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Abstract

Objective—High density lipoprotein (HDL) receptor, scavenger receptor class B, type | (SR-BI),
mediated cellular uptake of lipoprotein cholesterol controls HDL structure and plasma HDL and
biliary cholesterol levels. In SR-BI knockout (KO) mice, an unusually high plasma unesterified-to-
total cholesterol ratio (UC:TC) and abnormally large HDL particles apparently contribute to
pathology, including female infertility, susceptibility to atherosclerosis and coronary heart disease,
and anemia. Here we examined the influence of SR-BI deficiency on platelets.

Methods and Results—The high plasma UC:TC ratio in SR-Bl KO mice was correlated with
platelet abnormalities, including high cholesterol content, abnormal morphologies, high clearance
rates and thrombocytopenia. One day after platelets from wild-type mice were infused into SR-BI
KO mice, they exhibited abnormally high cholesterol content and clearance rates similar to those of
endogenous platelets. Platelets from SR-BI KO mice exhibited in vitro a blunted aggregation
response to the agonist ADP, but a normal response to PARA4.

Conclusions—In SR-BI KO mice abnormal circulating lipoproteins, particularly their high UC:TC
ratio - rather than the absence of SR-BI in platelets themselves, induce defects in platelet structure
and clearance, together with a mild defect in function.
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Introduction

The HDL receptor SR-BI1 mediates cellular uptake of lipids, especially cholesteryl esters,
from lipoproteins and the bidirectional flux of unesterified cholesterol between cells and
lipoprotein (reviewed in2 3). Hepatic SR-BI controls plasma lipoprotein metabolism, biliary
cholesterol secretion, the structure and composition of plasma HDL particles. The cytoplasmic,
SR-BI-binding adaptor protein PDZK1 plays a key role in tissue-specific posttranscriptional
control of hepatic SR-BI protein expression.4 SR-BlI-deficiency in homozygous null knockout
(SR-BI KO) mice results in hypercholesterolemia (~2.2-fold increase in total plasma
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cholesterol, much of which is carried in abnormally large HDL particles).5 The ratio of plasma
unesterified cholesterol (UC)-to-total cholesterol (TC, unesterified plus esterified cholesterol)
in SR-BI KO mice is about double that of WT mice.®: 7 SR-BI KO mice exhibit enhanced
susceptibility to atherosclerosis,8 female infertility,8’ 9 and red blood cell (RBC) defects0:

(reviewed in2). In SR-BI KO mice, essentially liver-specific expression of an SR-BI
transgene (‘KO-Tg’ mice) restores plasma cholesterol levels (TC and UC:TC ratio) and the
structure of HDL to those seen in WT mice and corrects several SR-Bl-deficiency related
pathologies.12

In the current study, we examined the effects of SR-BI deficiency on platelets, which in WT
mice circulate in the blood with a lifespan of ~5 days13 followed by clearance via the
reticuloendothelial system.14 We found that SR-BI KO mice are thrombocytopenic (reduced
platelet count). Their platelets exhibited abnormal morphologies, abnormally high unesterified
cholesterol, elevated rates of clearance from the circulation and a minor defect in ADP-induced
aggregation. These abnormalities appear to be a consequence of the high UC:TC ratio.

Materials and Methods

Results

Four week-six month old male and female mice fed standard lab chow were used with
appropriate institutional approvals. Genotypes (determined by polymerase chain reaction): SR-
BI*/* (WT), SR-BI*/~, SR-BI~/~ (SR-BI KO), and SR-BI~~ expressing an essentially liver-
specific SR-BI transgene (KO-Tg; the SR-BI transgene is not expressed in bone marrow
monocytes/granulocytes (AY, MK, Ching-Hung Shen and Jianzhu Chen, unpublished results),
- all on mixed 50:50 C57BL/6:129-S4 backgrounds,5’ 12 The *50:50° ratio represents the
average percent of genes contributed by the indicated pure background (e.g., C57BL/6);
however, animal-to-animal variation in the source of any particular gene (C57BL/6 or 129-S4)
is possible. It was necessary to use SR-BI KO animals (and their wild-type controls) on mixed
genetic backgrounds because we were unable to generate sufficient numbers of viable SR-BI
KO mice on a pure C57BL/6 background using standard husbandry conditions (unpublished).
Thus, unless indicated otherwise, “WT’ refers to control mice on the mixed 50:50 C57BL/
6:129-S4 background. We also studied PDZK17~ (on either a mixed 75:25 129Sv:C57BI/6 or
pure 129Sv background, generously provided by Olivier Kochegr)) and appropriate wild-type
controls (50:50 129Sv:C57BI/6 or pure 129Sv background),4v 1 SR-BI/~/apoE~'~ (dKO, on
a mixed 75:25 C57BL/6:129Sv background, WT controls),sv 16 and apoE*/*17' 18 and
matched wild-type controls (on a pure C57BI/6 background, Jackson Laboratories).

All procedures (e.g., platelet labeling and determination of platelet lifetimes) were performed
as described previously or in the online data supplement (see http://atvb.ahajournals.org).

SR-BIl deficiency causes thrombocytopenia

Figure 1A shows that there was no difference in the blood platelet count between wild-type
(WT, also SR-BI*/*) and heterozygous null SR-BI (SR-BI*/") mice; whereas there was a
substantial reduction (38% of WT) in homozygous null (SR-BI~/~, SR-BI KO or simply KO)
mice. This thrombocytopenia suggested an abnormally high rate of platelet clearance or an
abnormally low rate of platelet production, or both.

Mechanism underlying thrombocytopenia in SR-BI KO mice

To determine if reduced platelet survival times contributed to the thrombocytopenia, we
biotinylated platelets in vivo and determined the percentage of surviving labeled platelets as a
function of time. Figure 1B shows that there was a dramatically reduced half-life of platelets

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2009 June 1.


http://atvb.ahajournals.org

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

1duasnuey Joyiny vd-HIN

Dole et al.

Page 3

in SR-BI KO mice (~27 hours) compared to WT mice (~46 hours). Reduced platelet production
did not appear to contribute to the thrombocytopenia, because in SR-BI KO mice there was no
decrease in either the number of young platelets in circulation or the number of splenic and
bone marrow megakaryocytes. Indeed, there was an increase in splenic megakaryocytes (see
Supplemental material). These results suggest that thrombocytopenia was likely due to
abnormally rapid platelet clearance.

Mechanism underlying the reduced lifespan of circulating platelets in SR-BI KO mice

Next we determined if the reduced lifespan of platelets in SR-BI KO mice were a platelet cell
autonomous property or if it were primarily dependent on the external environment of the
platelets (i.e., plasma conditions). We isolated platelets from either WT or SR-BI KO donor
mice, labeled them ex vivo with biotin, infused the labeled platelets into recipient WT or SR-
Bl KO mice and then determined clearance rates. Figure 2 shows the differences in the survival
times of the platelets were primarily dependent on the genotype of the recipients, not the donors.
Platelets from either WT or SR-BI KO mice exhibited almost identical, short (~20 h) lifetimes
when infused into SR-BI KO recipients (squares), whereas the lifetimes for platelets from either
donor were similar and longer (~43 h) in WT recipients (diamonds). For the WT recipients,
there was a small, but reproducibly, longer lifetime observed for platelets from SR-BI KO
donors than from WT donors. It is not clear if the somewhat larger fraction of ‘younger’
platelets from SR-BI KO mice (Supplemental Figure IC) contributed to this somewhat longer
survival. Control experiments (Supplemental Materials) showed that severe thrombocytopenia
does not per se reduce the half-life of infused platelets. Taken together these data indicate that
the short lifespan of platelets in SR-BI KO mice, and their associated thrombocytopenia,
appears to be a consequence primarily of the extracellular environment of the platelets rather
than a platelet intrinsic phenomenon.

Mechanism by which the extracellular environment controls murine platelet survival time

The most obvious difference in the environments of the platelets in WT and SR-BI KO mice
that might influence platelet survival is the characteristic dyslipidemia in SR-BI KO mice (e.g.,
high TC and UC:TC ratio)5‘7Figure 3A shows that filipin (fluorescent cholesterol binding
dyelov 19) staining of platelets from SR-BI KO mice was 1.8-fold greater than that of platelets
from WT mice (1.83+0.09 vs 1.00+0.02, P<0.001), indicating a significantly greater level of
unesterified cholesterol in SR-BI KO platelets.

Transmission electron microscopic analysis of platelets from WT (Figure 3B) and SR-Bl KO
(Figure 3C and D) mice showed that, while there were similar amounts of intracellular granules
(dense granules or alpha granules), mitochondria and endoplasmic reticulum, there were two
striking morphologic differences. First, SR-BI KO platelets were ~1.4-fold larger than WT
platelets (relative sizes: 1.39+0.04 vs 1.00£0.03, respectively, P<0.001). This difference,
determined by quantitative analysis of the micrographs, was also observed when the platelets
were subjected to forward light scattering analysis (Supplemental Figure I11). Second, many
of the platelets from SR-BI KO, but not WT, mice contained unusual multi-lamellar structures
that resemble multi-lamellar phospholipid membranes (arrows in Figure 3C and D). It seems
possible that these multilamellar structures are generated to accommodate the excess
unesterified cholesterol in the SR-BI KO platelets.

If excess cholesterol in platelets results in rapid clearance, then platelet unesterified cholesterol
levels (filipin staining) and survival times should correlate. Therefore, we infused ex vivo
biotinylated platelets from either WT or SR-BI KO donors into WT or SR-BI KO recipients
and one day later isolated platelets and compared the levels of filipin staining of endogenous
‘resident’ platelets (not biotinylated) with those of the biotinylated infused platelets. Figure 4
shows that, in all of the recipient mice regardless of genotype, the filipin staining of the infused
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platelets (white bars) was virtually identical to that of the resident platelets (gray bars). There
was relatively low staining in WT recipients (Figure 4, left) and high staining in SR-BI KO
recipients (Figure 4, right), regardless of the genotype of the donor animals. Thus, in the
circulation platelets relatively rapidly acquire from or release to lipoproteins and/or cells,
unesterified cholesterol. The extent of filipin staining was inversely correlated with the survival
time (compare Figures 2 and 4), suggesting that accumulation of excess unesterified cholesterol
in the platelets may have contributed to their more rapid clearance from the circulation.

Role of total and unesterified plasma lipoprotein cholesterol on platelet composition and

metabolism

Analysis of

Hypercholesterolemia per se does not appear to be responsible for platelet abnormalities in
SR-BI KO mice. For example, the platelet counts for wild-type control and apoE knockout
(apoE~") mice, both on a pure C57BI/6 background, did not differ ((6.89+0.31)x108 vs (6.46
+0.42)x108 platelets/ml, respectively, P>0.05), despite sever hypercholesterolemia in
apoE~~mice (450+11 mg/dL vs 230+9 mg/dL for SR-BI KO, also see 56,17, 18). The UC:TC
ratio in apoE '~ mice is essentially identical to that of WT mice (about half that in SR-BI KO
mice)6, raising the possibility that a high UC:TC ratio may alter platelet structure and
metabolism.

To explore this possibility, we examined platelets from three additional mouse strains with
varying UC:TC ratios (Figure 5A): KO-Tg mice [normocholesterolemic, UC:TC=0.21 (similar
to the ratio of 0.23 for WT, also seelz)]; PDZK1~/~ mice [hypercholesterolemic,
UC:TC:0.254]; and SR-Bl/apoE dKO mice [extreme hypercholesterolemia (9—10-fold greater
than WT), UC:TC:~0.86]. Figure 5B shows that the relative levels of cholesterol (filipin
staining) in the platelets of KO-Tg and PDZK 1™/~ mice (with essentially normal UC:TC) were
not different than that in WT mice (P>0.05 for each comparison), whereas that for SR-Bl/apoE
dKO mice was 2.56- and 1.39-fold greater than that of WT and SR-BI single KO mice,
respectively (for both, P<0.001). Figure 5C shows that the platelet counts for KO-Tg,
PDZK17~and WT mice (all on mixed C57BL/6:129 genetic backgrounds) were not different
(P>0.05). Similarly, there was no significant difference for PDZK1~/~ and matched wild-type
control mice on a pure Sv 129 genetic background [(1.17+0.08) x10° and (1.35+0.07)x10°
respectively, n=3, P>0.05)]. In contrast, the count for SR-Bl/apoE dKO mice [(1.09+0.10)
x108 platelets/ml] was 3.2-fold less than that of SR-BI single KO mice (Figure 5C, P<0.001).
The platelet survival curves for KO-Tg and PDZK1~~ mice were similar to that of WT mice
(see Supplemental Figure IV). These data show a strong correlation of platelet counts, platelet
unesterified cholesterol levels and platelet survival times with the plasma lipoprotein UC:TC
ratios and are consistent with the hypothesis that the abnormal UC:TC ratio in SR-BI KO mice
is responsible, at least in part, for their thrombocytopenia.

platelet function in vitro

The kinetics and extent of aggregation of platelet-rich plasma from WT and SR-BI KO mice
were similar after stimulation by the thrombin receptor agonist PAR4 peptide (1 mM) (Figure
6A). However, abnormally low aggregation was reproducibly observed in SR-BI KO platelets
stimulated with either 1 uM (Figure 6B) or 5 uM (Supplemental Figure V) of the weak agonist
ADP, although the extent of reduction varied in different experiments (~30-100% reduction).
Thus, SR-BI deficiency also led to a modest defect in in vitro platelet function.

Discussion

A distinctive feature of the SR-BI KO mice is that they are hypercholesterolemic with
abnormally large circulating HDL particles and an abnormally high unesterified-to-total
plasma cholesterol ratio (UC:TC). =7 In the current study we found that murine
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hypercholesterolemia per se (e.g., in apoE~~ mice) does not induce thrombocytopenia.
However, our analysis of SR-BI KO and other related transgenic animals shows a correlation
of an abnormally high plasma UC:TC ratio with abnormally high platelet cholesterol content,
rapid platelet clearance and thrombocytopenia. We also found that one day after platelets from
either SR-BI KO or WT donor mice were infused into recipient mice, the cholesterol content
of the infused platelets, as well as the platelet clearance rates, mirror those of the resident
endogenous platelets (either WT or SR-BI KO recipients), regardless of the genotype of the
donor. We conclude that the high UC:TC ratio in the plasma lipoproteins of SR-BI KO mice
is probably responsible for the rapid platelet clearance and thrombocytopenia. Although it is
possible that the high plasma UC:TC ratio, independently of its effects on cholesterol
accumulation in platelets, induces increased activity of the reticuloendothelial system
responsible for platelet clearance, it seems likely that the accumulation of high unesterified
cholesterol in the platelets themselves is the principle cause of their rapid clearance.

Platelets can acquire cholesterol from plasma through exchange with plasma Iipoproteins.zo!
21 several dyslizpidemic states, such as spur cell anemia, 22, sitosterolaemia, 23
acanthocytosis, Land Tangier disease?>: 26 are associated with concurrent defects in platelets
and RBCs. Hyperlipidemia and dyslipidemia have been linked with reduced platelet survival
time and thrombocgltogenia (e.g., inverse correlation of plasma total cholesterol and platelet
survival time),23’ 7,28 although the mechanism by which circulating lipids induce
thrombocytopenia remains uncertain. Additionallg, several cholesterol-independent
factors29-31, including shedding32 or clustering 3 of cell surface GP1ba are known to
influence platelet lifespan. Elevated shedding of GP1ba in SR-BI KO mice is unlikely to cause
thrombocytopenia, because GP1ba levels on their platelets were ~1.44+0.04-fold higher than
those from WT mice (see Supplemental Material).

There are striking similarities of the influence of SR-BI deficiency on platelets (this study) and
RBCs10: 11 with respect to cellular composition and morphology (e.g., excess cholesterol),
clearance rate (accelerated), and steady state levels in the blood (thrombocyotopenia and
anemia). These similarities are particularly noteworthy given the substantial differences in the
mechanisms governing the production and clearance of these two blood cell types.13' 29,
34-36 |tjs possible that neither RBCs or their immediate precursors nor platelets have adequate
capacity to process the large amounts of intracellular unesterified cholesterol that accumulate
in SR-BI KO mice. These cells might not be able either to effectively convert the excess
cholesterol to cholesteryl esters for storage37 or to maintain sufficient levels of cholesteryl
ester stores in stable cytoplasmic lipid droplets. Indeed, almost all of the cholesterol in platelets
is normally unesterified cholesterol.38 As a consequence, these cells might be especially
susceptible to toxic effects of excess unesterified cholesterol accumulation.

Because of the cholesterol accumulation and morphological abnormalities in the platelets in
SR-BI KO mice, it was not surprising to find that these platelets exhibited a subtle, but
reproducible, functional defect in vitro — reduced responsiveness to the agonist ADP in
aggregation assays. It is noteworthy that Shattil and colleagues have shown that in vitro loading
of platelets with unesterified cholesterol can increase intracellular cAMP levels.39 Although
increased intracellular cAMP has been shown to reduce platelet sensitivity to ADP,40 Shattil
et al and others reported increased sensitivity to ADP and epinephrine of platelets loaded with
cholesterol in vitro, 4L as well as platelets from hypercholesterolemic patients.41’ 42
Furthermore, treatment of hypercholesterolemicEatients with lipid lowering therapy has been
reported to reduce response of platelets to ADP. 7,43 The effects of cholesterol loading of
platelets, whether in vitro or in vivo, are clearly complex, possibly depending on the precise
mechanism of loading (e.g., during or after platelet formation from megakaryocytes), and other
features of lipoprotein metabolism (e.g., elevated plasma apoE, 2+ ** %) also may impact
platelets in SR-BI KO mice. The abnormal response of SR-BI KO platelet aggregation to ADP
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and normal response to the PAR4 peptide were observed in all experiments and clearly show
that many key signaling and response pathways in these cells remained intact. Since the mice
are on mixed genetic background, some of the observed variation in relative responses to ADP
(30-100% reduction in induced aggregation) may have been due to the mixed genetic
backgrounds. The mechanism underlying the reduced responsiveness to ADP and physiologic
consequences, if any, remains to be determined.

The pathophysiologic consequences, if any, of the platelet abnormalities in SR-BI KO mice
remain to be identified. We and others have shown that SR-BI is atheroprotective in a variety
of murine models of atherosclerosis (e.g., enhanced atherosclerosis in mice with homozygous
null mutations in the SR-BI gene8§reviewed in2 3). Platelets have been shown to contribute
substantially to atherosclerosis#6: 47 and unesterified cholesterol in RBCs (and possibly
platelets) may contribute to cholesterol deposition in atherosclerosis.48 Thus, it is possible that
the platelet abnormalities in SR-BI KO described here may contribute to the enhanced
atherosclerosis observed in SR-BI-deficient mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of SR-BI deficiency on platelet count and survival

A. Platelets in whole blood harvested from SR-BI*/* (WT, black bar, n=20), SR-BI*/~ (gray
bar, n=17) and SR-BI~/~ (KO, white bar, n=14) mice were stained (anti-GPllbllla antibody),
and counted by flow cytometry. Results are averages from three experiments, each containing
a minimum of 3 mice/group; ** P<0.001 B. WT (black diamonds) and SR-BI KO (KO, white
squares) mice were intravenously infused with biotin to label platelets in vivo. Mice were then
bled each day for five days and the fractions of platelets labeled with biotin were determined
by flow cytometry. The percentage of biotinylated platelets was defined as 100% on day 0.
(determined 30 minutes after infusion of biotin-NHS) (n=4-5, *P<0.05, **P<0.001).
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Figure 2. Survival of ex vivo biotinylated platelets after infusion into WT and KO recipients
Platelets from wild type (WT, black diamonds or gray squares) or SR-BI KO (white squares
or gray diamonds) mice were isolated, washed, biotinylated and intravenously infused into
recipient mice of the indicated phenotypes (WT, diamonds; SR-BI KO, squares), and the
percentage of labeled platelets in the circulation relative to day 0 immediately after infusion
(100% of control) was determined as in Figure 1B. Results represent the average of two
independent experiments (n=6-7). Values for donors of either genotype infused into SR-BI
KO recipients were significantly lower than for WT recipients (*P<0.05 and **P<0.001).
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Figure 3. Cholesterol content and ultrastructure of platelets

A. Platelets in blood from WT (black bar) and SR-BI KO (white bar) mice were stained with
anti-GPlIbllla, then incubated with 50 pg/ml filipin (15 minutes, RT) to label unesterified
cholesterol, and filipin staining was determined by flow cytometry (n=6-7, **P<0.001). B-
D. Washed platelets from WT (B) and SR-BI KO (C, D) mice were visualized using standard
transmission electron microscopy. Multi-lamellar, membrane-like structures often seen in SR-
Bl KO platelets are indicated by arrows. Scale bar = 500 nm.
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Figure 4. Cholesterol content of ex vivo biotinylated platelets after infusion into WT or SR-Bl KO

recipients

Platelets from WT or SR-BI KO mice were labeled with biotin and infused into WT or SR-BI
KO recipients. Next day the recipient mice were bled, the platelets stained with GPIIbllla-
APC, PE-SA and filipin, and the cholesterol content (filipin staining) of resident (non-
biotinylated) and infused platelets was determined by flow cytometry. (n=3-4). The data are
from one of two similar independent experiments (**P<0.001).
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Figure 5. Effects of altering SR-BI, PDZK1 and apoE expression on plasma UC:TC ratio, platelet
cholesterol content and platelet count

Blood was drawn from WT mice (dashed lines), SR-BI KO mice (dotted lines), SR-BI KO
mice expressing a primarily liver specific SR-BI transgene (KO-Tg, stippled bars),
PDZK1~/~ mice (hatched bars), and SR-BI KO/apoE '~ double knockout mice (dKO, gray
bars) and plasma unesterified-to-total cholesterol ratios (UC:TC) (panel A, n=7-18), platelet
cholesterol contents (panel B, filipin staining, n=7) and platelet counts (panel C, n=7-13) were
determined (**P<0.001).
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Figure 6. Effects of platelet agonists PAR4 peptide and ADP on platelet aggregation

Platelet-rich plasma from WT (black lines) and SR-BI KO (gray lines) were isolated and
platelet aggregation as a function of time after adding the agonists PAR4 peptide (1 mM, panel
A) or ADP (1 uM, panel B) was measured as increased light transmission in an aggregometer
as described in Methods. Aggregation traces from one of three independent experiments are

shown.
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