Genetic inactivation of calpain-1 attenuates pain
sensitivity in a humanized mouse model of sickle cell
disease

Calpain-1, a calcium-activated cysteine protease, is
ubiquitously expressed in hematopoietic cells, and is
known to play a functional role in a myriad of cellular
processes by regulating limited cleavage of multiple sub-
strates.' Using a calpain-1 null model (CKO) previously
generated in our laboratory, recent studies revealed a
functional role of calpain-1 in IgE-dependent mast cell
activation.” Interestingly, in the Berkeley sickle mice,
mast cell activation contributes to neurogenic inflamma-
tion, chronic pain, and hypoxia/reoxygenation (H/R)-
evoked hyperalgesia, which were ameliorated upon treat-
ment with mast cell inhibitor imatinib, and cannabinoids
as well as nociception receptor ligand AT200.°°
Therefore, we examined if calpain-1 contributes to
chronic and/or hypoxia/reoxygenation (H/R)-evoked
acute pain in sickle mice. We generated calpain-1 knock-
out Townes sickle (SSCKO) mice by cross-breeding
HbSS-Townes sickle mice with calpain-1 KO mice.
Systemic deletion of calpain-1 in Townes sickle mice’
ameliorated chronic pain behaviors including mechanical,
heat, cold, and deep tissue/musculoskeletal hyperalgesia.

Calpains in mammals are encoded by 14 genes; how-
ever, two conventional calpains termed calpain-1 (u-cal-
pain) and calpain-2 (m-calpain), with 61% amino acid
identity, are highly expressed.' Calpain-1 is activated at
micromolar calcium, whereas active calpain-2 is detected
at millimolar calcium concentration in vitro.! Calpastatin,
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an endogenous inhibitor of both calpains, provides a reg-
ulatory mechanism for suppressing calpain activity under
steady state conditions.' While both calpains are ubiqui-
tously expressed, calpain-1 generally dominates in
hematopoietic cells such as RBCs and platelets. In con-
trast, calpain-2 is more prominent in the nervous system.
Sickle RBCs are known to exhibit high levels of intracel-
lular calcium.” Our previous study demonstrated that
dense/dehydrated RBCs from patients with sickle cell dis-
ease show enhanced calpain-1 activity as measured by
the calpastatin levels, and pharmacological inhibition of
calpain-1 in the transgenic SAD mouse model of mild
sickle cell disease reduced sickle RBC density/dehydra-
tion.”

Due to high sequence similarity between the two cal-
pains, gene targeting and not the use of pharmacological
inhibitors is preferable to elucidate the unique function of
each calpain isoform #n vivo. While the calpain-1 knock-
out mice are viable and fertile,’ calpain-2 gene inactiva-
tion causes eatly embryonic lethality in mice. Following
up on our recent investigation of the role of calpain-1 in
the SAD mouse model of mild sickle cell disease (SCD),’
in the present study we utilized genetic inactivation of
calpain-1 in the homozygous, HbSS-Townes mice with
severe SCD to define the role of calpain-1 in pain sensi-
tivity. A comprehensive breeding strategy was designed
to generate viable calpain-1 knockout Townes sickle
(SSCKO) mice (Figure 1A and B), which express human
but not mouse a- and B-globin genes. After 15 genera-
tions of breeding, the SSCKO mice were generated by
back-crossing HbSS-Townes with calpain-1 KO mice
(Figure 1C). The absence of mouse globins, and presence
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Figure 1. Generation of humanized calpain-1 knockout Townes sickle mice. (A) Schematic representation of the breeding strategy used to develop calpain-1
knockout Townes sickle (SSCKO) mice. (B) PCR/Gel electrophoresis confirming the genotypes of AA, SS, and SSCKO mice (a: human a-globin (330bp), b: human
B-globin (320bp), c: absence of mouse p-globin (432bp), d: calpain-1 (650bp), e: absence of PGK-Neo cassette inserted to knockout calpain-1 (415bp), f:
human a-globin (330bp), g: human sickle fs-globin (250bp), h: absence of mouse B-globin (432bp), i: calpain-1 (650bp), j: absence of PGK-Neo cassette insert-
ed to knockout calpain-1 (415bp), k: human a-globin (330bp), I: human sickle Bs-globin (250bp), m: absence of mouse p-globin (432bp), n: absence of calpain-
1 (650bp), o: presence of PGK-Neo cassette inserted to knockout calpain-1 (415bp). For each mouse, PCR genotyping was conducted on 3 loci: a-globin,
p-globin, and calpain-1, and the results are represented as genotypes in parentheses. For example, the CKO mouse has two alleles for the mouse alpha globin
gene (+/+), two alleles for the mouse beta globin gene (+/+), and genetic inactivation of calpain-1 (-/-). The humanized Townes SS mouse has two alleles for the
human alpha globin gene (o/a), two alleles for the human sickle hemoglobin gene (BS/fS), and intact calpain-1 gene (+/+). Blue: male; Pink: female. Calpain-
1is only the second gene to be systematically deleted successfully in the Townes sickle mice. (C) SS and SSCKO mice after 15 generations. (D) Phenotypic analy-
sis of hemoglobins in different groups of Townes mice. Differential hemoglobin electrophoresis on cellulose acetate membrane was performed on each mouse
used in this study. The Ponceau S stained bands show the presence of human sickle hemoglobin only in homozygous sickle mice (labeled SS and SSCKO), normal
human hemoglobin A only in control mice (labeled AA) and both human sickle and normal human hemoglobin A (labeled AS) in heterozygous mice.
Representative images from several mice phenotyped are shown. (E) Casein zymography confirming the absence of calpain-1 enzymatic activity in the
RBCs/reticulocytes of SSCKO mice compared to their AA and SS counterparts.
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Figure 2. Global knockout of calpain-1 ameliorates chronic pain in Townes sickle mice. (A) Mechanical hyperalgesia, (B) sensitivity to heat, (C) sensitivity to
cold, (D) deep tissue hyperalgesia, and (E) body weight are shown. Mean age of each group of female mice in months + SEM are AA: 5.58 + 0.21 (n = 10); SS:
5.51 + 0.35 (n = 10); SSCKO: 6.23 + 0.1 (n = 10). Values on the graphs are mean + SEM. Differences between groups were analyzed by one-way ANOVA with
Bonferroni multiple comparison. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. PWF: paw withdrawal frequency; PWL: paw withdrawal latency; BW: body
weight; AA: Townes control mice; SS: Townes sickle mice; SSCKO: calpain-1 knockout Townes sickle mice.

of human alpha and beta sickle and calpain-1 deletion
were confirmed by PCR genotyping (Figure 1B).
Additionally, phenotyping for homozygous (SS), het-
erozygous (AS), and normal human hemoglobin (HbA)
was performed by cellulose acetate differential hemoglo-
bin electrophoresis (Figures 1D). Only homozygous
Townes mice with and without calpain-1 deletion and
control HbAA-Townes mice expressing normal human
hemoglobin A were used. The lack of casein cleavage
confirmed the absence of calpain-1 enzymatic activity in
the RBCs and reticulocytes of SSCKO mice as compared
to HbAA-Townes and HbSS-Townes sickle mice (Figure
1E). Complete blood count analysis indicated no deleteri-
ous effects of calpain-1 deletion on the hematologic pro-
file of SSCKO mice as compared to their HbSS counter-
parts, which displayed expected severe anemia (Online
Supplementary Table S1). Together, we report here the first
successful generation of Townes sickle mice with sys-
temic deletion of calpain-1 gene. To our knowledge, cal-
pain-1 is the second gene to be successfully deleted glob-
ally in the Townes sickle mice. The first gene BCL11A
was deleted in both Townes and Berkeley mice."

The ultimate goal of any sickle cell therapy is the
reduction of chronic pain and episodes of acute pain
crises in patients with sickle cell disease. In rat models of
spinal nerve injury, inhibition of calpain-1 reduced neuro-
pathic pain." Thus, we evaluated whether SSCKO would
show a reduction in pain behaviors that have been previ-

ously characterized in the Berkeley and Townes sickle
mice.”” Townes SS mice showed a significant increase in
mechanical (P<0.0001), heat (P<0.0001), cold (P<0.001),
and deep tissue/musculoskeletal (P<0.01) hyperalgesia, as
compared to control AA mice (Figure 2A-D). In compari-
son to HbSS-Townes, SSCKO mice exhibited a significant
decrease in four measures of hyperalgesia: i) mechanical
(P<0.0001); ii) thermal sensitivity to heat (P<0.01); iii)
thermal sensitivity to cold (P<0.01); and iv) deep
tissue/musculoskeletal hyperalgesia (P<0.0001). Notably,
there were no significant differences in the thermal and
deep tissue hyperalgesia between SSCKO and AA mice
(Figure 2B-D) but mechanical hyperalgesia was signifi-
cantly increased in SSCKO as compared to AA mice
(P<0.05) (Figure 2A). These results show that chronic
thermal and deep tissue hyperalgesia are completely
ameliorated by the deletion of calpain-1 gene in SS mice.
Thus, calpain-1 may contribute to the regulation of
chronic hyperalgesia in SCD.

In contrast, calpain-1 deletion did not reduce H/R-
evoked hyperalgesia (Figure 3A-D). Following the first
H/R treatment, the SS mice showed an increase in all 4
measures of hyperalgesia that were sustained following
the second H/R treatment. Although no further H/R
treatment was administered, SS mice continued to show
significant hyperalgesia for five days for cold (P<0.05),
and seven days for heat and deep tissue hyperalgesia
(P<0.05 for both), as compared to baseline pain levels. In
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Figure 3. Effect of calpain-1 deletion on hypoxia/reoxygenation-evoked hyperalgesia in sickle mice. (A) Mechanical hyperalgesia, (B) sensitivity to heat, (C), sen-
sitivity to cold, (D) deep tissue hyperalgesia, and (E) body weight were assessed at baseline (BL) before H/R treatment. Mice were then exposed to 8% 02/92%
N2 hypoxia (H) for 3 h followed by reoxygenation (R) at room air. Pain behaviors were analyzed after 1 h (1D-1) and 20 h (1D-20). Twenty-four h later, the hypoxia
treatment was repeated and pain behaviors were analyzed at 1 h (H/R 2D-1) and 20 h (2D-20). No further hypoxia treatment was performed, but pain behaviors
were analyzed up to the 5" and 7" days from baseline measures. Mean age of each group of mice in months + SEM are SS: 6.56 + 0.38 (n=7); SSCKO: 7.86 +
0.11 (n=10). Values on the graphs are mean + SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 for SSCKO vs. SS (two-way ANOVA, Bonferroni). “P<0.05;
#P<0.01 vs. BL in SSCKO group (one-way ANOVA, paired t-test); *P<0.05; **P<0.01, ***P<0.001 vs. BL in SS group (one-way ANOVA, paired t-test). PWF-VF: paw
withdrawal frequency-Von Frey; PWL: paw withdrawal latency; BW: body weight; BL: baseline; AA: Townes control mice; SS: Townes sickle mice; SSCKO: calpain-

1 knockout Townes sickle mice.

contrast, mechanical hyperalgesia was not sustained
beyond the second treatment in SS mice (Figure 3A).
Similarly, SSCKO mice displayed an increase in H/R-
evoked hyperalgesia, which was sustained until day 7 for
mechanical, heat, and deep tissue, and until day 5 for
cold hyperalgesia. Together, these results indicate that
calpain-1 did not influence H/R-evoked hyperalgesia or
recovery from H/R-evoked pain response. Thus, calpain-
1 may not contribute to acute pain due to vaso-occlusive
crisis in sickle cell disease.

Pain characteristics are well defined in the Berkeley
sickle mice, which show tonic mechanical, deep tissue,
and thermal hyperalgesia.”” However, the pain characteri-
stics in Townes sickle mice are not yet well characterized.
Our group (Gupta) observed that tonic hyperalgesia in
Townes sickle mice is significantly reduced as compared
to age- and gender-matched Berkeley SS mice.” In rat
models, calpain inhibition reduced cancer-induced bone
pain," inflammatory pain, and neuropathic pain" via
inhibition of osteoclastogenesis, COX-2, and NMDA
receptors, respectively. Inhibition of CaMKlla, a calpain
substrate' and an emerging player in sickle pain, also
reversed neuropathic pain in mice.”” Thus, it appears like-
ly that calpain-1 activation under elevated calcium con-
centrations exacerbates sickle pain possibly by inhibiting
mast cell activation and/or other mechanisms. Peripheral
activation of mast cells in the skin, glial activation in the
spinal cord, and central sensitization of the spinal dorsal
horn neurons are known to contribute to chronic hyper-
algesia in the Berkeley sickle mice.*"® Our data demon-
strating that calpain-1 deletion reduces all four measures

of chronic hyperalgesia in HbSS-Townes mice are novel
and supportive of the hypothesis that mast cell activation
contributes to chronic hyperalgesia in sickle mice. On the
contrary, acute pain incited by H/R injury to simulate
pain due to vaso-occlusive crisis remained unaffected
with calpain-1 deletion in Townes sickle mice.

Mechanisms underlying pain in sickle cell disease are
emerging but their specificity with respect to chronic and
acute pain is not yet known. Younger HbSS-Berk sickle
mice show significantly lower pain than older mice, sug-
gesting that sickle pathobiology influences the activation
of nociceptive system leading to chronic pain. Acute pain
on the other hand, may result from spontaneous activa-
tion of the nociceptive system evoked by VOC. Since cal-
pain-2 dominates in the nervous system in contrast to
calpain-1 that is active in hematopoietic cells," calpain-2
might be up-regulated as a compensatory mechanism in
SSCKO mice. This important feature of calpain biology
will require pharmacological inhibition of calpain-2 in
both SS and SSCKO mice to examine the specific contri-
bution of each calpain isoform in chronic and acute sickle
pain.

In conclusion, we demonstrate that genetic ablation of
calpain-1 ameliorates the characteristic chronic pain
behaviors of sickle mice: mechanical, deep tissue, heat,
and cold hyperalgesia. These findings are the first to
establish a functional role of calpain-1 in the pathobiolo-
gy of sickle pain. Future studies would throw light on the
role of calpain-1 in other blood cells involved in whole
blood platelet aggregation, including leukocytes and
reticulocytes, as well as possible compensatory roles of
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calpain-2 in H/R-induced platelet hyperactivity and acute
pain. We posit that calpain-1 is a potentially treatable
novel target for SCD.
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