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Abstract

One of the major contributors to sickle cell disease (SCD) pathobiology is the hemolysis of sickle
red blood cells (RBCs), which release free hemoglobin and platelet agonists including adenosine
5’-diphosphate (ADP) into the plasma. While platelet activation/aggregation may promote tissue
ischemia and pulmonary hypertension in SCD, modulation of sickle platelet dysfunction remains
poorly understood. Calpain-1, a ubiquitous calcium-activated cysteine protease expressed in the
hematopoietic cells, mediates aggregation of platelets in healthy mice. We generated calpain-1
knockout Townes sickle (SSCKO) mice to investigate the role of calpain-1 in the steady state and
hypoxia/reoxygenation (H/R)-induced sickle platelet activation and aggregation, clot retraction,
and pulmonary arterial hypertension. Using multi-electrode aggregometry, which measures
platelet adhesion and aggregation in whole blood, we determined that steady state SSCKO mice
exhibit significantly impaired PAR4-TRAP-stimulated platelet aggregation as compared to Townes
sickle (SS) and humanized control (AA) mice. Interestingly, the H/R injury induced platelet
hyperactivity in SS and SSCKO, but not AA mice, partially rescued the aggregation defect in
SSCKO mice. The PAR4-TRAP-stimulated GPIIb-Illa/a B3 integrin activation was normal in
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SSCKO platelets suggesting that an alternate mechanism mediates the impaired platelet
aggregation in steady state SSCKO mice. Taken together, we provide the first evidence that
calpain-1 regulates platelet hyperactivity in sickle mice, and may offer a viable pharmacological
target to reduce platelet hyperactivity in SCD.
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Introduction

Sickle cell disease (SCD) was the first genetic disorder for which a molecular mechanism
was identified [1]. SCD, caused by a glutamic acid to valine mutation in the sixth codon of
the B-globin gene, results in sickle hemoglobin that polymerizes under low oxygen
conditions forming sickle red blood cells (RBCs) [2, 3]. Reduced deformability of sickle
RBCs in part contributes to blood vessel occlusion, leading to organ damage, vaso-occlusive
crises (VOC), and pain, which are hallmark features of SCD [4]. Hemolysis of sickle RBCs
releases adenosine 5’-diphosphate (ADP), a potent agonist of platelet activation and
aggregation, in addition to free hemoglobin that acts as a scavenger of nitric oxide (NO), a
known inhibitor of platelet activation [5]. Activation of the protease activated receptors
PARL and PAR4 in humans (PAR3 and PAR4 in mice) by thrombin or a PAR-specific
agonist triggers phospholipase-C g (PLC-B) activation resulting in calcium mobilization.
Increased calcium flux leads to the expression of activated GPIIb-1lla, GP1b, and P-selectin
involved in platelet aggregation, adhesion, and rolling pathways, respectively [6]. Activated
platelets, in addition to sickle RBCs and leukocytes, ultimately contribute to VOC [7, 8].
Moreover, increased platelet and thrombotic activity in SCD correlates with clinical
complications such as pulmonary arterial hypertension (PAH), deep vein thrombosis, and
stroke [9-11]. Patients with SCD and mouse models show platelet activation [7, 12, 13], yet
mechanisms underlying platelet dysfunction in SCD remain poorly understood.

Calpains are neutral calcium-activated cysteine proteases involved in a variety of
physiological processes, including cytoskeletal reorganization, platelet activation, and
hemostasis [14-16]. Fourteen genes are known to encode calpains; however, calpain-1 (p-
calpain) and calpain-2 (m-calpain) are the two conventional calpains with 61% amino acid
identity that are most intensely investigated in mammals [14]. While the micromolar calcium
is sufficient to activate calpain-1 /n vitro, calpain-2 requires millimolar concentrations of
calcium for activation. Under resting /77 vivo conditions, both calpains are kept inactive
presumably by their common endogenous inhibitor, calpastatin [14]. Although both calpains
are widely expressed in most mammalian tissues, calpain-1 dominates in hematopoietic cells
such as RBCs and platelets whereas calpain-2 is more prevalent in the nervous system [16,
17].

Sickle RBCs are known to exhibit elevated intracellular calcium [18], suggesting a role for
calcium in the pathophysiology of SCD. Our previous studies tested this hypothesis using
whole blood from SCD patients, and found that calpain-1 activity is elevated in dense/
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dehydrated RBCs [19], the RBC fraction that is thought to be mainly responsible for VOC
[20, 21]. Furthermore, pharmacological inhibition of calpain-1 in the SAD mouse model of
mild SCD reduced sickle RBC density/dehydration under both steady state and hypoxia
conditions, which mimic some features of VOC [19]. Although the SAD sickle mouse
model [22] has been used to elucidate several biological mechanisms of SCD [23, 24], its
clinical relevance is limited for a number of reasons. Some of the features of SAD mice are:
(i) it is a non-humanized model that expresses both mouse and human beta globin genes, (ii)
it is a mild model of SCD without anemia in adult mice, (iii) it requires hypoxia/
reoxygenation (H/R) treatment to induce RBC sickling, and (iv) it displays minimal organ
damage [22]. Thus, to describe the role of calpain-1 more definitively in SCD, we acquired
the Townes mouse model of severe SCD [25]. Townes Sickle mice offer several advantages
such as: (i) it is a humanized mouse model of SCD that expresses exclusively human alpha,
beta, and gamma globins, (ii) expresses 99% human sickle beta globin resulting in a severe
disease phenotype with hemolytic anemia and multi-organ damage, and (iii) displays
extensive RBC sickling at steady state without requiring hypoxia/reoxygenation treatment.
Using established breeding and gene mapping techniques, we generated the first calpain-1
knockout Townes sickle (SSCKO) mice, which demonstrated reductions in all aspects of
sickle chronic pain phenotype including mechanical hyperalgesia, sensitivity to heat and
cold, and deep tissue hyperalgesia [26].

In the present study, we tested our hypothesis that platelets from the novel SSCKO mouse
model [26] would display reduced platelet activation and aggregation, consistent with our
previous studies on washed platelets from calpain-1 knockout C57BL/6 (CKO) mice, which
display impaired platelet aggregation and clot retraction, but normal bleeding times [17, 27].
We further hypothesized that compared to control Townes AA mice, Townes sickle (SS)
mice would display thrombosis in major organs such as the liver and lungs, which might
contribute to pulmonary arterial hypertension (PAH) consistent with elevated markers of
platelet activation that correlate with incidence of PAH in SCD patients [28]. Given the
expected reduction in platelet function in SSCKO mice compared to SS and AA mice, we
proposed that SSCKO mice would also display a reduction in multi-organ thrombosis and
PAH. Our results demonstrate that the steady state platelet activation/aggregation is elevated
in Townes sickle (SS) mice but reduced in their SSCKO counterparts. Interestingly, the
hypoxia/reoxygenation induced platelet hyperactivity partially rescued the impaired platelet
aggregation in SSCKO mice. Finally, despite exhibiting /in vivo platelet activation and
extensive ventricular hypertrophy, Townes SS and SSCKO mice neither display thrombosis
in the liver and lungs or evidence of PAH. Together, our findings in the SSCKO mouse
model reveal a functional role for calpain-1 in sickle platelet pathophysiology, and
demonstrate that calpain-1 may present a viable pharmacological target in SCD.

Detailed methods are described in supplemental data
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Animal studies

Townes sickle (SS) mice were obtained from the Jackson Laboratory and backcrossed with
our calpain-1 knockout C57BL/6 (CKO) mice [17] to generate humanized calpain-1
knockout sickle (SSCKO) mice [26]. Humanized (AA) or wild type C57BL/6 mice were
used as controls. Both male and female mice were used except otherwise indicated. Tufts
University Institutional Animal Care and Use Committee approved all animal procedures.

Platelet counts

Due to RBC fragmentation in the Townes SS mice, platelet counts were determined by flow
cytometry using the double staining of platelet markers CD41/GP1b as described [29]. Bulk
hematological analyzers such as Hemavet 950FS and ADVIA 2120 were not suitable for
such measurements.

Hypoxia/reoxygenation treatment

Mice were exposed to 3 hours of hypoxia (10.5% O, 89.5% N5), followed by 4 hours of
reoxygenation at room air (22% O5) prior to indicated experiments.

Platelet aggregation in whole blood (multiple electrode aggregometry)

Whole blood multi-electrode aggregometry (MEA) was performed using the Multiplate®
analyzer (Roche Diagnostics) as previously described [30]. For steady state measurements,
groups of AA, SS, SSCKO, and CKO mice were anesthetized with isoflurane and blood was
collected from the vena cava into heparin-coated tubes (Becton Dickinson). MEA, in 300 pL
of whole blood from each mouse, was performed over a 6-minute window following PAR4-
TRAP (650 uM) agonist stimulation. Results reported as aggregation units (AU) are shown
as area under the curve. A different group of AA, SS, and SSCKO mice was exposed to
hypoxia/reoxygenation as described above, prior to platelet aggregation testing. Hypoxia/
reoxygenation and aggregation testing were performed on the same group of CKO mice after
one week of steady state testing.

Flow cytometry analyses of platelet surface activated GPIIb-llla/a B3

Basal and PAR4-TRAP-stimulated expression of GPlIb-111a was quantified by flow
cytometry as previously described with slight modifications [13]. The mean fluorescence
intensity (MFI) of all platelets is included in the data reported [30].

Clot retraction

Nine months old male AA, SS, and SSCKO mice were anesthetized with isoflurane (3.5%).
Blood was collected from vena cava in ACD (15%) mixed with 0.5 uM PGE;, and HEPES-
stabilized modified Tyrode’s solution was added to collect Platelet Rich Plasma (PRP) by
centrifugation at 200xg for 15 minutes (brakes off at room temperature). PRP was used to
isolate washed platelets by centrifugation at 600xg for 10 minutes as before. Washed
platelets were resuspended in the Tyrode’s buffer for 1-2 hours at 37°C. Resting platelets
were normalized by the addition of Tyrode’s buffer to 108 platelets/mL for clot retraction
assay in glass borosilicate tubes. Platelet Poor Plasma (PPP) (50 pL) from the corresponding
genotypes was added to each of the samples along with 1.0 mM CacCl, and 0.5 unit/mL
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Thrombin to a final volume of 350 pl. Packed RBCs (5uL) from each genotype were added
to visualize the clot formation in presence of Pasteur glass pipet. Experiments for clot

retraction were performed three times in age and sex matched mice. Photographs were taken

at 30-minute intervals until the clot retraction was complete at room temperature.

and experimental pulmonary arterial hypertension (PAH) in sickle mice

Standard H&E staining was performed on liver and lung tissues harvested from H/R-treated
mice, and slides were examined for fibrin thrombi. For PAH, steady state and H/R-treated
mice were examined for right ventricular systolic pressure (RVSP) as previously described
[31, 32].

Statistical analyses

Results

Differences between groups of mice in platelet aggregation studies were analyzed using
Mann-Whitney U-test (GraphPad Prism version 5.0a). All other analyses were conducted
using unpaired t-tests (Microsoft Excel 2010). Data are presented as mean £ SEM except as
otherwise stated. The P value of < 0.05 was considered significant.

Townes sickle platelets are activated in vivo

Calpain-1is

Flow cytometric analyses following CD41/GP1b staining of whole blood platelets indicated
thrombocytopenia in the Townes SS (677 K/uL vs. 1040 K/uL in control AA mice, £< 0.05)
and SSCKO (560 K/uL vs. 1040 K/uL in control AA mice, £< 0.001) mice (Figure 1A).
Previous studies in the Berkeley sickle mice have demonstrated activated circulating
platelets /n vivo[13]. Analyses of platelet mean fluorescence intensity revealed that at
baseline (unstimulated), the SS and SSCKO mice exhibit increased expression of activated
GPlIb-1lla compared to control AA mice (Figure 1B) (n7= 6 mice per group; £< 0.05). At
baseline, the percentage of platelets positive for activated GPIIb-I11a was also higher in both
SS and SSCKO mice, although the difference was not statistically significant (Figure 1C).
However, there was no difference in the ADP-stimulated expression of activated GPIIb-11la
in SS and SSCKO mice as compared to AA, suggesting that plasma ADP mediated
activation might have rendered sickle platelets refractory to further ADP stimulation (Figure
1A - B). Both the mean fluorescent intensity and percentage of platelets positive for P-
selectin were similar for AA, SS, and SSCKO mice (supplemental Figure 1A — B),
consistent with studies in young Berkeley sickle mice showing no difference in the
expression of P-selectin on circulating platelets compared to control mice [13].

required for whole blood platelet aggregation in steady state sickle mice

Platelets from SCD patients [30] and Berkeley sickle mice [13] display increased reactivity.
Our previous studies on calpain-1 knockout C57BL/6 (CKO) mice demonstrated attenuated
aggregation of isolated washed platelets by light transmission aggregometry [17, 27]. Due to
the crucial role of sickle RBC hemolysis in platelet activation/aggregation, we employed
impedance/multiple electrode aggregometry of platelets in whole blood to investigate the
role of calpain-1 in sickle platelet aggregation. Results from each aggregation assay
represent two simultaneous recordings (red and blue tracings) of the same blood sample

Thromb Res. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nwankwo et al.

Page 6

(Figure 2A). At steady state (Normoxia), the PAR4-TRAP induced platelet aggregation was
similar in AA and SS mice (64 AU vs. 54 AU, =6 — 10 mice per genotype, P=0.6)
(Figure 2A — B). However, SSCKO mice displayed significantly reduced platelet
aggregation as compared to SS (13 AU vs. 54 AU, £< 0.005, 7= 6 — 10 mice per genotype)
and AA mice (13 AU vs. 64 AU P< 0.005, 7= 6 — 10 mice per genotype) (Figure 2A — B).
To determine whether the whole blood platelet aggregation defect in SSCKO mice was due
to the lack of calpain-1, severe SCD or both, the CKO mice were also tested for whole blood
platelet aggregation. In contrast to previous studies using washed platelets and PRP [17, 27],
CKaO platelets did not display significantly impaired platelet aggregation in whole blood
compared to AA mice (46 AU vs. 58 AU, n=15 — 6 mice per genotype, P=0.5) (Figure 2A —
B). One possible explanation is differential aggregation responses of CKO platelets to the
maximal agonist concentration of 650 uM PAR4-TRAP (with respect to normal platelets)
used in the current whole blood aggregation study as compared to the submaximal
concentrations of thrombin (10 nM) used in our previous washed platelet aggregation studies
[17]. Indeed, washed platelets from CKO mice were found to display a dose-dependent
increase in aggregation response to thrombin concentrations ranging from 0.018 U/mL to 0.3
U/mL. Furthermore, when stimulated with thrombin concentrations greater than 0.3 U/mL,
the defective aggregation phenotype in the washed CKO platelets was no longer observed
[27]. Thus, our whole blood platelet aggregation data (Figure 2A — B) revealed that both
CKO and SSCKO platelets have diminished platelet aggregation in response to stimulation
of PAR4 receptor but that the PAR4-TRAP dose-dependence differs — SSCKO platelets that
are less responsive to 650 pM PAR4-TRAP than CKO platelets. Taken together, our findings
demonstrate that calpain-1 is required for whole blood platelet aggregation in steady state
Townes sickle mice.

Hypoxia/reoxygenation induces platelet hyperactivity in sickle mice, and partly rescues
impaired platelet aggregation in calpain-1 knockout sickle mice

To test the hypothesis that H/R) injury, which mimics many features of sickle cell vaso-
occlusive crises (VOC) [33-35], induces platelet hyperactivity in sickle mice, we exposed
AA, SS, SSCKO, and CKO mice to H/R treatment prior to assessment of whole blood
platelet aggregation. As expected, H/R induced platelet hyperactivity in SS mice but not AA
mice (69 AU vs. 57 AU, P<0.05, n= 6 — 7 mice per genotype) or CKO mice (69 AU vs. 51
AU, P<0.05, n=6 -7 mice per genotype) (Figure 3A — B). Interestingly, H/R of SSCKO
mice induced significant platelet hyperactivity that partly restored platelet aggregation to the
levels observed in AA (52 AU vs. 57 AU, P=0.7, n=6 —7 mice per genotype) and CKO
(52 AU vs. 51 AU, P=0.2, n= 6 — 7 mice per genotype), but not the high levels detected in
SS mice (52 AU vs. 69 AU P < 0.05, 7= 7 mice per genotype) (Figure 3A — B). These
findings represent the first assessment of platelet aggregation in the whole blood of sickle
mice, with several implications for sickle pathobiology. We conclude that calpain-1 is
required for platelet aggregation in both steady state SCD and H/R injury simulating some
features of sickle crises. Precise mechanisms including compensation by calpain-2, post-
translational modifications of calpain-1, inflammatory pathways, and cell-cell adhesion
events are some of the possibilities that might contribute to the partial rescue of impaired
platelet aggregation in SSCKO mice exposed to H/R injury under these conditions.
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Activation of platelet surface GPllIb-llla by PAR4-TRAP is unaltered in steady state and
hypoxia/reoxygenation-treated calpain-1 knockout sickle mice

Since the multi-electrode aggregometry (MEA) provides a measure of both platelet adhesion
and aggregation in whole blood, we investigated two platelet functions that might explain
the impaired aggregation in SSCKO mice at steady state, and the partial rescue of the defect
following hypoxia/reoxygenation. Surface expression of activated platelet GPIIb-Illa, the
critical mediator of fibrinogen binding and platelet aggregation [36], was quantified
following the same maximal PAR4-TRAP (650 uM) stimulation that was used in the
aggregation studies (Figures 2 and 3). Interestingly, platelets from the steady state and H/R-
treated SSCKO mice exhibited similar expression levels of activated GPIIb-111a compared to
their AA and SS counterparts (Figure 4A — B). These results suggest that the impaired
platelet aggregation in steady state SSCKO mice (Figure 2) is not due to a lack of activation-
dependent conformational change in GPIIb-llla.

Calpain-1 gene inactivation corrects clot retraction defect in sickle mice

Since platelet outside-in signaling via GPIIb-Il1a plays a critical role in clot retraction, we
evaluated the clot retraction phenotype in AA, SS, and SSCKO mice (Figure 4C — E).
Because of the hemolysis in both SS and SSCKO mice (Figure 4C), washed platelets were
isolated, normalized to equal number, and activated with 0.5 U/mL Thrombin. We found that
the clot retraction is slower in Townes SS mice as compared to AA controls (Figure 4D, E).
Interestingly, clot retraction phenotype in SSCKO mice was similar to that of AA mice
indicating that calpain-1 deletion in SSCKO mice corrected the slower clot retraction in SS
mice (Figure 4D, E). The rescue of the clot retraction defect in SSCKO mice was further
confirmed at different doses of thrombin (data not shown). In previous studies, we have
shown that lack of calpain-1 causes abnormal clot retraction in mice without the
complications of hemolysis and SCD [27]. However, in the sickle background of SSCKO
mice that are prone to hemolysis (Figure 4C) and endowed with RBC abnormalities, deletion
of calpain-1 corrects the defective clot retraction phenotype. The RBCs display improved
deformability in calpain-1 null mice [16], and show improved morphology in SAD mice
pharmacologically treated with a calpain-1 inhibitor [19]. Recently, it was demonstrated that
RBCs undergo characteristic polyhedral shape upon clot formation, and excessive membrane
rigidity can interfere with this polyhedral shape under low thrombin condition [37].

Hypoxia/reoxygenation-induced platelet hyperactivity does not cause in vivo thrombosis
or pulmonary arterial hypertension in Townes sickle mice

In SCD patients, platelet activation is correlated with the severity of pulmonary arterial
hypertension (PAH), a clinical complication that increases mortality risk [28, 38, 39]. PAH is
believed to be a complication of chronic hemolysis in SCD patients [40]. Thus, a
phenomenon known as hemolysis-associated PAH posits that release of free hemoglobin
upon RBC hemolysis potentiates: (i) activation of platelets, and (ii) scavenging nitric oxide
(NO), which results in constricted blood vessels leading to pulmonary vessel thrombosis and
PAH [39].

Since SS and SSCKO mice demonstrated H/R-induced platelet hyperactivity (Figure 3), we
tested whether the increased propensity for platelet aggregation would result in in vivo
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thrombosis under these conditions. Histological analyses of liver and lung tissues revealed
no evidence of fibrin thrombi in H/R-treated SS and SSCKO mice (Figure 5A). The absence
of visible thrombi is consistent with previous studies in Berkeley sickle mice, which found
evidence of hepatic ischemia but no thrombosis [41]. A number of studies have indicated the
presence of PAH in Berkeley sickle mice using parameters such as elevated pulmonary
artery pressure [42] and left and right ventricular end-diastole volumes [11]. In the present
study, we observed severe hypertrophy of the right and left ventricles of SS and SSCKO
mice (Figures 5B — C), resulting in a normal Fulton ratio (Figure 5D). Despite the
ventricular hypertrophy, SS and SSCKO mice displayed normal right ventricular systolic
pressure (RVSP) (Figure 5E), a common measure of PAH [31, 32]. Thus, our results suggest
that the Townes sickle mice might be a model of ventricular dysfunction but not PAH.
Future studies would delineate the mechanism of the ventricular hypertrophy observed in the
Townes sickle mice.

Discussion

In this study, we report the first characterization of platelet function in the novel calpain-1
knockout Townes sickle (SSCKO) mouse model [26]. We provide evidence that calpain-1 is
required for whole blood platelet aggregation in both steady state and hypoxia/
reoxygenation (H/R)-treated SSCKO mice. We also show that H/R injury partially relieves
the dependence on calpain-1 for platelet aggregation by an unidentified GPlIb-111a/a B3
integrin activation-independent mechanism. This study establishes calpain-1, a known
modulator of platelet function [17, 27, 43], as the first platelet target to be differentially
modulated by steady state SCD and H/R injury, which mimics features of sickle VOC [33—
35].

Calpains are considered potential therapeutic targets in Alzheimer’s disease [44], aging [45],
and diabetes [46]. Calpains regulate the functions of many proteins, thereby modulating
multiple physiological processes including apoptosis, cytoskeletal reorganization, and
hemostasis [14, 47]. Calpain-1, one of two conventional calpains [48], has been extensively
investigated in hematopoietic cells. Global knockout of calpain-1 improved RBC
deformability and fragility in CKO mice [16], while pharmacological inhibition of calpain-1
improved sickle RBC dehydration in the SAD mouse model of mild SCD [19]. Calpain-1 is
known to regulate platelet functions [49, 50], including our previous studies demonstrating
its role in the aggregation and spreading of washed platelets, clot retraction, and FeCls-
induced /n vivo thrombosis [17, 27]. Hence, we hypothesized that genetic ablation of
calpain-1 in a severe model of SCD such as the Townes mice [25] may unveil its functional
role in the pathobiology of SCD.

During both steady state and painful crises, SCD is characterized by a hypercoagulable state
[51] including platelet activation [30], elevated thrombin generation, decreased levels of
anticoagulant proteins [52], procoagulant activity [53], and aberrant activation of the
fibrinolytic system [54]. Fibrin D-dimer has also been described as a marker of SCD vaso-
occlusive pain crises and other complications [55], pointing to a role of platelets and
coagulation in SCD vascular occlusion [56]. While increased platelet activation and
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reactivity have been reported in the Berkeley sickle mice [13], a similar assessment has not
been conducted in the Townes sickle mice.

Recent studies revealed a pivotal role for calpains in hypoxia-induced acute thrombosis [57,
58]. Platelets from hypoxia-treated rats demonstrated increased platelet reactivity, and
significant upregulation of calpain small subunit 1 (CAPNS1), a regulatory component
required for the activity of both calpain-1 and calpain-2. The hypoxia-induced platelet
hyperactivity was abolished upon treatment with the pan-calpain inhibitor, PD150606 [57].
Consistent with these findings, we found that while whole blood platelet aggregation in
steady state SSCKO mice was significantly impaired, the H/R injury induced platelet
hyperactivity in sickle mice partially relieved the aggregation defect in SSCKO mice. Since
platelet aggregation is known to be mediated by the binding of fibrinogen to platelet GPI1b-
I11a [59], we measured the levels of PAR4-TRAP-stimulated expression of activated GPI1b-
I11a on the surface of platelets from steady state and H/R-treated SSCKO mice. Interestingly,
the expression of activated GPIIb-1lla remains unaltered in SSCKO mice under both
conditions, indicating that at least in sickle platelets, calpain-1 does not mediate
translocation of GPIIb-I1la to the platelet surface following agonist stimulation. Future
studies would investigate whether calpain-1 affects mechanisms downstream of GPIlIb-llla-
fibrinogen binding that might participate in stable clot formation [36, 60]. The rescue of the
clot retraction defect in SSCKO mice (Figure 4) in the presence of washed platelets and
RBCs further underscores the complexities of clot formation in SCD influenced by hypoxia,
hemolysis, and adhesive interactions involving platelets, WBCs, and RBCs [61, 62].
Therefore, it remains a possibility that the rescue of the clot retraction defect in SSCKO as
compared to SS mice is influenced by RBC membrane stiffness, dehydration, and hemolytic
episodes.

Consistent with previous findings in the Berkeley sickle mice [13, 41], we found little
evidence for hepatic thrombi formation in Townes SS and SSCKO mice despite H/R-
induced platelet hyperactivity. In contrast to previous studies in the Berkeley mice [42], we
did not find evidence of pulmonary arterial hypertension (PAH), as measured by elevated
right ventricular systolic pressure (RVSP) in the Townes sickle mice. However, we observed
severe hypertrophy of the left and right ventricles of Townes sickle mice, which suggest
ventricular dysfunction. Future studies would examine the underlying cause of the
ventricular dysfunction in the absence of elevated RVSP. Further characterization of
calpain-1 null Townes sickle mice as reported in this study will allow experimental
evaluation of /n vivothrombosis in the blood vessels under conditions of systemic calpain-1
inactivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Gene knockout in sickle mice reveals a role for calpain-1 in platelet function
. At steady state, calpain-1 is required for sickle cell platelet aggregation
. Hypoxia/reoxygenation partly reduces reliance on calpain-1 for platelet

aggregation
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Figure 1. Townes sickle mice display thrombocytopenia and platelet activation
Whole blood collected from AA, SS, and SSCKO mice (7= 6 — 9 per genotype) was

evaluated for platelet counts using flow cytometry (A). Expression of platelet surface
activated GPIIb-I11a reported as mean fluorescent intensity (per cell) of activated GPIIb-1lla
(B), and percentage of platelets positive for activated GPlIb-11la (C) is shown. Data in (B)
and (C) were normalized to percent of maximal activation induced by TGPRP. All data are
presented as mean £ SEM. * P< 0.05, ** P< 0.01, *** P< 0.001. Abbreviations: MFI =
mean fluorescence intensity; ADP = Adenosine 5’-diphosphate (20 uM), TGPRP =
Thrombin Gly-Pro-Arg-Pro (2U/mL).
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Figure 2. Calpain-1 is required for whole blood aggregation of sickle platelets at steady state

Whole blood samples from AA, SS, SSCKO, and CKO mice at steady state were evaluated
sample over a 6-minute window. (B) Cumulative results and mean aggregation unit (AU) of

genotype represents two simultaneous recordings (red and blue tracings) of the same blood
each group of mice (n

for PAR4-TRAP-stimulated MEA. (A) Representative aggregation profile of each mouse
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mouse. Bars represent geometric mean. Mann-Whitney U-test. *£< 0.05; **£< 0.01; ***P

< 0.005. PAR4-TRAP = 650 pM.
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Figure 3. Hypoxia/reoxygenation induces platelet hyperactivity in sickle mice, and partly rescues

impaired platelet aggregation in calpain-1 knockout sickle mice

650 M.

6 — 7 mice per genotype). Each symbol shows data from a single mouse. Bars

AA, SS, SSCKO, and CKO mice were exposed to hypoxia/reoxygenation (H/R) (3 hours of

hypoxia with 10.5% O, followed by 4 hours of reoxygenation at room air) prior to whole
blood collection for PAR4-TRAP stimulated MEA. (A) Representative aggregation profile

of two simultaneous recordings (red and blue tracings) of the same blood sample over a 6-
minute window. (B) Cumulative results and mean aggregation unit (AU) of each group of

mice (1
represent geometric mean. Mann-Whitney U-test. *P< 0.05. PAR4-TRAP
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Figure 4. Activation of platelet surface GPIlIb-11l1a by PAR4-TRAP is unaltered in steady state
and hypoxia/reoxygenation—-treated calpain-1 knockout sickle mice. Rescue of the clot retraction
defect

Whole blood samples were collected from (A) steady state and (B) hypoxia/reoxygenation-
treated AA, SS, and SSCKO mice, and tested for unstimulated (basal) and PAR4-TRAP
stimulated GPIIb-111a expression. Graphs represent average mean fluorescent intensity
(MFI) of each group of mice (n7= 3 per genotype) + SEM, PAR4-TRAP = 650 pM. (C)
Platelet rich plasma (PRP) of AA, SS, and SSCKO mice shows evidence of /n vivo
hemolysis. (D) Washed resting platelets (108) were isolated from age and sex matched AA,
SS, and SSCKO mice, and clot retraction was initiated in the presence of 1.0 mM CaCl, and
0.5 U/mL Thrombin. (E) Clot retraction was quantified in AA, SS, and SSCKO mice.
Experiments were repeated three times under different conditions, resulting in similar rescue
of the clot retraction phenotype in SSCKO as compared to SS mice.
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Figure 5. Townes sickle mice display right ventricular dysfunction but no in vivo thrombosis or
pulmonary arterial hypertension
(A) Representative histological sections of liver and lung from hypoxia/reoxygenation-

treated AA, SS, and SSCKO mice. (Top panel) Extensive focal hepatic necrosis with chronic
inflammation in the livers of SS and SSCKO mice without visible fibrin thrombi. (Bottom
panel) Normal lung histology in SS and SSCKO compared to WT mice exposed to hypoxia/
reoxygenation treatment. Images were taken on an Olympus BX45 microscope with 20x/
0.50 numerical aperture UPlanFI objective or 40x/0.75 NA UPlanFI objective, and using
Infinity 11 camera and Infinity Capture software. H&E stained sections were captured at 20x
(lung) and 10x (liver) magnification. (B) Right ventricular hypertrophy is present in SS
(***P<0.00001 vs. WT mice, 7= 6 — 8 mice per genotype, unpaired t test) and SSCKO
mice (** £<0.01 vs. WT mice, 7= 6 — 7 mice per genotype, unpaired t test). (C) Similarly,
left ventricular hypertrophy is present in SS (***£< 0.001 vs. WT mice, /7= 6 — 8 mice per
genotype, unpaired t test) and SSCKO mice (** £< 0.01) vs. WT mice, 7= 6 — 7 mice per
genotype, unpaired t test). (D) The Fulton ratio of ventricular weights (right ventricle-left
ventricle including septum) [63] is normal in SS and SSCKO compared to WT mice. By
exhibiting hypertrophy in both left and right ventricles, the SS and SSCKO have a similar
Fulton ratio compared to WT mice. (E) Right ventricular systolic pressure (RVSP), the key
indicator of pulmonary arterial hypertension (PAH) in lungs was measured in steady state
and H/R-treated C57BL/6 wild type (WT), SS, and SSCKO mice. RSVP values are not
elevated in Townes SS and SSCKO mice as compared to their wild type counterparts. Data
are shown as mean + SEM of 3 — 6 mice per genotype. * £< 0.05.
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