic mechanisms
decreases the rate of regeneration of the hematopoietic tissue.

In particular, the catecholamines administered to the animals pre-treated with
the high doses of 5-fluorouracil up-regulate proliferation and differentiation of
CFU-E and CFU-GM (to a smaller degree) which have been suppressed by the
cytostatic drug [53]. Moreover, while augmenting homing and functional activity of
T-lymphocyte that are relatively resistant against the antimetabolite, they simultane-
ously inhibit recovery of the damaged cells in HIM (assessed by the content and
secretory activity of the adherent cells and their ability to form HI based on cell-cell
interactions) which disturbs cooperation between the elements of microenvironment
in the control of proliferation and differentiation of the progenitor cells resulting in
the long-term period of hematopoietic inhibition observed under the action of
5-fluorouracil [40, 53]. Similar uncoupling effect of catecholamines on hematopoiesis
was observed under cytostatic treatment with the high doses of cyclophosphane.
Such directivity of the influences on the hematopoietic processes was characteristic
of glucocorticoids (other family of the stress-mediating hormones) in the animals
treated with cytostatic drugs.

By way of conclusion, it should be noted that the changes in hematopoietic
control under myelosuppressive influences can be both adaptive and damaging
depending on their nature. The accumulated data on the damage exerted by the
myeloinhibitory factors of diverse nature at various levels of the blood system and
its control apparatus attest to possibility to correct the hematologic pathologies by
different ways. The first avenue is based on direct stimulation of proliferation and
differentiation of the hematopoietic cells, which is now successfully implemented
with various preparations of the hemopoietic growth factors. The second way is to
affect the central neuroendocrine hemopoietic control mechanisms with the sub-
stances possessing (among other features) the nootropic properties. The third
method is to block the peripheral structures responsible for deregulation of the
action of the stress-mediating mechanisms on hemopoiesis. Finally, it is visible to
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modulate the functional activity and structural organization of the local control
mechanisms encompassed by the concept of HIM.

Evidently, to implement the above ways to treat the hemopoietic depressions
of diverse genesis, it is vitally important to develop the differentiated therapeutic
methods.



Chapter 5
Disturbances in Hematopoietic Control
During Experimental Leucosis

The modern achievements in pharmacology, genetics, virology, cytology, immunology,
and biochemistry paved the way for numerous discoveries in the study of leucosis at
the cellular and molecular level. However, no unequivocal solution to the problem
of the causes and the developmental mechanisms of this disease has been suggested.
The generally accepted theory assumes that some leucosogenic agent can affect a
single hemopoietic progenitor cell, which is viewed as the trigger mechanism to
form the clone of leukemic cells. Further development of the disease is determined
by genetics and mutations. The chromosomal instability which is intrinsic feature of
a pathological clone is manifested by repeated mutations leading to formation of
malignant clones and tumor progression.

Recent decades are marked with pronounced increase in the research activity
focused on the stress effects on the neoplastic processes. The fundamental studies
carried out in 1970-1980 taxonomized the stress states that caused tumor growth and
examined the peculiarities of psychosocial profile of the oncologic patients to iden-
tify the high risk groups and to improve the prevention and treatment methods. It was
found that extreme stress reactions are manifested at the long terms in the develop-
ment of the tumor growth aggravating the somatovisceral and psychoemotional
abnormalities. However, the researchers paid little attention to the fact that the clini-
cal stage of any tumor disease is always preceded by the latent period when the pool
of malignant cells exists in an organism but does not display the overt signs of the
neoplastic process. In this respect, taxonomy of the changes occurring in an organ-
ism during the period preceding the evident development of a tumor is of great inter-
est as a tool for early diagnostics and a key in the search for novel methods to prevent
and treat the malignant neoplasms.

Spontaneous leucosis in AKR/JY mice is views as a model of human T-cell
lympholeucosis. The development of spontaneous leucoses in these mice is genetically
determined to result from the vertical transmission of Gross virus. The primary
targets for infectious agents are the microenvironment cells in the thymus [288], while
the contact of potentially leukemic cells with the stromal elements is a prerequisite
condition for triggering the disease [333]. The potentially tumor cells are first
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detected in the bone marrow; thereafter they migrate to thymus to be transformed
into malignant cells [271]. In the following, the signs of disturbance of medullar
hemopoiesis and involvement of the visceral organs into the oncological process are
observed.

As early as 1960s, based on the comparative study of normal status of mice with
high (AKR/JY) and low (C3H) leukemia incidence, D. Metcalf concluded that the
hormonal balance in AKR/JY mice is disturbed. In these mice, production of adre-
nocortical hormones and sex steroids (the hormones inhibiting lymphocyte prolif-
eration) was down-regulated. As a result, the reproduction of lymphocytes was
enhanced resulting in greater size of thymus and other lymphoid organs in AKR/JY
mice in comparison to other murine strains. In AKR/JY mice, the mitotic activity of
the lymphoid cells in thymus is 6-10 times greater than that in other lymphoid
organs being 2 times greater than the activity of lymphoid thymocytes in C3H mice
characterized with low leukemia incidence. These peculiarities of mice with high
leukemia incidence promote hyperintensive proliferation of thymus cells manifested
by thymus hyperplasia needed for leukemogenesis [319]. Our studies showed that
young AKR/JY mice had primed erythroid lineage in the bone marrow, while the
content of medullar granulocyte-monocyte progenitors and CSA in supernatants
harvested from myelocaryocytes were significantly smaller than those of reference
CBA/CaLlac mice.

Literature describes the stressful influence of infectious agents [78] and tumor
process on an organism [7]. In relation to this problem, we examined the state of
sympathoadrenal system in AKR/JY mice with high leukemia incidence. The study
showed that the dynamics of catecholamine concentration in adrenal medulla is
wave-like, although it was decreased during entire examination period in compari-
son with 2-month CBA/Cal ac mice. Partial depletion of the adrenal catecholamines
is a characteristic feature of stress reaction, which is observed, in particular, during
immobilization stress. In addition, a decrease in the thymus weight at the age of 4-6
months and an increase in total count of myelocaryocytes observed in the aging
dynamics of AKR/JY mice also belong to the complex of alterations, which is
characteristic of the stress reaction [51, 53].

Our data suggested that aging of AKR/JY mice is accompanied by the develop-
ment of general adaptation syndrome probably related to circulation of leucoso-
genic virus in the experimental mice capable to provoke unspecific (adaptive)
immune reactions and neoplastic processes. Correspondingly, we conventionally
subdivided the changes in the blood system parameters observed in AKR/JY mice
during preleucosis period into three interrelated groups: (1) adaptive changes; (2)
alterations related to immune reactions against viral antigen; and (3) abnormalities
caused by the progress of leucosis.

At the age of 4 months, AKR/JY mice demonstrated a complex of alterations in
the blood system, which by many parameters was characteristic of the alarm reac-
tion as a part of general adaptation syndrome provoked by unspecific stimulant in
mice with low leucosis incidence [51]. At this age, the above alterations can be
related to the spread of leukovirus produced by thymic cells over entire organism.
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Of interest are the sex differences in the intensity of alarm reaction within the
context of general adaptation syndrome in experimental (AKR/JY) and reference
F1(CBA/CaLac*AKR/JY) mice. In females, the hormonal component (depletion
of adrenal medulla) is more pronounced, while in the males the blood system adapts
to the current stimulant, the adaptation being manifested by more pronounced
neutrophilosis, lympho- and eosinopenia in the peripheral blood, and activation of
medullar neutrophilopoiesis ranging from the committed to mature forms (bypassing,
however, the stage of immature neutrophilic granulocytes). At the same time, the
medullar score of granulocyte precursors (CFU-G) in AKR/JY females is signifi-
cantly decreased probably due to prevalence of the differentiation processes, which
limits the potency of granulocytopoiesis. In addition, the females demonstrate
prevalence of the signs of hemopoietic cell degeneration related to up-regulation of
the apoptotic and necrotic processes. According to our views, responsiveness of the
blood system at the 4-month age can be of importance in the mechanisms of
lymphogenesis, because decreased incidence of tumor diseases in the males resulting
from the effects of androgens [305] is firmly established.

Priming of neutrophilic lineage in 4-month AKR/JY mice (resulting probably
from the adaptive and to a lesser degree from the immune processes) is going on
against the background of the early degenerative alterations in the erythron. The
latter are related to drop in the score of erythroid precursors and erythroid islets in
the bone marrow (Fig. 5.1), decrease in the share of erythroid cells in the spleen, and
an increase in the score of erythrocytes with micronuclei in the peripheral blood.

It is an established fact that stressful stimulation promotes the release of gluco-
corticoids from adrenal cortex, which indirectly (via the system of T-lymphocytes)
activate all hemopoietic lineages in the bone marrow and the spleen [41]. The
4-month AKR/JY mice are characterized with progressive decrease of metabolic
activity of the lymphocytes and down-regulation of IL-1 and IL-2 production to the
state of complete arrest accompanied with disturbances in the functional activity of
MPS cells [216] which probably leads to abnormalities in erythroid hemopoiesis.
At the same time, the thymic lymphoid cells and the lymphatic nodes exert the
direct inhibitory effect on hematopoiesis (the erythroid lineage included) at the
early stages of tumor development [185].

To the 5-6 months of life, the preleukemic state of AKR/JY mice are charac-
terized with the development of hyperplasia of medullar hemopoiesis attesting to
the beginning of the phase of resistance against diverse extreme stimuli [53]. The
changes in the blood system parameters probably related to the immune reactions
corroborate this reasoning to a certain degree. At this, there is a dramatic activation
of granulocytopoiesis mechanisms (increase in the count of precursors and CSA
islets, as well as up-regulation of CSA production) accompanied by an increase in
the count of mature and immature neutrophilic granulocytes in the bone marrow and
elevation of the content of neutrophils in the peripheral blood. However, there is
accumulation of CFU-E in the medullar hemopoietic tissue related to up-regulation
of functional activity in the cells of hemopoietic microenvironment accompanied by
decreased erythropoietic indices according to myelo- and splenograms (Fig. 5.2).
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Fig. 5.1 Control of hematopoiesis in 4-month AKR/JY mice. Absence of any significant changes
is marked with fine continuous lines, while the dash and thick solid lines indicate inhibition and
activation, correspondingly

In other words, this period of AKR/JY mice life is characterized with limitation of
the differentiation potency of the erythroid precursors [31].

The bone marrow of AKR/JY mice contains an enhanced number of the cells
with morphology of monoblasts; in addition, there is a certain shift in the ratio of
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stained to non-stained HI in favor of the latter, whose central elements are the
immature stromal cells. As the early expression and production of leukoviruses by
the stromal cells in AKR/JY mice are the established facts [288], one can expect
some structural implementation of the defective hemopoietic microenvironment
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inducing abnormal hemopoiesis, which is the core of the pathological conceptions
such as preleukemia and myelodysplastic syndrome [30, 173].

The development of basic disease in AKR/JY mice with high leucosis incidence
provoking the changes of hemopoietic properties of HIM underlies the gradual
development of the stage of exhaustion of the processes triggered by the general
adaptation syndrome accompanied by the secondary release of catecholamines
from adrenal cortex. Unfortunately, the hematological features of this stage were
little studied. However, in the cases of hematosarcomas, it is difficult to distinguish
them from the alterations caused by the tumor growth. Despite the signs of adaptation
syndrome, there was a dramatic aggravation in the general state of 7-month-old
AKR/JY mice. The study of blood system revealed the development of lymphoma
in 17 % cases, which was accompanied by depletion of the bone marrow (down to
43 % in comparison with healthy animals of the same line) and enhanced leukocytosis
in the peripheral blood. Insignificant (about 8 %) replacement of the hemopoietic
tissue in the bone marrow with lymphoblasts could be related to pronounced content
of the hemopoietic precursors known to possess intrinsic suppressor activity directed
to the normal and tumor cells [120]. The following course of events includes pro-
bably a drop in the score of the committed progenitor cells due to down-regulation
of production of hemopoietins by HIM elements. For instance, in the culture media
with low content of stimulants (serum from anemized rabbits or supernatant
harvested from the splenocytes), the expansion of CFU-E and precursors of granu-
lomonocytopoiesis (CFU-GM) in 7-month-old mice was markedly inhibited.

On the other hand, the exhaustion phase of AKR/JY mice was characterized with
significant increase of the content of fibroblast precursors (CFU-F) as a compensa-
tory reaction to depletion of the bone marrow. Really, there was a drop in the counts
of total myelocaryocytes, total blasts, immature and mature forms of neutrophilic
granulocytes, as well as erythroid and reticular cells. At this, the changes related to
the granulocytic lineage were probably caused by an accelerated release of the cells
into peripheral blood. The accelerated granulocytic differentiation was observed in
the pool of committed hemopoietic precursors. Really, the CFU-G/CFU-GM ratios
in 7-month-old AKR/JY mice, 7-month-old F1(CBA/CalLac*AKR/JY) mice, and
2-month-old CBA/Cal.ac mice were 44:1, 17:1, and 6:1, respectively. However, a
dramatic decrease in the content of MPS cells capable to form granulocyte HI limits
the potency of precursors to compensate for the redistributive losses of the granulo-
cytic lineage [29, 173].

At the same time, accumulation of CFU-E in the bone marrow was related to the
disturbances in their differentiation caused by decrease in the content of erythroid
HI, which in its turn led to a decrease in the number of erythroid mitoses and eryth-
rocaryocytes in the bone marrow. Thus, a drastic inhibition of formation of all HI
types resulting from the changes of the properties of the resident macrophages is the
pathogenic focus of overall pathologic influence exerted by the neoplastic process
on the medullar hemopoiesis in 7-month-old AKR/JY mice with a high leucosis
incidence (Fig. 5.3).

The important factors shaping the stress reaction are the genetically determined
and acquired peculiarities of an organism (in this respect, the species-related and
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typological features of the experimental lines of animals are highly employed in the
research work), as well as the state of the organism during the stressful stimulation.
The development of adaptive changes under the chronic stress caused by neoplasm
growth results in degradation of the stress-mediating systems, which leads not only
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to inhibition of the general adaptive mechanisms, but also the specific mechanisms
of antitumor defense [7]. In this context, we tried to assess the reaction of the blood
and sympathoadrenal systems to immobilization stress in AKR/JY mice aging 4 and
7 months to delineate its peculiarities characteristic of this high leukemic line in
comparison with F1(CBA/CaLac*AKR/JY) hybrid mice.

The period lasting from day 4 to day 8 after the onset of 6-10 h immobilization
is characterized by the development of hyperplasia of the bone marrow. During this
period, the hemopoietic tissue displays up-regulation of proliferation, differentia-
tion and migration of the hemopoietic cells [81]. In mice, the stressful stimulation
of indicated duration provokes the development of resistance stage of the general
adaptation syndrome accompanied by activation of ANS and blood system [51].

Reaction to immobilization of 4-month-old AKR/JY mice was not adequate and
commensurable to this stressful stimulation. In contrast to hybrid mice, the mice of
high leukemic line demonstrated a dramatic increase in thymus weight and eleva-
tion of catecholamines to experiment day 6, which was accompanied by accumula-
tion of the blast cells in thymic tissue and up-regulation of mitotic activity of the
lymphocytes. Probably, these changes were related to activation of the pathologic
processes in mice organism. An important feature was a drop of total cellularity in
the peripheral blood in response to stress accompanied by a decrease in the count of
lymphoid cells in the myelogram, which did not agree with the data obtained under
similar experimental conditions in mice of low leukemic lines. A decrease in the
total number of leukocytes resulted mainly from the drop in the count of lymphoid
cells in the peripheral blood. One can hypothesize that glucocorticoids augment the
release of lymphocytes from the peripheral blood and their destruction in the reticu-
loendothelial network accompanied by deposition of the decay products in liver
and spleen.

The studies showed that 4-month-old AKR/JY mice react to immobilization
with dramatic decrease (down to 45-63 % initial value) in the count of HI with
functionally mature stromal elements with the corresponding increase in neutral red
staining. At the same time, the content of such elements increased on experiment
day 4 in the hybrid mice. In these mice, similar changes in the granulocyte HI count
were even more pronounced in comparison with initial level and the corresponding
value in stressed AKR/JY mice. At present, involvement of HI in maintaining
proliferation and differentiation of hemopoietic precursors from the committed to
mature forms is firmly established [S1]. It is a known fact that a 10-h immobiliza-
tion stress up-regulates granulocytopoiesis on days 4-8 of the experiment due to
enhancement of proliferative activity and elevation in the count of CFU-GM and HI
in murine bone marrow [81]. In our studies, the post-stress drop in the count of
granulocyte HI in AKR/JY mice was paralleled by a decrease in the count of
CFU-GM in bone marrow, which was especially pronounced on day 4 after the
onset of immobilization. In contrast, the initial decrease in the count of CFU-GM in
hybrid mice was followed by more than 2-fold elevation of this index in comparison
with intact mice or AKR/JY mice exposed to immobilization stress. It is of impor-
tance that stress-induced up-regulation of granulocyte HI and CFU-GM formation
in F1(CBA/CalLac*AKR/JY) mice was accompanied by hyperplasia of monocytic
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and granulocytic lineages in the bone marrow related to significant increase in the
counts of monocytes (by more than 3 times) as well as immature and mature forms
of neutrophil granulocytes (by 1.5 and 2 times, correspondingly). In other words,
reaction of granulocytic lineage of medullar hematopoiesis to stress in hybrid
F1(CBA/CaLac*AKR/JY) mice is rather balanced, and it virtually does not differ
from that of low leukemia mice demonstrating up-regulation of proliferation and
differentiation of the committed precursors in HI.

On day 6 after the onset of immobilization, the 4-month-old AKR/JY mice dem-
onstrated increased medullar count of only mature neutrophils. Taking into consid-
eration a decreased count of CFU-GM and granulocytic HI, this fact can indirectly
attest to possibility of granulocyte differentiation without concomitant up-regulation
of the proliferative activity of the committed precursors.

The data obtained conclude that a limited reaction of the medullar granulocytic
lineage provoked by stress in AKR/JY mice is observed as early as life month 4, and
it is generally viewed as one of the initial stages of the preleucosis period. This reac-
tion results from disturbances in structure-functional adaptation mechanisms of the
hematopoietic tissue to stressful stimulation due to the changes (probably caused by
the development of compensatory and adaptive processes) in the hemopoietic pro-
perties of the medullar macrophages, which generally agree with the data obtained
by M. Hellebostad et al. [272]. The changes in some parameters of functional activity
of MPS cells in 4-month-old AKR/JY mice in comparison with 1-month-old mice
was reported in the paper of B. Burek and I. Hrsak [216], which can be somewhat
related to the early expression of murine leukoviruses by the macrophages observed
by S.Y. Kim et al. [288]. On the other hand, the inadequate response of the hemato-
poietic tissue to the test stressor stimulation attests to imbalance of the distant (first
of all, neurohumoral) regulator systems in AKR/JY mice. Really, the 4-month-old
AKR/JY mice demonstrate initially pronounced activation of the sympathoadrenal
system which exhausts its ability to react to an extra stressful stimulation.
Involvement of the sympathoadrenal system into stimulation of granulocytopoiesis
is an established fact [51], so limitation of ability of the granulocytic lineage of bone
marrow in AKR/JY mice can be explained by enhanced sympathetic tone.

Thus, the initial imbalance between inhibition and activation of the short-range
(the cell-cell interaction) and distant (the sympathoadrenal system) regulator mech-
anisms in 4-month-old AKR/JY mice degrades efficiency of the structure-functional
apparatus of granulocytopoiesis resulting in disadaptation of the medullar granulo-
cytic lineage to external stressful load. Probably, in addition to direct involvement
of MPS cells in expression and production of leukoviruses, these processes can
constitute one of the stages and form one of the pathogenetic mechanisms underlying
progression of the lymphoid neoplasia in AKR/JY mice.

By aging, the AKR/JY mice demonstrated the alterations resulted both from the
action of specific stimulus (leucosogenic virus) and from the development of gen-
eral adaptation syndrome. Exposure of 7-month-old high leukemic and hybrid mice
to stress resulted in accumulation of CFU-E in the bone marrow (to 129 and 172 %
initial levels, correspondingly). However, this accumulation was not accompanied
by an increased count of erythrocaryocytes in the hematopoietic tissue. Similar
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reaction of the erythron to immobilization stress was observed in 4-month-old mice.
In this respect, an important feature was a diminished potency of the differentiated
erythroid cells of the old mice to proliferate in vitro in response to elevated erythro-
poietin doses that, however, did not change the CFU-E response [365]. Probably,
the considered data attest to acceleration of aging processes in AKR/JY mice in
comparison with F1(CBA/CaLac* AKR/JY) mice due to earlier manifestation of the
disease (month 7 in contrast to month 24 in the hybrid mice). At this, in contrast to
4-month-old mice, degradation of the compensatory potencies in 7-month-old mice
affects not only the morphologically resolved elements, but also the pool of the
committed erythropoietic progenitors.

In addition, the bone marrow of old AKR/JY mice was characterized by limitation
of the functional reserve of the progenitors of granulocytes, macrophages, and the
fibroblasts. The count of medullar CFU-GM in intact 7-month-old AKR/JY mice
was negligibly larger than that in hybrid mice of the same age and did not signifi-
cantly differ from this index in 2-month-old CBA/CalL.ac mice, while the counts of
CFU-G and CFU-F were far greater. Probably, a marked increase in CFU-F count
reflects the age-dependent changes related to down-regulation of bone marrow
hematopoiesis. The immobilization stress pronouncedly down-regulated the colony
formation in the culture stimulated with spleen supernatant or recombinant G-CSF.
To experiment day 6, the development of CFU-GM, CFU-G, and CFU-F decreased
by 1.5-7, 1.5-2, and 1.5-3.5, correspondingly. The hybrid mice demonstrated a
pronounced up-regulation of the colony forming processes without stimulation of
neutrophilopoiesis and monocytopoiesis in the bone marrow. In both experimental
groups, the myelogram revealed a significant increase in the percentage of only
mature neutrophilic granulocytes as compared to the initial level. In addition,
AKR/JY mice were characterized with the post-stress neutrophilosis in the peri-
pheral blood.

In the same observation period, AKR/JY mice responded to immobilization
stress with more than 2-fold drop in the count of all HI forms in the bone marrow,
which was initially lower than that in the age-matched hybrid mice. This drop
resulted mostly from a decrease in the counts of granulocytic and mixed forms of
HI. Decrease in the count of CFU-G and CFU-F to experiment day 6 as well as a
drop in the count of CSA and EPA in the supernatants harvested form the cells of
unfractionated bone marrow attested to profound alterations in the structure-
functional interrelations between the committed precursors and the stromal cells in
the bone marrow of old AKR/JY mice. It is most probable that reduction in the
count of medullar CFU-GM in AKR/JY mice during the late preleucosis period is
underlain by their enhanced granulocytic differentiation from the committed to
mature forms which is up-regulated after stressful stimulation. Infection of mouse
bone marrow with murine leukemia virus increased the count of the colonies in the
granulocytic lineage [258]. However, in contrast to hybrid mice, the 7-month-old
AKR/JY mice displayed depletion of functional reserves of granulocytopoiesis
which impeded them to respond to an extra stressful stimulation by increasing the
pool of committed precursors.
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Thus, the late preleucosis period (7th month of life) in AKR/JY mice is probably
characterized with restriction of the reserves for proliferation (CFU-GM, CFU-G,
CFU-F) and differentiation (CFU-E) of the committed hemopoietic precursors,
which makes it impossible to resist stress with an adequate stimulation and expansion
of hematopoiesis. However, the reference 7-month-old F1(CBA/CaLac*AKR/JY)
hybrid mice display many similar features in the changes of medullar hemopoiesis
which can be considered as an earlier stage of the leukemia progression.

Of profound interest is the fact that independent on the mouse age, the counts of
apoptotic cells and bodies were significantly higher in AKR/JY mice than in the
hybrid ones. It is a common knowledge that apoptosis plays a key role in the control
of regeneration of the cell populations [308]. A greater index of the programmed
death of the bone marrow cells in high leukemic mice in comparison with the hybrid
ones can be related to the development of general adaptation syndrome [368] and
the pathologic process.

Immobilization stress significantly decreases both relative and absolute number
of apoptotic cells in AKR/JY mice. By contrast, the hybrid mice response to such
stress with activation of apoptotic death to experiment day 4 after immobilization
and with recovery of the apoptotic index up to initial level to experiment day 6.

The data attest to profound abnormalities in the mechanisms of cellular self-
regulation manifested in AKR/JY mice as early as the fourth month of life. Taking
into consideration the fact that the bone marrow of sick 10-month-old mice of this
line contains a large number (up to 9 %) of actively phagocytizing macrophages,
one can hypothesize that the apoptotic death of the myelocaryocytes is one of the
reasons of depletion of the hematopoietic tissue characteristic of lymphoma
development.

Thus, during the period of life of the high leukemic AKR/YJ mice encompassing
4-7 months defined as preleucosis, a number of signs are manifested that suggest
the development of general adaptation syndrome. There are two critical periods in
aging dynamics of these mice. The first period (at the age of 4 months) relates
probably to active expression of the viral agent. It is characterized with intensive
maturation of the elements of granulocytic lineage of hematopoiesis accompanied
by inhibition of erythropoiesis. These peculiarities are revealed most clearly after a
10-h immobilization used as a test stressful load. At the age of 5—6 months, an
organism mobilizes the compensatory mechanisms resulting in hyperplasia of the
bone marrow. At this period, the imbalance of structural organization of hemopoiesis
is manifested more clearly. Finally, the compensatory potencies of the blood system
are exhausted to the age of 7 months resulting in persistent decrease of hemopoietic
potency accompanied with alterations in the peripheral hemopoiesis. Probably, this
state precedes manifestations of the clinical symptoms of leucosis.



Chapter 6
Disturbances in the Control of Blood
System During Posthypoxic Period

One of the pivotal problems in experimental and clinical medicine is adaptation to
hypoxia. Almost any pathologic process is more or less accompanied with the
development of a particular type of hypoxia. The hypoxic stimulation exerts a
powerful effect on the transport of blood gases resulting in the functional and then
the structural rearrangements in the mechanisms supplying oxygen for an organism.
On the whole, these changes sustain the energy metabolism [1, 10, 14, 124, 126,
147, 159, 235].

The changes evolving in the peripheral blood and in the bone marrow during
hypoxic stimulation are described in detail [14, 108, 121, 133, 196, 198, 268].
Generally, the blood system reacts to hypoxia with an increase of oxygen capacity
by increasing the number of erythrocytes and elevating the hemoglobin content.
These adaptive changes results from the reflex release of the mature cells from
depot as well as from activation and increase in the count of erythroid lineage in the
hemopoietic organs [14, 109, 142, 198]. In its turn, activation of erythropoiesis
results from elevation of the count of HSC in the bone marrow and peripheral blood
[178,201, 214, 222, 275, 321, 360], as well as from up-regulation of erythropoietin
(erythrogenin) production by the renal juxtamerular apparatus [142, 175, 198, 236].
As arule, these processes are accompanied with the development of leukocytosis in
the peripheral blood (mostly of lymphocytic type) which is explained by migration
of T-lymphocytes known as the regulators of hemopoiesis into hematopoietic tissue
[53, 198]. In the early terms after exposure to hypoxia, neutrophilosis is less often
observed, and it is viewed as a manifestation of the general adaptation syndrome
[53, 154-156, 175, 196].

Irrespective to its cause, hypoxia is always accompanied by the development of
unidirectional reactions in the hematopoietic tissue. However, the mode and length
of hypoxic stimulation can determine many features of the specific changes formed
at various organization strata of the blood system. We carried out a comprehensive
study of the role of individual elements in HIM and that of the distant neurohumoral
hemopoietic control mechanisms during hypoxia of various genesis and severity
[43, 101-105].
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The experiments were conducted on CBA/CaLac mice. The experimental model
were based on hypoxic-hypercapnic normobaric hypoxia (hypoxic hypoxia) and
two variants of hemic hypoxia, which developed under (1) hemolytic or (2) post-
hemorrhagic anemia. The hypoxic hypoxia was simulated with single or double
(10 min prior to the second exposure) placing the mice in a 500-ml hermetic
chamber. The hemic hypoxia was modeled either with intraperitoneal injection of
phenylhydrazine hydrochloride (30 or 150 mg/kg) or puncture of retro-orbital sinus
for blood withdrawal (30 % circulation blood volume in a single procedure or 70 %
with triple bleedings performed during 2—-3 h). The intact mice were used to obtain
the control indices.

A single exposure to hypoxia in the hermetic chamber, injection of the hemolytic
toxin (30 mg/kg), or withdrawal 30 % circulating blood (volume percentage)
produced no significant changes in the psychoneurological status. Severe oxygen
deficiency (double hypoxia in the hermetic chamber, injection of 150 mg/kg hemo-
lytic toxin, or withdrawal 70 % circulating blood) provoked the encephalopathia
documented according to the development of amnesia assessed according to the
disturbances in the conditioned passive avoidance test and in orienting-exploratory
behavior tested in the ‘open field’ environment [13, 369].

The experiments showed that hypoxia of various geneses that provoked no
‘overt’” disorders in the psychoneurological status induced a pronounced hyper-
plasia of the erythroid hemopoietic lineage. During the entire period of such
experiments, there was a pronounced elevation of the erythrocaryocyte count in
hematopoietic tissue, which was especially great during hypoxic hypoxia (up to
438.8 % baseline on experiment day 5). Activation of the medullar erythropoiesis
was echoed in the peripheral blood by elevation in the reticulocyte count observed
on days 1-3, 5, 8 and 9 after hypoxic hypoxia and during the entire observation
period under any type of hemic hypoxia attaining the maximum level on day 10
after injection of the hemolytic toxin (671.5 % baseline value). The changes in
erythrocyte content were mostly determined by specificity of hypoxic stimula-
tion; they were characterized by the drop in erythrocyte count coupled with
decreased hematocrit after withdrawal 30 % circulation blood (days 1-5) or
injection of phenylhydrazine (days 1-10). In contrast, hypoxic hypoxia induced
erythrocytosis developed on experiment days 1-6. The qualitative analysis of the
blood formed elements revealed a slight increase in the volume of the mature
erythrocytes resulting probably from release of a great number of young erythro-
cytes into the circulating blood [26, 98]. However, this index decreased in the
early terms of hemolytic anemia (days 1-3). Evidently, this phenomenon resulted
from destruction of the largest cells by the toxin during their transport in the
microcirculatory bed. In addition to the changes in the size of erythrocytes
observed on days 1 and 3 after hemoexfusion, there was elevation of the mean
corpuscle content of hemoglobin probably related to the fact that a pronounced
share of hematocrit was comprised by the erythrocytes released from the depot.
Formation of these erythrocytes was going on under the conditions of balanced
hemopoiesis characterized by a rather high activity of the hemoglobin-producing
processes and a rather low maturation rate of erythroid precursors. Moreover, all
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three groups displayed a decreased osmotic resistance of erythrocytes, which
attained the minimum level on day 1 after injection of the hemolytic toxin.

As for granulocytopoiesis, any model of hypoxia was characterized with dif-
ferent increase in the count of immature and mature neutrophilic granulocytes in
hematopoietic tissue, which attained the maximum values in the blood loss hypoxia
model. This phenomenon was accompanied with increase in the count of the rod
neutrophils in peripheral blood.

The described changes in hematopoiesis were preceded by up-regulation of the
colony-forming potency of the bone marrow. Irrespective of its mode, hypoxia was
accompanied with increase in formation of CFU-E and CFU-GM in the methyl
cellulose medium. In all cases, the proliferative activity of the committed precursors
of both types increased, and maturation of erythroid precursors accelerated virtually
during entire period of examination. In addition, differentiation of the precursor
cells of granulomonocytopoiesis was up-regulated after hemic hypoxia (hemolytic
anemia), while it was down-regulated after hypoxic hypoxia.

The state of the pool of clonogenic cells is known to be mainly determined by the
level of production of a wide spectrum of the humoral hemopoietic regulators (first
of all, the hemopoietic growth factors) by the cellular components in HIM [37, 255].
Among the hormone-like agents, these growth factors are the most powerful
hemopoietic regulators [57, 134, 299], and their combined effect can be assessed as
EPA and CSA [56].

The study of secretion activity of some bone marrow fractions under various
types of hypoxia showed an increase of EPA in the conditioned media harvested
from the adherent and non-adherent nucleated cells in all groups and virtually at any
term of examination. Elevation of CSA in the supernatants harvested from the
adherent elements was observed during various terms of experiments under hypoxic
hypoxia, hemolytic anemia, and after blood loss. It was also observed in the
conditioned media of the non-adherent myelocaryocytes after injection of the hemo-
lytic toxin. In contrast, the hypoxic hypoxia and blood loss down-regulated CSA
production by the non-adherent fraction of the bone marrow.

The key role in the control of hemopoiesis (especially under the stressful con-
ditions) is played by the serum humoral factors — specifically, the hormones of
adrenal cortex and medulla, opioid peptides, eicosanoids, and other endogenous
biologically active substances [53, 90, 299]. The experiments showed that irrespec-
tive of its type, hypoxia increased serum CSA, which attests to activation of the
stress-mediating systems during hypoxia.

However, the development of adaptive reactions in the hematopoietic tissue
during oxidative failure of various geneses is mainly determined by enhancement of
functional activity of the erythropoietin-producing renal apparatus [26, 349]. It is an
established fact that the products of erythrocyte degradation stimulate erythropoiesis
[37, 136, 180]. It is also known that hypoxic stimulation activates the processes of
erythrodiaeresis.

When studying the role of humoral factors in producing the hypoxia-induced
hematological alterations, all the employed models revealed elevation in the con-
tents of erythropoietically active substances in the blood serum. However, while
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EPA dynamics was similar in all hypoxia models, the content of erythropoietin
significantly differed in these models both in the periods and in the degree of EPA
elevation. It is noteworthy that no model displayed a close conformity between EPA
dynamics and the erythropoietin content, which shows that erythropoietin does not
play any pronounced role in determining the level of total serum EPA.

Really, the up-regulation of colony formation in the test system induced by the
serum derived under hypoxic hypoxia was observed on experiment days 1-5, 9,
and 10 (attaining maximum 299.7 % baseline value on day 3), while increase in
erythropoietin content was recorded in 12 h after hypoxia and on experiment days
1, 2, and 6-9 with the largest value of 363.3 % attained in 12 h after stimulation.
In contrast, hemolytic anemia increased EPA in the blood serum, while the blood
content of erythropoietin was significantly elevated only on experiment day 7.
Hemoexfusion of 30 % circulating blood volume increased serum EPA and the
content of serum erythropoietin virtually at the same time: on experiment days 1-3, 7,
and 9 (EPA), and in 12 h and on experiment days 1-3 and 9 (erythropoietin).
However, these indices significantly differed by the degree of elevation.

In all hypoxia models, the degree of hemolysis greatly increased in the periods
when there was no correlation between EPA and the serum level of erythropoietin
(on experiment days 3, 5; 1-10; and days 4, 6 after hypoxic hypoxia, hemolytic
anemia, and blood loss, correspondingly). This fact indicates a pronounced contri-
bution of the products of erythrocyte degradation into formation of serum EPA.

Investigation of cooperation between various HIM elements and the hemopoietic
cells under diverse hypoxia models revealed enhancement of the potency of
the supplementary elements in the bone marrow to form the cell associations.
Specifically, hypoxic hypoxia increased the count of macrophage-positive and
macrophage-negative associations. The qualitative analysis showed elevation in the
count of erythroid HI in the hematopoietic tissue on experiment das 2, 3, 5, 6, and
8-10, although the significant elevations in the counts of their mixed and granulo-
cytic types were observed only on days 2 and 3.

Similar alterations in the structure-functional organization of the bone marrow
were also observed after hemic hypoxia. Both variants of hemic hypoxia enhanced
the adhesive potency of macrophagal elements and the fibroblasts towards the
hemopoietic precursors. These changes in activity of the adherent myelocaryocytes
were regularly accompanied by a pronounced elevation of the content of erythroid
HI in the bone marrow during virtually entire observation period attaining maximum
of 386.2 % baseline value on day 7 after injection of hemolytic toxin or 359.0 % on
day 5 after hemoexfusion. Elevations in the score of granulocytic and mixed cell
associations were far less pronounced.

Taking into consideration the prominent role of lymphoid elements (specifically,
Thy-1,2*-cells) in the development of adaptive reactions in the blood system pro-
voked by stressful stimulation [44, 90], we examined activity of these cells in the
control of hemopoiesis during hypoxia. The experiments showed that various by
their nature stimuli triggered the development of unidirectional changes in the count
of Thy-1,2*-cells in the bone marrow. In all cases their number in the hematopoietic
tissue significantly increased on experiment days 2—4 after hypoxic hypoxia and on
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days 14 after hemolytic anemia. All hypoxia models revealed a pronounced
stimulation of functional activity of hemopoietic precursors under the effect of the
above regulator elements accompanied by elevation in the count of medullar T-cells.
Especially pronounced were the feeder activity of Thy-1,2*-cells towards the hemo-
poietic precursor cells during their interaction with the elements of HIM adherent
fraction. It is worthy to note that after hypoxic hypoxia or blood loss, this activating
effect was more pronounced in respect to proliferation and differentiation of the
erythroid precursors than to those of CFU-GM.

The data obtained proved the important role of T-cells with Thy-1,2* phenotype
in the development of hyperplasia of the hematopoietic tissue during hypoxia of
diverse geneses. The research showed that Thy-1,2*-cells exerted the stimulatory
effect on the committed erythropoietic precursors both directly and indirectly via
interaction with the adherent elements of the bone marrow, while in respect to the
granulocyte-macrophage precursors, they displayed the feeder activity only indi-
rectly via cooperation with the stromal elements.

An extra mathematical processing of the data with analysis of significant rank
correlation coefficients (r) under diverse hypoxic stimulation revealed a marked
increase in the number of signal correlations between the individual compartments of
erythron system in all employed hypoxia models reflecting a high degree of coupling in
the erythropoiesis-stimulating performance of various regulator systems such as HIM
or erythropoietin system. In this orchestrated activity, the coordinating role in
shaping the response of the hematopoietic tissue is evidently given to the central
(neuroendocrine) regulatory subdivision. It is noteworthy that the hemolytic anemia
was characterized with a positive correlation between serum EPA and hemolysis.
At the same time, the data reduction performed with the factor analysis for any type
of hypoxia, revealed the predominant dependence of blood profile on the formation
of the extra structure-functional units in the bone marrow, i.e. on erythroid HI.
However, no hypoxia model displayed any significant changes in the correlation
matrix of the data characterizing the processes of granulomonocytopoiesis. The load
factor analysis revealed a significant enhancement of serum CSA role in the response
of granulomonocytic hemopoietic lineage indicating the growing importance of the
long-range humoral mechanisms in the control of granulomonocytopoiesis during
various types of hypoxia and under sustaining the initially low coordination level in
the performance of individual HIM elements.

Thus, hypoxia of various geneses, which produces no damage to CNS, triggers the
development of clearly manifested compensation-adaptation reactions in the blood
system such as pronounced hyperplasia of erythroid hemopoietic lineage responsible
for the oxygen supply to the tissues and stimulation of granulocytopoiesis reflecting
activation of the stress-mediating systems [40]. These alterations are determined by
migration of hemopoietic regulator T-cells into the bone marrow, their cooperation
with the stromal elements in hematopoietic tissue, enhancement of feeder activity
of the cellular components in HID, and elevation of the content of hematopoietically
active serum substances. The data obtained attest to profound role of not
only erythropoietin, but also other substances in forming serum EPA and conse-
quently, in shaping the response of erythron system to hypoxia (Fig. 6.1).



64

6 Disturbances in the Control of Blood System During Posthypoxic Period

Bone

Marr

fibro-

macro-
blasts /

phages
/

I
\4
active

) > active
fibro- macro-
blasts

phages

Sonenuesaid

SO0
Prolitera®®

Granulocytopoiesis |

Erythropoiesis
T
!

| \
v ¥

Mature erythrocytes

Mature granulocytes

Peripheral Blood

Fig. 6.1 Control of hematopoiesis during mild hypoxia provoking no damage to CNS. Absence of

any significant changes is marked with fine continuous lines, while the dash and thick solid lines
indicate inhibition and activation, correspondingly

The comparative analysis of hematological alterations in the employed hypoxia
models showed that the most efficient reaction of erythropoiesis was observed under
hemic hypoxia. It is explained by a high rate of maturation of the erythroid precursors
and rapid release of erythrocytes from the hemopoietic organs. Certain differences
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were also observed in the reactions of granulomonocytic lineage. In all hypoxia
models, intensity of proliferation of hemopoietic precursors increased, which however
was not accompanied (or little accompanied) by activation of their differentiation
after hypoxic hypoxia and blood loss. Hemolytic anemia did not uncouple these
processes, which probably resulted from a high oxygen deficiency during this type
of hypoxia and production of a large amount of phlogogenic substances in hypoxia-
damaged tissues [96, 303].

However, literature reports that pronounced inhibition of aerobic oxidation in
cerebral tissues significantly reorganizes CNS, modifies the integrative-triggering
activity of the neurons resulting in a qualitatively novel pattern of interaction of
individual cerebral subdivisions. In case of decompensation of the adaptive mecha-
nisms, a chain of pathologic process is triggered leading to progressive neurological
disorders and abnormalities in the work of numerous visceral organs and systems
[5, 119, 132, 138, 139].

Further stage of our studies was examination of possible influence of encephalo-
pathia as a hematopoiesis-dysregulating process on the formation of hematological
alterations during severe hypoxia.

Investigation of the reactions of hematopoietic tissue in animals with hypoxia-
induced cerebral pathology revealed a number of interesting features. Irrespective to
the triggering cause, encephalopathy was accompanied with a delayed decrease in
the level of hyperplasia of hemopoietic lineage resulting from a decrease in the
count of hemopoietic precursors and moderation of their proliferative activity.
In particular, the hypoxic hypoxia diminished CFU-E content on experiment days 4,
5, 8, and 9, while the count of mitotically active precursors decreased as early as day
1 of experiment. The development of cerebral pathology provoked by hemolytic
agent or 70 % blood volume loss was accompanied with a decrease in the colony-
forming potency of the bone marrow on, respectively, experiment days 4, 6, 7, 9 or
4,9 as well as with down-regulation of DNA synthesis in CFU-E observed on days
5-7 (hemolytic anemia) or on days 3, 8, 9 (blood loss) in comparison to the control
values measured in the animals without encephalopathy.

In all hypoxia models and during entire observation period, there was a compen-
satory activation of the processes of CFU-E differentiation related to up-regulation
of the secreting function of the adherent myelocaryocytes, elevated serum EPA,
accompanied by up-regulation of the formation of the erythroid cell associations
after injection of 150 mg/kg phenylhydrazine or extensive blood loss.

Severe hypoxia produced quite equivocal effect on the humoral mechanisms of
erythropoiesis control. While after hypoxic hypoxia or blood loss the increase in
EPA was greater than elevation of erythropoietin content, the severe hemolysis pro-
nouncedly elevated erythropoietin content almost during entire observation period,
but decreased serum EPA at the late terms of experiment. In addition, irrespective to
the exciting cause of encephalopathy, all animals with this pathology demonstrated
dramatic elevation in the degree of hemolysis.

The study of T-lymphocytic mechanisms of hematopoietic control under severe
oxygen deficiency of diverse genesis showed that the development of CNS pathology
in all cases led to pronounced and long-term decrease in the count of Thy-1,2*-cells
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in the bone marrow practically to the level characteristic of the intact animals. At the
same time, even a small amount of these cells efficiently stimulated CFU-E in the
culture, but this effect was observed only when they interacted with the elements of
adherent fraction of myelocaryocytes. These data conclude that preservation
of activity of one of the trigger elements of erythropoietic stimulation (T-cells of
hematopoietic tissue) during severe hypoxia of various geneses is related not to the
changes in the count of medullar population of Thy-1,2*-cells, but to their func-
tional state. However, virtually in all cases with severe encephalopathia, Thy-1,2*-
lymphocytes lost the ability to individually affect the proliferation-differentiation
status of the erythroid precursors without cooperation with the resident HIM cells.

The changes in examined parameters of granulomonocytic hemopoietic lineage
were in many respects similar to the dynamics of erythropoietic indices. Specifically,
the medullar count of granulomonocytic progenitors decreased after hypoxic hypoxia
(on day 4), hemolytic anemia (on days 2, 4, 5, 7 and 9), and blood loss (days 9—-10).
In all cases, these changes were preceded by (1) a decrease in CFU-GM division
rate, which was most pronounced after injection of 150 mg/kg phenylhydrazine
(down to 54.4 % control value on postinjection day 7) and (2) an increase in matura-
tion rate of granulomonocytic precursors. The latter phenomenon resulted from an
increased level of CSA in the tested biological fluids. Severe hypoxic stimulation
(hypoxic hypoxia) and a high volume of blood loss up-regulated formation of CSA
by the adherent and non-adherent nucleated cells of the bone marrow; in addition, it
elevated the content of serum hemopoietins after hypoxic hypoxia and posthemor-
rhagic encephalopathia. In contrast, the development of cerebral pathology provoked
by the hemolytic toxin significantly enhanced CSA in the conditioned media of the
bone marrow cells without any discernible effect on serum CSA.

However, an increase of hypoxia severity in all cases was accompanied with a
marked enhancement of ability of Thy-1,2*-cells to stimulate the growth of granu-
lomonocytic precursors either in the pool of medullar cells cultured on adhesive cell
sublayer or (in contrast to hypoxia not accompanied with encephalopathia) in indi-
vidually cultured non-adherent elements. Efficiency of the influence of these cells
on colony formation mediated via their interaction with the adherent myelocaryo-
cytes was pronouncedly greater than that observed during naturally similar hypoxic
states that did not disturb the psychoneurological status (especially in the hemolytic
variant of hypoxia). Taking into consideration the results of the study, one can con-
clude that a severe degree of oxygen deficiency determined the following change in
the vector of the direct feeder influence of Thy-1,2"-cells from predominant action
on erythroid precursors after compensated hypoxia to stimulation of granulomono-
cytopoiesis after severe hypoxia aggravated with developing encephalopathia.

Despite the same kind of alterations in the state of granulocyte-macrophage pre-
cursors and spectacular similarity in the changes of regulatory mechanisms in all
hypoxia models, there were significant differences between the experimental groups
in the content of morphologically identifiable cells of granulocytic moiety. For
example, while massive hemolysis and blood loss decreased the count of immature
and mature granulocytes in the bone marrow relative to the baseline values, the
hypoxic hypoxia elevated the counts of mature granulocytes on experiment days
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3,7, 8 and 10. In all hypoxia models, we observed the development of neutrophilic
leukocytosis in the peripheral blood, which attained the maximum level (up to
437.4 % baseline value on experiment day 1) in the cases with encephalopathia
caused by the hemolytic toxin. Probably, this phenomenon resulted not so much
from accelerated differentiation of the granulomonocytic precursors, but rather
from the disturbances in the efflux of the toxically damaged leucocytes from the
tissues [26].

Irrespective to its cause, the damage to CNS was accompanied with the changes
in the parameters of peripheral part of the erythron system. The hypoxic animals
demonstrated either the development (hypoxic hypoxia) or aggravation of anemia.
At the high doses of phenylhydrazine or after a massive blood loss, this anemia was
related to specificity of stimulation characterized with the maximum drop in the
count of erythrocytes to 35.1 % (day 6) or 54.4 % (day 3) baseline value,
correspondingly. In addition, despite the clearly displayed reticulocytic reaction,
one of the reasons of anemia was abnormality of the recovery dynamics of erythro-
cyte content due to the development of macrocytosis and degradation in osmotic
resistance of the cells virtually during entire observation period resulting in rapid
dieresis of the newly formed large erythrocytes. In the cases with encephalopathia
provoked by hypoxic hypoxia, anemia was delayed and hypochromic, which can be
probably explained by extreme enlargement of the mature erythrocytes and by a
decrease in their hemoglobinization during the overstressed erythropoiesis.

In all encephalopathia models, the correlation and factor analyses revealed a
pronounced decrease in the number of causal relationships between the numerical
parameters of erythron and the functional activity of the erythropoietic control
systems during the changes in the factor loads of the correlation matrix. This fact
reflects a diminished role of cell-cell cooperation in mediating the response of the
erythron system in contrast to that of serum EPA, which probably attests to dysregu-
lation of hematopoiesis during hypoxia inducing the pathologic changes in CNS.
In addition, all cases of severe hypoxia were characterized with a positive correlation
between increase of serum EPA and intensity of hemolysis.

However, in the model of phenylhydrazine-induced encephalopathia the mathe-
matical analysis of granulomonocytopoiesis revealed an increase in the number of
signal relationships between the individual compartments of granulomonocytic
lineage, which attested to enhancement of system stress. In all cases, reduction of
the correlation bonds performed with the factor analysis revealed an increasing role
of the humoral regulators produced by the stromal HIM components, which in
the cases of hypoxic hypoxia and blood loss was also accompanied with decreasing
role of serum hemopoietins in shaping the reactions of leucocytes to hypoxia. These
facts indicate the changes in the character of granulocytopoiesis control during
severe hypoxic stimulation.

Overall, the data obtained make it possible to describe the state of the blood
system resulting from failure of the compensation-adaptation hemopoietic
mechanisms during hypoxia as a kind of ‘erythropoietic distress’ manifested by
disadaptation of the hematopoietic tissue and production of the pathological
forms of erythrocytes.
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At this state, the decrease in the count of hematopoietic precursors accompanied
with enhancement of functional activity of the relatively resistant stromal com-
ponents in HIM can be related to their damage due to extreme activation of the
sympathoadrenal and pituitary-adrenal systems. As we mentioned in the above,
such inverse (negative) effect of surplus of the catecholamines on the hemopoietic
precursor cells was observed in the model of cytostatic myelosuppression provoked by
antimetabolite injection [53]. As for the pathologic hyperactivity of sympathoadrenal
system during hypoxia, it can result from dysfunction of inhibitory mediator systems
known for their high sensitivity to oxygen deficiency [5, 132].

To test the hypothesis about the central genesis of the revealed hematologic
phenomena in severe hypoxia, the exposed mice were treated with a single intra-
peritoneal injection of sodium oxybutirate (500 mg/kg), which in all cases eliminated
the psychoneurological signs of encephalopathia and significantly corrected the
manifestations of disadaptation in the blood system.

The pharmacological protection of the brain elevated the count of progenitor
cells in the bone marrow tissue observed in the cases of severe hypoxic hypoxia
(experiment days 3-5, 8), toxin-induced hemolysis (day 6), and massive blood loss
(day 3). In all cases, these changes were accompanied with increasing proliferative
activity of the precursor cells up the levels characteristic of the mice subjected to the
milder variants of the corresponding hypoxic stimulation producing no dramatic
disturbances in CNS. Logically, the compensation for the disturbances in the com-
mitted progenitor cells resulted in hyperplasia of erythroid hemopoietic lineage
accompanied by arresting the development of anemia resulted from hypoxic
hypoxia. Injection of sodium oxybutirate during severe hemolytic anemia and 70 %
blood volume loss was accompanied by an increase in the count of erythrocytes in
the peripheral blood. In this case, the size of mature erythrocytes was significantly
decreased, which was not accompanied by any significant changes in the release of
reticulocytes into the blood.

Examination of secretory function of individual HIM components after
neuroprotective treatment and exposure of the mice to severe hypoxia revealed
down-regulation of EPA production by the adherent myelocaryocytes on experi-
ment day 4 (hypoxic hypoxia), on days 1, 7, 10 (hemolytic anemia), and on day 7
(massive blood loss). However, injection of sodium oxybutirate produced virtually
no effect on (1) feeder activity of Thy-1,2*-cells for CFU-E, (2) production of EPA
by non-adherent cells in the bone marrow, and (3) serum EPA. These facts show that
during total oxygen deficiency, hemopoiesis is mostly affected by the direct effects
of hypoxia on HIM mobile elements (T-cells included) and on the distant humoral
mechanisms of hematopoietic control in contrast to indirect effects of hypoxia on
hematopoiesis mediated via CNS.

Injection of sodium oxybutirate also elevated the count of granulomonocytopoiesis
precursors in the hematopoietic tissue in mice subjected to hypoxic hypoxia, hemo-
lytic anemia, and blood loss, which was accompanied by an increase in their division
rate. However, CFU-GM maturation index decreased in all cases. In all groups, the
above alterations resulted from down-regulation of CSA production by the adherent
medullar nucleated cells, and after hypoxic hypoxia or blood loss they were
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accompanied by a decrease in the serum content of granulomonocytopoiesis inducers.
Nevertheless, intensity of differentiation of the granulomonocytic precursors under
the antihypoxant action of sodium oxybutirate significantly surpassed this parameter
in animals subjected to the corresponding types of hypoxia that did not provoke lesion
to CNS. In all cases, a comparatively high maturation rate of the progenitor cells of
granulomonocytopoiesis was related to retention of feeder activity of Thy-1,2*-cells
for CFU-GM, up-regulation of CSA production by the non-adherent myelocaryocytes
during the early posthypoxic period, and an enhanced level of serum hemopoietins
during the late posthypoxic period. Finally, the changes in proliferation-differentiation
status of CFU-GM resulted in elevation in the count of mature neutrophilic granulo-
cytes in the bone marrow on experiment days 5, 7 (hemolytic anemia), and on days 3,
4, 6 (blood loss), but they produced no significant effect on the score of morphologi-
cally identifiable cells of granulocytopoiesis in the case of hypoxic hypoxia in com-
parison with the animals not treated with the antihypoxant agent.

In all hypoxia models, the described ambiguous alterations in the medullar
granulocytopoiesis in mice treated with sodium oxybutirate were reflected in the
peripheral blood by a decrease in the count of segmented neutrophils relatively to
the control values as assessed on experiment days (3-7), (1, 2, 6, 7), and (7-9) after
hypoxic hypoxia, hemolytic anemia, and blood loss, correspondingly. However, this
index remained enhanced in comparison with the corresponding values in the animals
exposed to the same types of hypoxia, which did not provoke encephalopathia.
In our opinion, maintenance of a high level of neutrophil production is underlain by
physiologically reasonable necessity to ‘clear’ the tissues from detritus [78, 303],
whose production is pronouncedly increased with aggravation of hypoxia.

The experimental data unequivocally attest to interrelation between cerebral
pathology caused by ‘global’ hypoxia of diverse geneses with decrease in the
number of hemopoietic precursors in the hematopoietic tissue, enhancement of the
feeder activity of the stromal components in HIM, and up-regulation of production
of the pathological forms of erythrocytes (Fig. 6.2).

Under severe hypoxia, the most probable reason of the alterations in the blood
system especially manifested by the disturbances in hematopoiesis is the damage to
the hematopoietic cells by the adrenergic overstimulation. In such cases, the effects
of catecholamines are predominantly mediated via -adrenergic receptors [47, 53].

Examination of the role of the adrenergic hemopoietic control mechanisms in
shaping the hematological alterations during hypoxia aggravated by encephalo-
pathia showed that blockade of f-adrenergic receptors with a single subcutaneous
injection of propranolol (5 mg/kg) made after double hypoxic hypoxia elevated the
count of erythrocytes in the peripheral blood (experiment days 4, 7, 9), increased the
hemoglobin content (day 5), and abrogated the development of hypochromic anemia
in posthypoxic period. Moreover, propranolol markedly improved the recovery
dynamics of erythrocyte indices in the cases of severe hemolytic and hemorrhagic
anemia. In the cases of hemic hypoxia caused by phenylhydrazine (150 mg/kg) and
hemorrhagic anemia provoked by massive blood loss, the count of erythrocytes was
elevated correspondingly on experiment days 6-9 and 5, 6, 9, while hematocrit
increased on days 68 and 4, respectively. In these experiments, the qualitative analysis
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of the blood formed elements revealed a marked decrease in the size of erythrocytes
in mice treated with propranolol in comparison with similar value in mice subjected
to various types of hypoxia but not treated with this adrenergic blocker.



6 Disturbances in the Control of Blood System During Posthypoxic Period 71

The revealed alterations in the peripheral blood logically reflected the dynamics
of medullar erythropoiesis. For example, treatment of hypoxic mice with proprano-
lol increased the count of erythrocaryocytes in the bone marrow after double
hypoxic hypoxia (observed on experiment days 5, 6, 9), hemic hypoxia caused by
150 mg/kg phenylhydrazine (days 6, 7), and hemoexfusion of 70 % circulation
blood volume (days 6, 7) in comparison with the animals whose adrenergic mecha-
nisms had not been corrected.

The cell culture studies of the effects of the adrenergic stimuli on erythropoiesis
revealed dependence of the above reactions in the blood systems on the state of the
progenitor cells in hematopoietic tissue. For instance, propranolol significantly ele-
vated the count of erythroid precursors in the bone marrow on experiment day 4
after hypoxic hypoxia and on days 3—4 after the blood loss. The study of proliferative
activity of the hemopoietic progenitor cells revealed an increase of their division
rate in all hypoxia models, although it was significant only in the model of hypoxic
hypoxia on experiment day 3. At the same time, no group of mice demonstrated
significant changes in the rate of CFU-E differentiation despite down-regulation of
production of the erythropoietically active substances by the adherent fraction of the
bone marrow observed on experiment day 4 after hypoxic hypoxia or blood loss.
In these cases, injection of an antagonist of -adrenergic receptors produced no
effect on the secretory function of HIM non-adherent elements and on serum EPA.

However, the alterations in granulomonocytic hemopoietic lineage induced by
B-adrenergic antagonist were mostly redistributive in character: they were mani-
fested by the disturbances in the release of immature neutrophils in the blood, which
agree with the data obtained in other pathology model [53]. The limited effects of
propranolol were manifested only by insignificant accumulation of the mature neu-
trophilic granulocytes in the bone marrow in the models of hemolytic and severe
hemorrhagic anemia, and by a decrease in the count of the rod neutrophils in the
peripheral blood observed in the models of hypoxic hypoxia and hemorrhagic ane-
mia. No hypoxia models with the signs of encephalopathia displayed any marked
differences in the counts of other morphologically differentiated granulomonocytic
cell elements in the bone marrow and peripheral blood or significant diversities in
the count and state of CFU-GM pool. Propranolol did not change CSA levels in the
conditioned media of the non-adherent myelocaryocytes and in the blood serum,
although it down-regulated CSA production by HIM adherent cells on experiment
day 5 in the models of hemic hypoxia caused by 150 mg/kg phenylhydrazine and
hemorrhagic anemia induced by hemoexfusion of 70 % circulation blood volume.

On the whole, our experiments showed that hyperactivation of the adrenergic
systems in an organism subjected to severe hypoxia exerted a negative influence on
erythropoiesis. This ‘inverse’ effect of a surplus of the catecholamines results from
the damage to erythroid precursors mediated via f-adrenergic receptors located on
their membranes [47, 53].

Thus, the damage to cerebral structures caused by hypoxia and the related altera-
tions in activity of the adrenergic mechanisms of hemopoietic control pronouncedly
disturb the development of adequate adaptive reactions in the blood system, which in
its turn aggravates the oxygen supply to the tissues in an organism during hypoxia.
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The data accumulated on the work of blood systems under normal and pathological
conditions show that under the conditions of balanced hemopoiesis, the neuroendo-
crine substances have no significant effects on the proliferation and differentiation of
hemopoietic cells. In such conditions, the hematopoietic system works mostly in an
autonomic mode under the predominant control by the local mechanisms.

Under extreme conditions characterized by overstress of the hemopoietic pro-
cesses, the most important role in sustaining hemopoiesis at an enhanced level is
given to the neuroendocrine control systems. They exert both direct (via the corre-
sponding receptors) and indirect (mediated by T-lymphocytes, macrophages, and
the stromal elements) effects on the hematopoietic cells resulting in their concerted
work and enhancement of their proliferative and differentiating potencies. A salient
role in this control belongs to the mediator influences, which are effected, specifi-
cally by the monoaminergic systems, where by the serotoninergic system is mostly
related to alterations in the erythroid hemopoietic lineage, while the adrenergic and
dopaminergic systems are employed to control the changes in granulocytic hemo-
poietic lineage.

The stressful stimulation activates an integrated cascade mechanism of the
hematopoietic control. The role of ‘trigger’ inducing the adaptive response of the
hematopoietic tissue is given to the central neuroendocrine structures exerting their
influence via universal stress-mediating (monoaminergic, vegetative, hypophyseal-
adrenal, peptide-opioid) and stress-limiting (GABAergic, peptide-opioid, etc.)
systems. At this stage, the major player in mediating the vegetative influences on
hematopoiesis is the sympathoadrenal system.

The activation of hypophyseal-adrenal and sympathoadrenal systems results in
the development of hyperplasia of hemopoietic tissue in the bone marrow (predomi-
nantly due to the stimulation of erythro- and granulomonocytopoiesis) accompanied
by the enhancement of cellularity of the peripheral blood. The basic reason of hemo-
poietic activation is the enhancement of migration of T-lymphocyte regulators into
the bone marrow under the effect of glucocorticoids and catecholamines. At present,
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the phenotype and basic properties of hemopoietic control T-cells are being
examined in detail. T-lymphocytes augment the functional activity of resident
macrophages and the stromal mechanocytes that form HIM, which in many respects
is responsible for the proliferation and maturation of the cells from progenitor to
mature forms. In addition, the hematopoietic control pathways comprise the direct
(receptor-based) and indirect (via T-lymphocytes, macrophages, and the stromal
mechanocytes) influences of the monoaminergic system and the hormones of the
adrenal cortex and medulla on the hematopoietic cells, resulting in synchronization
and enhancement of their proliferative and differentiating potencies. A correlation
analysis revealed a certain tropicity of a- and B-adrenergic stimulation to granulo-
cyte-macrophage and erythroid hemopoietic mechanisms, respectively. The con-
certed activity of the stress-mediating and stress-limiting systems directed to
corresponding target cells in the blood systems, shapes the adaptive response of the
hematopoietic tissue. On the one hand, the resulting alterations are homogenous and
non-specific in character, however, the specificity of the blood system response
greatly depends on the nature of the pathogenic factor (Figs. 2.1, 2.2, 2.3, 3.1, 3.2,
4.1,4.2,43,44,45,4.6,5.1,52,5.3,6.1,and 6.2).

The HIM elements (macrophages and the stromal mechanocytes) in company
with T-lymphocytes determines the proliferative and differentiating status of the
hemopoietic progenitor cells via the up-regulation in production of the humoral
regulators (cytokines and GAG) and enhancement of cell-cell interactions leading
to the accelerated formation of the cell associations (HI). It is important to note that
one of the earliest HIM reactions observed during stressful stimulation is activation
of IL-1 and IL-3 syntheses. At the same time, the number of horizontal (at the level
of blood system) and vertical (involving the higher regulator systems) interrelations
greatly increases, which restricts the plasticity of the compensation-adaptation
hemopoietic mechanisms under these conditions.

Overall, the considered data underlay the hypothetic diagram of hemopoietic
control (Fig. 1).

Of principal importance are the roles of local and distant regulator systems in
providing the necessary area of hematopoiesis under the normal conditions viewed
here as the optimal life of an organism. We are reasonably sure that under balanced
hemopoiesis, the neurocrine substances including the central monoaminergic and
vegetative transmitters, the hormones of adrenal cortex, and the opioid peptides,
produce no direct influence on the proliferative and differentiating status of the
hemopoietic cells indicating the virtual autonomic nature of the hematopoietic sys-
tem. Specifically, the changes in functional activity of the neuroendocrine apparatus
(adrenal cortex and medulla, as well as, the monoaminergic and opiatergic systems)
in animals that were not exposed to the stressful stimulation produce no marked
effects on hematopoiesis. Similarly, experimental deficiency of T-lymphocytes in
an ‘intact’ organism, which belong to the major links (messengers) of the distant
and local hemopoietic control systems, produce no marked effects on hematopoie-
sis. However, the anatomic unit referred to as the ‘neuroreticular complex’ implying
involvement of neural terminals in HIM formation suggests the possibility of cer-
tain indirect effects of the higher control centers on ‘intact’ hematopoiesis. This
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possibility can be realized via the control over metabolism, oxygen consumption,
and erythropoietin secretion, as well as, the trophogenic influence on the internal
metabolic processes in the cells under a hemopoietic microenvironment, which in
turn control the proliferative and differentiating potentials of the hemopoietic
elements. Probably, the low levels in production of the hemopoietic humoral regula-
tors by the stromal cells of the bone marrow demonstrates that under normal condi-
tions, they participate in renewal of cell associations via the cell-cell contacts. In
this process, the minimum number of horizontal (within bone marrow) and vertical
correlation bonds reflects the persistent need of an organism for functionally mature
cells of the blood system under the optimal conditions of its vital activity.

Summarizing the short review of the data related to the development of the
hemopoietic control theory under stress conditions, it is worth noting that its
validity is established by the results of the applied research. For instance, this
theory advanced new methods to treat the cytostatic myelosuppressions with
neuropharmacological agents, which have been clinically tested [53]. Moreover,
a family of novel high efficient hemostimulators has been synthesized on the
basis of GAG derivatives [39], the pathogenetic substantiation was developed to
use the recombinant forms of cytokines that were successfully employed with
the nanotechnology methods to synthetize the principally novel class of the
drugs [68, 70, 72], and the hemopoietic control theory was further elaborated to
explain the mechanisms of somatization of neuroses [86] and the peculiarities in
the development of leucoses [173].

Finally, it can be concluded that hemopoietic tissue is a usable model to examine
the regularities in the growth of regenerating tissues, so the key elements of regula-
tion of its activity under normal (optimal) conditions and during stress can be
corner-stones in creating the general biological theory of tissue adaptogenesis.
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