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Abstract
An important step in megakaryocyte maturation is the appropriate assembly of at least two distinct
subsets of α-granules. The mechanism that sorts the α-granule components into distinct structures
and mediates their release in response to specific stimuli is now emerging. P-selectin and von
Willebrand factor are two proteins present in the α-granules that recognize P-selectin glycoprotein
ligand on neutrophils and collagen in the subendothelial matrix. These proteins may play an
important role in determining the differential release of the α-granule contents in response to
external stimuli. If P-selectin and von Willebrand factor are localized in the same or different α-
granules is not known. To clarify this question, we analyzed by immunoelectron microscopy the
localization of von Willebrand factor and P-selectin during the maturation of wild-type and
Gata1low megakaryocytes induced in vivo by treating animals with thrombopoietin. Gata1low is a
hypomorphic mutation that blocks megakaryocyte maturation, reduces the levels of von
Willebrand factor expression and displaces P-selectin on the demarcation membrane system. The
maturation block induced by this mutation is partially rescued by treatment in vivo with
thrombopoietin. In immature megakaryocytes, both wild-type and Gata1low, the two receptors
were co-localized in the same cytoplasmic structures. By contrast, the two proteins were
segregated to separate α-granule subsets as the megakaryocytes matured. These observations
support the hypothesis that P-selectin and von Willebrand factor may ensure differential release of
the α-granule content in response to external stimuli.
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Megakaryocyte (MK) maturation is a highly regulated process characterized by specific
ultrastructural changes that are very similar between mice and humans. Based on these
changes, MKs are considered to pass through five distinct stages of maturation (Zucker-
Franklin 2003): promegakaryoblast (stage 0 MK), a small mono-nuclear cell expressing
platelet-specific proteins; megakaryoblast (stage I MK), a cell 15–20 μm in diameter with a
large oval or kidney-shaped nucleus and several nucleoli and whose cytoplasm contains
abundant ribosomes and a well developed rough endoplasmic reticulum (RER);
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promegakaryocyte (stage II MK), a cell 20–80 μm in diameter with an irregularly shaped
nucleus and more abundant cytoplasm containing a rudimentary demarcation membrane
system (DMS); and mature MKs (stage III MKs) that contain a multilobed nucleus
surrounded by abundant cytoplasm with many α-granules, a well-developed DMS and
platelet territories. Stage IV MKs are mature and in the process of releasing platelets
(Zucker-Franklin 2003). An integral part of the process of MK maturation is the assembly of
the α-granules. These structures contain hemostatically active factors, such as fibrinogen,
fibronectin, von Willebrand factor (VWF), P-selectin, pro-angiogenic [vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor (bFGF)] and anti-angiogenic
growth factors (endostatin and thrombospondin-1) (Cramer 1989, Cramer et al. 1994, Daly
et al. 2003, Kaplan et al. 1979, Salgado, et al. 2001, Schick, et al. 1996) that are released in
response to external stimuli. Although the content of the α-granules is well characterized,
how the different components are routed into these structures during maturation is only now
emerging. Recently, it has been reported that in both MKs and platelets, pro- and anti-
angiogenic factors are sorted into different subsets of α-granules possibly to be released in
response to distinct stimuli. P-selectin and VWF, two of the components of the α-granules,
recognize the P-selectin glycoprotein ligand present on neutrophils and collagen and may,
therefore, mediate differential degranulation in response to inflammation or injury. Although
it is known that VWF is associated specifically with α-granules containing anti-angiogenic
growth factors, the α-granule distribution of P-selectin is not known. The observation that in
endothelial cells, P-selectin localization to the Weibel-Palade bodies requires VWF
expression suggests that P-selectin may also be associated with VWF in the α-granules of
the megakaryocytes (Denis et al. 2001, Hop et al. 2000). Indirect support for this hypothesis
is provided by the observation that MKs from mice carrying the hypomorphic Gata1low

mutation, a mutation that lacks the regulatory sequences driving expression of the
transcription factor Gata1 in MKs and that reduce VWF expression (VWF expression is
controlled by Gata1), express normal levels of P-selectin, but the protein is abnormally
accumulated on the DMS (Centurione et al. 2004, McDevitt et al. 1997a,b). Because of the
immaturity of the MKs of Gata1low mice, however, it is not clear whether the abnormal
localization of P-selectin to the DMS of these cells is due to their immaturity or to reduced
expression of VWF that prevents its routing to α-granules.

To clarify the mechanism that determines the routing of P-selectin and VWF into the α-
granules during MK maturation, we have investigated by immunoelectron microscopy the
localization of the two proteins at different stages of MK maturation in wild type (WT) and
Gata1low littermates. Because MKs are rare in bone marrow and spleen of mice under steady
state conditions, MK maturation was induced in vivo by treating the mice with
thrombopoietin (TPO), the most important extrinsic factor regulating MK development
(Kaushansky et al. 1994). In fact, exogenous administration of TPO in mice induces a wave
of MK maturation that increases their frequency at all stages of maturation in bone marrow
and spleen and the numbers of platelets in the peripheral blood by days 7 and 15 after
treatment (Broudy et al. 1995, Vannucchi et al. 2005a,b). In addition, TPO treatment
partially rescues MK maturation in mice carrying the hypomorphic Gata1low mutation
(Centurione et al. 2004), which allows investigation of the effect of the mutation on P-
selectin localization in mature MKs.

Materials and methods
Mice

The Gata1low (neoΔHS) mutation was induced experimentally in mice by deleting the first
enhancer (DNA hypersensitive site I) and the distal promoter of the gene (McDevitt et al.
1997a,b). A colony harboring the mutation in the CD1 background is bred at the animal
facilities of the Istituto Superiore di Sanità. These mutants also are available from Jackson
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Laboratories (Barr Harbor, ME; JAX@Mice DATAbase-STOCK Gata1 <tm2Sho>).
Littermates were genotyped at birth by PCR (Migliaccio et al. 2003, Vannucchi et al. 2001)
and those found not to carry the mutation were used as normal controls. All the experiments
were performed with sex- and age-matched mice under protocols approved by the
institutional animal care committee.

Thrombopoietin treatment
Recombinant murine TPO was dissolved in sterile saline as described (Vannucchi et al.
2005a) and injected i.p. for five consecutive days (100 μg TPO/Kg of body weight/day).
Mice then were sacrificed sequentially at days 7, 10, 14 and 21 after the first injection of
TPO. Because in WT mice the number of MKs in the spleen reaches its maximum on day 7
after the first injection (data not shown; Vannucchi et al. 2005a), all observations reported
were obtained on sections from mice at day 7 after TPO treatment. Control mice were
injected with saline alone. Data obtained from control animals are not shown, because they
were identical to those observed before treatment.

Transmission electron microscopy
Spleen samples for transmission electron microscopy (TEM) were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.6, for 2 h at 4° C and postfixed in osmium
tetroxide for 60 min at 4° C. The samples then were dehydrated in alcohol at progressively
higher concentrations and embedded in Spurr resin (Polysciences, Warrington, PA).
Consecutive semithin and ultrathin sections were cut using a Reichert ultramicrotome.
Ultrathin sections were collected on 200 mesh copper grids, counterstained with uranyl
acetate and lead citrate, and observed with an EM 109 Zeiss (Oberkochen, Germany).

Immunoelectron microscopy
Spleen samples were fixed for 3 h at 4° C in a mixture of 2% paraformaldehyde and 0.1%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.6. They were dehydrated in alcohol at
progressively higher concentrations and embedded in Bioacryl resin (British Biocell,
Cardiff, UK) followed by UV polymerization according to standard procedures (Falcieri et
al. 2000). Ultrathin sections were cut and mounted on 300 mesh nickel grids. To block
nonspecific binding sites, the grids were treated with a blocking buffer made of phosphate
buffer saline supplemented with 0.1% Tween-20, 0.1% bovine serum albumin and 4%
normal rabbit serum. All primary antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). For single localization experiments, grids were incubated overnight in the
presence of goat anti-P-selectin or anti-VWF (catalogue nos. sc-8068 and sc-6941,
respectively). The two antibodies recognize antigens expressed by human, mouse and rat
cells. The grids were incubated for 1 h with rabbit anti-goat IgG conjugated with 15 nm
colloidal gold particles (British Biocell, Cardiff, UK). For double localization experiments,
grids first were incubated with rabbit-anti VWF (catalogue no. sc-14014) and subsequently
with goat anti-rabbit IgM conjugated with 10 nm colloidal gold particles (British Biocell,
Cardiff, UK). After washings, the grids were incubated again with goat anti-P-selectin
(catalogue no. sc-6941) followed by incubation with rabbit-anti-goat IgG conjugated with 20
nm colloidal gold particles. Sections then were counterstained in uranyl acetate to display
cell morphology and observed with EM 109 Zeiss. Negative controls were cells treated as
above, but not exposed to the primary antibody.

Statistical analysis
Results are presented as the mean (± SD) of three separate experiments and statistical
analysis was performed by unpaired t-test using Prism 3.1 software (Microcal Software Inc.,
Northampton, MA).
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Results
MKs at all stages were detected in the spleen of both WT and Gata1low mice at day 7 after
TPO treatment

In mice, MK precursors are found in both the bone marrow and spleen, and no
morphological difference has been reported between the MKs located in the two organs
(Schmitt et al. 2001). Because bone marrow is difficult to process for ultrastructural studies
with TEM, the morphological changes induced by TPO treatment of WT and Gata1low mice
were investigated primarily in the spleen.

As expected (Broudy et al. 1995, Vannucchi et al. 2005a, Zucker-Franklin and Kaushansky
1996), MKs were scarce (0.33 MKs/field) in the spleens of untreated WT mice and, as
described earlier (Centurione et al. 2004, Zucker-Franklin 2003), predominantly mature
(Figs. 1 and 3). By contrast, spleen sections of WT mice after treatment with TPO were
hypercellular with numerous small MKs organized in clusters (6.3 MKs/field; (Figs. 1 and
3). Ultrastructural examination of the spleen of TPO-treated WT mice revealed the presence
of both light and heavy electron dense MKs (Figs. 1 and 3). The light electron dense MKs
were prevalent at stage I/II of maturation and contained a multilobed nucleus with extensive
heterochromatic areas surrounding the nucleoli (Figs. 2 and 3). In addition, these MKs
displayed cytoplasmic alterations including dystrophic and dilated DMS, and empty α-
granules with prominent vacuolization (Fig. 2). The heavy electron dense MKs resemble
para-apoptotic cells described first in tissues from Gata1low mice (Centurione et al. 2004)
(Figs. 2 and 3).

Spleen sections from untreated Gata1low mice also were hypercellular with an increased
number of MKs compared to sections from untreated WT mice (5.1 vs. 0.33 MKs/field,
respectively) and did not contain detectable mature MKs (Centurione et al. 2004). These
spleens contained large numbers of heavy electron dense MKs that represented cells that had
undergone cell death (para-apoptosis) triggered by pathological emperipolesis of neutrophils
that engulf the cytoplasm of MKs in large numbers. Up to 30–50% of the Gata1low MKs are
engaged in the pathological emperipolesis process as revealed by the large numbers of MKs
with the distinctive high electron density para-apoptotic morphology (a large DMS area
organized in long hollows with completely empty vacuoles) detected by electron microscopy
(Figs. 2 and 3). After TPO treatment, mature MKs were detected in the spleen of Gata1low

mice in numbers significantly greater than that of immature MKs (3.2 vs. 1.2 MKs/field, p =
0.003; Figs. 1 and 3). The mature morphological features of TPO-treated Gata1low MKs
included the presence of a developed DMS, several α-granules and platelet territories in the
cytoplasm (Figs. 2 and 3).

Localization of P-selectin and VWF during MK maturation in the spleen of WT and Gata1low

littermates
The expression and cell localization of P-selectin and VWF during MK maturation were
investigated by immunoelectron microscopy using goat polyclonal anti-P-selectin or anti-
VWF antibodies, respectively (Figs. 4–6). In mature MKs from untreated WT spleen, P-
selectin gold particles were found scattered mainly throughout the cytoplasm and only 10%
were associated with the membrane of the α-granules (Fig. 4). By contrast, VWF gold
particles were distributed evenly between the cytoplasm and the α-granules. In fact, 45% of
the particles were asymmetrically stored in clusters at one pole of the α-granule (Fig. 5).
Because of the low number of mature MKs from TPO-treated mice, the cellular localization
of P-selectin and VWF in these cells could not be determined by our single staining
experiments (Fig. 6). Therefore, the relative distribution of P-selectin and VWF was
assessed by comparing the immature MKs from TPO-treated mice with mature MKs from
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untreated animals. Immature MKs in the spleen from TPO-treated WT mice expressed
numbers of P-selectin gold particles similar to those expressed by mature MKs of untreated
animals. By contrast, significantly fewer VWF-gold particles were seen in these cells than in
mature MKs from untreated WT mice (6.7 ± 2 vs. 27 ± 0.7 particles/MK, respectively, p <
0.001; Fig. 6).

The immature MKs of the spleen from untreated Gata1low mice showed similar numbers of
P-selectin gold particles and lower numbers of VWF-gold particles than mature MKs from
untreated WT mice (Fig. 6). The portion of P-selectin associated with the α-granules was
greater in Gata1low than in WT MKs (29 vs. 10%, respectively) (Fig. 4), while that of VWF
gold particles localized to the α-granules was 5% vs. 45% in untreated Gata1low mice and
WT mice, respectively (Fig. 5). Therefore, the Gata1low mutation not only reduced VWF
expression, but also its localization to the α-granules. On the other hand, although the
mutation did not affect P-selectin expression, it increased its localization to the α-granules.

TPO treatment did not significantly affect the expression and distribution of P-selectin and
VWF in immature MKs of Gata1low mice (Figs. 4–6). In the mature MKs observed in the
spleen of TPO-treated Gata1low mice, however, more P-selectin gold particles were
observed than in immature MKs of untreated Gata1low mice (24 ± 7 vs. 15 ± 3 particles/MK,
respectively, p = 0.003; Fig. 6). Interestingly, TPO treatment normalized (3% vs. 10%) the
portion of P-selectin associated with the α-granules of Gata1low MKs, but it did not change
the localization of VWF in the α-granules, which remained low (< gold particles/MK; Fig.
5). Thus the localization of P-selectin, but not that of VWF, was restored in the mature MKs
observed in Gata1low mice after TPO treatment.

Co-localization of P-selectin and VWF was limited to the early stages of MK maturation
The distinctive effects of TPO treatment on P-selectin and VWF localization in MKs from
WT and Gata1low mice suggested that, unlike the co-routing to the Weibel-Palade bodies
observed in endothelial cells (Denis et al. 2001, Hop et al. 2000) the two proteins are routed
independently in MKs. To test this hypothesis, we performed double immunolabeling with
both anti-P-selectin and anti-VWF polyclonal antibodies of MKs from untreated and TPO-
treated WT and Gata1low mice (Figs. 7–10).

In mature MKs from untreated WT mice, P-selectin and VWF gold particles were not co-
localized (Fig. 7). By contrast, in MKs from TPO-treated WT mice, a dynamic picture of P-
selectin and VWF localization was observed with maturation (Fig. 8). In the most immature
(stage I) MKs, P-selectin and VWF gold particles frequently were associated. In stage II
MKs, the two proteins were both associated and separated in the cytoplasm. In stage III
MKs, like mature MKs from untreated WT mice, the two proteins were found in separate
structures. These results suggest that these two proteins are associated in the same
compartments at early stages of maturation, but that their localization diverges to separate
α-granules as these structures mature.

In the MKs of untreated Gata1low mice, there was co-localization of P-selectin and VWF
both in the α-granules and cytoplasm/DMS (Fig. 9). This co-localization was similar to that
observed in immature MKs of TPO-treated WT mice and is, therefore, consistent with the
immature nature of Gata1low MKs. On the other hand, P-selectin and VWF were not co-
localized in the mature MKs from Gata1low mice observed after TPO treatment (Fig. 10).
Therefore, although TPO treatment does not rescue the quantitative deficiency of VWF
expression (Figs. 5 and 6), it induces formation of α-granules that, as observed in WT MKs,
contained either P-selectin or VWF.
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Discussion
We demonstrated that P-selectin and VWF are co-localized within the same intracellular
compartments (both cytoplasm and rudimentary α-granules) in immature MKs in both WT
mice after TPO treatment and untreated Gata1low mice. The two proteins, however, are not
co-localized in α-granules of mature MKs in the spleen of either untreated WT mice or from
WT and Gata1low mice after TPO treatment. These results suggest that P-selectin and VWF
are associated in the MK cytoplasm at early stages of maturation, but that they are routed
into separate α-granule subtypes as these cells mature. The different routing of P-selectin
and VWF is consistent with previous immunoelectron microscopy observations that
indicated that the two proteins are localized in different regions within the α-granules: VWF
was found mainly in peripherally located internal vesicles, while P-selectin was found in
both internal vesicles and the limiting membrane of the α-granules (Schmitt et al. 2000).
These investigators did not perform double immunoelectron microscopy, however, and they
could not assess whether, in addition, these proteins are localized into distinct α-granule
subtypes. The data presented here imply that the mechanisms that route P-selectin and VWF
to the α-granules of the MK are at least partially different from those involved in the
localization of the two proteins to the Weibel-Palade bodies of endothelial cells. It is
possible that they resemble those involved in the formation of the few endothelial Weibel-
Palade bodies that contain either VWF or P-selectin, but not both (Cleator et al. 2006).

It has been shown earlier that VWF is associated specifically with the α-granules containing
endostatin, i.e., with anti-angiogenic α-granules (Italiano et al. 2008). It is tempting,
therefore, to speculate that the localization of P-selectin is restricted instead to α-granules
that contain pro-angiogenic factors. This hypothesis, which will be investigated in future
studies, allows us to build a model for stimulus-specific platelet activation based on the
distinctive receptor functions of P-selectin and VWF. It is well established that platelets are
involved in the regulation of the entire response to injury (Nurden et al. 2008). In fact, in
addition to their role in initiating clot formation, these cells initiate late responses such as
inflammation and wound healing. We propose that the differential association of VWF and
P-selectin with anti-angiogenic or pro-angiogenic factors provides a mechanism that
regulates the sequential release of different α-granule subtypes during tissue repair. In the
initial phases of the response, vessel injury exposes collagen that binds soluble VWF present
in plasma. VWF then forms a bridge between collagen fibers and platelets by binding to the
platelet receptor glycoprotein Ib (GPIb) (Varga-Szabo et al. 2008). After arrival at the site of
injury, platelets are activated by both collagen binding to glycoprotein VI on the platelets
and small amounts of thrombin formed when exposed tissue factor activates FVII, FX and
prothrombin, sequentially (Furie and Furie 2008). Because, at the initial phase of activation,
platelets move negatively charged phospholipids, predominantly phosphatidylserine, from
the inner plasma membrane leaflet to the outer leaflet, exposing the contents of the α-
granules, we propose that collagen binding to VWF present in the anti-angiogenic α-
granules triggers the release of these factors and prevents inappropriate endothelial
proliferation. Once hemostasis has occurred, the process of wound healing can be initiated.
In this phase, neutrophils recruited to the wound site bind to P-selectin localized to pro-
angiogenic α-granules and promote the release of these factors into the microenvironment to
neutralize the anti-angiogenic factors released earlier, promoting neo-Angiogenesis Indirect
support for the possibility that VWF- and P-selectin-α-granules are released independently
is provided by the observation that cultured endothelial cells release VWF, but not P-
selectin, after activating the cells with forskolin (a labdane diterpene usually used as cell
activator because it raises intracellular levels of cyclic AMP) (Cleator et al. 2006).

The abnormalities in VWF expression and P-selectin localization observed in MKs from
Gata1low mice described here explain some of the pleiotropic defects expressed by these
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mutants. Because it is conceivable that the ultrastructural abnormalities of MKs and
Gata1low platelets are similar, the selective absence of VWF in the anti-angiogenic α-
granules of platelets would explain the prolonged bleeding time beyond that expected for the
degree of thrombocytopenia described in these mice (Vyas et al. 1999). On the other hand,
the increased angiogenesis observed in Gata1low mice (Zetterberg et al. 2007) would be the
result of the combination of increased numbers of P-selectin-pro-angiogenic α-granules and
decreased numbers of VWF-anti-angiogenic ones. Therefore, upon stimulation, Gata1low

platelets would preferentially release pro-angiogenic factors, thus explaining why high
levels of VEGF and transforming factor- are present in the micro-environment of these
mutants. On the other hand, thrombopoietin, by restoring MK maturation and P-selectin
localization, would reduce neutrophil emperipolesis, partially blocking the release of pro-
angiogenic α-granule content and rescuing, at least in part, as published previously, the
phenotype induced by the hypomorphic Gata1low mutation (Centurione et al. 2004).

Patients with primary myelofibrosis (Vannucchi et al. 2002) and X-linked gray platelet
syndrome (Tubman et al. 2007 ) are characterized, through at least partially different
mechanisms, by reduced expression of GATA1 in their MKs. The importance of normal
GATA1 expression for normal α-granule assembly is further underscored by the fact that
platelets from patients with these syndromes show several abnormalities including abnormal
assembly of α-granule proteins (Centurione et al. 2004, Tubman et al. 2007). The data
presented here associate reduced expression of a transcription factor with abnormal
localization of P-selectin and highlight the clinical relevance of the fact that low expression
of GATA1 may affect, in addition to mRNA and protein expression levels, appropriate
protein routing within the cells.
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Fig. 1.
MK morphology in the spleens of untreated and TPO-treated WT and Gata1low littermates.
Representative semithin sections from the spleen of untreated a,c) and TPO-treated b,d) WT
a,b) and Gata1low c,d) mice. Representative megakaryocytes are indicated by arrows. Only
one MK is present in the semithin section from WT spleen a). By contrast, the semithin
section of TPO-treated WT spleen b) shows nine MKs, six light (whole arrows) and three
heavy electron dense (arrowheads). The sections from the spleen of untreated and TPO-
treated Gata1low mice are similar c,d). Original magnification: × 40.
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Fig. 2.
Ultrastructure of MKs from the spleen of untreated and TPO-treated WT and Gata1low

littermates. Representative ultrathin sections of spleen from untreated a,c), and TPO-treated
b,d) WT a,b) and Gata1low c,d) mice. A MK from an untreated WT spleen a) shows a
multilobed nucleus, surrounded by abundant cytoplasm (cyt) rich in α-granules
(arrowheads), DMS (whole arrows), platelet territories (pt) and containing cytoskeletal
proteins and microtubules peripherally. The ultrathin section from TPO-treated WT spleen
b) shows a heavy electron dense MK with a multilobed nucleus with prominent
heterochromatic area. The DMS appears dilated, surrounding poorly developed platelet
territories and α-granules are scarce. The MK in the ultrathin section from a Gata1low spleen
c) is similar to the MK in the TPO-treated WT section. The α-granules are replaced by
vacuoles (*) distributed throughout the cytoplasm. The ultrathin section from a TPO-treated
Gata1low spleen d) shows reversion toward the ultrastructure of the untreated WT MK. The
TPO-treated Gata1low section contains recognizable platelet territories, α-granules and a
normalized DMS. Original magnification: × 4,400.
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Fig. 3.
Effect of TPO treatment on the frequencies of MKs at different stages of maturation in the
spleen of untreated and TPO-treated WT and Gata1low mice. Megakaryocyte frequencies
were analyzed in semithin sections from wild type and Gata1low mice using light
microscopy before and on day 7 after TPO-treatment. Results are presented as the mean6SD
of determinations in 12 high power fields for each experimental group. In WT mice, TPO
treatment resulted in a statistically significant increase (p < 0.001) in total number of MKs
and the number of immature MKs (stage I/II) was significantly greater (p = 0.0006) than that
of mature MKs (stage III/IV). TPO treatment also resulted in the appearance of heavy
electron dense MKs, normally not present in WT spleen. No difference was observed in the
total number of MKs present in the spleen of untreated and TPO-treated Gata1low mice.
Moreover, in Gata1low mice, no stage III/IV MKs were found before TPO treatment (b.d. =
below detection), while after treatment these cells were found in significantly greater
frequency than in the earlier stages (I/II) (p = 0.003).
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Fig. 4.
P-selectin distribution in MKs of WT and Gata1low mice before and after TPO treatment.
Representative semithin sections of spleen from untreated a,c), and TPO-treated b,d) WT
a,b) and Gata1low c,d) mice immunostained for P-selectin and analyzed by immunoelectron
microscopy. Representative MKs and the corresponding cytoplasm are shown in the inset
and in the panel, respectively. P-selectin staining appears as dots. Red arrows and
arrowheads point to structures containing the protein, while the white ones point to the
structure as such. As seen in a), P-selectin was found in the α-granule membrane as well as
in the cytoplasm in the vicinity of the DMS (whole arrows) in untreated WT mice. After
treatment with TPO b), most MKs were immature with only rudimentary DMS and very few
granules. a) In these MKs, the major part of P-selectin staining was localized to the
cytoplasm. In the immature MKs from the untreated Gata 1 low mice c), P-selectin staining
was found both in the cytoplasm and in the scarce α-granules (arrow heads). In the mature
forms a), P-selectin was localized primarily in the cytoplasm, often delineating the DMS,
but also, atypically, in membranes of vacuolar structures. Original magnifications: × 30,000
for panels; × 4,400 for insets.
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Fig. 5.
VWF distribution in MKs of WT and Gata1low mice before and after TPO treatment.
Representative semithin sections of spleen from untreated a,c) and TPO-treated b,d) WT a,b)
and Gata1low c,d) mice were immunostained for VWF and analyzed by immunoelectron
microscopy. Representative MKs and the corresponding cytoplasm are shown in the insets
and panels, respectively. VWF staining appears in a punctuate pattern. Red arrows and
arrowheads point to structures containing the protein, while the white ones point to the
structure itself. In mature MKs from untreated WT mice a), VWF staining was found almost
equally distributed between α-granules (arrowheads) and the cytoplasm. After TPO
treatment b), only immature WT MKs could be analyzed, but the proportion of VWF in α-
granules and cytoplasm remained nearly the same. Staining often was found near the DMS
(whole arrows). In untreated Gata1low mice c), only immature MKs could be studied and
only a very minor portion of the VWF was bound to the α-granules. Treatment with TPO d)
induced the appearance of mature MKs and in these, most of the VWF was dispersed in the
cytoplasm, but also occasionally found in α-granules. Original magnifications: × 30,000 for
panels; × 4,400 for insets.
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Fig. 6.
Quantification of the effects of TPO on P-selectin A) and VWF B) expression at different
stages of maturation in the spleen of WT and Gata1low mice. Representative semithin
sections from the spleens of WT and Gata1low mice were immunostained for P-selectin (Fig.
4) and VWF (Fig. 5) and numbers of gold particles within each MK determined, before and
on day 7 of TPO-treatment. MKs were classified as immature (stage I/II), immature (stage
III/IV) or heavy electron dense (H) and numbers of P-selectin and VWF gold particles per
MK in each group determined. Results are presented as the mean6SD of determinations in
eight MKs for each experimental group except for stage I/II MKs in untreated WT mice for
which only two MKs were available. As seen in the upper left panel, TPO-treatment did not
induce a statistically significant difference in P-selectin expression in MKs from the spleen
of WT mice. The upper right panel shows that significantly more P-selectin gold particles
were observed in the mature MKs in the spleen of TPO-treated Gata1low mice than in the
immature MKs of untreated Gata1low mice (p = 0.003). As seen in the lower left panel,
immature MKs in the spleen from TPO-treated WT mice expressed significantly fewer
VWF-gold particles than mature MKs from untreated WT mice (p < 0.001). As seen in the
lower right panel, TPO did not significantly alter the expression of VWF in MKs from the
spleen of Gata1low mice.
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Fig. 7.
Co-localization of VWF and P-selectin in a mature MK from an untreated WT mouse.
Representative sections from a WT mouse spleen were double stained for P-selectin (P,
large gold particles) and VWF (W, small gold particles). A representative stage III MK is
shown in a) and co-localization of P-selectin and VWF in three areas of its cytoplasm are
shown in b–d). Red arrows and arrowheads point to structures containing the proteins, while
the white ones point to the structure itself. As seen in (a), the mature MK is characterized by
a multilobed nucleus and abundant cytoplasm with many α-granules in the perinuclear zone.
As seen in b–d), VWF and P-selectin appear separately in the mature WT MK. Both proteins
were found either dispersed in the cytoplasm or adjacent to the DMS (whole arrows). P-
selectin was found also in the α-granule membrane (arrowheads), while VWF was localized
to one pole of the granule. Original magnifications: a) × 4,400; b,c,d) × 30,000.
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Fig. 8.
Co-localization of VWF and P-selectin in MKs of different stages of maturation observed in
WT mice after TPO treatment. Representative sections from WT mice spleens were double
stained for P-selectin (large gold particles) and VWF (small gold particles) and analyzed by
immunoelectron microscopy. Three representative MKs at different stages of maturation are
shown in the left panels, while three representative areas of their cytoplasms are shown in
the other panels of each row. Red arrows and arrowheads point to structures containing the
proteins, while the white ones point to the structure itself. P-selectin staining appears as
isolated dots, and VWF staining shows a punctuate pattern. In a stage I MK, P-selectin and
VWF are mostly co-localized, because both proteins are found both in the cytoplasm, often
along the DMS (whole arrows), and in the rudimentary α-granule membrane (arrowheads).
With maturation, the localizations of the two proteins progressively diverge, and become
totally separated in the mature stage III MK (lower panels). Original magnifications: × 4,400
for the three panels on the far left and × 30,000 for the others.
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Fig. 9.
Co-localization of VWF and P-selectin in a MK from the spleen of an untreated Gata1low

mouse. Representative sections from Gata1low mice spleen were double stained for P-
selectin (large gold particles) and VWF (small gold particles). Because the Gata1 mutation
blocks maturation (Centurione et al. 2004), only stages I/II MKs were available for analysis.
Red arrows and arrowheads point to structures containing the proteins, while the white ones
point to the structure itself. In a), cells are characterized by a large nucleus with several
nucleoli, with a cytoplasm that contains ribosomes and well developed RER. In b,c,d), P-
selectin and VWF co-localize in the cytoplasm in the immature MKs of Gata1low mice. Both
proteins were found in proximity to the DMS (whole arrows) and in the vacuoles
representing degenerated granules (arrowheads). Original magnifications: a) × 4,400; b,c,d)
× 30,000.
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Fig. 10.
Co-localization of VWF and P-selectin in Gata1low MKs at different stages of maturation.
Representative sections of spleen from Gata1low mice treated with TPO were double stained
for P-selectin (large gold particles) and VWF (small gold particles) and analyzed by
immunoelectron microscopy. Red arrows and arrowheads point to structures containing the
protein, while the white ones point to the structure itself. In the upper left panel, the nucleus
is multilobed, but contains multiple vacuoles while the cytoplasm is immature with abundant
RER. Stage II and III Gata1low MKs showed similar ultrastructural features as the cells at
the corresponding stage of maturation observed in TPO-treated WT mice (Fig. 8). In the
three upper panels, P-selectin and VWF co-localize in the cytoplasm of stage I Gata1low

MKs; as in the immature MKs from WT mice (Fig. 8), both proteins can be found in the
cytoplasm close to the DMS (whole arrows) and in the primitive α-granules (arrowheads).
With progressing maturation, the proteins become increasingly separated, imitating the
pattern observed in mature WT MKs. Original magnifications: × 4,400 for the three panels
farthest left and × 30,000 for the others.
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