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Abstract

Background: Sick neonates frequently develop severe
thrombocytopenia. Objective and Methods: In order to
test the ability of fetal mice to increase their megakaryocyte
size and ploidy in response to thrombocytopenia, we inject-
ed an antiplatelet antibody (MWReg30) into pregnant mice
daily for 7 days, and into nonpregnant adult mice to serve as
controls. After that time, platelet counts were obtained and
megakaryocytes in the bone marrow, liver, and spleen were
stained with anti-von Willebrand factor antibody, individu-
ally measured, and quantified. Results: Our study demon-
strated that megakaryocytopoiesis in newborn mice shares
many features of human fetal/neonatal megakaryocytopoi-
esis, including the small size of megakaryocytes. In response
to thrombocytopenia, adult mice increased megakaryocyte
volume and concentration, primarily in the spleen. Newborn
mice, in contrast, increased the megakaryocyte concentra-
tion in the spleen, but exhibited no increase in megakaryo-
cyte volume in any of the organs studied. In fact, the mega-
karyocyte mass was significantly lower in the bone marrow
of thrombocytopenic neonates than in age-matched con-
trols. Conclusions: We concluded that fetuses have a limited

ability to increase their megakaryocyte mass in response to
consumptive thrombocytopenia, compared to adult mice.
These observations provide further evidence for the exis-
tence of biological differences between fetal/neonatal and
adult megakaryocytopoiesis. Copyright © 2010 S. Karger AG, Basel

Introduction

Thrombocytopenia is a common hematological prob-
lem among sick neonates, affecting 22-30% of all infants
admitted to neonatal intensive care units [1, 2]. Despite
the high prevalence of neonatal thrombocytopenia, our
understanding of the mechanisms underlying most cases
has been significantly hampered by a number of factors,
including the limited availability of bone marrow speci-
mens from living preterm and term neonates, the relative
rarity and fragility of megakaryocytes in the fetal mar-
row, and the lack of animal models.

Several studies, most of them evaluating cultured
megakaryocytes in vitro, have reported significant dif-
ferences between neonatal and adult megakaryocytopoi-
esis. It has recently been suggested that these differences
may predispose sick neonates to develop severe and pro-
longed thrombocytopenia. Specifically, megakaryocytes
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isolated from fetal liver, fetal bone marrow, or cord blood
are significantly smaller and have lower ploidy levels than
those found in adult bone marrow [3-6]. Since larger
megakaryocytes generate more platelets than smaller
megakaryocytes [7], it has been assumed that neonatal
megakaryocytes produce fewer platelets than adult mega-
karyocytes. Furthermore, it has been suggested that the
normal platelet counts found in healthy fetuses and neo-
nates are maintained by the increased proliferative rate of
fetal megakaryocyte progenitors [8, 9].

In adults, increased platelet consumption triggers a
compensatory response in megakaryocytopoiesis, char-
acterized by an increase in megakaryocyte size and ploi-
dy, followed by an increase in megakaryocyte number.
These changes, thought to be mostly mediated by elevat-
ed concentrations of thrombopoietin (Tpo), ultimately
result in a 2- to 8-fold increase in total megakaryocyte
mass and a corresponding increase in platelet production
(10, 11]. It is unknown, however, whether neonates are
capable of similarly increasing their megakaryocyte mass
in response to platelet consumption, or whether the small
size and low ploidy of their megakaryocytes represent a
developmental limitation in their ability to adequately in-
crease platelet production. To answer this question, we
recently evaluated megakaryocyte size in bone marrow
specimens from human neonates with and without
thrombocytopenia, and found no differences between
thrombocytopenic and nonthrombocytopenic neonates.
In contrast, a group of adult patients withimmune throm-
bocytopenic purpura exhibited a significant increase in
megakaryocyte size compared to their nonthrombocyto-
penic counterparts [12]. However, the causes of thrombo-
cytopenia were highly diverse among the neonatal sub-
jects, and it remained unclear whether the differences be-
tween neonates and adults reflected a true developmental
limitation, or whether they were rather explained by the
different disease processes underlying neonatal and adult
thrombocytopenia.

To answer this question, we developed a mouse model
of fetal/neonatal immune thrombocytopenic purpura.
Among the several methods that have been used to gener-
ate immune thrombocytopenic purpura in adult mice
[13-15], one of the most widely used induces thrombocy-
topenia by injecting a platelet-specific anti-CD41a anti-
body (MWReg30). Since MWReg30 is an IgGl antibody,
and IgGl immunoglobulins are known to be particularly
effective in crossing the placenta, we induced fetal im-
mune thrombocytopenia by injecting this antibody into
pregnant mice. We then evaluated platelet counts, mega-
karyocyte size, and megakaryocyte number in the affect-
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ed newborn pups, as well as in adult mice with similar
degrees of thrombocytopenia induced by the same anti-
body. Concordant with our observations in humans,
these studies demonstrated that fetal mice do not increase
their megakaryocyte volume in response to increased
platelet demand.

Materials and Methods

Animals

C57BL/6 mice weighing 20-25 g were purchased from Harlan
(Indianapolis, Ind., USA), and timed matings were performed as
needed. These studies were approved by the University of Florida
Institutional Animal Care and Use Committee.

Antibodies

Rat anti-mouse platelet monoclonal antibody (MWReg30,
IgG1) was obtained from BD Biosciences (San Diego, Calif., USA).
Polyclonal rabbit anti-human von Willebrand Factor (vWF; Code
No. A 0082) was purchased from DakoCytomation (Denmark).
For immunohistochemistry, we used the VECTASTAIN Elite
ABC Kit (Vector, Burlingame, Calif., USA).

Induction of Thrombocytopenia

Fetal thrombocytopenia was induced by injecting MWReg30
antibody (BD Biosciences) into pregnant mice daily, starting on
gestation day E12.5 until the time of delivery (E19.5 for most lit-
ters). After anesthesia with isofluorane, pregnant mice under-
went tail vein injections of MWReg30 (0.5 pg/g body weight, to
account for the high volume of distribution of pregnant mice) di-
luted in 100 wl PBS plus 1.5 mg/ml albumin. To generate adult
thrombocytopenic mice, 2-month-old mice were subcutaneously
injected with MWReg30 (0.18 ng/g) daily for 7 days. Controls
were generated by injecting pregnant and nonpregnant mice with
100 pl PBS + 1.5 mg/ml albumin (carrier).

Analysis of Platelet Counts

Following 7 days of treatment with MWReg30, 50 wl of blood
were obtained from thrombocytopenic and control adult mice by
retroorbital bleeding, using heparinized Natelson blood-collect-
ing tubes (Fisher Scientific, Pittsburgh, Pa., USA). Anesthetized
newborn pups underwent intracardiac puncture the day after de-
livery. Approximately 20 wl of blood were drawn from each pup
using Monoject 29G X 0.5-ml syringes (Tyco Healthcare Group
LP, Mansfield, Mass., USA) coated with 20 pl of anticoagulant
citrate dextrose solution (Baxter Healthcorp, Deerfield, Ill., USA).
Complete blood counts were obtained on an automated cell coun-
ter (Becton-Dickinson AcT'10-Diff with veterinary card).

Histology and Immunohistochemistry

Bones, spleens and livers from thrombocytopenic and control
adult and newborn pups were fixed overnight in 4% paraformal-
dehyde. The tissues were then embedded in paraffin, cut into 5-
pm sections, and attached to Bond-rite slides. Slides were treated
with 3% hydrogen peroxide for 10 min to quench endogenous per-
oxidase activity, and incubated with 10% normal horse serum to
block nonspecific antibody binding. Endogenous biotin binding
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was blocked using an avidin/biotin blocking kit. A rabbit anti-hu-
man vVWF antibody known to crossreact with murine vVWF (Code
No. A 0082, DakoCytomation, Denmark) was used as the pri-
mary antibody to immunohistochemically stain megakaryo-
cytes. A biotinylated horse anti-rabbit antibody was used as the
secondary antibody, and color development was achieved with
diaminobenzidinesubstrate following the Vector Elite ABC kit
protocols (Vector).

Evaluation of Megakaryocytopoiesis

Megakaryocytes, identified by immunohistochemical stain-
ing with vWF in conjunction with morphological features, were
quantified in all organs using an eyepiece reticle (250 wm? per 9
small squares at 400X; Klarmann Rulings Inc., Litchfield, N.H.,
USA), as we have previously described [12]. The megakaryocyte
concentration was then expressed as megakaryocytes per 250
pm? of liver, spleen, or bone marrow. To evaluate megakaryocyte
size, the X and Y axis diameters of either 50 or all megakaryocytes
in each slide (whichever came first) were measured using an eye-
piece microruler (100-pm ruler at 400 X, Klarmann Rulings Inc.).
The mean diameter of each megakaryocyte was derived from its
X and Y axis measurements. Assuming a spheroidal shape of
megakaryocytes, we then calculated the mean megakaryocyte
volume from the diameter measurements, using the following
formula: volume = m (diameter)3/6. The product of the mega-
karyocyte concentration and mean megakaryocyte volume of
each slide was calculated to determine a mathematical estimate of
the organ-specific megakaryocyte mass, as previously described
10, 11].

Megakaryocyte Colony Assays

To assess megakaryocyte progenitor numbers in this model of
immune thrombocytopenia, murine megakaryocyte colony as-
says were performed using MegaCult-C culture media (StemCell
Technologies, Vancouver, B.C., Canada). Briefly, adult bone mar-
row cells were flushed from tibiae and femora, and newborn liver
cells were disaggregated and brought to a single cell suspension
by passing the tissue through serially smaller needles. Nucleated
cells were then separated by Ficoll-Paque centrifugation and cul-
tured at a concentration of 1 X 10° nucleated cells per chamber
slide in Iscove’s Modified Dulbecco’s Medium supplemented with
1% BSA, 10 pg/ml recombinant human insulin, 200 pwg/ml hu-
man transferrin, 2 mM L-glutamine, 10~* M 2-mercaptoethanol,
50 ng/ml recombinant human thrombopoietin, and 10 ng/ml re-
combinant murine IL-3. After 8 days of culture, the slides were
dehydrated, fixed with acetone, and evaluated using acetylcholin-
esterase staining. Colonies were scored using an Olympus BX40
microscope under a 10X objective. CFU-megakaryocytes were
defined as pure megakaryocytic colonies containing more than
50 megakaryocytes per colony, mixed megakaryocytic colonies
contained nonmegakaryocytic and megakaryocytic cells in the
same cluster, and granulocyte/macrophage colonies (>30 cells)
did not contain megakaryocytes.

Statistical Analysis

Results were expressed as mean = SEM, except when indi-
cated. The significance of the differences between the two groups
was investigated using Student’s t tests. Level of significance was
set at p <0.05.
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Fig. 1. Platelet counts in newborn and adult mice. One-day-old
healthy neonates had significantly lower platelet counts than
healthy adult mice. Control mice received daily injections of the
antibody vehicle and had platelet counts similar to those of un-
treated age-matched animals. Mice rendered thrombocytopenic
by daily injections of MWReg30 had platelet counts that were sig-
nificantly lower than age-matched placebo controls. Data are
shown as means = SEM. ** p < 0.001 vs. placebo control.

Results

Platelets and Megakaryocytes in Normal Newborn

and Adult Mice

First, we sought to establish the normal platelet count
ranges for newborn and adult C57BL/6 mice. Platelet
counts were significantly lower in healthy 1-day-old mice
than in 2-month-old mice (mean * SD: 710 * 148 X
10%/ml vs. 1,342 * 186 x 10%ml; p < 0.001) (fig. 1).
Thrombocytopenia was therefore defined as a platelet
count less than two standard deviations below the age-
appropriate mean (<415 X 10%/ml in newborn pups and
<970 X 10%/ml in adult mice).

To determine whether C57BL/6 mice exhibited devel-
opmental differences in megakaryocytopoiesis compa-
rable to those described in humans (and were therefore
an adequate model for this study), we then evaluated
megakaryocyte concentration and size in the bone mar-
row, liver, and spleen of normal newborn and adult mice
[16]. As shown in table 1, the liver was the main site of
megakaryocytopoiesis in the healthy newborn mouse
(similarly to an early second-trimester human fetus [17,
18]), while the bone marrow had the highest megakaryo-
cyte concentration in the adult mouse. Indeed, the bones
in the newborn mice were largely cartilaginous, and the
marrow space was not yet completely formed. Megakary-
ocytes were present in the spleen of newborn and adult
mice, but in lower concentrations than in the liver or
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Fig. 2. Photomicrograph of megakaryo-
cytes expressing VWF (original magnifica-
tion X400) in the liver of control newborn
pups (a), thrombocytopenic newborn pups
(b), bone marrow from control adults (c),
and bone marrow from thrombocytopenic
adults (d). The difference in size between
neonatal and adult megakaryocytes is
clearly evident.
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Table 1. Megakaryocyte (Mk) concentration, diameter and volume in normal neonatal and adult mice

Color version available online

Newborn mice (n = 34)

Adult mice (n = 22)

concentration diameter volume concentration diameter volume
Mk/250 pwm? wm Mk/250 wm?  wm
Bone marrow 0.33+0.04 (n=10) 14.06*1.08 1,817.9+410.9 5.27%*0.34 20.13+0.32 4,403.9+199.7
Liver 1.78+0.12 16.04£0.14 2,167.9+57.7 no Mks
Spleen 0.84%0.16 15.21+0.45 1,964.9+174.9 0.70£0.19 20.76 £0.32 4,865.4+154.3

bone marrow, respectively. No megakaryocytes were
identified in the adult liver. As in humans, megakaryo-
cytes were significantly smaller in newborn than in adult
mice (p <0.001) (fig. 2).

Determining the Effects of the Anti-Platelet Antibody

on Platelet Counts and Megakaryocytopoiesis

After administration of antiplatelet antibody for 7
consecutive days, the mean platelet counts in newborn
and adult mice were 30-40% of the normal means for age
(287 = 27 x 10°/ml for neonates, n = 12; 452 * 98 X
10%/ml for adults; n = 8) (fig. 1). However, the responses
to thrombocytopenia varied depending on the develop-

Megakaryocytopoiesis during Fetal
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mental stage (newborn vs. adult) and the hematopoietic
organ studied. Specifically, when thrombocytopenic
newborn mice were compared to age-matched controls,
the megakaryocyte concentration did not change signifi-
cantly in the neonatal liver (1.6 £ 0.1 vs. 1.9 * 0.1, p =
0.21), but decreased in the bone marrow (0.2 = 0.04 vs.
0.5 £ 0.1, p = 0.02) and increased in the spleen (0.69 *
0.10 vs. 0.37 % 0.08, p = 0.04) (fig. 3a). Adult thrombocy-
topenic mice also had a higher megakaryocyte concen-
tration in the spleen compared to controls (1.04 * 0.15
vs. 0.68 * 0.11, p = 0.01), but exhibited no significant
change in the bone marrow (8.74 * 0.59 vs. 8.33 % 0.70,
p = 0.67) (fig. 3d).
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Fig. 3. Box-plots displaying the megakaryocyte (Mk) concentration, size and mass in the bone marrow (BM),
liver (Liv) and spleen (Spl) of neonates (a-c), and in the bone marrow and spleen of adult mice (d-f). The box-
plot margins represent the 25th-75th percentiles, the whiskers represent the ranges, and the line, the median.
N = Normal; T = thrombocytopenic. * p < 0.05 and ** p < 0.01 versus age-matched controls.

In regard to megakaryocyte size, thrombocytopenic
newborn mice did not increase their megakaryocyte vol-
ume compared to controls in any of the hematopoietic
organs analyzed, including the liver (2,783.4 * 123.8 vs.
2,521.2 £ 173.2, p = 0.23), spleen (2,122.4 * 233.6 vs.
1,788.7 £ 110.3, p = 0.21) and bone marrow (2,011.4 *
163.4 vs. 2,156.7 £ 278.3, p = 0.64) (fig. 3b). In contrast,
thrombocytopenic adult mice had significantly larger
megakaryocytes than controls in the spleen (6,071.6 %
915.6 vs. 3,131.0 = 226.2, p < 0.01) although not in the
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bone marrow (4,250.4 * 417.1 vs. 3,657.7 * 4474, p =
0.35) (fig. 3e).

To mathematically estimate the combined effect of
megakaryocyte number and size on the megakaryocyte
mass, we then multiplied the mean megakaryocyte con-
centration by the mean volume in each organ. This anal-
ysis revealed a substantial reduction in the bone marrow
megakaryocyte mass in thrombocytopenic newborn
mice compared to controls (473.0 £ 99.0 vs. 1,009.9 =+
199.7, p = 0.02), and no significant change in the liver
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(4,595.1 * 4949 vs. 4,489.1 £ 261.8, p = 0.89) or the
spleen (1,505.9 * 282.5 vs. 721.7 * 173.9, p = 0.07) al-
though the latter one exhibited a trend (fig. 3¢c). Throm-
bocytopenic adult mice, in contrast, increased their
megakaryocyte mass by approximately 4-fold in the
spleen (6,727.1 * 1,603.5 vs. 1,603.7 £ 231.1, p < 0.01),
and exhibited no significant change in the bone marrow
(36,128.1 *= 3,145.1 vs. 30,915.8 = 5,406.8, p = 0.43)
(fig. 3f).

Effect of MWReg30 on Megakaryocyte Progenitors

We then sought to evaluate megakaryocyte progenitor
number in mice with MWReg30-induced thrombocyto-
penia, using megakaryocyte progenitor assays (n = 6 per
group). As shown in figure 4, neonatal liver cells from
nonthrombocytopenic mice gave rise to significantly
more megakaryocyte colonies than adult bone marrow
cells (181.1 = 32.8 vs. 26.5 * 4.3, p < 0.001). Thrombo-
cytopenic mice had colony counts similar to those of
their nonthrombocytopenic age-matched controls (131.1
+ 30.1vs. 181.1 * 32.8 and 36.9 * 11.3 vs. 26.5 * 4.3
for neonates and adults, respectively).

Discussion

In the present study, we compared the responses of fe-
tal and adult C57BL/6 mice to thrombocytopenia in-
duced by the administration of an antiplatelet antibody.
The main objective of the study was to determine wheth-
er fetal mice respond to immune thrombocytopenia in a
manner similar to adult mice, or whether fetuses/neo-
nates exhibit developmental differences in response to in-
creased platelet demand. Based on our previous observa-
tions in thrombocytopenic human neonates and adults
[12], we hypothesized that newborn mice would be able
to increase the megakaryocyte number, but not size, in
response to increased platelet demand.

Overall, our murine studies further supported our hy-
pothesis that there are biological differences in mega-
karyocytopoiesis between neonates and adults, which are
evident under normal as well as pathological conditions.
First, we confirmed that the hematologic system of a
healthy newborn mouse closely resembles a mid-second-
trimester human fetus, with the liver being the primary
site of hematopoiesis while also exhibiting some hemato-
poietic activity in the bone marrow [19, 20]. Furthermore,
these initial studies confirmed that megakaryocytopoi-
esis in the newborn mouse shares many features of mega-
karyocytopoiesis in human neonates, with neonatal
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Fig. 4. Megakaryocyte colonies (CFU-Mk) generated from new-
born liver and adult bone marrow. Murine newborn liver cells
(Liv) generated significantly more megakaryocyte colonies than
adult bone marrow cells in culture (mean megakaryocyte colo-
nies per 1 X 10° cells plated: 181.1 % 32.8 for newborn liver versus
26.5 £ 4.3 for adult bone marrow, p < 0.001). There were no sig-
nificant differences between thrombocytopenic and nonthrom-
bocytopenic age-matched controls in regard to colony counts.
Data are presented as mean = SEM.

megakaryocytes in both species being substantially
smaller than their adult counterparts. These observa-
tions supported the theory that platelet counts in the
newborn are maintained primarily by the high prolifera-
tive rate of megakaryocyte progenitors, and also con-
firmed the suitability of the murine model to study devel-
opmental differences in megakaryocytopoiesis.

The response of adult mice to thrombocytopenia was
consistent with the findings of previous studies in animal
models and in humans with consumptive thrombocyto-
penia, and was characterized by an overall compensatory
increase in megakaryocyte mass. Most previous studies
evaluating megakaryocytopoiesis in adult animal models
of experimental thrombocytopenia reported an early and
rapid increase in megakaryocyte volume, which reached
a peak between days 3 and 4 [10, 21, 22], followed by in-
creased megakaryocyte numbers between days 4 and 10
after the onset of thrombocytopenia [10]. We chose 7 days
of thrombocytopenia because after 7 days we expected to
see compensatory changes in both megakaryocyte size
and number.

Interestingly, the most significant changes in our
model were observed in the spleen. The importance of the
spleen as a megakaryocytopoietic organ in adult mice
treated with various pharmacologic agents [23], with leu-
kemic or myeloproliferative states [24, 25], and also with
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acute thrombocytopenia induced by platelet antiserum
[26] has been demonstrated by several studies. More re-
cently, the role of the spleen in the post bone marrow
transplant setting, where it seems to be the organ of first
response, has also been highlighted [27-29]. Further-
more, studies of posttransplantation megakaryocytopoi-
esis have consistently shown that the largest megakaryo-
cytes are produced in the spleen and at the earliest post-
transplantation stages [27-29]. Our findings indicate that
this is also true in response to immune-mediated throm-
bocytopenia in adult mice. Newborn mice, in contrast,
significantly increased the concentration of megakaryo-
cytes in the spleen, but not the megakaryocyte volume, in
response to fetal thrombocytopenia. These findings are
consistent with our prior observations in human neo-
nates with thrombocytopenia, who also exhibited in-
creased megakaryocyte numbers without a correspond-
ing increase in megakaryocyte size [12].

Translating splenic findings from mouse models to
humans has been difficult because the contribution of the
spleen to human megakaryocytopoiesis remains unclear.
In adult humans, G-CSF has been shown to cause spleno-
megaly, thought to be due to induction of extramedullary
hematopoiesis [30, 31]. In human fetuses, the spleen does
not normally function as a site of granulocytopoiesis or
erythropoiesis at mid-gestation [32], but its contribution
to normal or to stress fetal megakaryocytopoiesis has
never been studied. Nevertheless, we believe that the
finding that murine neonatal splenic megakaryocytes
significantly increase in number, but not in volume, in
response to thrombocytopenia supports the hypothesis
that our observations in human neonates represent true
developmental differences.

We also elected to express megakaryocyte size as vol-
ume (in a manner similar to previous studies by Harker
[10, 11]) because even small changes in megakaryocyte
diameter translate into large changes in megakaryocyte
volume, and because the volume, rather than the diam-
eter of each megakaryocyte, determines the number and
size of platelets that it produces. When applying this con-
cept, however, it is important to recognize that the pro-
cess of sample fixation induces tissue shrinkage, so that
our measurements do not represent actual in vivo sizes.
Nevertheless, since all samples were processed in a simi-
lar manner, this method allows for comparisons between
groups.

Similar to our previous report in human neonates and
adults [12], our murine studies suggest that neonates have
a limited ability to increase megakaryocyte size in re-
sponse to thrombocytopenia. The reasons underlying the

106 Neonatology 2010;98:100-108

lack of increase in megakaryocyte size in newborn mice
are unclear. Previous transplant studies by our group
evaluating the phenotype of neonatal megakaryocytes in
the adult microenvironment demonstrated that the de-
velopmental differences between neonatal and adult
megakaryocytes are due both to cell-intrinsic and to mi-
croenvironmental differences [29]. Among the cell-in-
trinsic differences, we recently reported that the response
of human megakaryocytes to Tpo is different at various
stages of development. Specifically, under identical cul-
ture conditions, Tpo potently stimulated the maturation
and polyploidization of adult megakaryocytes, while it
inhibited the polyploidization of neonatal megakaryo-
cytes [33]. Since megakaryocyte ploidy and size are close-
ly correlated, it is tempting to hypothesize that these dif-
ferent responses to Tpo contribute to the observed dif-
ferences in megakaryocyte size between neonates and
adults. In regard to the fetal versus adult hematopoietic
microenvironment, developmental differences might ex-
ist in the expression levels of factors stimulating or sup-
pressing megakaryocyte maturation (i.e. IL-6 [34], IL-11
[35], vascular endothelial growth factor [36], platelet fac-
tor 4 [37]), or of chemokines that have been proven criti-
cal for megakaryocyte maturation, such as stromal-de-
rived factor and/or fibroblast growth factor 4 [38]. Prior
studies have also shown that thrombocytopenic neonates
have lower serum Tpo concentrations than adults with
similar mechanisms and degrees of thrombocytopenia
[39, 40]. These findings have led to the hypothesis that
neonates do not upregulate Tpo production to the same
degree as adults, which could presumably also contribute
to the blunted response to thrombocytopenia observed in
neonates.

We also recognize that the fetal thrombocytopenia in-
duced in our model was only moderate. It could therefore
be hypothesized that the lack of response in newborn
pups was associated with the moderate severity of the
thrombocytopenia [41]. However, the doses and routes of
administration of the antibody were carefully titrated to
generate similar degrees of thrombocytopenia in new-
born and adult mice, so that most adult mice in our study
also had moderate thrombocytopenia. Furthermore, pre-
vious studies have shown that platelet levels of approxi-
mately 40% of normal induce enlargement of megakary-
ocytes [21], a finding that was present in adult but not
newborn mice.

Several mechanisms have been proposed to explain
the decrease in platelet production sometimes observed
in immune thrombocytopenia, including inhibition of
megakaryocyte proliferation or maturation induced by
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the antibodies [26, 42-45]. Our findings do not support
any of these mechanisms in association with MWReg30
because an increase in megakaryocyte mass was observed
in the adult mice in response to the administration of this
antibody, and there was no evidence of suppressed mega-
karyocytopoiesis in any adult organ. While a develop-
mental limitation in the ability of neonates to increase
their megakaryocyte volume seems to be the most likely
explanation for the neonatal findings, we recognize that
developmental differences in antigen concentration on
platelets and megakaryocytes, and differences in the im-
mune system leading to variable rates of antibody bind-
ing and clearance might have played a role [46]. In addi-
tion, the possibility that antiplatelet antibodies might
have different effects on megakaryocytes depending on
developmental stages cannot be excluded.

In conclusion, our study provides evidence that neo-
natal mice, similarly to human neonates, do not increase
megakaryocyte volume in response to immune thrombo-
cytopenia to the same degree as adults with the same type
of thrombocytopenia. These observations further sup-
port the theory that there are substantial differences be-
tween neonatal and adult megakaryocytopoiesis, and
might explain the predisposition of neonates to develop
prolonged and severe thrombocytopenia.

Acknowledgments

This work was partially supported by NIH grant HL069990
(M.S.-V.) and a Fellowship from the German Academic Exchange
Service, DAAD (H.S.).

References

Castle V, Andrew M, Kelton J, Giron D, 10 Harker LA: Kinetics of thrombopoiesis. ] 18 Enzan H, Takahashi H, Kawakami M,
Johnston M, Carter C: Frequency and mech- Clin Invest 1968;47:458—-465. Yamashita S, Ohkita T, Yamamoto M: Light
anism of neonatal thrombocytopenia. J Pe- 11 Harker LA: Thrombokinetics in idiopathic and electron microscopic observations of he-
diatr 1986;108:749-755. thrombocytopenic purpura. Br ] Haematol patic hematopoiesis of human fetuses. IL.
Mehta P, Vasa R, Neumann L, Karpatkin M: 1970;19:95-104. Megakaryocytopoiesis. Acta Pathol Jpn
Thrombocytopenia in the high-riskinfant.] 12 Sola-Visner MC, Christensen RD, Hutson 1980;30:937-954.

Pediatr 1980;97:791-794. AD, Rimsza LM: Megakaryocyte size and 19 Forestier F, Daffos F, Catherine N, Renard
Burstein SA, Harker LA: Control of platelet concentration in the bone marrow of throm- M, Andreux JP: Developmental hematopoi-
production. Clin Haematol 1983;12:3-22. bocytopenic and nonthrombocytopenic ne- esis in normal human fetal blood. Blood
Hegyi E, Nakazawa M, Debili N, Navarro S, onates. Pediatr Res 2007;61:479-484. 1991;77:2360-2363.

Katz A, Breton-Gorius J, Vainchenker W: 13 Opyaizu N, Yasumizu R, Miyama-Inaba M, 20 Pahal GS, Jauniaux E, Kinnon C, Thrasher
Developmental changes in human mega- Nomura S, Yoshida H, Miyawaki S, Shibata AJ, Rodeck CH: Normal development of hu-
karyocyte ploidy. Exp Hematol 1991;19:87- Y, Mitsuoka S, Yasunaga K, Morii S, et al: man fetal hematopoiesis between eight and
94, (NZW x BXSB)F1 mouse. A new animal seventeen weeks’ gestation. Am ] Obstet Gy-
Allen Graeve JL, de Alarcon PA: Megakaryo- model of idiopathic thrombocytopenic pur- necol 2000;183:1029-1034.

cytopoiesis in the human fetus. Arch Dis pura. ] Exp Med 1988;167:2017-2022. 21 Ebbe S, Stohlman F Jr, Overcash J, Donovan
Child 1989;64:481-484. 14 TeelingJL, Jansen-Hendriks T, Kuijpers TW, J, Howard D: Megakaryocyte size in throm-
de Alarcon PA, Graeve JL: Analysis of mega- de Haas M, van de Winkel JG, Hack CE, bocytopenic and normal rats. Blood 1968;32:
karyocyte ploidy in fetal bone marrow biop- Bleeker WK: Therapeutic efficacy of intrave- 383-392.

sies using a new adaptation of the Feulgen nousimmunoglobulin preparationsdepends 22 Odell TT, Murphy JR, Jackson CW: Stimu-
technique to measure DNA content and esti- on the immunoglobulin G dimers: studies in lation of megakaryocytopoiesis by acute
mate megakaryocyte ploidy from biopsy experimental immune thrombocytopenia. thrombocytopenia in rats. Blood 1976;48:
specimens. Pediatr Res 1996;39:166-170. Blood 2001;98:1095-1099. 765-775.

Mattia G, Vulcano F, Milazzo L, Barca A, 15 Crow AR, Song S, Semple JW, Freedman J, 23 Shiotsu Y, Akinaga S, Yamashita K, Muraka-
Macioce G, Giampaolo A, Hassan HJ: Differ- Lazarus AH: IVIg inhibits reticuloendothe- ta C, Tamaoki T, Ishida Y, Kuriya S, Tera-
ent ploidy levels of megakaryocytes gener- lial system function and ameliorates murine mura M, Mizoguchi H: In vitro and in vivo
ated from peripheral or cord blood CD34+ passive-immune thrombocytopenia inde- effects of KT6352, a derivative of indolocar-
cells are correlated with different levels of pendent of anti-idiotype reactivity. Br ] Hae- bazole compounds, on murine megakaryo-
platelet release. Blood 2002;99:888-897. matol 2001;115:679-686. cytopoiesis. Exp Hematol 1998;26:1195-
Zauli G, Valvassori L, Capitani S: Presence 16 Sola MC, Rimsza LM: Mechanisms underly- 1201.

and characteristics of circulating mega- ing thrombocytopenia in the neonatalinten- 24 Hawley RG, Fong AZ, Burns BF, Hawley TS:
karyocyte progenitor cells in human fetal sive care unit. Acta Paediatr Suppl 2002;91: Transplantable myeloproliferative disease
blood. Blood 1993;81:385-390. 66-73. induced in mice by an interleukin 6 retrovi-
SolaMC,DuY, Hutson AD, Christensen RD: 17 Clapp DW, Baley JE, Gerson SL: Gestational rus. ] Exp Med 1992;176:1149-1163.
Dose-response relationship of megakaryo- age-dependent changes in circulatinghema- 25 Ritchie KA, Aprikyan AA, Bowen-Pope DF,

cyte progenitors from the bone marrow of
thrombocytopenic and non-thrombocyto-
penic neonates to recombinant thrombopoi-
etin. Br ] Haematol 2000;110:449-453.

Megakaryocytopoiesis during Fetal
Immune Thrombocytopenia

topoietic stem cells in newborn infants. ] Lab
Clin Med 1989;113:422-427.

Norby-Slycord CJ, Conyers S, Bartelmez S,
Sitnicka EH, Hickstein DD: The Tel-PDG-
FRbeta fusion gene produces a chronic my-
eloproliferative syndrome in transgenic
mice. Leukemia 1999;13:1790-1803.

Neonatology 2010;98:100-108

107



26

27

28

29

30

31

32

Levin J, Levin FC, Metcalf D: The effects of
acute thrombocytopenia on megakaryo-
cyte-CFC and granulocyte-macrophage-
CFC in mice: studies of bone marrow and
spleen. Blood 1980;56:274-283.

Li XM, Hu Z, Sola-Visner M, Hensel S, Gar-
ner R, Zafar AB, Wingard JR, Jorgensen ML,
Fisher RC, Scott EW, Slayton WB: Sites and
kinetics of donor thrombopoiesis following
transplantation of whole bone marrow and
progenitor subsets. Exp Hematol 2007;35:
1567-1579.

Slayton WB, Georgelas A, Pierce LJ, Eleni-
toba-Johnson KS, Perry SS, Marx M, Span-
grude GJ: The spleen is a major site of mega-
karyopoiesis following transplantation of
murine hematopoietic stem cells. Blood
2002;100:3975-3982.

Slayton WB, Wainman DA, Li XM, Hu Z,
Jotwani A, Cogle CR, Walker D, Fisher RC,
Wingard JR, Scott EW, Sola MC: Develop-
mental differences in megakaryocyte matu-
ration are determined by the microenviron-
ment. Stem Cells 2005;23:1400-1408.
Brown SL, Dale DC: Spontaneous splenic
rupture following administration of granu-
locyte colony-stimulating factor (G-CSF):
occurrence in an allogeneic donor of periph-
eral blood stem cells. Biol Blood Marrow
Transplant 1997;3:341-343.

Becker PS, Wagle M, Matous S, Swanson RS,
Pihan G, Lowry PA, Stewart FM, Heard SO:
Spontaneous splenic rupture following ad-
ministration of granulocyte colony-stimu-
lating factor (G-CSF): occurrence in an al-
logeneic donor of peripheral blood stem
cells. Biol Blood Marrow Transplant 1997;3:
45-49.

Calhoun DA, Li Y, Braylan RC, Christensen
RD: Assessment of the contribution of the
spleen to granulocytopoiesis and erythro-
poiesis of the mid-gestation human fetus.
Early Hum Dev 1996;46:217-227.

33

34

35

36

37

38

39

Pastos KM, Slayton WB, Rimsza LM, Young
L, Sola-Visner MC: Differential effects of re-
combinant thrombopoietin and bone mar-
row stromal-conditioned media on neonatal
versus adult megakaryocytes. Blood 2006;
108:3360-3362.

Wickenhauser C, Thiele ], Lorenzen ],
Schmitz B, Frimpong S, Schramm K, Neu-
mann I, Zankovich R, Fischer R: Polycythe-
mia vera megakaryocytes but not megakary-
ocytes from normal controls and patients
with smokers polyglobuly spontaneously ex-
press IL-6 and IL-6R and secrete IL-6. Leu-
kemia 1999;13:327-334.

Suen Y, Chang M, Lee SM, Buzby JS, Cairo
MS: Regulation of interleukin-11 protein
and mRNA expression in neonatal and adult
fibroblasts and endothelial cells. Blood 1994;
84:4125-4134.

Bobik R, Hong Y, Breier G, Martin JF, Eru-
salimsky JD: Thrombopoietin stimulates
VEGF release from c-Mpl-expressing cell
lines and haematopoietic progenitors. FEBS
Lett 1998;423:10-14.

Ravid K, Beeler DL, Rabin MS, Ruley HE,
Rosenberg RD: Selective targeting of gene
products with the megakaryocyte platelet
factor 4 promoter. Proc Natl Acad Sci USA
1991;88:1521-1525.

Avecilla ST, Hattori K, Heissig B, Tejada R,
Liao F, Shido K, Jin DK, Dias S, Zhang F,
Hartman TE, Hackett NR, Crystal RG, Witte
L, Hicklin DJ, Bohlen P, Eaton D, Lyden D,
de Sauvage F, Rafii S: Chemokine-mediated
interaction of hematopoietic progenitors
with the bone marrow vascular niche is re-
quired for thrombopoiesis. Nat Med 2004;
10:64-71.

Murray NA, Watts TL, Roberts IA: Endoge-
nous thrombopoietin levels and effect of
recombinant human thrombopoietin on
megakaryocyte precursors in term and pre-
term babies. Pediatr Res 1998;43:148-151.

108

Neonatology 2010;98:100-108

40

41

42

43

44

45

46

Sola MC, Calhoun DA, Hutson AD, Chris-
tensen RD: Plasma thrombopoietin concen-
trations in thrombocytopenic and non-
thrombocytopenic patients in a neonatal
intensive care unit. Br ] Haematol 1999;104:
90-92.

Corash L, Chen HY, Levin J, Baker G, Lu H,
Mok Y: Regulation of thrombopoiesis: ef-
fects of the degree of thrombocytopenia on
megakaryocyte ploidy and platelet volume.
Blood 1987;70:177-185.

AbgrallJF, Berthou C, Sensebe L, Le Niger C,
Escoffre M: Decreased in vitro megakaryo-
cyte colony formation in chronic idiopathic
thrombocytopenic purpura. Br ] Haematol
1993;85:803-804.

Abgrall JF, el-Kassar N, Berthou C, Renard
I, Cauvin JM, Le Pailleur A, Autrand C,
Sensebe L, Guern G, Zilliken P, et al: In vitro
megakaryocyte colony formation in patients
with idiopathic thrombocytopenic purpura:
differences between acute and chronic ITP.
Int J Cell Cloning 1992;10:28-32.

de Alarcon PA, Mazur EM, Schmieder JA: In
vitro megakaryocytopoiesis in children with
acute idiopathic thrombocytopenic purpu-
ra. Am J Pediatr Hematol Oncol 1987;9:212—
218.

Sugiyama H, Yagita M, Takahashi T, Naka-
mura K, Tho S, Hoshino T, Imura H: Mega-
karyocytopoiesis in idiopathic thrombocy-
topenic purpura. Nippon Ketsueki Gakkai
Zasshi 1987;50:119-128.

Kiihne T, Ryan G, Blanchette V, Semple JW,
Hornstein A, Mody M, Chang W, McWhir-
ter L, Freedman J: Platelet-surface glycopro-
teins in healthy and preeclamptic mothers
and their newborn infants. Pediatr Res 1996;
40:876-880.

Hu/Slayton/Rimsza/Bailey/Sallmon/
Sola-Visner




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


