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REGULAR SUBMISSION

Further assessment of stochastic proliferation and its
potential application to hematopoietic scaling across species

Kenneth F. McCarthy*
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Spleen colony-forming unit (CFU-s) growth in spleen colonies is a stochastic process in
which CFU-s, with each cell division, can either self-renew or differentiate, but not
both. The fundamental parameter governing this process is p, or the probability of
CFU-s self-renewing. Previously, when CFU-s growth was modeled by Monte Carlo
simulations, p was kept constant during the 20 cell cycles required for the modeling.
However, it is known that CFU-s self-renewal undergoes decline with proliferation. In
the present study, this was taken into consideration, such that p was forced to undergo
a small decline with each cell division. These new Monte Carlo calculations give an
improved fit to CFU-s cumulative growth curves as compared with those calculations
using fixed p. This new model, referred to as the variable p model, offers an explana-
tion as to how large mammals can amplify marrow output from stem cell compart-
ments that are no larger than those found in small mammals. It is a model in which
small changes in active stem cell aging generate disproportionally large increases in
the size of active stem cell clones. © 2019 ISEH - Society for Hematology and Stem

Cells. Published by Elsevier Inc. All rights reserved.

Spleen colony-forming units (CFU-s) constitute a class
of murine hematopoietic stem cells that form large,
easily scored hematopoietic colonies in the spleens of
irradiated recipients [1]. As such, CFU-s have been
extensively studied and characterized. While CFU-s
can both differentiate and self-renew and all spleen
colonies are derived from a single cell [2], the numbers
of CFU-s within these colonies becomes highly skewed
with time. Most colonies contain few or no CFU-s,
while a few colonies contain large numbers of these
cells [3].

These skewed distributions cannot be fitted to either
a Poisson or a normal curve, but can be fitted to a
gamma curve in which the variance far exceeds the
mean [4]. This has led to a hypothesis that a birth—
death process might regulate stem cell proliferation. A
model that has been studied extensively is the 60/40
model, in which CFU-s have a 60% chance (p) of self-
renewal and a 40% chance (1 — p) of differentiating.
When Monte Carlo simulations based on this model
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were carried through 20 cell cycles, the distribution of
CFU-s within these virtual colonies approximated that
found for assayed colonies. It was proposed that stem
cell self-renewal is a stochastic event [4].

However, p is not a static or fixed value. Sedimenta-
tion studies have indicated that CFU-s differ in their
self-renewal capacity [5], and serial transplantation
of CFU-s through primary, secondary, and tertiary
recipients severely diminishes this capacity [6]. There-
fore, p is not only heterogeneous, but declines with
proliferation.

To date, modeling of CFU-s growth by Monte Carlo
simulations has been undertaken using only fixed p val-
ues, from 0.60 to 0.74 [4,7,8]. However, these calcula-
tions did not address CFU-s having a range of p that
undergoes decline (d) with proliferation. In the present
study, Monte Carlo calculations were modified to
include variable p with d. These new calculations are
referred to as the variable p model, and this model
offers an explanation for hematopoietic scaling across
species consistent with hematopoietic reserves being
constant across species [9,10].
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Methods

Generation of p

All modeling was done with an initial analysis of 400 virtu-
ally seeded CFU-s. Each CFU-s was assigned a p value gen-
erated by the Excel Random Number Generator found within
the data analysis package of Excel (Microsoft Office 2007).
The distribution was set to uniform, number of variables to
1, and random numbers to 400. The lower limit was set to
0.3, and the upper limit was determined by “what if” analy-
sis. Initially, the lower parameter was set to zero, but it was
found that colonies rarely, if ever, developed if the lower
limit was set to 0.4 or slightly below. To give a margin of
error, the lower limit was always set to 0.3, which saved sub-
stantial calculation time.

Daughter cells and doublings

On cell division, a CFU-s can either self-replicate or produce
daughter cells. Daughter cells are early differentiated cells
incapable of self-renewal, but capable of proliferation with
further differentiation and maturation. The number of cell
divisions between a daughter cell and fully mature hemato-
poietic cells is collectively referred to as daughter cell differ-
entiation doublings (doublings).

Calculation of d

New p, or p/, was generated by the formula p'=p — (¢,* d)
where p is the initial p value as generated by the method
above, d is the rate of decline per cell cycle and is a fixed
value determined by what if analysis, and ¢, is the number
of cell cycles that the virtual CFU-s has undergone.

Rand() calculations

The basic calculation for the Monte Carlo simulation used
was as follows: new cell =1F (Rand() < p, previous cell, 0)
where p =p for the initial calculation; for all subsequent cal-
culations, p=p’ was used. Rand() is the Excel random num-
ber generator that returns a value between 0 and 1 for each
calculation.

Spreadsheet design and histories

All colonies are initiated with a single virtual CFU-s, which
is represented by the number 1 placed in cell Al of an Excel
spreadsheet. A Monte Carlo calculation using p as described
above is performed on cell Al (previous cell), and the results
are placed in cells B1 and B2 (new cells). New calculations
are now performed on cells B1 and B2 (now previous cells)
using p’ as described above, and the results are placed in
new cells C1 through C4 and so on. The whole process is
repeated until the desired number of iterations (cell cycles) is
achieved. Each column represents a single cell division, and
p or p’' is kept constant through all calculations performed
within that column. Once a calculation generates 0, it will
remain O; that is, daughter cells cannot generate CFU-s. The
whole process is then repeated for CFU-s 2, 3, 4, ..., 400,
generating primary histories 1 through 400. For each column,
in each spreadsheet, the number of CFU-s per column is
summed. These summed columns are the numbers of CFU-s
per primary colony for a set number of cell cycles.

The number of CFU-s within a colony is then reduced by
a seeding efficiency (f), and all virtually seeded CFU-s in
secondary recipients are taken through a second set of
spreadsheets in the same manner as described above for the
primary recipients. This determines whether a seeded CFU-
from a virtual primary colony will generate a colony in a
virtual secondary recipient. Depending on the numbers of
CFU-s within a primary colony, one to several hundred more
histories are required to determine the observed numbers of
CFU-s per primary colony. Average, variance, 6 and « are
then calculated for the theoretically observed CFU-s per col-
ony distributions and compared with 10, 12, and 14 day colo-
nies to assess the fit of the variable p model to experimental
data. An “analysis” refers to results generated from calcula-
tions and histories of specific combinations of seeding effi-
ciency, cell cycles (cc), decline, and a range of p.

Data sets

The CFU-s frequency within primary colonies as measured in sec-
ondary recipients was taken from Siminovitch et al. [3, Table 3],
and this data set is referred to as DS2. The frequency of CFU-s
within secondary colonies as measured in tertiary recipients was
taken from Siminovitch et al. [6, Tables 2 and 3), and this data
set is referred to as DS3.

Seeding efficiency and endogenous colonies

All seeding efficiency (f) calculations [3] were rounded off to
whole numbers. Monte Carlo calculations were not adjusted
for rare occurrences of endogenous colonies [3].

Population size of assayable CFU-s

The murine assayable CFU-s population size is calculated as
observed 25 CFU-s/10° cells, divided by a seeding efficiency
of 0.17, multiplied by a total marrow cell count of 2.8E+08
cells=411,765 CFU-s.

Results

Gamma curves

It has been proposed that murine CFU-s growth is a
stochastic process that can be modeled by Monte Carlo
calculation [4]. This conclusion was drawn from the
fact that CFU-s per colony distributions and average
Monte Carlo histories could be fitted to gamma curves.
However, cumulative CFU-s distributions [4, Figures 4
and 5] and the fixed p cumulative average Monte Carlo
histories [4, Figure 8] appear to be different curves
because they have different shapes. This is relevant,
because gamma distributions are not a single curve, but
rather are a family of curves, parameterized by a shape
parameter (k) and a scale parameter (6), with estimates
[11] of x=pu?*/o* and 6=0?/u. Although the calcula-
tions that follow show that gamma curves fitted to
fixed p Monte Carlo histories and CFU-s distributions
are similar but different curves, the difference can be
corrected for by including both variable p and d in the
Monte Carlo calculations.
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CFU-s per colony assay

This is a two-step assay. Marrow is injected into primary
recipients, and at either 10, 12, or 14 days, colonies are
removed from the recipients’ spleen and the cells from
these colonies are then injected into secondary recipients.
Ten days later, the numbers of colonies on the secondary
recipients’ spleens are scored, and in this manner the
number of CFU-s per colony is calculated. To model this
assay, it is necessary to break the stochastic process down
into a primary Monte Carlo simulation and a secondary
Monte Carlo simulation. Primary simulations generate
CFU-s diversity within primary colonies, while secondary
simulations determine how many of these CFU-s within
the primary colony form colonies in secondary recipients.
Both simulations use the same Monte Carlo calculations,
but the secondary simulation requires numbers of virtual
CFU-s from the primary simulation be reduced by either
a 0.170 seeding efficiency [3] (characteristic of slowly
proliferating CFU-s) or a 0.085 seeding efficiency [12]
(characteristic of rapidly proliferation CFU-s). This is
then repeated for tertiary colonies.

Calculating « and 0 for DS2

The averages, variances, and maximum numbers (Max) of
CFU-s per colony as taken from Siminovitch et al. [3,
Table 3] for 10, 12, and 14 day colonies are collectively
referred to as data set two (DS2) and are listed in columns
2, 3, and 4 of Table 1. From these data, k and 6 were
calculated, and the results are listed in columns 5 and 6
of this table. Based on « and 6, cumulative fraction distri-
bution curves were generated using the Excel Gamma Dis-
tribution Function and overlaid on cumulative distribution
curves constructed from DS2. Although only the 12 day
1&2 fit is shown (Figure 1), similar least-squares correla-
tions (R?) were observed for the other data sets.

Table 1. Parameters characterizing DS2

Assay Average® Variance Max"” Shape Scale

10 Day assay

1 6.36 100.25 32 0.40 15.77

2 5.21 89.69 46 0.30 17.23

1+2° 5.51 90.87 46 0.33 16.49
12 Day assay

1 12.75 291.23 65 0.56 22.84

2 15.33 1096.12 175 0.21 71.49

142 14.25 751.89 175 0.27 52.75
14 Day assay

1 35.63 2793.72 190 0.45 78.42

2¢ >30.02 >2112 >230

#Average number of CFU-s per colony,

"Maximum number of CFU-s per colony,

“Data from experiments 1 and 2 were combined, and parameters,
recalculated.

YFourteen-day assay 2 values could not be determined due to con-
fluence of colonies.
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Figure 1. Cumulative distribution of CFU-s per colony from indi-
vidual 12 day spleen colonies as listed in Table I; experiments 1
and 2 combined. The solid curve is a gamma distribution having the
same shape and scale as the experimental data (R*=0.9426).

Monte Carlo calculation using fixed p

Attempts to fit fixed p histories to 10 day CFU-s colonies
were unsuccessful. Variables examined were ranges of
fixed p’s (0.58, 0.60, and 0.62), numbers of cell cycles
(18—22), and seeding efficiencies (f) of either 0.170 or
0.085. Using various combinations of the above, the fol-
lowing was found: Variances were always one-third to
one-fourth lower than that found for 10 day colonies,
resulting in k being two to three times higher and 6 being
two to three times lower than that found for 10 day colo-
nies (Table 2). When repeated for 12 and 14 day colonies
(28 and 34 cell cycle analyses, respectively) the results
were the same as for 10 day colonies: low variance, high
k, and low O (data not shown).

Monte Carlo calculations using decline and variable p
Although CFU-s are a heterogeneous cell population
[5] that undergoes decline with proliferation [6], nei-
ther was included in the original Monte Carlo calcula-
tions. If they had been, either one or both might be
expected to increase the variance of CFU-s per colony.
In an effort to generate a more definitive analysis, the
fixed p model was modified such that starting p values
were randomly chosen and then p was set to undergo a
fixed decline (d) with each cell cycle. These calcula-
tions are referred to as the variable p model.
Specifically, the Excel Uniform Distribution Function
was used to generate individual starting p’s for the initial
400 virtual CFU-s seeding the virtual spleen. Many combi-
nations of p, range d, and cc were then examined to find
that combination best fitting 10 day colonies. Using this
“what if” analysis, it became apparent that there was not a
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Table 2. Fixed p=0.6 analyses generated by different combinations of p, cell cycles, and seeding efficiencies

p cc’ Vi Average Variance Shape Scale
Analysis
1 0.58 22 0.170 5.19 19.11 1.44 3.63
2 0.60 20 0.085 3.34 9.26 1.20 2.78
3 0.60 22 0.085 4.74 16.22 1.36 3.46
4 0.60 18 0.170 4.77 21.70 1.05 4.55
5 0.60 20 0.170 7.03 37.25 1.33 5.30
6 0.62 20 0.085 6.31 22.60 1.76 3.58
7 0.62 22 0.085 9.67 57.21 1.63 5.92
Assay
10 Day A 6.36 100.25 0.40 15.77
10 Day B 5.21 89.69 0.30 17.23

Cell cycles.
°Seeding efficiency.

Table 3. Various variable-p analyses generated by different combinations of d and range
Analysis® d Upper range” Average Var Max“ Shape Scale
1 0.002 0.6735 6.34 157.73 86 0.25 24.88
2 0.003 0.6950 4.83 72.59 55 0.32 15.03
3 0.004 0.7125 5.86 128.74 48 0.24 17.02
4 0.005 0.7360 5.74 81.73 34 0.40 14.24
Assay
10Day A 6.36 100.25 32 0.40 15.77
10Day B 5.21 89.69 50 0.30 17.23

?All analyses are for 22 cell cycles and 0.085 seeding efficiency. Only those analyses approximating w are listed.

®Best fit of several determinations.
“Maximum number of CFU-s per colony,

single solution to the problem. Declines of 0.002 to 0.005
with upper ranges of p from 0.6735 to 0.7360, respec-
tively, all gave improved fits to 10 day colonies (Table 3).
However, when fraction cumulative distributions were also
compared with DS2, the combination of d=0.003 with
upper range of 0.695 and seeding efficiency of 0.085
appeared to give the best fit to 10, 12, and 14 day colonies
(Table 4), and these fits are illustrated Figure 2A—C.

The d=0.003, upper range 0.695 parameter set gives an
approximate cell cycle time of 8 hours in agreement with
previous cell cycle estimates of 8.6 hours [7] and 8 hours

Table 4. Parameters characterizing the variable-p model with d set to 0.003 and
range from 0.695 to 0.300

Analysis  f Average  Variance Max  Shape  Scale
22 Cell cycles
1 0.085 4.83 72.59 55 0.32 15.03
2 0.085 4.94 67.07 38 0.36 13.57
2 0.170  10.06 300.77 80 0.34 2991
28 Cell cycles
1 0.085 12.89 617.60 161 0.27 47.93
2 0.085 12.46 514.04 110 0.30 41.26
2 0.170  26.25 2199.68 234 0.31 83.80
34 Cell cycles
1 0.085 27.41 3799.66 423 0.20 138.64
0.085  26.96 2954.18 272 0.25 109.59

[13]. The onset of CFU-s exponential growth following
virtual grafting would be ~ 2.7 days, slightly higher than
the ~ 1- to 2-day lag period determined experimentally by
periodic splenic sampling [14]. Using a 0.170 seeding effi-
ciency requires a delay of ~3.7 days, which is inconsistent
with experimental data.

As correlated and listed in Table 5 for a 22 cell
cycle analysis, shape is influenced primarily by hetero-
geneity of p, while scale is set with d. Extending the
analysis to tertiary recipients (Table 6) demonstrates
that d=0.003 with upper range 0.695 closely approxi-
mates DS3. For the remainder of the article, upper
range p is referred to as u, and is treated as that p
value at which commitment of stem cells to the CFU-s
contributing compartment occurs.

Correlation of colony cellularity with CFU-s numbers

Siminovitch et al. [3, Table 5] studies suggest that the
sizes of 10-day spleen colonies do not closely correlate
with colony CFU-s numbers. This would occur if col-
ony cellularity is generated by daughter cells undergo-
ing maturational doublings independent of CFU-s
stochastic proliferation. A doubling time of 7 hours
[13] for daughter cells with 17 daughter cell doublings
fits experimental data (Table 7). Experimentally, Spear-
man’s rank correlation coefficient (SRCC) of CFU-s
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Figure 2. Comparison of fraction cumulative distributions of CFU-s
per primary colonies for DS2 data sets (Table 1) and variable p data
sets (Table 4). For DS2 colonies: solid squares are for experiments
1, solid circles are for experiments 2. For virtual colonies from vari-
able p calculations: open squares are for analyses 1, while open
circles are for analyses 2.

numbers with colony cellularity can only be estimated
from the results of secondary recipients grafted with
cells from individual colonies. Under this experimental
design, those coefficients as listed in Table 7 indicate a
weak to moderate positive correlation of CFU-s num-
bers with colony cellularity.

Cumulative daughter cell production
As illustrated in Figure 3A, small decreases in d result
in large increases in average CFU-s clone size.

Table 5. Correlation of range and decline with shape and scale

Range of p Decline Average Variance Shape Scale
0.695—-0.695  0.003 29.99 403.89 2.23 13.47
0.695—0.300  0.000 29.80 2038.02 0.44 68.39
0.695—0.300  0.003 4.83 72.59 0.32 15.03

Table 6. Parameters characterizing tertiary colonies

Assay P-S-T* Average SD
Stochastic” 34—31-22 cc 0.11 0.34
DS3¢ 14—13—10 days 0.60 0.30
Stochastic” 28-22-22 cc 0.44 0.72
DS3¢ 12—10—10 days 0.15 0.34

“Primary—secondary—tertiary passage in days or cell cycles (cc).
"Upper limit 0.695, decline 0.003, and seeding efficiency 0.085.
‘From Siminovitch et a.l [6, Table 2], pooled colonies.

dFrom Siminovitch et al. [6, Table 3], individual colonies.

Table 7. Spearman’s rank correlation coefficient of colony cellularity with CFU-s

numbers
Simonvitch Analysis 1 Analysis 2
et al. data set
[3, Table 5]
Doublings® — 17 17
Average” 2.60E+06 2.20E+06 2.64E+06
Variance 3.85E+12 2.62E+12 3.95E+12
CoV*© 0.75 0.73 0.75
Range*
Low 5.00E+05 4.38E+05 4.32E+05
High 9.20E+06 8.58E+06 8.78E+06
Count® 31 85 76
SRCC' ND 0.358 0.522

“Daughter cell differentiation doublings.
Average number of cell counts per colony.
“Coeficient of variation for cell counts.
dRange of colony cellularity from low to high.
“Number of colonies examined.

fSpearman’s rank correlation coefficient.

Average cumulative clone daughter output is graphed
in Figure 3B. The flat, upper level portion of this curve
is a measure of total clone output and is referred to as
average clone daughter output or CloneDO. Based on
d=0.003 and a committing p or u, of 0.695, CloneDO
was calculated to be 3.05E+06 cells for the mouse. Pri-
marily high p cells are scored by the spleen colony
assay (Figure 3A, dotted line) as compared with total
CFU-s (Figure 3A, solid bottom line).

Scaling of hematopoiesis across species

Allometry is the scaling of a biological across species
[15] and is given by the power function Y=Y,BM?,
where Y is the observed biological, Y, is a constant,
BM is body mass, and « is the exponent of the power
function.

Marrow cellularity (MC) for mice, cats, and humans
[9, Table 3] scales with body mass. If CloneDO were
also to scale directly with body mass, only small
decreases in decline (d) across species would be
needed to meet this requirement (Table 8, scenario 1).
Further, if CloneDO were to scale only partially with
body mass (scenario 2), this would still offer dispropor-
tionally large increases in CloneDO with small changes
in d, as compared with no scaling at all (scenario 3).
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Figure 3. Probability distributions of CFU-s and cumulative distri-
butions of daughter cells as a function of d. (A) Left abscissa: From
top to bottom, solid lines are for d =0.00250, 0.00275, and 0.00300,
respectively. Right abscissa: Dotted line is the probability (Py.) of a
seeded CFU-s forming a spleen colony. (B) Cumulative distribution
of daughter cells produced by the curves shown in (A). The upper
flat portions of these cumulative distribution curves are a measure of
clone size and are referred to as CloneDO.

Table 8. Correlation of CloneDO with species mass as a function of decline or
upper range p

Species Body mass CloneDO* d"* u,™
(kg) (cells)
Scenario 1: «=1.00
Mouse 0.025 3.05E+06 0.0030 0.6950
Cat 4 4.88E+08 0.0021 0.7371
Baboon 18 2.20E+09 0.0019 0.7485
Human 70 8.54E+09 0.0018 0.7584
Scenario 2: «=0.50
Mouse 0.025 3.05E+06 0.0030 0.6950
Cat 4 3.86E+07 0.0025 0.7169
Baboon 18 8.18E+07 0.0023 0.7231
Human 70 1.61E+08 0.0022 0.7245
Scenario 3: «=0.00
Mouse 0.025 3.05E+06 0.0030 0.6950
Cat 4 3.05E+06 0.0030 0.6950
Baboon 18 3.05E+06 0.0030 0.6950
Human 70 3.05E+06 0.0030 0.6950

“Determined using the equation Y= YoBM®.
bup held constant at 0.695 while d varied.
“Determined by “what if” analysis.

4d held constant at 0.003 while u, varied.

Alternatively, if decline is kept constant across spe-
cies and commitment p (u,) slowly increases with spe-
cies body mass, then only small increases in u, would
be required for CloneDO to scale with body mass
(Table 8).

Species estimates of d as listed in Table 8 were
determined by trial and error using “what if” stochastic
analysis as described in Results for primary recipients,
with one important exception. Rather than assigning p
a random value between 0.695 and 0.300 (as was done
for all clone-initiating CFU-s when analyzing the
Siminovitch et al. [3,6] data sets), p was set to u, for
all initiating CFU-s, where u,, is the theoretical p value
at which stem cells commit to the clonal contributing
compartment. Stochastic calculations are then repeated
for various values of d until stochastic CloneDO and
allometric CloneDO match. The same is then repeated
for u,, when d is held constant.

Plots of CloneDO as a function of either d or u,
yield curves that closely approximate power functions
CloneDO = 5E-33d~ "' (R*=0.9928) when u, is held
constant at 0.695 and CloneDO=6E+20up9°'654
(R2:0.9954) when d is set to 0.003. Therefore, large
changes in CloneDO will occur with small changes in
d or u,.

Correlation of d with HSC turnover

The two-compartment model of hematopoiesis divides
hematopoiesis into a hematopoietic stem cell (HSC)
reserve compartment and a clonal contributing com-
partment [16]. The model is defined by four kinetic
parameters: rate of HSC turnover, HSC apoptosis, com-
mitment of HSCs to active clonal hematopoiesis, and
clonal life span. Markov analysis of these four kinetic
parameters reveals that numbers of HSC are conserved
across species, being approximately 10 to 12 thousand
cells. In contrast, the size of the assayable murine
CFU-s compartment is approximately 400,000 cells.
Therefore, most and perhaps all CFU-s will be found
within the clonal contributing compartment. On a
kinetic and a hierarchal basis, CFU-s and HSC, both of
which are stem cells, are different types of stem cells
with different functions.

The two compartment model of hematopoiesis esti-
mates that human stem cells turn over once every ~40
weeks, baboon once every ~25 weeks, cat every~ 8.3
weeks, and mouse once every ~2.5 weeks [16]. These
values are listed in Table 9 as turnover of hematopoi-
etic stem cells (HSC). The reciprocal of these values is
that fraction of the HSC pool that turns over weekly
and it correlates directly with d (SRCC=1.000). At
present, there is neither a mathematical nor a molecular
explanation for this direct correlation, but it does sup-
port the view that slower turnover of hematopoietic
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Table 9. Correlation of weekly stem cell turnover with decline

Species HSC turnover 1/HSC turnover® d
(wk)

Mouse 2.5 0.4000 0.0030

Cat 8.3 0.1205 0.0021

Baboon 25.0 0.0400 0.0019

Human 40.0 0.0250 0.0018

SRCC® (1/HSC turmover, d) 1.0000

“Fraction of the stem cell pool that turns over weekly.
"As listed in Table 8.
‘Spearman’s rank correlation coefficient.

stem cells is balanced by slower aging of active stem
cells.

CFU-s clone life spans

Approximately 50% of newly committed murine CFU-s
clones (d=0.003, u,=0.695) have life spans of only 1
to 7 cell cycles; the remainder have life spans of
between 117 and 130 cell cycles. Commitment itself
appears to generate both short and long term contribut-
ing clones.

Discussion

As assayed by sedimentation studies [5] and rate of
turnover [17], CFU-s are a heterogeneous cell popula-
tion. Colonies themselves are heterogeneous in their
appearance, disappearance [18], and size [3]. Further,
when CFU-s are serially transplanted through primary,
secondary, and tertiary recipients, they undergo a rapid
decline in their capacity for self-renewal [6], suggest-
ing that, like human fibroblasts [19] and subsets of
murine long-term repopulating cells [20], CFU-s retain
proliferative memory. In the past, neither heterogeneity
of p nor age structure of stem cells [21,22] was
included in CFU-s stochastic calculations. If they had
been, it was questioned if the results would differ from
those using fixed p. This appears to be the case,
because it was found that Monte Carlo calculations
using variable p with d give a better fit to Siminovitch
et al. [3,6]. data sets than those calculations using
fixed p.

Spleen colony-forming units generate singular and
mixed erythroid, granuloid, and megakaryocytic colo-
nies [23], and although CFU-s were originally thought
to be stem cells, the finding that CFU-s undergo
decline with proliferation suggests that a better classifi-
cation of CFU-s is short-term repopulating stem cell
(ST-HSC) or multipotent progenitor cell (MPP). The
classic concept of compartmentalized hematopoiesis
begins at the level of the long-term repopulating cell
(LTRC) with sequential amplification and maturation
through the ST-HSC— MPP— common lineage com-
mitted progenitors, down through the lineage in vitro
progenitor cell assays and maturational compartments.

Although new bar coding paradigms have minimized
the importance of LTRC [24,25] and oligoclonal pro-
genitors [26] in murine and human steadystate hemato-
poiesis, the role of CFU-s in these new paradigms has
yet to be studied.

The concept of decline with proliferation suggests
that CFU-s is not a singular assay, but rather a declin-
ing stochastic progression beginning at the level of the
LTRC and extending, at least, through in vitro mea-
sured stem and blast cell colonies [27,28]. Within this
progression, primarily high p cells are scored by the
spleen colony assay. Daughter cells of high prolifer-
ative CFU-s, capable of undergoing 15 [13] to 17 mat-
urational doublings, generate 10 day spleen colonies of
a half million to 10 million cells [3]. Whether daughter
cells of low p CFU-s can undergo the same number of
maturational doublings is not known. Like their paren-
tal CFU-s, daughter cells may be a heterogeneous cell
population rather than a well-defined compartment, and
numbers of daughter cell maturational doublings might
be expected to decrease as numbers of CFU-s stochas-
tic self-renewals with decline increase.

Based on the finding that mice [29,30], rats [10],
cats [31], baboons [32], humans [16], and possibly ele-
phants [33] all have nearly the same number of stem
cells, between 10 and 12 thousand cells, it has been
proposed that the size of the hematopoietic reserves is
constant, or nearly so, across species. If so, then it is
not clear how each species produces vastly different
numbers of peripheral mature hematopoietic cells from
equal-sized stem cell populations, particularly when
stem cells turn over more slowly in large mammals
[34] than they do in small mammals. Sometime during
stem cell commitment, proliferation, and maturation, a
species amplification process must take place.

Small changes in d will generate disproportionally large
changes in CloneDO, and if d is a measure of stem cell
aging, then it is the small differences in the rate of stem
cell aging among species that can significantly contribute
to hematopoietic scaling across species. Other studies tend
to support this concept. Not only do stem cells turn over
more slowly in large mammals than they do in small mam-
mals [34], transition times of hematopoietic cells through
the recognizable proliferation and maturational compart-
ments are longer in large mammals than in small mammals
[35]. This occurs regardless of the cell lineage being stud-
ied. Erythrocytes, granulocytes, and platelets live longer in
large mammals than small mammals [35]. An example of
slower aging of hematopoietic cells in larger mammals is
the time required for phenotype stabilization post-transplan-
tation in large versus small mammals. In the cat it was
found to be 1 to 4.5 years, while for the mouse a period of
only 2 to 6 months was required [31]. The rate of telomere
shortening in murine peripheral blood cells is ~100-fold
greater than in humans [36].
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Most of the above indicates that slower aging of
hematopoietic cells in large mammals occurs, not just
at the level of CFU-s, but across the entire hematopoi-
etic spectrum. However, slower aging of hematopoietic
cells with increased species body mass is not unique to
hematopoiesis. The number of in vitro fibroblast dou-
blings is greater when fibroblasts are harvested from
large mammals than from small mammals [37], and for
a given cell type, both cell life span and cell replica-
tive capacity have been reported to correlate with body
mass and life span [38,39].

The range of estimates of active clone numbers
across species, large as they may be, suggests that
clone numbers are similar across species. Several hun-
dred clones may support hematopoiesis in aggregated
embryo chimeric mice [40]. By retroviral tagging, it
was found that 79 to 83 active clones maintain steady-
state hematopoiesis posttransplantation in the Rhesus
monkey [41]. As determined by X-—linked neutrophil
studies, greater than 100 clones contribute to human
granulopoiesis [42,43]. In the cat, steady-state hemato-
poiesis is generated by greater than 30 clones, while in
the postgrafted cat, only 6 to 11 clones with life spans
of several to many weeks [31] are required. Appar-
ently, a single feline clone can produce more peripheral
blood cells than does a mouse over its entire life span.
It has been estimated [44] that polyclonal hematopoie-
sis is generated by approximately 70 or 300 clones in
the mouse, 330 clones in the Rhesus monkey, and 200
clones in the human. Numbers of assayable CFU-s are
similar in mice and rats [10]. The two-compartment
model of hematopoiesis calculates that numbers of con-
tributing clones decrease as body mass increases [16],
while other compartmental models suggest that the
numbers of contributing clones increase with species
body mass [45]. Although the distinction between
short-term and long-term contributing clones may
diminish as differences in species body mass increases,
recent retroviral tagging studies indicate that murine
granulopoiesis is generated by approximately 5,000
short-term clones [24]; while 1,000 to 3,000 long-lived
clones are required for the Rhesus monkey [46].

If numbers of contributing clones are constrained
across species and high self-renewal quiescent hemato-
poietic stem cells are less likely to undergo commit-
ment and differentiation in large mammals as
compared with small mammals [16,29,31,32], then this
can be balanced by the slower aging of active stem
cells in larger mammals. It may be that the size of con-
tributing clones is that which best defines hematopoi-
etic scaling across species. An alternative to the aging
hypothesis is that upper range p, or up,, might gradually
increase with species body mass such that only small
changes in u, are needed for CloneDO to scale with
body mass. Even though there is no literature available

with which to review this concept further and even
though CFU-s self-renewal, within the framework of d
and u,, is loosely regulated, it would appear that the
fate of newly committed CFU-s, as determined by sto-
chastic proliferation, is restricted by both d and u,,.

Although a selection of Monte Carlo analyses could
be narrowed down by a “what if” scenario to an appar-
ent best fit for 10, 12, and 14 day colonies, the variable
p model is essentially a multiset model that appears to
have application to hematopoiesis beyond DS2 and
DS3. The model is a mathematical exercise demonstrat-
ing that large mammals do not necessarily require
larger and more active stem cell compartments than
small mammals. It predicts that through decline. all
CFU-s, in the absence of apoptosis, will become
daughter cells and that. through daughter cell prolifera-
tion and differentiation, the hematopoietic blood ele-
ments are eventually formed. Yet, as mathematically
described, there is no assay or proof indicating that
low p CFU-s and daughter cells actually exist. Perhaps
they are those cells assayed as progenitor cells. In sev-
eral other aspects, the model appears to be consistent
with the literature, but rejection or verification of the
variable p model will require studies measuring not
only clone numbers, but clone size as well, in both
large and small mammals.
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