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Abstract

Berkeley sickle cell mice are used as an animal model of human sickle cell disease but there are no
reports of platelet studies in this model. Since humans with sickle cell disease have platelet
abnormalities, we studied platelet morphology and function in Berkeley mice (SS). We observed
elevated mean platelet forward angle light scatter (FSC) values (an indirect measure of platelet
volume) in SS compared to wild type (WT) (37 £3.2vs. 27 + 1.4, mean £ SD; p <0.001), in association
with moderate thrombocytopenia (505 + 49 x 103/ul vs. 1151 + 162 x 10%/ul; p <0.001). Despite
having marked splenomegaly, SS mice had elevated levels of Howell-Jolly bodies and “pocked”
erythrocytes (p <0.001 for both) suggesting splenic dysfunction. SS mice also had elevated numbers
of thiazole orange positive platelets (5 + 1 % vs. 1 + 1%; p <0.001), normal to low plasma
thrombopoietin levels, normal plasma glycocalicin levels, normal levels of platelet recovery, and
near normal platelet life spans. Platelets from SS mice bound more fibrinogen and antibody to P-
selectin following activation with a threshold concentration of a protease activated receptor (PAR)-4
peptide compared to WT mice. Enlarged platelets are associated with a predisposition to arterial
thrombosis in humans and some humans with SCD have been reported to have large platelets. Thus,
additional studies are needed to assess whether large platelets contribute either to pulmonary
hypertension or the large vessel arterial occlusion that produces stroke in some children with sickle
cell disease.
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Introduction

Materials

Murine models of sickle cell disease (SCD) offer the potential to elucidate the pathophysiology
of the disorder and improve its therapy. It is important however, to fully characterize the models
to assess their similarities and differences from human SCD. Berkeley sickle cell (SS) mice
were generated by injecting a transgenic construct containing human HBA1 (hemoglobin, alpha
1), HBG2 (hemoglobin, gamma G), HBG1 (hemoglobin, gamma A), HBD (hemoglobin, delta),
and HBBS (hemoglobin, beta, sickle allele) genes and the locus control region into fertilized
FVB/N mouse eggs and then breeding the resultant offspring carrying the transgene to mice
bearing targeted mutations in the endogenous mouse Hba and Hbb genes (1). This model has
many similarities to human SCD, including anemia, reticulocytosis, sickled erythrocytes in the
peripheral blood (1), and evidence of both systemic oxidant stress (2;3) and inflammation
(4). The mice differ from humans with SCD most notably in that mice develop splenomegaly
rather than splenic atrophy; more subtle differences also exist in the histopathology of affected
organs (5). In addition, the erythrocytes of Berkeley mice have an excess of a-globin chain
synthesis (a/pS =1.26) indicating mild p-thalassemia (1).

Thrombocytosis and several qualitative platelet abnormalities, including defects in platelet
aggregation and evidence for in vivo platelet activation, have been described in patients with
SCD (6-14). While some studies have suggested that platelets contribute to vasoocclusive
crisis (15-18), there is considerable doubt about their role (19) because antiplatelet agents have
not significantly altered the frequency or severity of pain crisis (20-22;22-24). A potential role
of platelets in large vessel occlusion leading to thrombatic stroke in children, however, remains
to be assessed critically (25-29). Since we could not identify any reports of platelet studies in
Berkeley SS mice, we studied platelets and related parameters in these mice.

Mouse Studies

Antibodies

A colony of SS mice was established with approximately tenth generation breeding pairs kindly
provided by Dr Cheryl Hillery (Blood Center of Southeastern Wisconsin, Milwaukee, WI).
The initial background of this strain was a mixture of FVB/N, 129X1/SvJ, DBA/2, Black Swiss,
and C57BL/6 (1). The studies described below included SS mice that have targeted mutations
of both the endogenous murine o (30) and B (31) globin genes and carry the transgene Tg(HBA-
HBBS)41Paz (1), genotype HbalM1Paz/HpgtmiPazHpptmiTow/pptmlTow To(HBA-HBBS)
41Paz/0. C57BL/6J and 129X1/SvJ mice, the two major background strains present in SS mice,
were purchased from Jackson Laboratories (Bar Harbor, ME) and crossbred to generate wild
type (WT) controls and a colony was established by interbreeding their progeny for up to 10
generations. SS mice from the same original colony, but which were backcrossed onto the
C57BL/6 background over eight generations (kindly supplied by Dr. Mary Fabry, Albert
Einstein College of Medicine, New York, NY) were also analyzed in some experiments. -
thalassemia mice homozygous for a deletion of the murine B globin gene Hbb (Hbbd3thy
Hbbd3th) (32), also kindly supplied by Dr. Fabry, served as controls for anemia. WT and
C57BL/6J mice were obtained from Jackson Laboratories for the experiments involving
transplantation of SS bone marrow. All of the animal experiments performed in these studies
were approved by the Laboratory Animal Research Committee at the Rockefeller University.

Antibody 1B5 (hamster anti-mouse allbp3) (33) was produced at the National Cell Culture
Center (Minneapolis, MN) and rat anti-mouse CD45 and ter119 were from BD Biosciences
(San Diego, CA). Rat anti-mouse GPIb antibodies pOp 3 and HRP-conjugated pOp 4 were a
kind gift of Dr. Bernard Nieswandt (Rudolf-Virchow-Zentrum fiir Experimentelle Biomedizin,
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Wiirzburg, Germany) (34) and rat anti-mouse GPIbf antibody Xia.C3 was obtained from
Emfret (Wirzburg, Germany). Labeling of antibody 1B5 with NHS-LC-Biotin (Pierce,
Rockford, IL), Alexa Fluor#88 or Alexa Fluor847 (Molecular Probes, Eugene, OR) was
performed according to the manufacturer’s instructions.

Blood collection

Mice were anesthetized with isoflurane (Baxter Healthcare Corp, Deerfield, IL) and blood
obtained from the retrobulbar venous plexus using 12-15 mm long glass capillary tubes
(Fischer Scientific, Pittsburg, PA); blood was dripped directly into tubes containing sufficient
ethylenediaminetetraaceticacid (EDTA) to produce a final concentration of 10 mM and gently
mixed by pipetting. For studies of erythropoietin, blood was collected into tubes containing
heparin (American Pharmaceutical Partners Inc, Los Angeles, CA; 15Units/ml) and for platelet
function and intravascular platelet recovery studies, blood was collected into 3.8 % sodium
citrate (Fischer Scientific, Pittsburg, PA). All other assays were conducted using EDTA-
anticoagulated blood.

Hematological data

Blood smears were prepared from every sample and stained with Wright’s stain (Sigma-
Aldrich Inc, St Louis, MO). Smears were evaluated for overall erythrocyte, leukocyte and
platelet morphology, as well as the presence of nucleated RBCs (NRBCs) and sickled
erythrocytes, Howell-Jolly bodies, erythrocyte fragments, and platelet aggregates. When a
sample was found to contain platelet aggregates, the hematologic data obtained from that
animal was excluded from the analysis.

Hematological parameters were performed on EDTA-anticoagulated blood 30-60 min after
blood collection using an automated dual angle light scatter instrument (ADVIA120, Bayer
Diagnostics, Tarrytown, NY) with software designed to measure murine blood (35). Samples
(20 pl) were diluted 1:10 in phosphate-buffered saline (PBS) containing 5% bovine serum
albumin (BSA) and then analyzed immediately. Preliminary studies demonstrated that diluting
the blood before testing did not affect the hematocrit or reticulocyte values, and hematocrit
values obtained by centrifugation of whole blood in microhematocrit tubes (Fischer Scientific
Inc, Pittsburg, PA) were concordant with hematocrit values obtained with the automated
instrument. Leukocyte and platelet count assessments by the ADVIA120 in WT mice
demonstrated concordance with manual assessments using a hemocytometer. In SS mice,
however, platelet count and mean platelet volume (MPV) determinations were confounded by
the presence of erythrocyte fragments and leukocyte counts were confounded by the presence
of NRBCs.

Platelets were therefore enumerated by flow cytometry (FACS Calibur, BD Biosciences, San
Diego, CA) (36). Briefly, 5 ul of 10-fold diluted EDTA-anticoagulated blood was labeled with
antibody Alexa®47-1B5 (2.5 pg/ml) in 45 ul of HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid)-saline (NaCl 165 mM, HEPES 10 mM, pH 7.4, 0.22 um filtered, degassed
for 1 h) for 15 min at 22 °C in the dark. Samples were then further diluted by adding 300 ul of
HEPES-saline. Immediately before flow cytometry analysis, 50 ul of a suspension containing
5.5 x 103 latex beads /ul of 7.32 um diameter (Bangs Laboratories Inc, Fischers, IN) was added
to each sample to serve as an internal standard to quantify the volume of sample analyzed, thus
permitting the calculation of the whole blood platelet count from the flow cytometry data. The
concentration of latex beads was determined using the automated instrument. The platelet
count, in platelets/ul, was calculated by dividing the number of particles in the platelet gate by
the volume of sample analyzed [(number of beads counted/final concentration of beads in
sample analyzed)] and then multiplying the value by the final dilution of the original blood
sample. Platelet size was estimated by determining the geometric mean value of the forward
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angle light scatter (FSC) of particles that exhibited fluorescence with Alexa®4’-1B5, after
excluding particles that reflected platelet-erythrocyte coincidence or platelet-erythrocyte
aggregates. Previous studies performed by Holme et al. on fixed human platelets establish that
platelet size determined by mean FSC correlates well with MPV determined by resistive
particle sizing (r=0.83) (37;38). As a size reference, we tested a series of nonfluorescent
microspheres of 1, 2, 4, and 6 um diameter (Molecular Probes) and found that they gave
geometric mean FSC values of 17.4, 37.5, 170.4, and 514.3. When the FSC values of the beads
were plotted on a log scale versus bead size, a line was obtained with r2=0.996. WT mouse
platelets had FSC values of 26.6 + 1.4, corresponding to microspheres of ~1.4 um diameter
and two normal human donor platelets had FSC of 59 and 85 corresponding to microspheres
of ~2.5-3 um diameter.

Since leukocyte counts in SS mice using the automated instrument were confounded by the
presence of NRBCs, WBC and NRBC counts were measured by flow cytometry (39;40) using
an antibody to the pan-leukocyte antigen CD45 and propidium iodide (PI) to stain nucleated
cells. Briefly, 25 ul of EDTA-anticoagulated blood was incubated with FITC-labeled anti-
CD45 (5 pg/ml final concentration) for 30 min at 22°C in the dark, and then permeabilized and
fixed for 30 min by adding an equal volume of a solution containing 2%
paraformaldehyde-0.1% saponin. Erythrocytes were lysed by the addition of 400 ul of a murine
erythrocyte lysing reagent (R&D Systems, Minneapolis, MN) and the nucleated cells were
stained with PI (Sigma Aldrich Inc; 5 ug/ml final concentration). The samples were finally
incubated with 50 ul RNAse (Sigma Aldrich Inc, 10 mg/ml) at 37°C for 10 min to eliminate
PI staining of reticulocytes and platelets, both of which contain RNA. Subsequently, 25 pl of
10 pum fluorescent beads (Flow-Count Fluorospheres; Beckman Coulter, Fullerton, CA)
containing 972 beads/ul were added to the sample and flow cytometry was performed. Particles
exhibiting fluorescence for CD45 were defined as leukocytes and particles that were negative
for CD45 and positive for Pl (CD457/P1*V€) were defined as NRBCs. In separate experiments,
we observed that CD457/PI™ cells labeled with a murine erythrocyte-specific marker (ter119)
(41), confirming their erythrocyte lineage. The numbers of whole blood leukocytes and NRBCs
per ul were calculated as above using the manufacturer’s formula.

Erythrocytes with irregular indentations (“pocked” erythrocytes) were enumerated by
immediately fixing EDTA-anticoagulated blood with 0.1% glutaraldehyde in saline (0.15 M
NaCl, 310 mOsm) and then examining wet mounts by differential interference contrast
microscopy using a 100x oil immersion objective (Olympus Inc, Mahwah, NJ) (42).

Analysis of Platelet RNA

Blood (5 ul) was incubated with a combination of thiazole orange (5 ug/ml final concentration)
and Alexa®47-1B5 (5 pg/ml) in PBS (final volume 50 pl) for 30 min at 22°C in the dark and

analyzed by flow cytometry. Platelets were gated using a combination of light scatter and 1B5
staining and considered positive for RNA (“reticulated platelets™) based on thiazole orange

staining as previously described (43;44). In particular, a boundary was constructed at the upper
edge of the thiazole orange fluorescence intensity of the WT platelet population as a function
of side angle scatter such that ~1% of gated WT platelets were thiazole orange positive (44).

Immunofluorescent Detection of Platelets on Blood Smears

Blood samples were incubated with Alexa?88-1B5 (5 pg/ml final concentration) for 30 min at
22°C. Blood smears were prepared, heat fixed, mounted with an antifade reagent (Prolong,
Molecular Probes) and a cover slip, and viewed with a 100x oil immersion objective (Olympus
Inc). Images of platelets were acquired from 10 consecutive random fields per slide for SS and
WT mice (n = 5 each). Using image analysis software (Slide Book; Intelligent Imaging,
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Baltimore, MD), the individual platelet areas occupied by 100 + 40 platelets and the percentage
of platelets with mean platelet areas > 3.5 um? were determined.

Splenic Sequestration Studies

The size of the splenic platelet pool was estimated by assessing the recovery of injected platelets
labeled with the fluorescent dye 5-chloromethyl fluorescein diacetate (CMFDA,; Cell Tracker
Green, Molecular Probes, Eugene, OR)(45). Platelet-rich plasma (PRP) from SS and WT mice
was prepared by centrifugation (250 x g at 22°C for 2.5 min), treated with PGE; (1 uM), and
labeled with green CMFDA in DMSO (0.04 vol. 200 pM stock solution in DMSO) at 37°C
for 15 min. Labeled platelets were then washed with 0.35% BSA in HEPES-saline with
PGE;, resuspended in 200 ul of HEPES-saline, counted, and injected into the left ventricle
under ultrasound guidance using a 40—-70 mHz probe (VisualSonics, Toronto, Canada).
Intravascular platelet recovery was measured 30 min later on retrobulbar venous blood using
flow cytometry and calculated by multiplying the number of fluorescent platelets/ul in the
circulation by the estimated blood volume (7.2 mI/100 gm weight (46)) and dividing the product
by the number of labeled platelets injected.

Platelet Survival Studies

Survival of biotin-labeled platelets was determined by injecting NHS-LC-biotin (Pierce; 100
pl of 3 mg/ml in 0.13 M NaCl, 330 mOsm) via the tail vein into SS (n = 5), and WT (n =7)
mice (47). Pre-injection and 2 hr post-injection blood samples were obtained by retrobulbar
blood sampling to determine the background and day 0 platelet labeling, respectively;
subsequent 5 ul samples were obtained daily from the tail using EDTA-coated capillary tubes
and anticoagulated by mixing with 45 pl of 10 mM EDTA in HEPES -saline. Samples (5 pl)
were incubated with FITC-avidin (10 ug/ml final concentration; Leinco Technologies Inc, St
Louis, MO) and Alexa®7-1B5 for 30 min at 22°C and then the samples were diluted with PBS
and analyzed by flow cytometry. Platelets were identified by a combination of light scatter
properties and 1B5 labeling, and then the percentage of biotinylated platelets was determined
from the intensity of avidin labeling. The percentage of platelets labeled 2 hr post-injection on
day 0 was considered 100% labeling and subsequent data were normalized to this value. Platelet
survival was determined using a linear best-fit line (48).

Effect of Splenectomy on Hematological Parameters

Twenty week-old WT mice (n = 4) had baseline hematologic evaluations for cell counts and
indices of splenic function (Howell-Jolly bodies and “pocked” erythrocytes), and then were
anesthetized with isoflurane and splenectomized. Repeat blood samples were obtained and
analyzed nine weeks later under isoflurane anesthesia.

Plasma Glycocalicin, Thrombopoietin, and Erythropoietin assays

Plasma glycocalicin was measured using the rat anti-mouse GPIb antibodies pOp 3 and HRP-
conjugated pOp 4 as previously reported (34). Thrombopoietin and erythropoietin levels were
measured by ELISA with commercially available kits (R&D Diagnostics Inc, Minneapolis,
MN).

Platelet P-selectin expression and fibrinogen binding

Citrate-anticoagulated blood samples from SS (n = 4) and WT (n = 4) mice were diluted in
HEPES-buffered modified Tyrodes solution containing 100 uM Ca** and 50 uM Mg** and
stimulated with a protease activated receptor 4 (PAR-4) peptide (AYPGKF)(49) at 75 and 200
uM in the presence of an antibody to P-selectin (BD Biosciences; 5 ug/ml final concentration)
or Alexa%*7-labeled human fibrinogen (Molecular Probes, 200 pg/ml final concentration) for
5 min at 37°C. Platelets were then immediately fixed by the addition of paraformaldehyde

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shet et al.

Page 6

(0.5% final concentration) and labeled with either fluorescently-labeled antibody 1B5 for P-
selectin studies or an antibody to GPIb (Xia.C3) for fibrinogen studies. Platelets identified by
either antibody were examined for baseline and agonist-induced surface P-selectin expression
and fibrinogen binding using flow cytometry. Negative controls included samples with 10 mM
EDTA for the fibrinogen studies and excess unlabeled antibody for the P-selectin studies.

Statistical analysis

Results

Statistical comparisons between groups were analyzed using the one-way analysis of variance
(ANOVA) for gaussian distributed data and the Kruskal Wallis test for non-gaussian data.
When multiple group comparisons using these tests were statistically significant (p <0.05, 2-
tailed), pairwise comparisons were conducted using the Bonferroni method or the Mann
Whitney test as appropriate. Statistical analysis was performed using SPSS, version 10.0 for
Windows (Chicago, IL).

Hematological data

SS mice had severe anemia with marked reticulocytosis and high levels of circulating NRBCs
(Table 1). Their blood smears revealed NRBCs, Howell-Jolly bodies, and erythrocyte
fragments, as well as extensive polychromasia (Fig 1). Quantitative assessments of NRBCs by
smear confirmed the presence of large numbers of NRBCs, although the number obtained by
smear determination (43 = 18 per100 WBCs; mean + SD; n = 15) was approximately one half
of the value obtained by flow cytometry, perhaps reflecting inhomogeneities in the distribution
of NRBCs and WBCs on the smear. 3-thalassemia mice had similar hematocrit and reticulocyte
values, but much lower NRBC values (Table 1).

SS mice were moderately thrombocytopenic, with platelet counts of 505 + 40 x 1073 per pl
compared to 1152 + 162 x 1073 per pl in WT mice (p<0.001). The platelets of SS mice had
FSC values that were almost 40% higher than those of WT mice [SS = 37 £ 3.2 (mean £ SD);
WT =27 + 1.4; p<0.001] (Figure 2). SS mice that were backcrossed onto the C57BL/6J
background also demonstrated higher FSC values than WT animals (39 + 0.9; n=3). B-
thalassemia mice had significantly elevated platelet counts compared to both SS and WT mice
and the platelet FSC values of B-thalassemia mice were similar to those of SS mice (Table 1).

Independent assessment of platelet size by direct immunofluorescent microscopic evaluation
of blood smears demonstrated that blood from SS mice contained larger platelets than those

from WT. For example, the percentage of platelets occupying areas >3.5 um? was 35 + 12%
for SS vs. 7 + 8% for WT mice; n=5 ; p< 0.01).

SS mice had leukocytosis, with leukocyte counts approximately double those of WT mice
(Table 1). B-thalassemia mice had leukocyte counts that were intermediate in value between
SS and WT mice.

Thiazole orange staining

SS mice had a significantly higher percentage of platelets staining strongly with the RNA stain
thiazole orange compared with WT (p<0.001, Table 1). Platelets staining strongly for thiazole
orange varied in forward scatter properties over a wide distribution (data not shown), indicating
that both large and small platelets in SS mice had increased amounts of RNA. -thalassemia

mice had values closer to those of WT than SS mice.
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Splenic size and indicators of splenic function

Splenic weight (either as a percentage of body weight or as an absolute value) was dramatically
increased in SS mice (4.9 £ 0.8%; 1.4 £ 0.3 g, n=7) compared with WT mice (0.3 + 0.1%; 0.08
+0.02 g, n=12; p<0.001) for both determinations. The percentage of erythrocytes containing
Howell-Jolly bodies was more than twenty-fold higher in the blood of SS mice than in the
blood of WT mice (Table 1; p<0.001). In addition, more than 40% of the erythrocytes in SS
mice were “pocked” compared with 0.3% of the erythrocytes in WT mice (Table 1; p<0.001).
B-thalassemia mice had values for both Howell-Jolly bodies and “pocked” erythrocytes that
were in between those of SS than WT mice. Surprisingly, surgically splenectomized WT mice,
which had essentially normal hematologic values, did not have elevated values for Howell-
Jolly bodies or “pocked” erythrocytes compared to WT mice (Table 1).

Platelet recovery and survival

Intravascular recovery of injected fluorescent platelets in SS mice was 55 + 17% (n=5), which
was similar to that in WT mice (55 £ 14%; n=14; p=0.98), although there was considerable
variability in results in both groups. Injection of NHS-LC-biotin into SS and WT mice led to
labeling of ~60 and 95% of circulating platelets, respectively, at 2 h. The subsequent decreases
in circulating biotinylated platelets over time indicated that the mean platelet survival in WT
mice was 5.7 = 0.7 days (n=7), which is similar to values reported by others (48). Platelet
survival was 5.4 + 0.4 days in SS (n=5) mice (p>0.05 for SS vs. WT).

Plasma thrombopoietin, erythropoietin, and glycocalicin

The mean plasma thrombopoietin value in SS mice (268 + 81 pg/ml, n=12) was 28% lower
than the value in WT mice (370 = 93 pg/ml; n = 16; p<0.05). Erythropoietin levels were
markedly elevated in SS mice (3020 £ 2380 pg/ml; n=8), compared with WT mice (290 + 290
pg/ml; n=6; p<0.001). Plasma glycocalicin values (expressed as a percentage of pooled mouse
plasma) in the SS mice (86 = 17%; n=7) were similar to those in WT mice (80 £ 40 %; n=6;
p>0.05).

Binding of fibrinogen and surface expression of P-selectin by activated platelets

Antibodies to P-selectin demonstrated similar binding (as judged by mean fluorescent
intensity) to platelets from WT and SS mice in both the resting state and after maximal
stimulation with a PAR-4 peptide (200 uM), with the modestly higher values in SS mice
presumably reflecting differences in platelet size (Table 2). In contrast, submaximal platelet
stimulation with the PAR-4 peptide (75 uM) resulted in 5-fold greater anti-P-selectin antibody
binding to SS platelets compared with WT platelets (p=0.03). The baseline binding of
fibrinogen was low to both WT and SS platelets and binding increased dramatically to both
types of platelets with maximal stimulation with the PAR-4 peptide (200 uM) (Table 2). Once
again, the SS platelets bound modestly higher amounts of fibrinogen under both conditions,
presumably reflecting the differences in platelet size. Upon submaximal stimulation with
PAR-4 peptide (75 uM), however, fibrinogen binding to SS platelets was nearly three-fold
greater than that to WT platelets (p=0.03). Thus, both the surface expression of the a-granule
protein P-selectin and activation of the allbp3 receptor to bind fibrinogen showed increased
sensitivity to submaximal PAR-4 activation, with changes that could not be accounted for based
exclusively on the differences in platelet size.

Discussion

The major new findings in this study are that compared to WT mice on a combined C57BL/
6J and 129X1/SvJ background (2 of the 5 mouse background strains for the Berkeley SS
mouse), SS mice have: 1) an ~50 % lower platelet count, 2) increased platelet size, 3) increased
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sensitivity to submaximal agonist-induced granule secretion and activation of allbp3 receptors
4) normal to low thrombopoietin levels, 5) an increased percentage of platelets staining with
the RNA dye thiazole orange, 6) normal intravascular recovery, 7) nearly normal platelet life
span, and 8) evidence of compromised splenic function (elevated levels of Howell-Jolly bodies
and “pocked” cells) despite marked splenomegaly (1;5).

The most striking anatomic difference between SS mice and humans with SCD is the presence
of massive splenomegaly in SS mice rather than splenic infarction and atrophy.(1;5) This
results, in large part, from murine expansion of splenic hematopoiesis, including
megakaryopoiesis, in response to anemia, but must also reflect differences in splenic
susceptibility to vascular occlusion and tissue fibrosis mediated by sickle cell disease.
Paradoxically, despite their splenomegaly, SS mice demonstrate profound compromise of what
is generally considered normal splenic function in humans as judged by the increased
percentages of “pocked” erythrocytes and erythrocytes with Howell-Jolly bodies. In fact, these
abnormalities are more severe in SS mice than in splenectomized WT mice. One possible
explanation for these data is that the extra-splenic monocyte-macrophage system in mice
contributes to removing and/or remodeling “pocked” cells and cells containing Howell-Jolly
bodies and that SS mice have compromise of both the splenic and extra-splenic components
of the monocyte-macrophage system. The splenomegaly observed in SS mice also differs
functionally from splenomegaly in humans with regard to platelet sequestration since
intravascular recovery of injected platelets in SS mice with splenomegaly was essentially
normal, whereas intravascular recovery of platelets in humans with splenomegaly is invariably
reduced(50).

Platelet size in SS mice was consistently increased, but the extent could not be quantitated by
standard laser light scattering techniques because of contributions from erythrocyte fragments.
As a result, we had to employ a combination of immunodetection of platelets based on their
expression of allbB3 and forward angle laser light scatter as an indicator of platelet size. We
calibrated the FSC measurement with beads of known spherical diameter. The mean FSC value
for SS mice platelets was 40% greater than the WT value, and this translated into a 32% increase
in equivalent spherical diameter when analyzed on the reference curve produced by the beads
of known spherical diameter. Since the volume of a sphere is proportional to the cube of its
radius, we estimate the mean platelet volume of SS mice to be ~232% of that of WT mice.
Thus, even though SS mice have an ~56% decrease in platelet count [which also contrasts with
the mild thrombocytosis commonly found in patients with SCD(51;52)], their approximately
two-fold increase in mean platelet volume results in their having a near normal total
intravascular platelet mass. These data provide an explanation for why SS mice do not have
elevated thrombopoietin levels despite their thrombocytopenia, since total platelet mass rather
than platelet count is the prime determinant of thrombopoietin levels(53;54).

Large platelets in humans usually result from either “stress” thrombopoiesis, commonly due
to shortened platelet survival, (55;56) or primary abnormalities in megakaryocyte maturation
and fragmentation (57;58). We therefore also studied platelet kinetics in the SS mice. Platelet
survival was only minimally shortened in SS mice, a finding consistent with their normal to
low plasma glycocalicin levels (59), indicating that total thrombopoiesis is not increased. The
one parameter suggesting thrombopoietic stress was the increased thiazole orange staining of
platelets. An increase in platelets staining with thiazole-orange has been reported in humans
with SCD, with the greatest increase in patients during pain crisis(52). Elevated erythropoietin
levels in SS mice and patients with SCD may contribute to the increase, since erythropoietin
therapy in neonates has been associated with an increase in thiazole orange-staining platelets
even without producing an increase in platelet count (60).
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Since humans with SCD variably demonstrate elevated markers of platelet activation, including
enhanced binding of antibodies against the active conformation of the allbp3 receptor and
enhanced expression of platelet surface P-selectin (18;52;61), we assessed platelet surface P-
selectin expression and fibrinogen binding after stimulation with a PAR-4 thrombin receptor
agonist peptide. Platelets from SS mice demonstrated heightened responsiveness to activation
evidenced by both increased P-selectin expression and fibrinogen binding with submaximal
stimulation. The increased values could not be explained on the basis of the larger size of SS
platelets because at maximal agonist stimulation, the values in SS mice were only modestly
greater than those in WT mice. Our data are consistent with those of Villagra et al. who found
that the platelets of humans with SCD and pulmonary hypertension had increased sensitivity
to activation with ADP and a PAR-1 thrombin receptor activating peptide (62). They did not
report platelet size in their patients, but data from other studies in humans have demonstrated
that large platelets are functionally more active (63).

Whereas SS mice have both splenomegaly and large platelets we tried to assess whether the
large platelets were coming primarily from the spleen. Splenectomy of WT mice did result in
lower platelet FSC, but the differences were not significant (Table 1). In experiments not
reported above, we also performed studies in which we transplanted bone marrow from SS
mice into either WT or splenectomized WT mice. Eight weeks after transplantation, WT
recipients had hematocrits and platelet FSC values (30 £ 4% and 42.6 + 4.4; n=9) very similar
to those of SS mice, along with the development of splenomegaly. Unfortunately, the combined
splenectomy and transplantation experiments were limited by the inability of the
splenectomized animals transplanted with SS bone marrow to sustain their hematocrits,
demonstrating that splenic erythropoiesis is required for the survival of WT mice transplanted
with SS bone marrow. Six of the seven animals did, however, survive to eight weeks post
transplantation. Their hematocrits were much lower (13 + 2%) than those in the other group,
but their platelet FSC values (36.1 + 1.0) were similar to those of the other group and those of
SS mice, indicating that non-splenic murine megakaryopoiesis can produce large platelets. It
is possible, however, that this response reflected the exceptional hematopoietic stress produced
by the very low hematocrits and so these data may have limited relevance for interpreting the
results in SS animals.

Since our subcolony of Berkeley SS mice has been isolated from the parent colony for
approximately 20 generations and has not been backcrossed onto a single strain, we also studied
SS mice from a colony that has been backcrossed onto the C57BL/6J background and found
that their platelets also had elevated FSC values. Moreover, published data (64) and our own
unpublished studies do not indicate differences in mean platelet volumes among the five
different background strains of the SS mice.

There are conflicting data on platelet size in humans with SCD. Freedman and Karpatkin
studied eight adults with SCD and found a 2.3-fold increase in the number of large platelets
(megathrombocytes) during steady state (65), and Popescu and Martello reported qualitative
data on increased platelet size in patients with SCD by blood smear assessment (66). However,
a study of 16 patients with steady state sickle cell anemia in the U.K. found decreased mean
platelet volume in patients compared with ethnically matched controls (7.6 £ 1.1 vs. 8.4 £ 0.9)
(67). Most recently, a study of 89 Brazilian patients with SCD (including patients SC and Sg-
thalassemia) found an increase in the total number of platelets larger than 12 fl, especially in
patients with pain crisis, but the percentage of large platelets was not increased(52).Genetic,
environmental, and/or technical variations may account for the reported differences in platelet
size in patients with SCD. Additional studies of platelet size in humans with SCD, along with
appropriate controls, are needed to clarify this issue.
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A broad range of abnormalities of platelets in humans with SCD have been reported, with the
most consistent abnormalities being reductions in platelet number during crisis and elevated
levels of platelet release products and soluble CD 40 ligand during steady state and sickle crisis
(7-12;15;16;18;21;52;61,62;65;67-70). Evidence of intrinsic differences in SCD platelets
comes from studies of the platelet transcriptome in SCD patients.(71) Decreased ex vivo
platelet aggregation has been observed during steady state (10;12;72;73) and during sickle
crisis (11;16;72), although some studies found platelet aggregation to be normal or even
increased (7;12;69), and a recent study found an association between platelet activation,
hemolysis, and pulmonary hypertension, suggesting decreased NO bioavailability as the link
between the phenomena(62). Conducting optical platelet aggregation studies in both humans
with SCD and SS mice presents technical problems because the presence of variable numbers
of erythrocyte fragments in platelet-rich plasma may affect the results by decreasing the
baseline and final light transmission values. It is unclear whether this was taken into
consideration in the reported studies.

The role of platelets in the pathophysiology of human SCD remains unclear. While a single
study found thrombocytosis to be associated with impaired cognitive dysfunction in children
with SCD (74), epidemiological studies have not reported thrombocytosis to be associated with
increased overall severity of SCD, (75-80), although such studies did not consider platelet size
or mass. Despite the evidence for increased platelet consumption during painful crises (9),
there are few data to support a role for platelets in microvascular obstruction, and small studies
of aspirin, aspirin with dipyridamole, and ticlopidine failed to show a definitive benefit in
reducing the frequency of pain crises (20-24). One potential link is through platelet surface
expression of P-selectin and the recruitment of leukocytes since the latter have been implicated
in contributing to vasoocclusion (81;82). A phase | study of the allb3 antagonist eptifibatide
in four SCD patients found the therapy to be well tolerated and associated with reductions in
platelet aggregation and plasma levels of myoglobin, soluble CD40 ligand, macrophage
inflammatory protein-1o and TNF-a, (83). It is interesting to speculate on a potential role of
platelets in the development of pulmonary hypertension in patients with SCD since serotonin
has been implicated in the development of pulmonary hypertension and platelets are both a
rich source of serotonin and release it when activated (84). Thus, the association between
platelet activation and pulmonary hypertension observed by Villagra et al. (62) may be causally
related rather than two independent manifestations of hemolysis and decreased NO availability.
Moreover, platelets may contribute to microvascular obstruction in the lung.

There is increasing evidence that a sizable fraction of ischemic strokes in children results from
large vessel cerebrovascular occlusion due to a combination of arterial stenosis and
superimposed thrombosis (28;29;85-87), raising the possibility that platelets contribute to
stroke in children with SCD. Since large platelets have been associated with increased risk of
cerebrovascular and cardiovascular events in humans without SCD, (88-93) it is possible that
large platelets also contribute to the development of thrombotic stroke in patients with SCD.
Thus, it may be appropriate to study whether antiplatelet therapy would decrease the risk of
stroke in children with SCD and large vessel arterial stenosis, and currently trials using aspirin
are being considered (94). It will be important, however, to exclude patients from such studies
who are at high risk of cerebral hemorrhage (87;95), and to monitor the impact of aspirin
therapy on vascular tone since patients with SCD have reduced responsiveness to NO and thus
may be especially sensitive to inhibition of prostacyclin production (3;96;97).
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Figure 1. SS mice have markedly abnormal blood smears
Peripheral blood smears of EDTA-anticoagulated blood obtained by retrobulbar venous plexus

puncture from WT, SS and p-thalassemia mice. Blood smears from SS animals show
anisocytosis, poikilocytosis, sickled erythrocytes, target cells, erythrocyte fragments of varying
sizes, Howell-Jolly bodies, and an increased percentage of polychromatophilic erythrocytes.
In sharp contrast, smears from WT animals do not show any of these findings. Blood smears
from B-thalassemia mice show anisocytosis, microcytosis, targets cells, erythrocyte fragments,
and an increased percentage of polychromatophilic erythrocytes.
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Fig 2. Platelets from SS mice have increased forward light scatter properties

Histogram of forward light scatter (abscissa, log scale) and number of particles positive for
anti-murine allbp3 (1B5) staining (ordinate) from blood of wild type and SS mice. Blood
samples were reacted with Alexab47-1B5 (platelet specific mAb to murine allbf3) and then
the platelets were identified on the basis of light scatter properties and 1B5 staining. In the SS
mice, there is a rightward shift of the entire platelet population, contributing to an elevation in
the mean forward scatter value.

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 July 1.



Page 18

Shet et al.

"801w Awojoaus)ds-aid sA G0'0< n_o

"801W Awoyosus|ds aud 'sA go'0 > n_u_

‘201W _mcuum_ 'SANG0'0 < n_m_

"921W [eyl-¢'sn 100" > n_n_

*921W [eyl-g 'sA G0'0 > ao

LM 'SATO0" > n_m_

: 'SAG00 >
1M 'SAG00 n_<

1183 poolq

paJ ‘Dgy ‘1ameas 1ybi| abue pJemoy ‘DS ‘uNod poojq aNYM ‘DG ‘paziwoloauads Ajfealbins x|ds ‘ao1w eiwasseleyl-d ‘leyi-g ao1w Ss Asjaxiag ‘SS dA1 piim ‘1A "AS F UeaW Se UMOYS aJe ereq

) L'0FV0 ¥ 9 0V F9ve v g 0EF VoV [ 70FE0 GT (%) 09y .paxdod,,
5¢07F€0 v yC0F0T v ogVTFLY ot Z0¥20 S (%) sa1pog Ajjor-jjemoH
an 4 yVT1¥1¢ 4 >gS¥Ll 4! 0 €1 (IM7¢_01X) sOGY paresjonN
(%)
5T¥¢ ¥ yI¥e I3 a'gh*s ST IFT T s1a1a1e|d anmisod abuelo ajozely
(0s4)
olT*TEe % gbTFg9e ¥ 3qCEFCLE €T ¥'TF992 9T Janeas ybi| ajbue premioy 19|81e|d
o +92T ¥ S6TT ¥ v 192 ¥ 00¢T v a'g 6 ¥ 508 €1 29T ¥ I6TT 9T (IM/5_01X) 19]2181d
o+cF1T 4 yLlFal 4 3q€FL1 45 Z¥8 €T (IM/g_0TX) 3UN02 DGM
o2 FeT ¥ q¥8LFeLze v I'q BEV FTLTC €1 LTTF€€2 9T (IM/,_0T) 81koojnonay
o TP v yLl¥6e v gV ¥ e zZF oY a1 (%) 1007eWdH

XIds L N reyl-d N SS N 1M N

palpnis aoiw Jo sisjaweled o160j01eWaH
T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 July 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Shet et al. Page 19
Table 2
P-selectin and Fibrinogen binding to Platelets at baseline and after stimulation with
PAR4 peptide
Platelet Wild Type SS P value
n=4 n=4
Geometric MFI T
P-selectin expression
Baseline 0.3+0.1 0.6+0.7 0.89
75uM PAR4 0.8+09 40+26 0.03
200puM PAR4 18946 266+4.1 0.11
Fibrinogen binding
Baseline 1.7+03 3+0.6 0.03
75uM PAR4 38+14 110+ 31 0.03
200uM PAR4 161+ 23 192 + 30 0.20

7LExpressed as mean + SD of the geometric mean fluorescent intensities (MFI) after subtraction of negative controls
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