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                                                         Abstract 

Sickle cell disease (SCD) is a genetic hematological disorder caused by inheriting 

two copies of mutated hemoglobin S gene (HbS) located in codon 6 of globin gene 

causing the insertion of valine in place of glutamic acid. The mutated hemoglobin 

undergoes increased polymerization in deoxygenated state, and changes erythrocyte 

properties generating sickle shape. It has significantly short life span leading to anemia, 

vaso-occlusive events, and organ impairment. In this study, we investigated the 

remodeling effects of calpain-1 (CAPN1) on red blood cell (RBC) membrane using 

calpain-1 null mouse model of sickle cell disease (SSCKO). CAPN1 associates with 

RBCs membrane and cleaves membrane proteins at high calcium concentration. Patients 

with SCD have a high level of calcium in erythrocytes that activates calpain-1 and 

changes its morphology to sickle shape. The genotype of AA, SS and SSCKO was 

confirmed by PCR. Blood samples collected from the facial vein of AA, SS and SSCKO 

mice in Heparin coated tube were washed with RPMI and exposed under normoxia 

(20%-O2, T-37oC) and hypoxia (3%-O2, 5%-CO2, T-37oC) for different time intervals and 

visualized under 60X oil objective by microscopy. No significant difference between the 

morphology of SS and SSCKO erythrocytes was observed under normoxia condition; 

however, SSCKO erythrocytes showed significantly higher resistance to hypoxia-induced 

sickling as compared to SS upon 3-hour hypoxia. The calpain activity measurements 

showed that SS erythrocytes contain higher activity then SSCKO mice. However, 

treatment with a pan-calpain inhibitor significantly reduced calpain activity in SS 

compared to vehicle treated control cells. Moreover, treatment of cells with MDL28170 

showed significant reduction in the number of sickle erythrocytes and reticulocytes upon 
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3-hour exposure to hypoxia. Together, these findings suggest that both calpain-1 and 

calpain-2 serve as potential therapeutic targets for exerting anti-sickling effects on 

erythrocytes and reticulocytes under hypoxic conditions.  
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Chapter 1: Introduction 

 

Sickle cell disease (SCD), a disorder manifested under conditions of hypoxia (28), 

is caused by a genetic mutation of the beta globin chain and changing its conformation to 

generate sickle hemoglobin (HbS) (9, 30, 17). The main pathophysiological factor of the 

disease is red blood cell (RBC) sickling under hypoxia conditions causing vaso-occlusive 

events and organ damage in homozygous sickle cell (SS) disease (1, 17, 19, 28). Every 

year more than 330, 000 newborns are affected by the disease in worldwide (32), 

particularly in sub-Saharan Africa and southern Asia (6). Moreover, it is a leading cause 

of morbidity in children between 1 and 4 years in the USA and Western Europe (9). The 

treatment options are limited till today, and only hydroxyurea is currently approved for 

SCD (9).  

Our laboratory has been investigating the role of calpain-1 in red blood cells with 

therapeutic implications for the SCD (22,23). Calpains (CAPNs) are calcium activated 

cytosolic proteases regulated by Ca2+ (40, 41). CAPN1 plays a functional role in the 

regulation of calcium pump as well in the structural and functional stability of the RBC 

membrane (34) There are 15 calpain isoforms that have been identified in the human 

genome; human erythrocytes have only CAPN1 or µ-calpain (22, 29) and it is regulated 

by activator protein and endogenous inhibitor calpastatin. CAPN1 is activated in 

micromolar calcium, whereas CAPN2 or m-calpain is activated at millimolar calcium 

concentration (7, 10, 22). It has been reported that Hb SS red blood cells contain 

approximately eight times higher calcium concentration compared to normal RBCs, and 

their permeability to calcium is enhanced upon deoxygenation thus damaging the 

membrane of homozygous (SS) erythrocytes (13) causing its sickling. The calpain and 
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capastatin system is also dysregulated upon enhanced intracellular calcium concentration 

in SCD. Activated CAPN1 in RBCs cleaves membrane proteins causing band 3 and other 

structural protein degradation under elevated intracellular calcium (23, 34, 41).  Our 

laboratory previously showed the improved morphology of red blood cells in calpain-1 

knockout (KO) mouse model compared to WT (22), and in vivo treatment with inhibitor 

calpain-1, BDA-410, showed positive results in a mouse model of mild SCD (23). 

Calpains play a critical role in controlling cellular homeostasis, cytoskeleton 

reorganization, apoptosis, neuronal biogenesis (15, 22,29). Calpain inhibitors have been 

used in a variety studies and shown protective effects in the neurodegenerative diseases, 

cardiovascular disorder, myopathies, cataracts, infectious diseases, and cancer research 

(29, 33, 37, 25, 23, 18,11, 5).  

The overall goal of this project is to study the functional effects of calpain-1 in 

SCD using the calpain-1 null mouse model of SCD generated by the Chishti laboratory 

by crossing CKO mice with Townes SS mice. Our findings suggest that genetic deletion 

of calpain-1 and pharmacological inhibition calpain activity improve red blood cell 

properties by reducing sickling under hypoxic conditions.  
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Chapter 2: Methods 

 

2.1 Mouse genotyping and PCR  

2.1.1 Animals for ex vivo testing  

The 5- and 10-months old age-matched homozygous male mice were used for all 

experiments. Three mice per group were tested in three independent experiments. 

Humanized (AA) mice were used as a control. Townes sickle (SS) mice were obtained 

from the Jackson Laboratory, Humanized calpain-1 knockout sickle (SSCKO) mice were 

generated in our laboratory by backcrossing Townes sickle (SS) mice with calpain-1 

knockout with C57BL/6 (CKO) background (15).  

2.1.2 Husbandry and housing conditions 

All mice were bred and housed at Tufts University Animal Facilities with 24 h 

access to food and water. All animal protocols used in this study are approved by the 

IACUC (Institutional Animal Care and Use Committee) of Tufts University and 

performed in accordance with guidelines of the IACUC.  

2.1.3 Genomic DNA extraction from mouse tails  

Genomic DNA was extracted from mouse tails of AA, SS and SSCKO models. A 

stock solution was prepared using Direct PCR Reagent and Proteinase K (250 µL reagent 

used per 0.5 cm tail, 30 µL Proteinase K per 1.0 mL reagent) and added 150 µL of stock 

per tail. Then, the samples were incubated in each vial at 55oC overnight and increased at 

85oC for 45 minutes the following day. The samples were centrifuged for 1.0 min, and 

supernatant containing DNA was carefully collected and stored at -80oC. 
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2.1.4 Polymerase chain reaction (PCR)  

 The following primers were used for Calpain-1 alleles, CAL1F (5´-

TGCACTCTAGTTCTGAGGCT-3´), CAL65 (5´AGAGTGCACGAACACCA GCTT-

3´) and for the CKO allele, NEO-RO-calpain ((5'-TTAAGGGCCAGCTCATTCCT-3') 

and CAL1F primers were used. For common α, primer sequence was (5’ 

TCTATGCACATCAATTAGCAGAGGC 3’); human/mutant α reverse was (5’ 

TCCTGCAGGGTGAGGAAGGAAGG 3’) and mouse/WT α globin reverse primer 

sequence was (5’ CCCCAAGGCACTCCAGGGACATAG 3’); Primer sequence for WT 

β reverse was (5’ ATGTCAGAAGCAAATGTGA GGAGCA 3’), HbA reverse was (5’ 

GTTTAGCCAGGGACCGTTTCAG 3’), HbS reverse was 

(5’AATTCTGGCTTATGGGAGGCAAG 3’) and β common forward was (5’ 

TTGAGCAATGTGGACAGGAAGG 3’).  

The PCR was performed using a touchdown protocol and analyzed by 1.2% agarose gel 

electrophoresis in 1X TBE at 60V for 5 minutes. The voltage was then increased to 80V 

and samples were run for another 30 minutes and visualized under UV (Bio-Rad). The 

100 bp ladder was used as a size marker. 

 

2.2 Normoxia and hypoxia measurements in vitro  

2.2.1 Blood collection and red blood cell (RBC) isolation 

Blood was collected from the facial vein of three different groups of mice (AA, 

SS and SSCKO) by inhalation of isoflurane. Approximately 100µL blood was collected 

into heparin tubes and transferred into a 1.5ml Eppendorf tube. The whole blood was 

washed three times in RPMI (Medium 1640 1X) containing 10 mM HEPES, pH 7.4, 
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buffer and samples were centrifuged at 1,000 rpm for 5 min, at 4oC. The supernatants 

were removed after each wash and the RBC pellet was saved each time for analysis. 

 

2.2.2 Cell exposure under normoxia and hypoxia conditions 

The RBC pellets from AA, SS and SSCKO erythrocytes were divided into three 

equal parts. The first part was smeared and fixed with 100% absolute methanol. This step 

was considered as an initial blood sample or untreated sample. The RPMI 1640 (1X) 

medium containing 10 mM HEPES, pH 7.4, was added to the rest of samples in the 96 

well-plate with final concentration of 50µL; then one part of the samples was exposed in 

normoxia (20% O2, T-37oC) using normal incubator and the other part was exposed in 

hypoxia (3% O2, 5% CO2, T-37oC) using a hypoxia chamber for 1, 2, and 3 hours under 

the same conditions. Before touching the hypoxia chamber, precautions were taken by 

spraying plates with EtOH to avoid any contamination. 

  

  2.2.3 Blood smears and staining with Wright-Giemsa 

The samples were taken out at desired time points after normoxia and hypoxia 

exposure, and immediately smeared with equal parts of packed RBC (2 µL) using single 

frosted microscope glass slides. Each slide was fixed with 100% absolute Methanol for 

30 seconds and left to dry overnight. Then, the slides were stained with Wright-Giemsa 

Dye (Sigma) for 30 seconds and washed immediately after dye with distilled (dd) water 

for 10 minutes and air dried at least 40 minutes. 
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2.2.4 Microscopy 

The blood smears were visualized under 60X objective using a Nikon immersion oil 

microscope. Images were analyzed for erythrocyte shape changes from random fields of 

captured images, 10 images were acquired from 3 different slides. The total and sickle 

erythrocytes and reticulocytes numbers were counted manually, and the percentage of 

sickle RBCs and reticulocytes were calculated using the Microsoft Excel. 

  

2.3 Treatment with calpain inhibitor  

2.3.1 Preparation of MDL-28170 inhibitor 

MDL 28170, a pan-calpain inhibitor with molecular weight 382.45 was purchased 

from APExBIO company, and made 0.1 M stock solution with DMSO (10 mg of 

inhibitor was dissolved in 261 µL DMSO) and stored in -20oC. Two different final 

DMSO concentrations were selected for the working solutions at 0.1% and 0.5%, and two 

different inhibitor concentrations at 100 µM and 500 µM were used, respectively.  

 

2.3.2 MDL-28170 treatment 

The final volume of the media was 300 µL (v/v) containing RPMI 1640 (1X) 10 mM 

HEPES, pH 7.4, MDL28170 at 100 µM and 500 µM concentration and RBC pellet (10 

µL) of sickle mouse model (SS), All reagents were mixed together in a 96-well plate and 

exposed for 3-hours under hypoxia (3% O2, 5% CO2, T-37oC). The first part of the 

sample was incubated without inhibitor, which was considered as untreated, the other part 

was incubated only with DMSO, and the final part was treated with MDL28170. 
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Immediately after incubation, each sample was smeared, stained, and visualized under 

60X objective using a Nikon immersion oil microscope. 

   

2.4 Calpain-Glo Protease Assay  

2.4.1 RBC ghosts preparation 

Whole blood from three different groups of mice was collected from the mouse facial 

vein. The blood was then washed three times in RPMI 1640 (1X) at 1,000 rpm for 5 

minutes at 4oC. The supernatant was removed (plasma and platelets) after each time of 

washing. Approximately 700 µL of ice cold 5P8 lysis buffer (5 mM sodium phosphate 

buffer, pH 8.0 from 0.1 M in stock solution and 1.0 mM EDTA, pH 8.0 from 0.5 M 

stock) was added, vortexed, and incubated on ice for 10 minutes. After incubation, the 

samples were centrifuged at 12,000 rpm for 10 min in 4oC. White fluffy pellet was 

formed. The supernatant was removed, and pellet was washed with 5P8 at least three 

times until the pellets became almost white. The supernatant samples were removed after 

the last wash, and 5µL of 5P8 was added to the samples for storage at -80oC for later use. 

  

2.4.2 Calpain activity measurements in vitro 

The calpain activity assay was performed using the commercially available substrate, Suc 

– LLVY aminoluciferin (Promega). White-walled 96 well plates were selected for this 

assay since the use of black plates reduced sensitivity as measured by RLU. The Promega 

Calpain Glo Assay reagent was prepared and saved in aliquots at -20oC for further use. 

The calpain assay was performed by following the protocol of homogeneous “add-mix-

read”. The equal amount of RBC ghosts from each group of AA, SS and SSCKO mice 
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were resuspended in the lysis buffer (5P8) and mixed with the Calpain Glo reagent in a 

ratio of 1:1 into 96-well white plates with a final volume of 50 µL of blank, control, and 

sample. The reaction was initiated by adding of 2 mM CaCl2 (from 50 mM stock). After 

addition of CAPN Glo reagent, the samples were stored in dark to avoid exposure to light. 

The protein concentration of RBC ghosts of each group was measured with the Bradford 

Bio-Rad assay in order to normalize the amount of protein in each sample. The 

luminescence (or RLU) was measured using the plate reader for 45 min in 5 minutes 

interval (TECAN SpectraFluor Plus Luminometer). Generally, the 15 minutes reading 

gave the best activity measurements.  

 

2.4.3 Measurement of MDL 28170 inhibitory effects in vitro 

The RBCs of sickle (SS) mice were treated with MDL inhibitor at two different 

concentrations, 100 µM and 500 µM dissolved in two different DMSO concentrations, 

0.1% and 0.5%, respectively. The RBCs were lysed by re-suspending in the lysis buffer 

containing 5P8, then Calpain Glo reagent was added in a ratio of 1:1. Finally, 2 mM 

CaCl2 from 50 mM in stock was added to initiate the reaction (ttotal volume =100 µl), 

mixed, and luminescence was recorded in 5 minutes interval for 45 min as described 

above. 
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2.5 Protein quantification using Bradford assay 

2.5.1 Standard protocol for microtiter plates 

Protein assay dye reagent (Bio-Red) was prepared by diluting one part of Dye 

reagent concentrate with four parts of distilled water. Then, seven serial dilutions of a 

protein standard were prepared (125 µg/ml BSA used for this assay). To prepare samples, 

10 µl of each standard and sample solution were added into the 96-well plates, followed 

by the addition of 200 µL of diluted reagent into each well. The samples were incubated 

at room temperature for 5 min and absorbance was measured at 595 nm using microplate 

reader (VersaMax). Finally, a standard curve was generated for the protein assay with 

bovine serum albumin, and all protein concentrations from three different groups of AA, 

SS and SSCKO were calculated based on the standard curve. 

 

2.6 Polyacrylamide gel electrophoresis and Western blot analysis 

2.6.1 Preparation cell lysates 

For Western blot analysis, intact RBCs were washed three times with DPBS at 

1,000 rpm and 4oC for 5 min. The RBC pellet was lysed in the ice cold 5P8 lysis buffer 

containing 5.0 mM sodium phosphate buffer, pH 8.0 and 1.0 mM EDTA, pH 8. The cell 

lysate was vortexed and incubated on ice for 10 min. After incubation, the samples were 

centrifuged at 12,000 rpm for 10 min in 4oC. The supernatant was aspirated completely 

and this step was repeated 4 times. The cell lysate was stored at  -80oC. The protein 

concentration in each sample was measured using the Bradford protein assay as described 

above. An aliquot of RBC lysate was solubilized with 2X SDS sample buffer containing 

0.5 M Tris-HCl, pH 6.8, 20% Glycerol, 10% (w/v) SDS, ddH2O, 0.1% Bromophenol blue, 
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and 2-ME (15 µL). The protein samples of three groups of mice were loaded without 

heating since the protein samples of SS mouse model were found to be degraded after 5 

min of heating at 90oC. 

  

2.6.2 Protein separation by SDS PAGE and transblotting to the nitrocellulose 

membrane 

Protein samples were separated on 10% SDS-polyacrylamide gel (30% 

Acrylamide, 1.5M Tris-HCl, pH 8.8, 10% SDS, 10% APS, dd H2O, 16 µL TEMED) and 

4% stacking gel (30% Acrylamide, 0.5M Tris pH 6.8, 10% SDS, 10% APS, TEMED 

10µL) by electrophoresis at 100V, Protein samples at 20 µg were loaded into each lane 

and 10-250 kDa protein ladder (ThermoFisher Scientific, Lithuania) was used to estimate 

the size of protein band. After electrophoresis, the proteins were transferred to the 

nitrocellulose membranes at 200 mA. 

  

2.6.3 Incubation of Western blots with primary and secondary antibodies 

The nitrocellulose membrane was blocked in the Tris buffered saline (TBS) 

containing 0,1% Tween-20 (TBST) and 5% dried milk for 2 hours at room temperature 

on a shaker. The membrane was then incubated with the primary monoclonal calpain-1 

antibody (MAB3104, Chemicon International, Temecula, CA) diluted 1,000-fold in 

TBST for 1.0 hour at room temperature. After removal of the primary antibody, the 

membrane was washed with TBST three times with 5 min interval. The membrane was 

incubated with the secondary HRP-conjugated anti-mouse antibody at 5,000 dilutions for 

1.0 hour at room temperature. After washing 3 times with TBST, the blots were 
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developed with chemiluminescence (ESL) substrate (Thermofisher scientific) solution for 

1.0 min and gel images were captured on Imaging System (Bio-Rad).  

 

2.7 Statistical analysis 

Statistical analysis was performed using the GraphPad Prism. One-way and Two-

way ANOVA with Tukey’s multiple comparison test to compare values amongst three 

different groups. A p-value less than 0.05 was considered to be significant. All data were 

expressed as mean ± S.D. Error bars were generated on the basis of calculated SD values.  
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Chapter 3: Results 

3.1 PCR genotyping based confirmation of calpain-1 null humanized mouse model 

of Sickle Cell Disease (SCD). 

We have used three different humanized mouse models in this study to 

demonstrate the absence of mouse globin, presence of human alpha and human beta 

sickle globin, and calpain-1 knock out allele. The AA mouse model was used as a control 

group and carries normal human α and β hemoglobin in the presence of wild type 

calpain-1 gene. Next, the SS or Townes sickle mouse model contains normal human α 

and mutated β globin or hemoglobin S in the presence of wild type calpain-1 gene. The 

third group includes SSCKO mouse model that contains human α, mutated human β 

globin or Hb S from SS Townes mouse with the absence of calpain-1 gene. PCR 

confirmation of respective genotypes of AA, SS and SSCKO are shown in Figure 3.1. 

Data shown in Figure 3.1A (Lanes 1,2,3) confirmed AA genotype containing both normal 

human α and β globin bands at 320 bp, whereas lanes 4-9 demonstrate SS genotype band 

at 250 bp. Similarly, data shown in Figure 3.1B (lanes 2-3) confirm heterozygous AS 

mouse genotype bands between 250 and 320 bp; Figure 3.1C (lanes 7-8) indicate the 

presence of WT/CKO allele at 432 pb; Figure 3.1D demonstrates the presence of human 

α globin band at 330 pb; panel 1E (Lanes 2,3,5, and 6) demonstrates the presence of 

calpain-1 band at 650 bp; panel 1F (Lanes 4,7, and 8) confirms the absence of calpain-1 

gene with the Neo Cassette in SSCKO mouse model band at 415 pb;  
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Figure 3.1: PCR based genotype confirmation of AA, SS, SSCKO mouse models. 

PCR was performed, and bands were visualized by 1.2% Agarose gel electrophoresis 

using 100 bp DNA ladder under UV. Panel 1A: Lanes 1,2,3 demonstrate AA genotype 

containing both normal human α and β globin bands at 320 bp, whereas lanes 4-9 show 

SS band at 250 bp. Panel 1B (Lanes 2,3) show heterozygous AS mouse genotype bands 

between 250 and 320 bp; Panel 1C (Lanes 7,8) indicates WT/CKO band at 432 pb; Panel 

1D demonstrates the presence of human α globin band at 330 pb; panel 1E (Lanes 2,3,5, 

and 6) demonstrates the presence of calpain-1 band at 650 bp; panel 1F (Lanes 4,7, and 8) 

confirms the absence of calpain-1 gene with the Neo Cassette in SSCKO mouse model 

band at 415 pb;  

 

3.2 Analysis of normoxia and hypoxia data   

To investigate whether genetic deletion of calpain-1 regulates RBC morphology 

of SCD, red blood cells of AA, SS and SSCKO mouse models were exposed to normoxia 

(20% O2, T-37oC) and Hypoxia (3% O2, 5% CO2, T-37oC) at different time points. No 

sickling was observed in the RBCs and reticulocytes of AA mice under both normoxia 

and hypoxia conditions. The percent RBC sickling in untreated SS was 9.2% ± 1.95 (± 

SD), and 8.9% ± 1.93 (± SD) in SSCKO mice. Similarly, no significant differences were 
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observed between SS and SSCKO reticulocytes at normoxia. The number of sickle 

reticulocytes in SS was 2.9% ± 0.78% and SSCKO was 2.6%± 1.18% as shown in Figure 

3.3 and Figure 3.4, respectively. On the contrary, under hypoxia (3% O2, 5% CO2, T-

37oC) for 1 and 2 hours, the percentage of sickle RBCs increased in a time-dependent 

manner from 10.5%± 2.96 to 17.3%± 2.22 in SS and from 9.6% ± 2.51 to 15.2%± 3.28 in 

SSCKO without showing a significant difference. Surprisingly, significant differences 

were observed between SS and SSCKO at 3-hours of hypoxia exposure (Two-way 

ANOVA, ****P <0.0001, with post-hoc Tukey’s test SS vs SSCKO ** p<0.01, N=10). 

When cell exposure time was increased to 3-hours of hypoxia, the percentage of sickle 

RBCs in SS was substantially elevated to 27.8%± 3.21, whereas sickling in SSCKO was 

only increased by 19.9%± 3.17 (Figure 3.6). The percentage of sickle reticulocytes was 

calculated to be 11.9%± 5.5 in SS and 7.4%± 1.34 in SSCKO at 2-hour hypoxia (post-

hoc Tukey’s test SS vs SSCKO *p<0.05, N=10); However, when incubation time was 

increased to 3-hour, the percentage of sickle reticulocytes increased to 34.9%± 5.92 in SS 

and 26.2%± 2.94 in SSCKO, respectively (Two-way ANOVA, ****P <0.0001, with 

post-hoc Tukey’s test SS vs SSCKO ** p<0.01, N=10) (Figure 3.7). These results show 

that the SSCKO mice show higher resistance to hypoxia-induced sickling of both RBCs 

and reticulocytes as compared to SS at 3-hour of hypoxia. Genetic deletion of calpain-1 

gene in SS mice may partially rescue the hypoxia-induced RBC/reticulocyte sickling in 

SCD. Thus, calpain-1 may contribute to the regulation of RBC membrane properties and 

shape in SCD under certain hypoxic conditions. 
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Figure 3.2: Normoxia. Evaluation of AA, SS and SSCKO erythrocyte/reticulocyte 

morphology by light Microscopy. 

Blood was collected from the facial vein of AA, SS and SSCKO mice and incubated 

under normoxia (20% O2, T-37oC) at 1, 2 and 3hour. Blood was smeared on single 

frosted glass slides. Each slide was fixed with 100% Methanol for 30 seconds and left to 

dry overnight. Slides were stained with Wright-Giemsa Dye for 30 seconds and washed 

immediately with water for 10 minutes and air-dried for at least 40 minutes. Slides were 

examined for cell morphology under 60X objective by a Nikon immersion oil microscope.  
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Figure 3.3: Normoxia. Effect of calpain-1gene deletion on sickle erythrocytes. 

RBCs from AA, SS and SSCKO mouse models were incubated for 0,1,2, and 3hour 

under normoxia at 20% O2, T-37oC. AA cells did not sickle at all; whereas there was no 

significant difference was observed between SS and SSCKO groups. Two-way ANOVA, 

interaction between groups is non-significant.  

 

 

 

Figure 3.4: Normoxia. Effect of calpain-1 gene deletion on sickle reticulocytes.  

No significant difference was observed on sickle reticulocytes between SS and SSCKO 

Two-way ANOVA, interaction between groups is non-significant.  
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Figure 3.5: Hypoxia. Effect of calpain-1 gene deletion on AA, SS and SSCKO 

erythrocytes.  

Blood was collected from the facial vein of AA, SS and SSCKO mice and exposed under 

hypoxia (3%O2, 5% CO2, T-37oC) at 1, 2 and 3-hour. Black arrow indicates RBCs and 

blue arrow shows reticulocytes. Selected images from AA, SS and SSCKO models 

exposed to 3-hour hypoxia are shown as inset in the lower panels.  
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Figure 3.6: Hypoxia. Quantification of sickle erythrocytes under hypoxia. 

RBCs of AA, SS and SSCKO were subjected to 0,1,2, and 3-hours of hypoxia under 3% 

O2, 5% CO2, T-37oC. The AA cells did not sickle at all. There was no significant 

difference observed between sickle RBCs from SS and SSCKO at 0,1, and 2-hour of 

hypoxia. However, the percentage of sickle RBCs significantly increased in SS as 

compared to SSCKO at 3-hour hypoxia (Two-way ANOVA, ****P <0.0001, with post-

hoc Tukey’s test SS vs SSCKO ** p<0.01, N=10).  

 

 

Figure 3.7: Hypoxia. Quantification of sickle reticulocytes under hypoxia.  

 (Two-way ANOVA, ****P <0.0001, with post-hoc Tukey’s test SS vs SSCKO ** 

p<0.01, N=10). 

0 
hr

1 
hr

2 
hr

3 
hr 

0

10

20

30

40

Hypoxia 

Time (hours)

%
S

ic
k

le
 R

B
C

AA

SS

SSCKO 

0 
hr

1 
hr

2 
hr

3 
hr 

0

10

20

30

40

50

Hypoxia 

Time (hours)

%
S

ic
k

le
 R

et
ic

s

AA

SS

SSCKO 



 19

3.3 Pharmacological inhibition of calpain activity in Sickle 

erythrocytes/reticulocytes 

 

Unlike erythrocytes, the calpain-2 activity is detectable in reticulocytes (22, 34, 

35, 36, 43). Therefore, there is a possibility that calpain-2 might be activated as a 

compensatory mechanism in SSCKO mice and contribute to sickling process. To 

investigate this possibility, SS erythrocytes were incubated with and without MDL28170 

at two doses of 100 µM and 500 µM dissolved in two different DMSO concentrations of 

0.1% and 0.5% under 3-hour hypoxia. MDL28170 is a cysteine protease inhibitor that 

inhibits both calpain-1 and calpain-2 (29). SS cells treated with MDL28170 at 100 µM 

with 0.1% DMSO showed a significant reduction in sickle RBCs and reticulocytes. For 

example, percentage of sickle RBCs declined from 30.1% ± 3.9 to 18.3%± 4.1 (60.7% 

decrease) and sickle reticulocytes were reduced from 37.9%± 5.13 to 27.4%± 6.92 

(72.2% decrease) as shown in Figure 3.9. When the concentration of MDL28170 

inhibitor was increased to 500 µM, the percentage of sickle RBCs further reduced from 

30.1%± 3.92 to 10.7%± 1.37 (35.5% decrease) and sickle reticulocytes from 39.2%± 5.38 

to 14.6%± 2.18 (37.2% decrease). No difference was detectable between untreated and 

DMSO treated cells as shown in Figure 3.10. 
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Figure 3.8: Effect of MDL28170 treatment on sickle RBCs and reticulocytes.  

RBCs isolated from SS model were incubated with and without MDL28170 at 

concentrations of 100 µM and 500 µM dissolved in two different DMSO concentrations 

of 0.1% and 0.5% under 3-hour hypoxia (3%O2, 5% CO2, T-37oC). Each sample was 

smeared, stained, and visualized under 60X objective using a Nikon immersion oil 

microscope. Black arrows indicate RBCs and blue arrows show reticulocytes. The inset 

panels show SS cells under 3-hours of hypoxia with and without the treatment of 500 µM 

MDL28170.  

 

 

 

 

 

         

 



 21

 
 

Figure 3.9:  Effect of MDL28170 (100 µM) treatment on sickle RBCs and reticulocytes.  

RBCs from of SS mice were treated with and without MDL28170 at 100 µM 

concentration in the presence of 0.1% DMSO. The number of sickle RBCs and 

reticulocytes were counted by microscopy. (Two-way ANOVA, difference between 

groups ****P <0.0001, with post-hoc Tukey’s test, untreated vs 0.1% DMSO 

insignificant; Untreated vs MDL 100 µM ** p<0.01; 0.1% DMSO vs MDL 100 µM ** 

p<0.01, N=10).  
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Figure 3.10: Effect of MDL28170 (500 µM) treatment on sickle RBCs and reticulocytes.  

RBCs from SS mice were treated with calpain inhibitor at 500 µM concentration in the 

presence of 0.5% DMSO. The number of sickle RBCs and reticulocytes were counted by 

microscopy. (Two-way ANOVA, difference between groups ****P <0.0001, with post-

hoc Tukey’s test, untreated vs 0.5% DMSO insignificant; Untreated vs MDL 500 µM ** 

p<0.01; 0.1% DMSO vs MDL 500 µM ** p<0.01, N=10).  

 

 

3.4 Measurement of total calpain activity in sickle RBCs/Reticulocytes membranes 

The calpain activity was measured in a mixture of RBC and reticulocyte derived 

plasma membranes (ghosts) using the commercial Calpain Glo Protease Luciferase assay 

as mentioned earlier. Total calpain activity was determined by measuring the 

luminescence signal (RLU) in samples harvested from AA, SS and SSCKO mouse 

models. The results indicate higher calpain activity in SS (8587.4± 2107.4) as compared 

to AA (7289± 1085.6) and relatively less enzyme activity in the SSCKO (5937.2± 571.3) 

as shown in Figure 3.11 (Two-way ANOVA, difference between groups *P <0.01; AA vs 

SS ns, AA vs SSCKO ns; SS vs SSCKO * p<0.05; N=5).  
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Figure 3.11: Calpain activity measurements in the AA, SS, SSCKO 

erythrocyte/reticulocyte membranes. 

The calpain activity was measured in erythrocyte/reticulocyte ghosts using the Calpain 

Glo Protease Luciferase assay. Total calpain activity was determined by measuring the 

luminescence signal (RLU) in the ghosts samples of AA, SS and SSCKO (Two-way 

ANOVA, difference between groups *P <0.01; AA vs SS ns, AA vs SSCKO ns; SS vs 

SSCKO * p<0.05; N=5).  

 

3.5 MDL-28170 mediated inhibition of calpain activity in Sickle cell membranes in 

vitro 

To investigate the effect of MDL28170 on total calpain activity in sickle 

RBC/Reticulocyte membranes (ghosts), the purified ghosts harvested from SS mice were 

treated with MDL12070 inhibitor at two concentrations at 100 µM and 500 µM in the 

presence of 0.1% and 0.5% DMSO. As shown in Figure 3.12 and Figure 3.13, inhibitor 
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treatment markedly reduced calpain activity in the SS ghosts as compared with untreated 

and DMSO treated membranes. There were no significant differences between the 

untreated and DMSO treated cells. The calpain activity was reduced from 6114± 78.11 to 

1589± 43.15 RLU as shown in Figure 3.13. Interestingly, the reduction of calpain activity 

was almost similar at both concentrations of inhibitor. The MDL12070 at 100 µM 

reduced calpain activity to 1754± 47 RLU whereas 500 µM concentration reduced 

enzyme activity to 1589± 43.15 RLU. These data show that MDL28170 inactivates both 

calpain-1 and calpain-2 associated with the SS membranes. 

 

 

Figure 3.12: Effect of MDL28170 (100 µM) inhibition on SS membranes. 

RBC/Reticulocyte ghosts harvested from SS mice were treated with calpain inhibitor at a 

concentration of 100 µM in the presence of 0.1% DMSO (One-way ANOVA, difference 

between groups ****P <0.0001, with post-hoc Tukey’s test, untreated vs MDL 100 µM 

** p<0.01; 0.1% DMSO vs MDL 100 µM ** p<0.01. There was no difference between 

untreated and DMSO treated membrane samples, N=5). 
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Figure 3.13: Effect of MDL28170 (500 µM) inhibition on SS membranes. 

 RBC/Reticulocyte ghosts harvested from SS mice were treated with calpain inhibitor at a 

concentration of 500 µM in the presence of   0.5% DMSO (One-way ANOVA, difference 

between groups ****P <0.0001, with post-hoc Tukey’s test, untreated vs MDL 500 µM 

** p<0.01; 0.5% DMSO vs MDL 500 µM ** p<0.01. There was no differences between 

untreated and DMSO treated membrane samples, N=5).  

 

 

3.6 Normalization of protein concentration by Bradford assay 

Protein concentrations were measured in the ghosts of AA, SS and SSCKO at 

595nm absorbance using the microplate reader. A standard curve was generated by seven 

serial dilutions of protein (125 µg/ml BSA) and protein concentration was calculated 

based on the standard curve. The AA sample corresponds to 54 µg/ml, SS sample 

corresponds to 58 µg/ml, and SSCKO sample corresponds to 60 µg/ml as shown in 

Figure 3.14. 
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Figure 3.14: Protein quantification by Bradford assay.  

A standard protein curve was generated by measuring absorbance at 595 nm (BSA 125 

µg/ml). Protein concentration ranged between 20 to 140 µg/ml.  

 

 

3.7 Western blot analysis of calpain-1 

Western blot analysis was performed to assess the status of membrane-associated 

calpain-1 protein in AA, SS and SSCKO samples using a calpain-1 monoclonal antibody. 

The antibody detected a comparable intensity of 80-kDa protein band in AA and SS 

samples, whereas the SSCKO did not show any detectable calpain-1 band (Figure 3.15).  

These results confirm the absence ofcalpain-1 gene in SSCKO mice. It is to be noted that 

heating of the membrane protein samples at 90oC for 5 minutes degraded the calpain-1 

protein in the SS sample but not in the AA sample (Figure 3.16). Therefore, all samples 

were loaded without heating.  

 

 
Figure 3.15: Western blot analysis of calpain-1 in AA, SS, and SSCKO ghosts.  

SDS/PAGE of RBC/reticulocyte ghosts isolated from AA, SS, and SSCKO. No 

detectable band of calpain-1 at 80 kDa was observed in SSCKO as shown in lanes 1, 4, 7. 

Lanes 2, 5, and 8 show membrane samples from SS and lanes 3, 6, and 9 show protein 

samples from AA mice.  
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Figure 3.16: Western blot analysis of calpain-1 in AA, SS, and SSCKO ghosts.  

SDS/PAGE of RBC/reticulocyte ghosts isolated from AA, SS, and SSCKO. Lanes 3, 6, 

and 9 show an intense 80-kDa band in the AA sample. The 80kDa band disappeared in 

the SS upon heating of the sample at 90oC for 5 minutes as shown in lanes 2, 5, and 8. No 

band was observed in the SSCKO sample as shown in lanes 1, 4, and 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 28

Chapter 4: Discussion and Conclusions 

The purpose of this study was to investigate the functional role of erythrocyte 

calpain-1 in sickle cell disease (SCD) using a calpain-1 null mouse model of SCD. In this 

study, intact RBCs and reticulocytes harvested from AA, SS and SSCKO mice were 

exposed to normoxia (20%- O2, T-37oC) and hypoxia (3%- O2, 5%- CO2, T-37oC) at 

different time points. No measurable differences were observed between the three groups 

under normoxia condition. However, SSCKO showed significant resistance to hypoxia-

induced sickling as compared to SS upon 3-hour exposure to hypoxia (Figure 3.6. and 

3.7). The difference between the SS and SSCKO is significant (post-hoc Tukey’s test SS 

vs SSCKO ** p<0.01, N=10). These findings demonstrate that sickling of RBCs and 

reticulocytes is time-dependent. When the incubation time of cells under hypoxia was 

increased, the number of sickle RBCs and reticulocytes were also proportionally 

increased in a time-dependent manner. Surprisingly, the reticulocytes did not sickle at the 

baseline normoxia, and required relatively longer incubation time to sickle under these 

conditions. One possibility is that reticulocytes containing both calpain-1 and residual 

level of calpain-2 might not sickle at physiological condition and require relatively higher 

hypoxic stress to activate calpain-2 for optimum sickling. 

It is known that calcium-dependent K channels are not activated in oxygenated 

sickle RBCs (13, 17) and it has been reported that reticulocytes are permeable to calcium 

only under deoxygenation conditions (17).  The oxygenated sickle RBCs show a modest 

enhancement (50%) of permeability to external calcium, and deoxygenation boosts the 

calcium influx by approximately fivefold (17). Our laboratory has shown previously that 

activation of Gardos channel in SCD is suppressed by the deletion of calpain-1 gene (23). 



 29

Similarly, pharmacological inhibition of calpain-1 by BDA-410 in vivo prevented 

hypoxia-induced RBC dehydration in a mouse model of mild SCD (22, 23). Human SS 

erythrocytes contain approximately eight times higher calcium concentration as 

compared to normal erythrocytes (13), and their permeability to calcium increases 

dramatically upon deoxygenation thus triggering Hb polymerization and enhanced 

sickling (13).  

Since calpains are calcium activated cysteine proteases (22), it is likely that they 

contribute to the sickling process upon elevation of calcium in SCD under hypoxic 

conditions. This model is consistent with the evidence indicating a connection between 

human SS erythrocytes and an abnormal accumulation of intracellular calcium activating 

calpain-1 under hypoxic stress (13, 34). Moreover, prior studies from our laboratory (22, 

23) and others (19, 27) have demonstrated that the cellular dehydration under 

deoxygenated state may trigger excessive accumulation of intracellular calcium with 

concomitant activation of calpain-1 in the RBC membrane. These studies suggest that a 

causal relationship may exist between calpain-1 activation, elevated sickling, and higher 

crisis rates that are observed in patients with less dehydrated and more deformable 

erythrocytes. 

It is noteworthy that Townes SS mice carry >50% reticulocytes in their peripheral 

circulation under steady state conditions of normoxia (20, 35). This issue is relevant to 

the calpain biology since mature erythrocytes only express calpain-1 whereas 

reticulocytes express both calpain-1 and calpain-2. The calpain-2 activity in reticulocytes 

is approximately 5-10% of the total cysteine protease activity.  This differential 

expression of calpain-1 and calpain-2 in erythrocytes and reticulocytes raises the 
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possibility that systemic inactivation of calpain-1 gene in SSCKO mice may induce a 

compensatory increase of residual calpain-2 in reticulocytes. Consistent with our 

previous findings (15, 35, 43), our calpain activity measurements indicate that calpain-2 

enzyme is not upregulated in SSCKO reticulocytes. Nonetheless, the presence of residual 

calpain-2 in reticulocytes can in principle lead to a differential response for 

pharmacological inhibition of calpain activity in SS erythrocytes and reticulocytes.  This 

hypothesis seems to be consistent with our findings showing a differential effect of 

MDL28170, a pan-calpain inhibitor, on the sickling properties of erythrocytes and 

reticulocytes. When SS cells (both erythrocytes and reticulocytes) were treated with 100 

µM MDL28170 under 3-hour hypoxia, the calpain inhibitor significantly reduced the 

sickling propensity of both erythrocytes and reticulocytes. Interestingly, the percentage of 

RBC sickling at 100 µM dose declined from 30.1% to 18.3% (60.7% decrease), and 

sickle reticulocytes were reduced from 37.9% to 27.4% (72.2% decrease) as shown in 

Figure 3.9. When the inhibitor concentration was increased to 500 µM, the percent 

decrease in sickling was further reduced to 10.7% (35.5% decrease) for erythrocytes and 

14.6% (37.2% decrease) for reticulocytes (Fig 3.10). Similarly, the calpain activity was 

also decreased in SSCKO compared to SS with similar inhibition at different dose 

concentration of calpain inhibitor MDL28170. Our previous studies using casein 

zymography have confirmed the absence of calpain-1 enzymatic activity in the 

erythrocytes and reticulocytes of SSCKO mice as compared to Hb AA-Townes and Hb 

SS – Townes sickle mice (35, 36). 

There have been numerous studies investigating the therapeutic effects of 

MDL28170 on different cell types (37, 29). In this study, we elected to investigate the 
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role of calpain activity in the erythrocyte membrane since the biochemical abnormalities 

in SCD occur mainly in the plasma membrane upon deoxygenation of sickle hemoglobin 

(19, 22, 27). The correlation between increased intracellular calcium and activation of 

calpain-1 in erythrocytes and reticulocytes are likely to contribute to the regulation of 

sickle shape of RBCs further exacerbating the vaso-occlusive events during 

microcirculation. 

There is considerable interest in the elevation of fetal hemoglobin (HbF) as a 

potential therapeutic option to reduce sickling and associated pathologies in sickle cell 

disease (12, 20). It is now well established that elevation of fetal hemoglobin (HbF) by 

more than 20% is sufficient to reduce the deleterious lesions including the painful crisis 

episodes in SCD patients (19, 27). In contrast to the accepted model of reducing sickling 

by elevating HbF, here we provide evidence for a novel strategy of reducing sickling 

under hypoxia that is independent of its effect on HbF for the following reasons.  First, 

we used adult mice aged between 5-10 months, which do not show any therapeutic 

elevation of HbF at this age. The newborn sickle mice express high levels of HbF (~30-

50%) that declines by one month to HbS (20). In the normal adult mice, the HbF is 

expressed approximately at 3.2-7.7%. Similarly, adult homozygous sickle (HbSS) 

patients carry approximately 5.8% HbF with variation ranging from 0.5% and 18.8% (20). 

Second, the HPLC based measurements of globin chains in transgenic sickle mice show 

that HbF is not elevated in adult sickle mice (20, 42). These observations support the 

current paradigm that both adult sickle patients and mice do not express any therapeutic 

levels of fetal hemoglobin in vivo. The experiments reported in this Thesis were 

performed on erythrocytes and reticulocytes that were harvested from adult sickle mice. 
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Moreover, the observed phenotype of reduced sickling was detected when adult sickle 

cells were treated with a calpain inhibitor for 3-hours under hypoxia. Therefore, it is 

highly unlikely that there would be any elevation of fetal hemoglobin upon 3-hours of 

hypoxia exposure when the cells did not contain at elevated HbF under baseline 

normoxia conditions. In any case, future studies may be necessary to quantify the level of 

HbF in SS mice exposed to hypoxia while undergoing therapeutic correction of sickling 

by pharmacological calpain inhibitors.  

In conclusion, our findings are consistent with the previous studies showing a 

functional role of calpain activity in the remodeling of the erythrocyte membrane and cell 

shape (22,23,34). Both genetic deletion of calpain-1 in SS mice and pharmacologic 

inhibition of calpain activity reduces erythrocyte and reticulocyte sickling presumably by 

restoring the morphology and membrane properties of sickle cells in vivo and in vitro.  

While the future studies will continue to refine the precise mechanisms of calpain-

mediated remodeling in erythrocytes, there is adequate experimental evidence now 

available to warrant further testing of synthetic pharmacological inhibitors as potential 

therapeutic anti-sickling compounds. The strategy proposed here may unveil a novel fetal 

hemoglobin independent modality to treat sickling and associated lesions in patients with 

sickle cell disease. 
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