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Using Lomb periodogram analysis we have quantified varia-
tionsin the peripheral neutrophil and platelet counts of the cy-
clical neutropenia animal model-the grey collie. We found that
the amplitudes of the oscillationsin these two cell lineagesvary
concomitantly. Further, the power spectrum and the shape of
the oscillations in the absolute neutrophil counts vary together
with the amplitude of the oscillations. As the amplitude of the
oscillationsincreases, the height of the second subhar monic in-
creases, giving riseto a distorted oscillation with two peaks per
cycle. The particular dynamics of the absolute neutrophil
counts can be reproduced by a combination of a delayed pe-
ripheral feedback, representing the peripheral control of gran-
ulopoiesis through granulocyte colony stimulating factor,
together with a sinusoidal input representing an oscillatory
input from the pluripotential stem cellsto the granulocytic lin-
eage. The same pluripotential stem cell input isprobably re-
sponsible for the sinusoidal oscillations observed in the other
cell lineages. © 1999 International Society for Experimental
Hematology. Published by Elsevier Science Inc.
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Introduction

Normally, the regulation of hematopoiesis maintains func-
tional levels of white blood cells (WBC), red blood cells
(RBC), and platelets in the blood. Though these cells play
separate and independent functions, it has been shown that
they al arise ultimately from a common primitive pluripo-
tential stem cell (PPSC) population. Most disorders of he-
matopoiesis regulation lead to chronic failures of the pro-
duction of either al the blood cell types or only one cell
type. Models of these disorders are based on the existence
of either lineage specific regulators [e.g., erythropoietin
(EPO), granulocyte colony stimulating factor (G-CSF),
thrombopoietin (TPO)] or multilineage regulators such as
stem cell factor (SCF).

Offprint requests to: Michael C. Mackey, Ph.D., Departments of Physi-
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University, 3655 Drummond Street, Room 1124, Montreal, Quebec, CAN-
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Cyclica neutropenia (CN) is a peculiar disorder that
does not correspond to either of these categories. It is char-
acterized, in humans and in grey collies (GCs), by recurring
episodes of neutropenia occurring at regular intervals. It is,
thus, a dynamical disorder [1] rather than a chronic defect.
Moreover, other cell types (platelets, reticulocytes, mono-
cytes, and more rarely, lymphocytes and eosinophils) often
oscillate with the same period as the neutrophils [2]. The
monaocyte, eosinophil, platelet, and reticulocyte oscillations
are generally from normal to high levels; in contrast to the
neutrophils that oscillate from near normal to extremely low
levels. Thus, this disorder affects severa cell lineages in
different ways.

Transplantation studies suggest that the origin of the de-
fect in CN isresident in one of the stem cell populations of
the bone marrow [3-8]. Studies of bone marrow cellularity
throughout a complete cycle in humans with CN show that
there is an orderly cell density wave that extends back into
the CFU-G [9], the CFU-E [10-13] aswell asin the BFU-E
and CFU-GM [12,14]. Studiesin the grey collie[15,16] and
in humans [17,18] show that the responsiveness of granulo-
cyte committed progenitor cellsto G-CSF is greatly attenu-
ated in CN compared to normal. In CN, the levels of colony
stimulating activity (CSA, related to G-CSF) fluctuate in-
versely with the circulating neutrophil levels [19-21]. It is
unclear if this is related to the cause of CN or is a conse-
guence of the neutrophil oscillations.

The complex aspects of CN have led to conflicting hy-
potheses about its origin and have generated a variety of
mathematical modeling studies. One group of models hy-
pothesizes a destabilization of the peripheral control of
granulopoiesis mediated by granulocyte colony stimulating
factor (G-CSF) to be the origin of the periodic episodes of
neutropenia [22—36]. There is evidence that G-CSF medi-
ates a negative feedback loop controlling granulopoiesis
[37]. However, a recent modeling study indicates that this
peripheral control is probably stablein CN and, thus, cannot
account for the occurrence of oscillations [38]. A second
group of models proposes that there is a destabilization of a
pluripotential stem cell population because oscillations oc-
cur in al the blood cell lineages. Mackey [39,40] proposed
that there could be aloss of stability in the stem cell popula-
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tion independent of feedback from periphera circulating
cell types. The existence of cell-to-cell interactions medi-
ated by cytokines that control the growth of hematopoietic
stem cells (HSC) in vitro, such as interlukin-3 (IL-3) and
stem cell factor (SCF), supports the hypothesis of an auto-
regulation of hemopoietic stem cells [41-53]. In Morley et
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al. [54], a combination of several feedback control loops
acting on different compartments of hematopoiesis was
considered.

To better understand the relationship between the regula
tion of the different blood cell lineagesin CN, we analyzed
serial blood counts from nine GCs. We used power spectral
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Figure 1. Differential blood countsin nine grey collies and one normal dog. Units: Cells X 105 per mm? for the platelets and Cells X 1072 per mm? for the
other cell types. Neu = neutrophils, Pla = platelets, Mon = monocytes, Lym = lymphocytes, Eos = eosinophils.
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Figure 2. Lomb periodogram of the differential blood countsin nine grey collies.

analysis to detect and quantify the periodic components of
the serial counts. We show that the dynamics of the serial
blood counts in GCs can be understood by a model includ-
ing an oscillatory output from the PPSC common to all the
cell lineages and a peripheral feedback specific to the neu-
trophils.

Data collection and methods

The GC dogs were housed in individual cages and temperature-
controlled quarters for these studies. Normal mongrel dogs served
as the controls. Blood specimens were routinely drawn from the
cephalic vein of unanesthetized dogs between 8:30 and 9:30 AM.
White blood cell and platelet counts were performed on EDTA
amticoagulated blood specimens with a Coulter Counter (Coulter
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Electronics, Hialeah, FL). One-hundred cell differential counts
were performed on air dried, Wright stain smears. Purified rhG-
CSF and rcG-CSF provided by AMGen Inc (Thousand Oaks, CA)
were administered subcutaneously once daily.

We used the Lomb periodogram to detect periodicity in the
blood counts [55], as has been described previoudly in [56]. The
Lomb periodogram is equivaent to Fourier power spectra analysis,
but istailored for unevenly sampled data sets [55,57]. In the case of
discrete time series, the periodogram is caculated for a discrete
number of frequencies. The statistical significance (p value) of any
pesk in the periodogram can be calculated [57]. For each frequency,
the value taken by the periodogram is inversely correlated with the
distance between the data set and a sinusoida wave with frequency
f. The presence of a significant peak at one of the frequencies f im-
pliesthat the data set is periodic with aperiod T = 1/f.

We implemented an adaptation of the procedure proposed by
Weiden et al. [58] using Matlab. Copies of this program are avail-
able from the authors for the analysis of analogous data for non-
commercial purposes. Integrations of the model were done by the
Euler method using XPP.

Analysis of serial blood countsin grey collies

Pattern of oscillations in different cell types

Figures 1 and 2 show the differential blood counts and the
Lomb periodogram of the differential blood counts for nine
GCs and one normal dog. Periodogram analysis shows peri-
odicity of the absolute neutrophil count (ANC) and the
platelet countsin all the GCs, and of the monocyte countsin

eight of the nine GCs, with frequencies (f) between 0.065
(T = 12.5 days) and 0.080 (T = 14.5 days). We detected sig-
nificant periodic oscillation of the lymphocyte and/or eosino-
phil countsin only two dogs (GC 117 and 100). Therewas no
significant periodicity in the serial blood count of the three
normal dogs analyzed (data shown for one normal dog only).

The periodogram analysis shows the presence of har-
monicsin the ANC of GC 128 to 100, represented by peaks
at twice the main frequency (f), and sometimes at three
times the main frequency (GC 128, 126, 125, and 100). The
presence of these harmonic components implies that the
pattern of the oscillations can be represented by a sum of si-
nusoidal waves with frequencies f, 2f, 3f, etc. Figure 3
shows the periodogram of GC 101 and the fitting of the se-
rial ANC using the primary frequency and the second and
third harmonics. We estimated the amplitude of the first
(oey), second (etp), and third (a3) harmonic components of
the ANC by fitting the serial counts to the sum of three sine
waves with frequencies f, 2f, and 3f, respectively.

Peaks at the harmonic frequencies occur in some GCs in
the other granulocytic lineages (e.g., monocytes and eosino-
phils) but never in the periodogram of the platelet counts. The
platelet oscillations can thus be fit by asingle sinusoidal.

Variability of the dynamics in different grey collies

The presence of harmonicsin the periodogram is not related
to the period of the oscillations. We estimated the amplitude
of thefirst (a,) and second (a,) harmonic components of the
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Figure 3. Lomb periodogram and fit of the ANC of GC 101. The function used to fit the datais X(t) = 4.6 + 3sin(2w ft — 0.6) + 1.8 sin(4w ft — 0.6) +

0.6sin(6m ft — 3.2), with f = 0.07(d—1).
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Figure 4. Variations of the amplitude of the first harmonic («,) and the second harmonic («,) in the absolute neutrophil counts (ANC) of the nine grey collies.

oscillations in the ANC in each dog by fitting the serial
counts to the sum of two sine waves with frequencies f and
2f, & and a, both increase with the mean ANC, as does the
ratio a,/a; (Fig. 4). Thus, thereis atransformation of the os-
cillationsin the ANC from a single sinusoid to a more com-
plex oscillation, which is correlated with the mean level of
ANC and the amplitude of the oscillations (a,). Such corre-
lation was not found for the other granulocytic cell lineages.
The amplitude of the oscillations in the the neutrophils and
the platelets are also positively correlated (p = 0.10). The
changes in the amplitude of the oscillationsis, thus, not spe-
cific to the dynamics of the neutrophils, but is common to
both cell lineages.

Variationsin the amplitude of the oscillations not only oc-
cur in different GCs but can aso occur in asingle dog. Figure
5 shows the ANC and the platelet counts of GC 128 during a
period where the dog was not receiving any treatment. A tran-
sition occurs at the third cyclein the ANC, from alow to high
amplitude oscillation with the characteristic second bump.
This transition is accompanied by an increase in the ampli-
tude of the oscillations in the platelet counts. Individual GCs
can thus express consecutively different dynamics of cyclic
hematopoiesis during different temporal epochs.

Effect of G-CSF

As observed previously [59], G-CSF either abolished the
cycling or decreased the period of the oscillationsin all the
cell lineages. In the latter case, the mean and amplitude of

the oscillations was increased in the ANC and more mildly
in the monocytes, whereas the mean and amplitude of the
oscillations in the platelets was unchanged. In the dogs
where the ANC showed subharmonics (second bump), the
latter disappeared during G-CSF administration (see Fig. 6).
In one dog, which was administered G-CSF for an extended
period, we observed an abolition of the oscillationsin all the
cell lineages more than 200 days after the treatment was
started (see Fig. 6). Thus, the dynamics of the seria blood
counts during G-CSF administration is variable.

Model explanation of the

neutrophil dynamicsin grey collies

Given the occurrence of oscillations with the same period in
al cell types in GCs, we assumed that the output from the
PPSC is oscillating in GCs and that the oscillations propa-
gate equally to al the blood cell lineages (see Fig. 7). Be-
cause the oscillations in the platelet counts could be fit with
a sinusoid, we assumed that the output from the PPSC was
sinusoidal. The input from the PPSC to the granulocytic
compartment is modulated by a peripheral feedback con-
trolling the proliferation of the granulocyte precursors
[37,38]. This feedback is mediated by G-CSF, which en-
hances the amplification of the granulocytic progenitors and
isinversely correlated with the levels of mature cellsin the
blood [60]. The amplification in the granulocytic compart-
ment is, thus, a decreasing function of the number of mature
neutrophils. Because of the time taken for granulocytic pre-
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cursors to mature in the bone marrow, the effect of G-CSF
on the peripheral density of neutrophilsis delayed. The out-
put from the granulocytic compartment into the blood is,
therefore, a function of the sinusoidal input from the PPSC
modified by adelayed negative feedback controlled by G-CSF.
The delay represents the granulocytic maturation time, which
ranges between 2.7 and 3.3 days [38].

There are also peripheral feedback loops controlling the
amplification of the progenitors committed to the other cell
lineages (for example, mediated by EPO in the reticul ocytes
and TPO in the megakaryocytes). However, because the cell
density in these compartments oscillates within normal
ranges, it is likely that the levels of regulators do not vary
significantly (Fig. 8).

Results

The result of combining a sinusoidal input with the periph-
eral feedback control of granulopoiesis is shown in Fig. 9.
We used an exponential decreasing feedback with adelay of
3 days within the context of the model of WBC periphera
control presented in [38].

We used the same feedback function for simulating the
ANC in GC 127 and GC 101. For an input with a small am-
plitude, the predicted oscillations in the neutrophil compart-
ment are close to sinusoidal and fit the ANC of GC 127.
When the amplitude of the input is increased, the shape of
the oscillations in the circulating neutrophils is transformed

---=--GCSF =---------- .
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/w — T CFU-G | — G1--G6

'
[ NEUTROPHILS

MONOCYTES

ERYTHROCYTES

MEGAKARYOCYTES
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Figure 7. Scheme of granulopoiesis. The efflux from the pluripotential
stem cells (PPSC) compartment differentiates towards granulopoiesis,
erythropoiesis, megakaryopoiesis and lymphopoiesis. The granulopoietic
lineage is represented by the colony forming unit committed to the granu-
locytes and the monocytes (CFU-G) and by the recognizable proliferating
precursors myeloblasts (G1), promyelocytes (G2), myelocytes (G3) and
the post-mitotic precursors metamyelocytes (G4), bands (G5) and seg-
mented neutrophils (G6). Mature neutrophils are released in the granulo-
cytic compartment in the peripheral blood. The proliferation of CFU-G is
regulated by a feedback loop via granulocyte colony stimulating factor
(G-CSF). The level of G-CSF is inversely correlated with the density of
neutrophilsin the blood.

by the feedback function, giving the characteristic two
peaks observed in the neutrophil counts of GC 128 to 100.
The correlation between the model’s prediction and the fit
of the ANC using periodogram analysisis 0.95 for GC 127,
and 0.90 for GC 101.

Absence of significant variations in the levels of TPO
and other lineage-specific regulatorsimplies that, unlike the
ANC, the sinusoidal input to the megakaryocytes will not be
distorted by the peripheral feedback. The amplitude of the
oscillations in the peripheral blood counts will, however, in-
crease with the amplitude of the input. This is consistent
with the sinusoidal oscillations observed in the platelet
counts and the positive correlation between the amplitude of
the platelets oscillations and the amplitude of the neutro-
phils oscillations.

The increase in the mean and amplitude of the oscilla-
tions in the ANC during G-CSF administration can be ex-
plained by an increased amplification in granulocyte pro-
genitors compartment. The decrease in the period of the
oscillationsin al the cell lineages suggests that G-CSF also
affects the dynamics of PPSC. The fact that the mean and
amplitude of the oscillations in the platelets are not modi-
fied by G-CSF suggests that both effects are independent
and further supports the hypothesis of the cycling of PPSC
independently from the peripheral control of granulocyte.

Discussion

The Lomb periodogram analysis alowed us to quantify
variations in the dynamics of hematopoiesis in the GC, in
particular in the neutrophils and the platelets. The ampli-
tudes of the oscillations in these two cell lineages vary con-
comitantly. The power spectrum and the shape of the oscil-
lations in the ANC vary together with the amplitude of the
oscillations. As the amplitude of the oscillations increases,
the height of the second subharmonic increases, giving rise
to adistorted oscillation with two peaks per cycle.

Regulator
4\\

GCSF| | |

TPOY [ ,‘ ———————————————————— | i —

Density of cell
. in the blood
Neutrophils Platelets

Figure8. Illustration of the prediction of the model in Fig. 7 regarding the
variations of lineage-specific peripheral regulatorsin GCs, as a function of
the density of cells, for the neutrophils and the platelets.
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Figure 9. Simulations of the model of granulopoiesis. By varying the amplitude of the input from the PPSC, the predicted oscillations fit either the serial
ANC of GC 127 (left panel) or GC 101 (right panel); solid lines are simulations of the model, dotted linesand ‘x’ are data points.

We showed that the particular dynamics of the ANC can
be reproduced by a combination of a delayed periphera
feedback, representing the peripheral control of granu-
lopoiesis through G-CSF, together with a sinusoidal input
representing an oscillatory input from the PPSC to the gran-
ulocytic lineage. The distortion of the sinusoidal input by
the peripheral feedback increases with the amplitude of the
input. Thus, the model predictions and the data are entirely
consistent.

The absence of distortion of the oscillations in the plate-
let counts can be explained by the absence of effective feed-
back in this cell lineage, that is the absence of significant
variations in the levels of thrombopoietic regulators. Thisis
consistent with the fact that the platelet counts oscillate
within normal ranges. On the other hand, the ANC oscillate
from normal to very low values, which induces dramatic
changesin the levels of G-CSF. The other granulocytic cells
and the monocytes may be also affected by the variationsin
G-CSF, athough more moderately.

Previous models of CN in the GCs did not take into ac-
count the differences in the dynamics of the different cell
lineages and their variations. The present modeling study
suggests that the peripheral feedback controlling granulocy-
tosis is responsible for the distortion of the oscillations ob-
served in the ANC. We could reproduce the dynamics of the
different cell lineages by assuming a sinusoidal oscillation

propagating from the PPSC into the different cell lineages
independent of the peripheral regulation of the committed
granulocytic progenitors. All the cell counts are oscillating
within normal ranges except the neutrophil counts, which
are lower than normal. Thisis consistent with the defect ob-
served in the growth of granulocytic progenitorsin vitro, in
GCs, and in humans with congenital CN. The investigation
of the precise mechanism that generates oscillations in the
PPSC requires data on the kinetics of stem cell populations
in the bone marrow to allow us to extend the original work
in Necas et al. [39,40].
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