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Abstract

Congenital amegakaryocytic thrombocytopenia (CAMT) is a disorder caused by c-MPL mutations 

that impair thrombopoietin (TPO) signalling, resulting in a near-absence of megakaryocytes 

(MKs). While this phenotype is consistent in adults, neonates with CAMT can present with severe 

thrombocytopenia despite normal MK numbers. To investigate this, we characterized MKs and 

platelets in newborn c-MPL−/− mice. Liver MKs in c-MPL−/− neonates were reduced in number 

and size compared to WT age-matched MKs, and exhibited ultrastructural abnormalities not found 

in adult c-MPL−/− MKs. Platelet counts were lower in c-MPL−/− compared to WT mice at birth 

and did not increase over the first two weeks of life. In vivo biotinylation revealed a significant 
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reduction in the platelet half-life of c-MPL−/− newborn mice (P2) compared to age-matched WT 

pups, which was not associated with ultrastructural abnormalities. Genetic deletion of the pro-

apoptotic Bak did not rescue the severely reduced platelet half-life of c-MPL−/− newborn mice, 

suggesting that it was due to factors other than platelets entering apoptosis early. Indeed, adult 

GFP+ platelets transfused into thrombocytopenic c-MPL−/− P2 pups also had a shortened lifespan, 

indicating the importance of cell-extrinsic factors. In addition, neonatal platelets from WT and c-
MPL−/− mice exhibited reduced P-selectin surface expression following stimulation compared to 

adult platelets of either genotype, and platelets from c-MPL−/− neonates exhibited reduced GPIIb/

IIIa activation in response to thrombin compared to age-matched WT platelets. Taken together, our 

findings indicate that c-MPL deficiency is associated with abnormal maturation of neonatal MKs 

and developmental stage-specific defects in platelet function.
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INTRODUCTION

Over the last decade, it has become increasingly clear that there are substantial 

developmental differences between fetal, neonatal, and adult megakaryocytes (MKs) and 

platelets (1–3). Recent studies have revealed that fetal/neonatal megakaryopoiesis is 

characterized by a unique pattern of rapid proliferation followed by full cytoplasmic 

maturation without polyploidization, which gives rise to large numbers of small, low-ploidy, 

but mature MKs (4). This process, different from adult megakaryopoiesis, is regulated by a 

developmental stage-specific interplay of pathways, and by changes in the MK 

transcriptome during ontogeny (4–7). The effects of these cellular and molecular differences 

on in vivo physiological and pathological megakaryopoiesis and platelet homeostasis have 

not been investigated.

Understanding the developmental differences in MK and platelet biology is critical to 

elucidate the pathogenesis of a number of MK disorders that present with developmental 

stage-specific clinical manifestations, such as the transient myeloproliferative disorder 

associated with Down syndrome and GATA-1s mutations, the Thrombocytopenia Absent 

Radius (TAR) syndrome, which improves spontaneously after infancy, and Congenital 

Amegakaryocytic Thrombocytopenia (CAMT) (8–12). CAMT is a severe thrombocytopenic 

disorder characterized by the near absence of megakaryocytes (13, 14). It is caused by 

mutations in the gene encoding c-MPL, the receptor for thrombopoietin (TPO), which is the 

major megakaryocytic lineage growth factor. While its phenotype is consistent in adults, 

infants and children with CAMT can have near normal platelet counts during infancy and 

childhood (preceding the development of severe thrombocytopenia) (13, 15–18). 

Alternatively, CAMT patients have been described who, as neonates, presented with severe 

thrombocytopenia despite appropriate numbers of immature-appearing MKs in their bone 

marrow (BM), suggesting that mechanisms other than reduced megakaryopoiesis 

contributed to their thrombocytopenia in neonatal life (19–21).
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Here, we used newborn and adult c-MPL−/− mice to systematically investigate the 

mechanisms underlying the thrombocytopenia associated with impaired TPO/c-MPL 

signalling at different developmental stages. Adult TPO−/− and c-MPL−/− mice exhibit an 

85% reduction in MK numbers and platelet counts, but the residual MKs and platelets have 

been reported to be ultrastructurally and functionally normal (22–24). In contrast, we found 

that MKs in the liver of newborn c-MPL−/− mice (the primary hematopoietic site at birth) 

were less mature, and exhibited ultrastructural defects. Platelet counts at birth were 

significantly lower in c-MPL−/− pups relative to WT counterparts, and in vivo biotinylation 

studies demonstrated that platelet half-life in c-MPL−/− newborn pups was markedly 

reduced. The latter was not the result of accelerated entry into apoptosis, since deletion of 

pro-apoptotic Bak - the essential regulator of platelet life span - did not restore platelet 

survival kinetics in c-MPL−/− neonates to wild-type equivalency. Intriguingly, the reduction 

in platelet half-life appears to be cell-extrinsic. C-MPL−/− platelets from neonates exhibited 

a genotype-specific reduction in the surface expression of activated GPIIb/IIIa in response to 

thrombin, and neonatal platelets of either genotype exhibited a marked reduction in P-

selectin surface expression following activation compared to adult platelets. C-MPL−/− 

platelets from adult mice also exhibited reduced P-selectin expression in response to 

stimulation compared to adult WT platelets, but not to the degree observed in neonates. 

Taken together, these observations demonstrate that TPO plays a role in neonatal MK 

maturation and has developmental stage-specific effects on platelet function.

METHODS

Animals

C57BL/6J mice were obtained from The Jackson Laboratory, Bar Harbor, ME. c-MPL−/− 

mice (22) were generously provided by Dr. William Slayton, Bak−/− mice by Dr. Loren 

Walensky, and GFP+ mice by Dr. Karin Hoffmeister. Mice were maintained in a pathogen-

free environment, and all studies were approved by the Boston Children’s Hospital Animal 

Care and Use Committee.

Transmission electron microscopy (TEM)

Livers from WT and c-MPL−/− newborn mice (post-natal day 1 [P1] and P3) were processed 

as previously described (25). Briefly, livers were fixed in a mixture of paraformaldehyde and 

glutaraldehyde in 0.1 M Sodium Cacodylate Buffer, postfixed in 1% osmium tetroxide/1.5% 

potassium ferrocyanide (in H2O), and embedded in Epon (EMbed 818) with propylene 

oxide. Ultrathin sections were obtained from areas previously identified to contain at least 

one MK by microscopic examination of semithin sections, and were stained with uranyl 

acetate and lead citrate prior to TEM. MKs were photographed on a Tecnai™ G2 Spirit 

BioTWIN electron microscope (Hillsboro, OR) at an accelerating voltage of 80 kV. Images 

were recorded with an AMT 2k CCD camera (Danvers, MA). The ultrastructure of MKs was 

analyzed by three of the authors (F.F-M, J.I. and M.S-V) in a blinded fashion.

MKs were classified as immature, maturing and mature, using well established published 

criteria (26, 27). Stage I, or immature, MKs were recognized as small and round cells with a 

large nucleus, usually bilobed, lacking peripheral heterochromatin, and with prominent 
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nucleoli. At this stage, a few α-granules are present and serve to identify the cells as 

megakaryocytic. Stage II or maturing MKs contain a more lobulated nucleus, the DMS has 

begun to form, and α-granules are more numerous and homogeneously distributed in the 

cytoplasm. Stage III or mature MKs are bigger cells, in which the nucleus is pushed to one 

pole and nucleoli are rarely seen, granules are abundant in the cytoplasm, and the DMS is 

well developed and distributed throughout the cytoplasm.

Platelet Preparation for TEM

Whole blood was obtained from newborn (P2 and P5) mice by decapitation and bleeding 

into a tube containing 20 U/mL heparin. Platelet-rich plasma (PRP) was obtained by 

centrifugation at 300 g for 6 minutes at room temperature (RT). PRP was then centrifuged at 

1000 g for 5 minutes and the pellet was pre-fixed in 0.1% glutaraldehyde for 10 min at 37°C 

and 1h at RT. Platelets were then again pelleted and fixed with a final concentration of 

1.25 % paraformaldehyde, 2.5 % glutaraldehyde, 0.03 % picric acid and 0.1 M cacodylate 

buffer. Pellets were then processed for TEM as described above.

Histology

Murine liver and spleen samples were flash-frozen and cryosections were generated and 

fixed in 4% paraformaldehyde for 15 minutes. Unspecific binding sites were blocked and 

sections were stained with FITC-conjugated rat anti-mouse CD41 (clone: MWReg 30; BD 

Pharmingen, San Jose, CA) antibody and DAPI. Bones from adult mice were decalcified in 

300 mM EDTA, fixed, paraffin-embedded, and sectioned. After antigen retrieval and 

blocking, MKs were stained with a rabbit anti-Von Willebrand Factor (vWF) antibody 

(DAKO, Denmark) and quantified using a microscope lens reticle (Klarmann Rulings, Inc) 

as described (28).

Murine blood sampling and analysis

Blood obtained by tail vein nick (adults) or by puncturing the anterior facial vein with a 30-

gauge needle (neonates) was collected with a calibrated micropipette (5 μL) and 

immediately diluted in Cellpack (Sysmex, Kobe, Japan) supplemented with EDTA and 

PGE1. Platelet counts, immature platelet fraction (IPF) and mean platelet volume (MPV) 

were measured on a Sysmex XT-2000i automatic haematology analyzer (Sysmex, Kobe, 

Japan). The immature platelet count (IPC) was calculated as the product of the IPF x platelet 

count.

Platelet lifespan

NHS-biotin solution (5 mg/ml) was infused in P2 and adult mice at a dose of 10 μL/g. 

Beginning at 1 hour post-infusion, blood was collected every 24 hours (2 μl). Blood samples 

were immediately diluted and incubated with FITC-conjugated anti-mouse CD41 (clone: 

MWReg30, BD Pharming, San Jose, CA) and PE-conjugated Avidin, and the percentage of 

biotinylated platelets was determined by flow cytometry. Total numbers of biotinylated 

platelets were calculated at each time point by multiplying platelet count x biotinylated 

platelet percentage x blood volume (70.5 μL/gram body weight), in order to account for the 

rapidly expanding blood volume in newborn mice (25). Data were then expressed as percent 
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change in total biotinylated platelets starting at 24 hours after biotinylation, as previously 

described (25).

Analysis of glycoprotein expression and platelet activation

Whole blood was obtained from adult mice by retroorbital bleeding and from newborn mice 

(P2 and P5) by decapitation and bleeding into a tube containing 20 U/mL heparin. For flow 

cytometric analysis of surface protein expression, platelets were stained for 15 min at RT 

with CD41-FITC (clone MWReg30; BD Pharming, San Jose, CA) or GPIbα-FITC (clone: 

Xia.G5; Emfret analytics, Eibelstadt, Germany). Subsequently, samples were quantified in a 

flow cytometer. To measure platelet activation the blood was washed twice in Ca2+-free 

modified Tyrode’s buffer containing apyrase (0.02 U/ml) and PGI2 (0.1 μg/ml). Finally, the 

blood was resuspended in Ca2+-containing modified Tyrode’s buffer. The washed blood was 

left untreated or incubated with agonists at the indicated concentrations for 15 min in the 

presence of JON/A-PE (clone: JON/A, emfret analytics, Eibelstadt., Germany) and APC-

conjugated anti-mouse P-selectin (clone: RB40.34; BD Pharming, San Jose, CA) antibody, 

followed by analysis on a FACS-Fortessa.

Platelet Bcl-xL levels

Bcl-xL concentrations in platelets were analyzed by intracellular flow cytometry as 

previously described (25).

Transfusion of GFP+ platelets

Whole blood was obtained from adult GFP+ mice by retroorbital bleeding and centrifuged 

twice at 800 rpm for 5 min to obtain PRP. To generate washed platelets, the PRP was 

centrifuged at 2,800 rpm for 5 min and the pellet was resuspended in 1 ml Ca2+-free 

Tyrode’s buffer. Adult c-MPL−/− mice were injected retroorbitally with a platelet suspension 

containing 2.5×109 platelets/mL, at a dose of 20 μL/g to correct the thrombocytopenia or 2 

μL/g to follow the lifespan of the transfused platelets without substantially rising the platelet 

count. Because of the smaller blood volume of newborn (P2) pups, they were all transfused 

into the superficial temporal vein with 20 μL/g of a platelet suspension containing either 

2.8×109/mL platelets (to correct the thrombocytopenia) or 0.7×109/mL (to track transfused 

platelets without correcting the thrombocytopenia). The GFP+ platelet percentage, platelet 

counts and body weights were monitored daily for 96 hours. Due to the rapid increase in 

body weight during early post-natal life, the absolute GFP+ platelet count was calculated 

daily accounting for changes in platelet count and blood volume, in a manner identical to 

biotinylated platelet counts. Changes in GFP+ platelets were expressed as percent changes 

from the initial count 2 hours after transfusion (set as 100%).

Statistical Analysis

Results from at least 3 experiments per group are presented as mean ± SEM, unless 

otherwise indicated. Differences between two groups were assessed by Student’s-t-test 

(Excel). P < 0.05 was considered statistically significant.
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RESULTS

c-MPL−/− newborn mice exhibit decreased MKs in liver and spleen

Since the liver is the main site of megakaryopoiesis in newborn mice, MKs (CD41+ cells) 

were evaluated in newborn livers of WT and c-MPL−/− mice by fluorescence microscopy 

(25, 28). MKs in neonatal (P2) c-MPL−/− liver sections were significantly reduced in number 

and size compared to WT mice (Figure 1A). At P2, the MK number in c-MPL−/− mice was 

1.5±1.1 vs. 8.7±2.7 in WT mice, respectively (p<0.001).

By P5, the contribution of the liver to haematopoiesis had decreased sharply (Figure 1A), 

and the main site of megakaryopoiesis had become the spleen, while the BM remained 

hypocellular (25). Histological analysis of splenic tissue obtained from P2, P5, and adult 

mice revealed that, at all ages, CD41+ MKs were present in fewer numbers in c-MPL−/− 

compared to WT counterparts (Figure 1B). MKs were also present in lower numbers in the 

BM of adult c-MPL−/− compared to WT mice (p<0.001) (Figure 1C). In both c-MPL−/− and 

WT mice, MK size increased over time, but at all times and tissues c-MPL−/− MKs were 

smaller than their WT counterparts (Figure 1A–C).

c-MPL−/− MKs in the newborn liver are ultrastructurally abnormal

Next, we examined the ultrastructure of c-MPL−/− and WT newborn liver MKs by TEM. In 

WT newborn livers (n=4), 17 of the 32 (53%) MKs examined were maturing and 15 of 32 

(47%) were mature, with abundant granules and a well-developed demarcation membrane 

system (DMS) (Figure 2A) (14). In contrast, in newborn c-MPL−/− livers (n=13), 6 of the 28 

(22%) MKs found were immature (with a large nucleus and very few granules) (Figure 2B), 

57% (16/28) were maturing with a developing DMS, and only 21% were mature. 

Furthermore, 19 of the 28 (68%) c-MPL−/− neonatal MKs exhibited ultrastructural 

abnormalities, not described in adult c-MPL−/− mice (24). These abnormalities were found 

at all stages of MK maturation and were primarily related to the DMS, which was poorly 

developed and disorganized (Figure 2C) or irregularly distributed throughout the cytoplasm 

(Figure 2D). Neonatal c-MPL−/− MKs also frequently exhibited an abnormally wide 

peripheral zone, without organelles or DMS (Figures 2C, E, F). Occasionally, they also 

displayed a persistent large central nucleus (Figure 2E) or a prominent nucleolus (Figure 

2D).

Platelets in c-MPL−/− newborn mice have a markedly reduced half-life

Next, we evaluated platelet counts during the transition from neonatal to adult 

haematopoiesis. At P2, c-MPL−/− mice exhibited a mean platelet count of 170±54 ×103/μl, 

26% of that in age-matched WT mice (648±137 ×103/μl). By P14, c-MPL−/− platelet counts 

remained stable (186±74 ×103/μl), while WT platelet counts had nearly doubled, to 

1,333±116 ×103/μl (Figure 3A). Thus, by P14, platelet counts in c-MPL−/− mice were 10–

15% of those in WT mice, similar to adults. Over the same period of life, the mean platelet 

volume (MPV) decreased in both WT and c-MPL−/− mice, although c-MPL−/− platelets were 

consistently larger. This difference was statistically significant during the first week of life 

(Figure 3B). In adult life, MPV was similar in c-MPL−/− and WT mice (6.4±0.4 vs. 6.5±0.2 

fl; p=0.94).
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The immature platelet fraction (IPF) is the percentage of platelets that have been newly 

released into the circulation, which are recognized by the presence of RNA. The IPF% 

decreased in WT mice during the first week of life, while it remained stable in c-MPL−/− 

mice on days P2 to P6 prior to decreasing on P8 (Supplemental Figure 1). There were no 

significant differences in IPF% between WT and c-MPL−/− mice at P2 and P4. The 

immature platelet count (IPC), which is calculated by multiplying platelet count x IPF%, 

indicates the number of newly released platelets in the circulation, and is a measure of 

platelet production (29). The IPC decreased in WT mice over the first week of life, 

stabilizing during the second week at a level similar to that of adult WT mice (Figure 3C). In 

contrast, the IPC in newborn c-MPL−/− mice was significantly lower (p<0.001) than that of 

WT, and remained relatively stable throughout the transition from neonatal to adult 

megakaryopoiesis, at levels similar to those of adult c-MPL−/− mice.

In WT mice, the rise in platelet counts that occurs during the first two weeks of life is 

associated with a transient prolongation of platelet lifespan (25). Since platelet counts did 

not increase in neonatal c-MPL−/− mice, we evaluated platelet survival in vivo. Of note, 

newborn and adult c-MPL−/− mice included in the biotinylation studies had similar degrees 

of thrombocytopenia (Figure 3D). These studies revealed a significantly shorter platelet half-

life in P2 c-MPL−/− mice compared to their age-matched WT counterparts (34 ± 2 vs. 57 ± 5 

hours, respectively; p=0.001), representing a 41% reduction (Figure 3E). A shorter platelet 

half-life was also observed in adult c-MPL−/− compared to WT animals (32 ± 3 vs. 44 ± 3 

hours, respectively; p<0.01), although this reduction was of a lesser magnitude (28%) 

(Figure 3F).

Platelets from c-MPL−/− newborn pups exhibit normal ultrastructure and glycoprotein 
surface expression

Based on the presence of ultrastructural abnormalities in neonatal c-MPL−/− MKs, we next 

examined P2 c-MPL−/− platelets by TEM. Other than an increase in size, these platelets 

exhibited no substantial ultrastructural differences compared to age-matched WT platelets 

(Figure 4A). Neonatal (P2 and P5) WT platelets exhibited significantly higher GPIIb surface 

expression levels than adult platelets (P<0.01 for both), consistent with their larger size, 

although no differences were observed in GPIbα expression. There were no significant 

differences between WT and c-MPL−/− mice at P2, P5 or in adulthood (Figure 4B).

The attenuated lifespan of neonatal c-MPL−/− platelets is not due to decreased Bcl-xL 
levels, and is not corrected by Bak depletion

Adult platelet lifespan is controlled by the balance between the anti-apoptotic protein Bcl-xL 

(regulated by TPO) and the pro-apoptotic protein Bak. Loss of Bak almost doubles platelet 

lifespan in WT mice by inhibiting platelet apoptosis (30). We therefore measured Bcl-xL 

protein levels in WT and c-MPL−/− P2 platelets by intracellular flow cytometry. Cells of 

both genotypes exhibited similar Bcl-xL levels (data not shown), suggesting no imbalance in 

the intrinsic apoptosis pathway. To establish whether loss of Bak could normalize platelet 

lifespan in newborn c-MPL−/− mice, we generated c-MPL−/−/Bak−/− double knockout mice 

and analyzed platelet counts and platelet lifespan. Mean platelet counts were not different in 

P2 c-MPL−/−/Bak+/+, c-MPL−/−/Bak+/− and c-MPL−/−/Bak−/− littermates (125±16, 108±10 
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and 130±19 × 103/μL, respectively). At P5, platelet counts remained similar in c-MPL
−/−/Bak+/+, c-MPL−/−/Bak+/− and c-MPL−/−/Bak−/− mice (Figure 5A). In biotinylation 

studies, partial or complete loss of Bak did not rescue the striking reduction in platelet half-

life (Figure 5B), which remained substantially shorter than the approximately 60 hours seen 

in WT neonates (Figure 3E). These observations indicated that the short half-life on neonatal 

c-MPL−/− platelets was due to reasons other than these platelets entering Bak-mediated 

apoptosis earlier.

Transfused adult platelets have reduced survival in thrombocytopenic c-MPL−/− neonatal 
mice

Next, we examined whether cell-extrinsic mechanisms might underpin the rapid platelet 

clearance observed in newborn c-MPL−/− mice. To test this, we transfused P2 and adult c-
MPL−/− mice with platelets from adult mice expressing GFP in all hematopoietic cells, 

including platelets. We adjusted the number of transfused platelets to either maintain the 

thrombocytopenia (“low group”) or to increase the platelet count to near-normal levels 

(“high group”) (Figure 6A). We then tracked the survival of transfused GFP+ platelets in the 

circulation, accounting for changes in blood volume in neonates, as described.(25) 

Interestingly, the half-life of adult GFP+ platelets was significantly shorter in newborn 

thrombocytopenic (low group) mice (29 ± 6 hours) compared to pups whose platelet count 

had been normalized by transfusion (high group; 52 ± 3 hours, p<0.01 vs. low group) 

(Figure 6B). In contrast, there were no significant differences in the half-life of transfused 

platelets between adult c-MPL−/− mice in the low and high groups (43 ± 5 vs. 54 ± 3 hours, 

respectively; p=0.15) (Figure 6C). These results demonstrated that cell-extrinsic mechanisms 

contribute to the rapid platelet clearance in newborn mice with mild to moderate levels of 

thrombocytopenia.

C-MPL−/− platelets have developmental stage- and genotype-specific functional defects

Collectively, our data indicated that cell-extrinsic factors (rather than early entry into 

apoptosis) are the primary reason platelet half-life is markedly reduced in c-MPL−/− 

newborns. To explore whether platelet functional defects in neonatal c-MPL−/− platelets 

contributed to the accelerated platelet consumption, we evaluated agonist-induced activation 

of GPIIb/IIIa (JON/A) and P-selectin exposure in P2, P5, and adult c-MPL−/− and WT 

platelets. Incubation of newborn and adult WT platelets with thrombin (0.1 U/ml) led to 

GPIIb/IIIa activation in >80% of WT platelets at all stages of development (Figures 7A, B). 

However, the percentage of platelets activated in response to thrombin was significantly 

lower in newborn (P2 and P5) c-MPL−/− vs. age-matched WT mice, a difference not found 

in adults (Figure 7B). These genotype-dependent differences were also found when the 

response to stimulation was measured as fold change in mean fluorescent intensity (MFI) 

between activated and resting platelets (Figure 7C). This did not appear to be the result of a 

global platelet activation defect, since neonatal and adult WT and c-MPL−/− platelets 

exhibited similar JON/A MFI fold changes in response to stimulation with ADP and the 

thromboxane agonist U46619 (Supplemental Figure 2A–C).

Next, we analyzed P-selectin exposure, a measure of activation-induced platelet 

degranulation, in response to thrombin stimulation. These studies revealed striking 
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developmental differences in P-selectin surface expression following thrombin stimulation, 

with both the percentage of P-selectin positive platelets and particularly the MFI fold change 

increasing with advancing post-natal age in WT and c-MPL−/− mice (MFI fold change: WT 

P2 vs adult p<0.001, WT P5 vs adult p<0.001, C-MPL−/− P2 vs adult p<0.001, c-MPL−/− P5 

vs adult p<0.001, Figures 7D, E and F). In addition to the striking developmental 

differences, c-MPL−/− adult mice exhibited significantly reduced P-selectin exposure 

(expressed as MFI fold-change) in response to stimulation, compared to their age-matched 

WT counterparts (Figure 7D, F; Supplemental Figure 2 F). Statistically significant 

differences in P-selectin expression were also observed between c-MPL−/− and WT P2 and 

P5 neonates upon stimulation with different agonists (Supplemental Figure 2D–F), but these 

were inconsistent and of questionable physiological relevance given the overall low P-

selectin expression levels found in stimulated neonatal platelets of both genotypes.

DISCUSSION

Here we evaluated MK numbers, MK maturation, and platelet lifespan in newborn c-MPL−/− 

mice, to determine the mechanisms contributing to the thrombocytopenia associated with 

absent TPO signalling during neonatal life. Applying a combination of immunofluorescence 

and TEM, we demonstrated that MKs in the liver of newborn c-MPL−/− mice were smaller, 

more immature and exhibited significant ultrastructural abnormalities compared to neonatal 

WT MKs. These findings supported and expanded the recent observation from Potts et al., 
who found an arrest in polyploidization at the 8N stage in c-MPL−/− fetal liver MKs at 

embryonic day 16.5 (E16.5) (31). Collectively, both studies conclusively demonstrate that 

the TPO/c-MPL axis is essential for the normal terminal differentiation of late fetal and 

neonatal MKs, in stark contrast to adult MKs, which mature normally in the absence of TPO 

or c-MPL (20, 32).

In addition to these maturational defects, we also found a reduction in the number of MKs 

present in the liver of neonatal c-MPL−/− compared to WT mice, indicating that the 

requirement of TPO for maintenance of MK numbers appears during late fetal life (31). In 

early murine embryonic life, platelets are produced by c-MPL-independent diploid platelet-

forming cells (31). Between E14.5 and E16.5, c-MPL−/− fetuses exhibit normal numbers of 

low-ploidy MKs (contrasting with the high ploidy WT liver MKs), indicating a 

developmental-stage specific requirement of c-MPL signalling for terminal MK maturation, 

but not proliferation. At the time of birth, the presence of decreased numbers of immature or 

abnormally maturing MKs in c-MPL−/− livers likely reflects a temporal overlap between the 

effects of absent c-MPL signalling on prenatal and postnatal megakaryopoiesis.

Next, we examined serial platelet counts over the first two weeks of life in c-MPL−/− and 

WT mice. As previously described, WT mice nearly doubled their platelet counts during the 

second week of life, an increase that has been associated with a transient prolongation of the 

neonatal platelet lifespan (7). c-MPL−/− newborn mice, in contrast, did not increase their 

platelet counts, and exhibited a substantially shorter platelet half-life than WT pups. Adult c-
MPL−/− mice also displayed a shorter platelet half-life than adult WT mice, but to a lesser 

degree than newborn mice. Importantly, c-MPL−/− mice can present two distinct phenotypes: 

one with extremely low platelet counts, approaching 3% of normal, and another with platelet 
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counts approximately 14% of normal (33, 34). Our study only included c-MPL−/− mice in 

the latter category. The mild reduction in the platelet half-life of our adult animals was 

consistent with two prior studies, but was quite different from the more severe reduction 

observed in newborn pups (33, 34).

Platelet lifespan is primarily regulated by the balance between anti-apoptotic and pro-

apoptotic Bcl-2 protein family members, particularly Bcl-xL (which is regulated by TPO in 

megakaryoblastic cells) and Bak, respectively (35–38). Genetic or pharmacological Bcl-xL 

inhibition leads to a reduction in platelet survival. Correspondingly, genetic deletion of the 

pro-apoptotic Bak prolongs the platelet lifespan and increases platelet counts in WT and 

Bcl-xL+/− mice (30, 39). However, Bak deletion did not rescue the striking reduction in 

platelet half-life observed in c-MPL−/− mice, indicating that cell-extrinsic factors, rather than 

early entry into apoptosis, were responsible for the short platelet half-life in c-MPL−/− 

newborn mice.

In a recent study, Lebois et al. demonstrated that platelet survival in adult c-MPL−/− was 

shortened as a consequence of the thrombocytopenia, rather than as a result of the lack of c-
MPL signalling on MKs and platelets (33). Consistent with a prior study, these investigators 

observed that adult c-MPL−/− mice with extremely low platelet counts (3% of normal) had 

shorter platelet survival than those with less severe thrombocytopenia, which was explained 

by microscopic bleeding (34). In the mice with less severe thrombocytopenia, however, no 

bleeding would be expected based on the severity of thrombocytopenia, and the reason for 

their reduced platelet survival remained unclear (40). One hypothesis is that a certain 

number of platelets are required daily to maintain hemostasis and prevent bleeding. In 

humans, approximately 7,000 platelets/μL are required daily to maintain hemostasis (41). 

This number, relatively insignificant in the setting of normal platelet counts, represents an 

increasingly larger fraction of the platelet count in the presence of thrombocytopenia, which 

shortens platelet survival as platelets are consumed prior to entering apoptosis. Modeling 

studies have suggested a higher fixed platelet requirement for mice than humans, but the 

exact number has not been determined (42). Our finding that newborn c-MPL−/− mice had 

substantially shorter platelet survival than adult c-MPL−/− mice with comparable degrees of 

thrombocytopenia suggested that newborn mice might have a higher daily fixed platelet 

requirement or might be more predisposed to microscopic bleeding than adult mice, or both.

The finding that transfused adult platelets had a significantly reduced lifespan in newborn 

pups when the post-transfusion platelet counts remained low, but not when the 

thrombocytopenia was corrected by the transfusion, supports the hypothesis that cell-

extrinsic factors account for the accelerated platelet consumption during neonatal 

thrombocytopenia. In that regard, structural and functional animal studies have shown that 

neonates have a more fragile vasculature than adults, consistent with the active angiogenesis 

and vasculogenesis associated with the rapid growth during this developmental period (43, 

44). Thus, it is likely that more platelets are required to maintain the integrity of these newly 

formed neonatal vessels, which might also predispose thrombocytopenic neonates to 

microscopic bleeding.
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We also investigated the possibility of platelet functional defects, which could further 

contribute to the short platelet half-life observed during thrombocytopenia in c-MPL−/− 

mice, particularly during neonatal life. Similar to human reports, we found a striking 

decrease in the surface expression levels of P-selectin in neonatal platelets following 

stimulation by all agonists tested, independent of the genotype (45). P-selectin expression on 

the platelet surface is a marker of platelet degranulation, but it is unclear if our findings 

reflect a neonatal platelet degranulation defect and/or developmental differences in murine 

platelet P-selectin expression levels, which have been recently reported (46, 47). 

Interestingly, we also found a significant reduction in P-selectin exposure in response to 

stimulation in c-MPL−/− adult mice compared to their age-matched WT counterparts. 

Nevertheless, adult c-MPL−/− platelets still displayed significantly higher P-selectin levels 

upon stimulation than c-MPL−/− P2 or P5 platelets, indicating a more profound platelet 

functional defect in the neonates. Decreased P-selectin expression (in P-selectin−/− adult 

mice) does not affect the platelet lifespan in mice with normal platelet counts (48), but it is 

associated with defects in hemostasis, including a mild prolongation of the bleeding time 

and increased haemorrhage in inflammatory situation (49). The effects of P-selectin 

deficiency in the setting of thrombocytopenia have not been investigated, but it is plausible 

that reduced levels of P-selectin in thrombocytopenic c-MPL−/− mice could increase the risk 

of microscopic bleeding and contribute to the shortened platelet half-life.

The severely reduced P-selectin expression in neonatal platelets was not the result of a 

global platelet activation defect, since neonatal WT platelets exhibited a normal to mildly 

reduced conformational change of GPIIb/IIIa (measured by JON/A binding) in response to 

thrombin. However, we found decreased GPIIb/IIIa activation in thrombin-stimulated 

neonatal c-MPL−/− compared to age-matched WT platelets, a difference not present in adult 

mice. The reasons for this are unclear, but it is important to recognize that P2 platelets are 

almost entirely produced by fetal liver MKs, while P5 platelets reflect mostly splenic and 

adult platelets BM megakaryopoiesis. It is likely that their functional profiles reflect these 

different origins. We also recognize the possibility of additional developmental stage- or 

genotype-dependent differences in response to agonists we did not investigate, such as 

collagen or rhodocytin. Finally, it is possible that the loss of c-MPL in neonatal 

megakaryocytes/platelets directly affects neonatal platelet lifespan through other 

mechanisms, such as by altering platelet glycan composition. Studies transfusing neonatal c-
MPL−/− platelets into WT newborn pups would be desirable but are not feasible, as they 

would require a large number of pups for a single transfusion and WT and c-MPL−/− litters 

to be born at the same time. Nevertheless, collectively our data strongly suggest that the 

more substantial reduction in platelet half-life observed in c-MPL−/− newborn mice is due to 

cell-extrinsic factors (i.e. a more fragile neonatal vasculature) and defects in platelet function 

that are more severe in neonates compared to adults. Our findings are likely to have 

relevance to our understanding of thrombocytopenia in human neonates, who also have 

platelet functional defects and a higher bleeding risk than older children or adults (50).
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Figure 1. Liver and spleen MKs are reduced in c-MPL−/− newborn mice
(A, B) Liver and spleen samples were obtained from c-MPL−/− and WT mice at the 

indicated ages (P, post-natal day). Cryosections were fluorescently stained with anti-mouse 

GPIIb-FITC antibodies to detect MKs. Samples were photographed using a Nikon Eclipse 

fluorescent microscope equipped with a Nikon DXM1200F camera. Scale bar represents 10 

μm. (C) Bone marrow samples obtained from adult WT and c-MPL−/− mice were 

immunohistochemically stained with vWF. Bars represent the mean ± SEM; n=5 mice per 

group; **P<0.01; ***P<0.001.
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Figure 2. Bone marrow MKs in c-MPL−/− newborn mice display ultrastructural abnormalities
(A) Representative photomicrograph of a fully mature MK, with abundant granules and an 

open and well developed DMS distributed throughout the cytoplasm, found in the liver of a 

newborn WT mouse. (B) Immature neonatal c-MPL−/− MK, characterized by a large central 

nucleus with prominent nucleoli and a paucity of platelet granules in the cytoplasm. (C) 
Representative c-MPL−/− newborn liver MK showing a paucity of platelet granules and a 

poorly developed and disorganized DMS (see insert detail). (D) c-MPL−/−newborn liver MK 

showing the DMS irregularly distributed throughout the cytoplasm. (C, E, F) Representative 

photomicrographs of c-MPL−/− newborn liver MKs exhibiting an abnormally wide 

peripheral zone, which did not contain any functional cellular material. All images were 

taken on a Tecnai G2 Spirit Bio TWIN TEM (Hillsboro, OR) at an accelerating voltage of 

80kV, and were recorded with an AMT 2k CCD camera (Danvers, MA). All inserts 

represent an area measuring 2 × 2 microns. Notice that c-MPL−/− MKs were significantly 

smaller than WT MKs.
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Figure 3. c-MPL−/− newborn platelets have a markedly reduced lifespan
(A, B, C) Platelet counts, MPV, and IPCs were quantified in c-MPL−/− and WT mice every 

other day between P2 and P14, and in adulthood. Results are mean ± SEM; n=5 mice per 

group; *P<0.05 **P<0.01; ***P<0.001. (D, E, F) Platelet counts were obtained before 

biotinylation (D). Platelet lifespan was evaluated by in vivo biotinylation in P2 (E) and adult 

(F) c-MPL−/− and WT mice, and the population of biotinylated platelets was monitored 

using flow cytometry. Lines indicate the times at which 50% of the platelets were gone 

(half-life). Results are mean ± SEM; n=6–8 mice per group; *P<0.05 **P<0.01; 

***P<0.001.
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Figure 4. Platelets in c-MPL−/− newborn mice have normal morphology and surface glycoprotein 
expression
(A) Platelets from newborn (P2) c-MPL−/− and WT animals were isolated and the 

ultrastructure was studied by TEM. Scale bar represents 100 nm. N=3 mice per group. (B) 
Surface expression levels of GPIIb and GPIbα were measured by flow cytometry in c-MPL
−/− and WT mice at the indicated post-natal age. Bars represent the mean ± SEM; n=6 mice 

per group.
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Figure 5. Reduced platelet half-life in c-MPL−/− mice is not corrected by Bak deletion
(A) Platelet counts from c-MPL−/−/Bak−/−, c-MPL−/−/Bak+/−, c-MPL−/−/Bak+/+ mice were 

measured at P2 and P5. (B) Platelet lifespan was evaluated by in vivo biotinylation in P2 c-
MPL−/−/Bak−/−, c-MPL−/−/Bak+/−, and c-MPL−/−/Bak+/+ mice. Lines indicate the times at 

which 50% of the platelets were gone (half-life). Results are mean ± SEM; n=4–5 mice per 

group; * P<0.05 (c-MPL−/−/Bak+/+ vs. c-MPL−/−/Bak−/−); # P<0.05 (c-MPL−/− /Bak+/+ vs. 

c-MPL−/−/Bak+/−).

Lorenz et al. Page 19

Thromb Haemost. Author manuscript; available in PMC 2018 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Transfused GFP+ platelets have a reduced lifespan in newborn c-MPL−/− mice
Platelets from adult GFP+ mice were isolated and injected into newborn P2 (A and B) or 

adult (A and C) c-MPL−/− mice at two different amounts (low and high). The post-

transfusion platelet count was measured 2 h after the transfusion, and changes in the 

percentage of GFP+ platelets were followed for 96 hours. Results are mean ± SEM; n=5–9 

in each group; *P<0.05 **P<0.01.
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Figure 7. C-MPL−/− platelets have developmental stage- and genotype-specific platelet functional 
defects
To determine platelet activation, the surface expression levels of activated GPIIb/IIIa 

(binding of JON/A-PE, A–C) and P-selectin (D–F) were measured. Washed blood from WT 

and c-MPL−/− mice at the indicated post-natal ages was left untreated or incubated for 15 

min with thrombin (0.1 U/ml) and analyzed by flow cytometry. Results are expressed as 

mean ± SEM; n=5–10 mice per group; * P<0.05, **P<0.01; ***P<0.001. (A, D) 
Representative dot plots for JON/A-PE and anti-P-selectin-APC expression in platelets from 

WT and c-MPL−/− mice at the indicated post-natal ages under resting or activated 

conditions. Results are shown as percentage of positive platelets (B, E) and MFI fold change 

between resting and activated platelets (C, F) following incubation with thrombin.
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