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Cyclical Neutropenia and Other Periodic Hematological Disorders: A Review of
Mechanisms and Mathematical Models

By Caroline Haurie, David C. Dale, and Michael C. Mackey

Although all blood cells are derived from hematopoietic
stem cells, the regulation of this production system is only
partially understood. Negative feedback control mediated by
erythropoietin and thrombopoietin regulates erythrocyte
and platelet production, respectively, but the regulation of
leukocyte levels is less well understood. The local regulatory
mechanisms within the hematopoietic stem cells are also
not well characterized at this point. Because of their dynamic
character, cyclical neutropenia and other periodic hematologi-
cal disorders offer a rare opportunity to more fully under-
stand the nature of these regulatory processes. We review
the salient clinical and laboratory features of cyclical neutro-

penia (and the less common disorders periodic chronic
myelogenous leukemia, periodic auto-immune hemolytic
anemia, polycythemia vera, aplastic anemia, and cyclical
thrombocytopenia) and the insight into these diseases af-
forded by mathematical modeling. We argue that the avail-
able evidence indicates that the locus of the defect in most of
these dynamic diseases is at the stem cell level (auto-
immune hemolytic anemia and cyclical thrombocytopenia
seem to be the exceptions). Abnormal responses to growth
factors or accelerated cell loss through apoptosis may play
an important role in the genesis of these disorders.
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REGULATION OF HEMATOPOIESIS apoptosid:10-12 Additionally, there is a clear shorting of the

ATURE BLOOD CELLS and recognizable precursors in neutrophil maturation time under the action of G-GSF.
the bone marrow ultimately derive from a small popula- Thel 'mPorFa”t rolz of G-CSF JOL thf_ In t\1lll<vo é(‘;log_ltrr‘m of
tion of morphologically undifferentiated cells, the hemopoietic grr1anu ?jp?r:efls _wasl E_monétrcz:itsei: dy |tesc ebl i .e;:( th
stem cells (HSC), which have a high proliferative potential and> oW at mice lacking (due to an ablation of the
G-CSF gene in embryonal stem cells) have pronounced neutro-

sustalq hematopoiesis throughout life (Fig 1). The earliest HSCpenia and reduction of the marrow granulocyte precursor cells
are totipotent and have a high self-renewal capddtyhese

- ] ; . by a factor of 50%. The administration of exogenous G-CSF
qualities are progressively lost as the stem cells differentiate., racts the neutropenia in 1 day and restores the marrow

Their progeny, the progenitor cells, or colony-forming units ¢omposition to that typical of a normal wild-type mouse within
(CFUs), are committed to one cell lineage. They proliferate andy days. G-CSF also rapidly corrects neutropenia of diverse
mature to form large colonies of erythrocytes, granulocytescauses in humais2°and other mammaf-23
monocytes, or megakaryocytes. The growth of CFUs in vitro  Several studies have shown an inverse relation between
depends on lineage-specific growth factors, such as erythropotirculating neutrophil density and serum levels of G-C8F.
etin (EPO), thrombopoietin (TPO), granulocyte colony- Coupled with the in vivo dependency of granulopoiesis on
stimulating factor (G-CSF), monocyte colony-stimulating fac- G-CSF, this inverse relationship suggests that the neutrophils
tor (M-CSF), and granulocyte-monocyte colony-stimulating would regulate their own production through a negative feed-
factor (GM-CSF). back, as is the case with erythrocytes, in which an increase
EPO ajusts erythropoiesis to the demand fgifdhe body. A (decrease) in the number of circulating neutrophils would
decrease in tissue pQevels (in response to any one of a induce a decrease (increase) in the production of neutrophils
number of factors) leads to an increase in the renal productiofhrough the adjustement of G-CSF levels. Although mature
of EPO. This, in turn, leads to an increased cellular productior€utrophils bear receptors for G-CSF and for GM-CSF, the role
by the primitive erythroid precursors (colony-forming units- of these receptors in governing neutrophil production is not yet
erythroid [CFU-E]) and, ultimately, to an increase in the known. . o ) e
erythrocyte mass and hence the tissuglp@els. This increased The regulatlon of thrombopoiesis presur_naply involves simi-
cellular production triggered by EPO is due, at least in part, tOlar negative feedback loops. Megakaryopoiesis can be separated
an inhibition of preprogrammed cell death (apoptdsis) the
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Fig 1. The architecture and control of hematopoi-
esis. This figure gives a schematic representation of

the architecture and control of platelet (P), red blood
cell (RBC), and monocyte (M) and granulocyte (G)
(including neutrophil, basophil, and eosinophil) pro-

Death  duction. Various presumptive control loops medi-

ated by TPO, EPO, and G-CSF are indicated, as well
as a local regulatory (LR) loop within the totipotent

. . . . HSC population. CFU (BFU) refers to the various

- Prohferatmg——-\-Nonprohferatmg»l* Mature colony (burst) forming units (Meg, megakaryocyte;
Mix, mixed; E, erythroid; G/M, granulocyte/mono-

Bone Marrow J‘ Blood | cyte) that are the in vitro analogs of the in vivo

committed stem cells (CSC).

in two processes: the proliferation and differentiation of mega-proliferate after transplantation into irradiated hd$tShe
karyocytic progenitor cells, and the complex process of maturaspecific mechanisms regulating the differentiation commitment
tion of precursor cells, which includes a variable number ofof HSC are unknow#? Self-maintainance of HSC depends on
endomitotic nuclear divisions, cytoplasmic growth and matura-the balance between self-renewal and differentiation. Mecha-
tion, and the development of platelet-specific structures. nisms that could support auto-regulatory feedback control loops

Until recently, the regulation of megakaryopoiesis was thoughtcontrolling HSC kinetics are starting to be investigated.
to include two separated control mechanidt$ first, a
regulatory loop mediated by a megakaryocte colony stimulating PERIODIC HEMATOLOGICAL DISORDERS
antigen (Meg-CSA) responding to megakaryocyte demand and .
acting on the proliferation of colony-forming unit-mega- CYclical Neutropenia (CN)
karyocte (CFU-Meg); second, a thrombocytopenia-activated General features. CN has been the most extensively studied
control of the maturation of megakaryocytes, mediated by TPOperiodic hematological disorder. Its hallmark is a periodic
Several growth factors, such as interleukin-11 (IL-11), IL-6, decrease in the circulating neutrophil numbers from normal
IL-3, and GM-CSF possess either one (but not both) of thesevalues to very low values. In humans, it occurs sporadically or
activities and promote platelet production in vivo. However, as an autosomal dominantly inherited disorder, and the period is
none was found to be specific to the megakaryocytic linééage. typically reported to fall in the range of 19 to 21 ddys,

A lineage-specific factor that is the ligand for Mpl receptor although recent data indicate that longer periods occur in some
has been cloned recently that has both Meg-CSA and TP@®atients*2 Our understanding of CN has been greatly aided by
activity.3° Plasma TPO levels are increased in thrombocytopethe discovery that the grey collie suffers from a very similar
nic patients’® Administration of TPO to nonhuman primates disease. The canine disorder closely resembles human CN with
induces up to sixfold to sevenfold increases in the plateletthe exception of the period that ranges from 11 to 15 Hayrsd
counts’132 It is now thought that the Mpl ligand mediates a the maximum neutrophil counts, which are higher than for
negative feedback loop regulating platelet productfon. humans. For reviews ség#4-50

There are more than 15 other cytokines acting on hematopoi- It is now clear that in both human CRP-53and the grey
esis® with broad, redundant actiof8# In vitro studies have collie*35*there is not only a periodic decrease in the circulating
shown that IL-3 and stem cell factor (SCF; Kit ligand) are neutrophil levels, but also a corresponding oscillation of
involved with the survival of HSC, whereas IL-6, IL-11, IL-12, platelets, often the monocytes and eosinophils and occasionally
and G-CSF have synergestic effects on the entry into cycling ofhe reticulocytes and lymphocytes (Fig 2A). The monocyte,
dormant HSG735In contrast to the committed progenitors, the eosinophil, platelet, and reticulocyte oscillations are generally
growth of HSC in vitro thus depends on the interaction of from normal to high levels, in contrast to the neutrophils, which
several cytokines. The action of G-CSF on the cycling of HSCoscillate from near normal to extremely low levels. Often (but
in vitro is supported by in vivo effects. Whereas suppression ofot always), the period of the oscillation in these other cell lines
G-CSF only affects granulopoiestsG-CSF administration can  is the same as the period in the neutrophils.
result in multilineage recove#y and modify the kinetics of The clinical criteria for a diagnosis of CN have varied widely,
colony-forming units-spleen (CFU-S} Little is known about  although the criteria used by Dale et%dre widely accepted.
how the self-maintenance of the HSC population is achievedThese criteria are that a patient must display an absolute
HSC are usually in a dormant state but are triggered toneutrophil count (ANC) less than 08 10°/L at least 3 to 5
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Fig 2. Representative patterns of circulating cell
levels in four periodic hematological disorders consid- 8-:‘: 10
ered in this review. (A) CN,5* (B) PV,%5 (C) AA,%¢ and (D)
periodic CML.5” The density scales are neutrophils, ) . L
108 cells/pL; white blood cells, 104 cells/pL; platelets, o] 50 100 150 200
105 cells/pL; reticulocytes, 104 cells/pL; and Hb, g/dL. days

250 300 350 400
consecutive days per cycle for each of three regularly spaced Studies in the grey collfg2and in humarfs’3 show that the
cycles. Usually, this requires blood cell counts three times peresponsiveness of granulocyte committed progenitor cells to
week for 6 to 8 weeks. Most patients will also have significantG-CSF is greatly attenuated in CN compared with normal.
symptoms (malaise and anorexia) and signs (eg, fever, moutRatients also differ from normal in their requirements for
ulcers, and lymphoadenopathy) during their neutropenic peri-GM-CSF but not for IL-373
ods. Sometimes it is difficult to make the diagnosis with In CN, the levels of colony-stimulating activity (CSA-related
certainty. Using periodogram analysis, some patients classifietb G-CSF) fluctuate inversely with the circulating neutrophil
as having CN do not in fact display any significant periodicity, levels and in phase with the peak in monocyte numbefs.
whereas other patients classified with either congenital oEPO levels oscillate approximately in phase with the reticulo-
idiopathic neutropenia do display significant cyclitig. cyte oscillation’> Dunn et al” have also shown a periodic
Origin. Transplantation studies show that the origin of the stimulation/repression of CFU-S (the HSC) by conditioned
defect in CN is resident in one of the stem cell populations ofmedia derived from cyclic neutropenic marrow. It is unclear if
the bone marrowf-4 Studies of bone marrow cellularity these correlations and inverse correlations between levels of
throughout a complete cycle in humans with CN show that therecirculating cells and putative humoral regulators are related to
is an orderly cell density wave that proceeds successivelyhe cause of CN or are simply a secondary manifestation of
through the myeloblasts, promyelocytes, and myelocytes andome other defect.
then enters the maturation compartment before being mani- Effect of phlebotomy and hypertransfusiorthe effect of
fested in the circulatiof*> Further studies have shown that bleeding and/or hypertransfusion on the hematological status of
this wave extends back into the CFUSCFU-E®-%aswellas  grey collies gives interesting resufsin the untreated grey
in the burst-forming unit-erythroid (BFU-E) and colony- collie, EPO levels cycle out of phase with the reticulocytes and
forming unit—granulocyte-macrophage (CFU-G#Jlsuggest-  virtually in phase with the neutrophil counts. After phlebotomy
ing that it may originate in the totipotent HSC populations. (bleeding of between 10% and 20% of the blood volume), the
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cycles in the neutrophils and reticulocytes continue as they ha@00 X 1(° cells/L and with periods ranging from approximately
before the procedure, and there is no change in the relativ80 to 100 days. Oscillations of other blood elements in
phase between the cycles of the two cell types. Hypertransfuassociation with CML have been observed. The platelets and
sion (with homologous red blood cells) completely eliminates sometimes the reticulocytes then oscillate with the same period
the reticulocyte cycling (as long as the hematocrit levelas the leukocytes, around normal or elevated numbers. There
remained elevated), but has no discernible effect on thehave been no specific studies of hematopoiesis in patients with
neutrophil cycle. Most significantly, when the hematocrit level periodic CML. There is also a report of one patient with
decreases back to normal levels and the reticulocyte cyclgeriodic acute myelogenous leukerfifa.
returns, the phase relation between the neutrophils and the Polycythemia vera (PV) and aplastic anemia (AAPV is
reticulocytes is the same as before the hypertransfusion. Thesgaracterized by an increased and uncontrolled proliferation of
observations suggest that the source of the oscillations in CN ig| the hematopoietic progenitors and it involves, like CML, the
relatively insensitive to any feedback regulators involved inansformation of a single pluripotential stem cell. Two patients
peripheral neutrophil and erythrocyte control, whose levels, i, py were reported with cycling of the reticulocyte, platelet,
would be modified with the alteration of the density of ;4 heytrophil counts in one case (Fig 2B) and cycling only of
C'fCP'at_'”g <_:e||s, andis con3|st“ent with a relatively autonomousy, reticulocyte counts in the other. The period of the oscilla-
oscillation in tk:e HSC (see “Models of the Autoregulatory tions was 27 days in the platelets, 15 days in the neutrophils, and
Control of HSC bglow). .- 17 days in the reticulocytes.

Effect of cytokine and lithium therapyln both the grey Finally, clear oscillations in the platelet, reticulocyte, and

collie’>7?and in humans with CRO-82administration of G-CSF . . . : :
. . . neutrophil counts (Fig 2C) were reported in a patient diagnosed
leads to an increase in the mean value of the peripheral . " - . . o -
. .-as having AR® and in a patient with pancytoperti&, with
neutrophil counts by a factor of as much as 10 to 20 and is . .
eriods of 40 and 100 days, respectively.

associated with a clear improvement of the clinical symptoms.p o g . . .
However, G-CSF does not obliterate the cycling in humans, but Cytokine-induced cycling. G-CSF is routinely used in a

rather induces an increase in the amplitude of the oscillation¥ariety of clinical settings, eg, to treat chronic neutropenia or to
and a decrease in the period of the oscillations in all the celPCCelerate recovery from bone marrow transplant and/or chemo-

lineages, from 21 to 14 dage.In human and canine CN, (herapy:® G-CSF may induce oscillations in the level of
GM-CSF leads to an increase in neutrophil count by a factor of¢irculating neutrophils of neutropenic individudfs.21®4hen
between 1.5 and 3.5, which is much less than achieved b>t,hese oscillations arise, they always seem to be of relatively low
G-CSF. In one report, CM-CSF obliterated cyclf#iglthough period (on the order of 7 to 15 days), and their origin is unclear.
recombinant canine stem cell factor (rc-SCF) does not causénere has also been one report of GM-CSF-induced 40-day
neutrophillia in grey collies, it does obliterate the oscillations of ¢ycling in a patient with CML after bone marrow transpléft.

CN. Lithium therapy in grey colli€883has uniformly yielded Induction of cycling by chemotherapy or radiationSeveral

an elimination of the severe neutropenic phases and a diminueports describe induction of a CN-like condition by the
tion in the amplitude of the oscillations without any apparent chemotherapeutic agent cyclophosphamide. In mongrel dogs on
change in the period of the oscillation. In humans, there arecyclophosphamide, the observed period was on the order of 11
variable results with lithiuni485 and the largest study showed to 17 days, depending on the dose of cyclophosphatfdé:

lack of efficacy and toxicity problents. In a human undergoing cyclophosphamide treatment, cycling
with a period of 5.7 days was report&d. Giddi et al'l3

Other Periodic Hematological Disorders Associated With observed oscillations in the granulocyte count and the reticulo-

Bone Marrow Defects cyte counts with 3 weeks periodicity in mice after mild

Periodic chronic myelogenous leukemia (CMLCML is a irrgdiation. They observed an overshooting.regeneration in the
hematopoietic stem cell disease characterized by granulocytosf§ticulocytes and the thrombocytes but not in the granulocytes.
and splenomegal. In 90% of the cases, the hematopoietic Whereas the CFU-S returned to normal levels rapidly, the
cells contain a translocation between chromosomes 9 and 2proliferation rate of CFU-S stayed abnormally elevated.
that leads to the shortening of chromosome 22, refered to as the Five CML patients receiving hydroxyurea showed oscilla-
Philadelphia (Ph) chromosome. The disease is acquired an#ens in their neutrophils, monocytes, platelets, and reticulo-
results from the malignant transformation of a single pluripoten-Cytes with periods in the range of 30 to 50 ddy one patient,
tial stem cell, as shown by the presence of a single G-6PAN increase of the hydroxurea dose led to a cessation of the
isoenzyme in the red blood cells, neutrophils, eosinophilsoscillations. Chikkappa et & report a CN-like condition
basophils, monocytes, and platelets in women with CML who(period between 15 and 25 days) in a patient with multiple
are heterozygotes for isoenzymes A and®HBhe leukocyte ~Mmyeloma after 3 years of chemotherapy.
count is greater than 108 10°/L in 50% of the cases and it A Sr-induced cyclic erythropoiesis has been described
increases progressively in untreated patients. The platelet and two congenitally anemic strains of mice, WYWand
reticulocyte counts can also be mildly elevated. In most casesS1/SE.115117"W/WY mice suffer from a defect in the HSC, and in
the disease eventually develops into acute leukemia. S1/S® mice the hematopoietic micro-environment is defective.

Morley et aP® was the first to describe oscillations in the  The induction of cycling by?®S can be understood as a
leukocyte count of CML patients in 1967. Several other cases ofesponse to elevated cell death (see “Models of the Autoregula-
cyclic leukocytosis in CML have now been reporféd%194The  tory Control of HSC” below), as can the dynamic effects of
leukocyte count usually cycles with an amplitude of 30 to chemotherapy.
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Periodic Hematological Disorders of Peripheral Origin: an increase in the destruction rate of circulating erythrocytes
Auto-Immune Hemolytic Anemia (AIHA) and Cyclical will induce periodic fluctuations of erythropoiesis around a
Thrombocytopoiesis low average, with periods similar to the ones observed in

Periodic AIHA is a rare form of hemolytic anemia in AIHA.?*¥% From a modeling perspective, the laboratory
humansii® Periodic AIHA, with a period of 16 to 17 days in version of rabbit AIHA is thus one of the best understood

hemoglobin and reticulocyte counts, has been induced in rabbitR€i0dic hematological diseases. )
by using red blood cell auto-antibodi&s. Similar mathematical treatments have been applied to the

Cyclic thrombocytopenia, in which platelet counts oscillate control of granulopoiesis and megakaryopoiesis, even though
from normal to very low values, has been observed with period§_he existence of functional peripheral feedback in these systems

between 20 and 40 da¥&1% (reviewed by Cohen and 'S Still hypothetical.

Cooney?s). Although it has been claimed that oscillations could A féW investigators have formulated models for the regula-
tion of thrombopoiesis®156-159 assuming the existence of a

be detected in the platelet counts of normal individuals with the : ]
same range of period&]138 this conclusion may not be nega_tl_ve feedbac_:k loop me(_ilated by TPOleBeanq Mackey®
statistically justified. specifically cons.ldere.d cyclical thrombocytopenla. They specu-
lated that elevations in the random destruction rate of platelets
could give rise to the characteristic patterns observed in cyclical
thrombocytopenia. Although modeling results based on this
assumption yielded results qualitatively consistent with the
In clinical reports of periodic diseases affecting hematopoi-clinical data, there is still much room for further study of this
esis, oscillations have usually been observed only in the bloogyroblem.

counts without examinations of bone marrow precursors and Several models of granulopoiesis incorporate a peripheral
progenitor cells. However, even in the case of CN in which thenegative feedback lod§*172 In the grey collie and in CN
kinetics of hematopoiesis have been extensively studied, thgatients, the survival of circulating neutrophils is norfiarhis
mechanisms responsible for the onset of periOdiC OSCi”ationsinding |mp||es that there is not a periodic elevation of the
are still unknown. A number of mathematical models have beerperipheral death rate of neutrophils in CN, but rather a periodic
put forward that suggest possible mechanisms for the origin ofodulation of marrow cell production. An alteration of the
oscillations in hematopoiesis. These models fall into two majorperiphera| control of granulopoiesis has been proposed as the
categories. The first group identifies the origin of the oscilla- mechanism of CN by several investigat8#410.111.173-185

tions with the loss of stability in peripheral control loops  There is experimental evidence of alterations in the kinetics
adjusting the production rate of blood precursors to the numbepf granulopoiesis in CN, ie, the modification of the distribution
of mature cells in the blood and mediated by TPO, EPO, anthf maturation time and the subnormal responsiveness of granu-
G-CSF (Fig 1). The second group is based on the assumptiofcytic progenitors to CSF. However, recent modeling indicates
that oscillations arise in stem cell populations as a consequena@at these are insufficient to account for a destabilization of the
of the loss of stability of auto-regulatory (local and LR) control putative peripheral feedback control of granulocytopoi&is.
loops (Fig 1). A few investigators have also modeled interac-Moreover, the lack of effect of hypertransfusion or phlebotomy
tions between these two types of control loops (see Effiand  on either cycle (neutrophil or reticulocyte) strongly implies that

HYPOTHESES FOR THE ORIGIN OF PERIODIC
HEMATOPOIESIS

Fishet40for reviews). there is not a direct role of peripheral feedback loops in the
origin of the cycling in CN.
Models of the Peripheral Control of Hematopoiesis Afew attempts have also been made to model periodic CML

Itis well known that simple negative feedback systems, such?@sed on the peripheral control of granulopof$i$”#Sbut
as the erythroid control system, have a tendency to oscillate2™® @IS0 unsatisfactory in the sense that the models have
The relative detail known about erythrocyte production control@SSUmptions on the kinetic of granulopoiesis in CML that are
has not escaped the attention of modelers who have mathemaftoW known to be biologically unrealisti€>+% _
cally explored ways to explain the results of laboratory manipu- The occurrence of oscillations in several blood elements in
lations in rodent$41-147 and rabbit&®48and the nature of the CN and CML strongly suggests that the oscillations are not a

human erythropoietic regulatory system in health and dis-consequence of a lineage-specific regulatory loop but rather of
easel49-152 regulatory mechanisms affecting all hematopoiesis. The exis-
The control of erythropoiesis by EPO can be modeled by sence of a peripheral feedback loop controlling gr.anl.JIopo.iesis
single delayed differential equation describing the rate ofc@n thus not be supported by the occurence of oscillations in CN
change of RBC production as a function of the death rate oftnd CML.
circulating erythrocytes, the rate of change of cell production
after a given perturbation of the circulating RBC number, andMOdels of the Autoregulatory Control of HSC
the maturation time of erythrocyte progenitors. The transition Except for AIHA and cyclical thrombocytopenia, the periodic
from damped to stable oscillations, which characterizes thénematological disorders that have been described are character-
onset of periodic hematopoiesis, depends on the modification aked by the occurence of oscillations in many or all of the
one or several of these controlling parameters. In AIHA, theperipheral cellular elements (neutrophils, platelets, lympho-
death rate of circulating RBC is increased, whereas the othecytes, and reticulocytes). Many have speculated that the origin
parameters lie within normal ranges. The mathematical modelef these oscillations is in the common HSC population feeding
ing of the control of RBC production by EPO indicates that suchprogeny into the differentiated cell lines.
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Mackey119proposed that there could be a loss of stability 43 days in humans and from 9 to 26 days in dogs. In most
in the stem cell population independent of feedback fromperiodic hematological disorders, large differences consistent
peripheral circulating cell types. He analyzed a mathematicalvith these values have been observed in the period of the
model for a stem cell population in which the proportion of cells oscillations between different individuals.
entering proliferation depends on the size of the population in  The model also gives a plausible explanation for @y
Gy (Fig 3). The efflux into the different commited cell lineages induction of cyclic erythropoiesis in the two congenitally
depends on the size of the population, which varies with the rat@anemic strains of mice, W/Mand S1/S4(Fig 4). Assume that
of proliferation and the cell death rate. the difference between W/\¥nd S1/Sd mice is solely related

Other investigatof84-292 have considered the dynamics of to differences in the rate of apoptos?s.(The observation that
auto-regulatory stem cell populations from a modeling perspecS1/SE mice are more refractory to erythropoietin than W/W
tive applied to various experimental and clinical situations. mice suggests that the apoptotic rate is higher in $1yShe
Netas et al0-203-205hagve developed such a modeling study basedresults of Macke¥f? predict that a higher rate of apoptosis
on experimental evidence that the number of stem cells entering/ould increase the likelihood that an oscillation in erythrocyte
proliferation is controlled by the number of DNA-synthesizing number occurs. Indeed, in contrast to W/Wice, approxi-
cells. Cell to cell interactions or cytokines that are essential formately 40% of S1/SfLmice have spontaneous oscillations in
the growth of HSC in vitro, such as IL-3 and SCF, could be their hematocrit!>!1¢In both strains of mice, a single dose of
involved in the autoregulation of HSC proliferation. 89Sr is sufficient to increase apoptosis into a range associated

Because of the delay in the autoregulation loop, due to thewith oscillations in erythrocyte number. Because the apoptotic
time necessary for replicating cells to go through the S phaseate for the S1/SLmice is greater than that for W/N\mice
and the mitotic phase, this system has a tendency to oscillate. Inefore8®Sr, it is reasonable to expect that it will also be higher
normal conditions it is assumed that the population does nogfter administration of equal doses &6r to both strains of
oscillate. Macke$f! showed that an abnormally large irrevers- mice. As predicted, the period of the oscillation is longer, the
ible cell loss within the proliferating compartment, which can amplitude is larger, and the mean hematocrit is lower for $1/S1
represent either apoptosis or other cell death, would inducenice than they are for W/Wmice 192
oscillations of the number of stem cells. Figure 4 shows the .
variations in the amplitude and the period of the oscillations ' N€ Particular Cases of CN and CML
predicted by the model as the apoptotic rate is increased. An Destabilization of an early HSC population resulting in
increase in the apoptotic rate of HSC also induces a decrease oscillations with a large range of periods in all the blood
the average efflux from the HSC to all the cell lineages. This iselements after radiation or chemotherapy and in AAmay also be
consistent with the occurence of oscillations in all the bloodat the origin of the oscillations observed in CN and CML.
elements in some patients with AA, in which all the blood cell Modification of any of the parameters in the model described in
counts are low, as well as the oscillations observed in severailackey®! (Fig 3) can potentially induce the onset of oscilla-
cell lineages after chemotherapy or radiation. The range ofions.
periods obtained by Mackey depends largely on the rate of Even though all the blood elements are often oscillating in
irreversible cell loss and on the cell cycle time delay. Dependingperiodic CML and CN, the defect in these two disorders
on the value of these parameters, the period can vary from 16 tprimarily affects granulopoiesis. The abnormal responsiveness
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Fig 3. A schematic representation of the control

of HSC regeneration. Proliferating phase cells in-

clude those cells in G;, S (DNA synthesis), G,, and M

. (mitosis), whereas the resting phase cells are in the

Cellular Death (Apoptosis) Cellular Differentiation G, phase. Local regulatory influences are exerted via

a cell number dependent variation in the rate of entry

Average efflux from HSC into proliferation. Differentiation into all of the comi-

tted stem cell populations occurs from the G, popula-

tion, whereas there is a loss of proliferating phase

cells due to apoptosis. See Mackey*! and Milton and
Mackey!%2 for further details.
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HSC Efflux

Fig 4. (A) Schematic repre-
sentation of the effects of in-
creasing apoptotic rate on the
HSC dynamics, as predicted from
the model proposed previ-
ously.191192 The diagram shows
the effect of administering the
same dose of 8Sr to W/W" and
S1/S19 mice on the amplitude
and the period of the oscilla-
tions. The dashed lines show the
onset and the end of oscillations
as the apoptotic rate increases.
(B) Computer simulations of the
normalized HSC efflux pre-
dicted?®! for increasing apoptotic
rates (from | to V). As the apop-
totic rate is increased, the period d :
of the oscillations increases and WIwW S1/S1 days
the amplitude increases and de-
creases consecutively. A B
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of CFU-G explains the low ANC levels in CN, which may probably much more frequent than reported and would be
induce an alteration in the cytokine levels. The fact that G-CSFdetected if serial blood counts were systematically performed.
is the only cytokine shown to alter the period of the oscillations These observations suggest a major derangement of the dynam-
in all the blood elements shows that it plays a crucial role in theics of one or more of the stem cell populations such that they
mechanism at the origin of the oscillations in CN. The finding become unstable and generate sustained oscillations that are
that G-CSF not only regulates granulopoiesis, but also affectsnanifested in more than one of their progenitor lines. Mathemati-
the kinetics of early HSC suggests that its effect on thecal modeling studies suggest that there are several ways in
oscillations in CN may be mediated through the modification ofwhich the HSC dynamics can be destabilized and give rise to
HSC dynamics. In vitro studies of the effect of G-CSF suggestoscillations if they are controlled by an autoregulatory loop. The
that it increases the rate of entry into cycling, which is likely to finding that lineage-specific cytokines also have an effect on
destabilize the steady state while increasing the average size efrly HSC regulation implies that oscillations could arise as a
the population. This is consistent with the mildly elevated result of the alteration of only one compartment, such as
platelet, monocyte, and lymphocyte counts often observed irobserved in CN and CML. Analysis of the effect of the
CN. Similar mechanisms may also induce the oscillations incytokines on the dynamical features of these disorders, through
CML. modeling studies, may be a key to the understanding of the

The mechanisms underlying the complex dynamical feature:ature of early hematopoiesis regulation.
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