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Abstract

Sickle cell disease (SCD), a hemoglobinopathy, can cause
sickling ofred blood cells, resulting in vessel blockage, stroke,
anemia, inflammation, and extreme pain. A vast majority of
SCD patients experience pain on a chronic basis, and many
turn to opioids to provide limited relief. The side effects
that come with chronic opioid use push for research into
understanding the specific mechanisms of SCD-associated
chronic pain. Current advances in SCD-associated pain
have focused on alterations in the pain pathway including
nociceptor sensitization and endogenous pain inducers.
This article reviews the underlying pathophysiology of
SCD, potential pain mechanisms, current treatments and
their mechanism of action, and future directions of SCD-
associated pain management. The information provided
could help propel research in SCD-associated chronic pain
and uncover novel treatment options for clinicians.

Introduction

Sickle cell disease (SCD) affects around 100,000
Americans and accounts for over $450 million in healthcare
expenses each year.[1,2] SCD is a group of disorders
associated with a mutation in the B globin gene.[1,2] In
red blood cells, two B globins combine with two a globins
to form the oxygen carrying molecule hemoglobin. Upon
deoxygenation, sickle B globin polymerizes, which causes
the blood cell to take on a half-moon shape, adhere to blood
vessels, and hinder blood flow. These vaso-occlusive events
lead to organ damage, extreme pain, stroke, and a shortened
lifespan. Sickled red blood cells also die faster than normal
red blood cells, resulting in hemolytic anemia.[3] Excellent
reviews on the pathophysiology and genetics of SCD have
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been previously published.[4-6] This review focuses on
the possible underlying mechanisms of SCD-associated
chronic pain, clinical treatment options, novel therapies
and their proposed mechanisms, and future directions. A
literature review search was conducted using the PubMed
database with keywords “sickle cell disease and chronic
pain”. Selection criteria were based on the impact of the
study and the year in which it was published. The goal of
this review is to summarize the most recent advances in
the realm of Sickle Cell Disease-associated chronic pain.
Since pain in SCD patients is associated with an increase in
morbidity,[ 7] understanding the cause of SCD-associated
pain may provide insight into SCD itself.

Clinical characterization of SCD-associated pain

Acute painful episodes are the main cause of SCD
related hospitalizations.[8,9] The cause of these episodes
may be vaso-occlusive (VOC) events, in which sickled
cells adhere to blood vessels and block blood flow.[10] The
interaction between sickled red blood cells and the vessel
wall causes endothelial cell activation, which leads to the
production of inflammatory mediators. These mediators are
thought to play a role in SCD pathology (Figure 1).[11,12]
Extravasation also occurs as endothelial cell permeability
increases. The increase in monocytes, mast cells, and
macrophages in the surrounding tissue contributes to the
inflammatory milieu triggering nociceptor activation. The
consequence of these events is an acute painful episode,
which is often severe enough to require an emergency room
visit and intravenous opioids.[13]

In addition to acute painful episodes that are
prevalent in SCD patients, chronic pain is often reported. In

Page 8



a recent survey of 232 SCD patients, pain was self-reported
on 56% of 31,017 total diary days.[14] Painful crisis (VOCs)
was reported on 12.7% ofthese days.[ 14] In a separate survey
of 227 SCD patients, 92% reported pain that lasted from 6
months to more than 2 years.[15] Chronic pain in patients
may stem from a known cause including edema, ischemia,
or nerve damage; however, intractable chronic pain exists in
SCD patients as well. Understanding the underlying causes
of intractable chronic pain is of interest for the purpose of
developing novel therapies.

In clinical studies, SCD patients with chronic
pain exhibit symptoms that suggest sensitization of pain
pathways. Painful episodes increase during times of cold
weather and windy weather, suggesting a possible cool/cold
sensitivity in SCD patients.[16,17] In clinical tests, patients
with SCD-associated chronic pain show increased sensitivity
to cold and heat compared to the matched control patients.
[18,19] Brandow et al. reported that the median heat painful
threshold for SCD patients was 42.7°C compared to 45.2°C
in the matched controls. The cool/cold threshold for SCD
patients was 21.1°C compared to 14.8°C for the matched
controls. These significant differences demonstrate thermal
hyperalgesia and cool/cold allodynia in SCD patients.

Current clinical treatment of SCD-associated pain

Current treatments for SCD-associated chronic pain
do not differ from the common treatment strategies for other
chronic pain conditions, in which opioids are often the most
prescribed therapeutic option.[20,21] In a survey 0of 299 SCD
patients, opioid use was reported on almost 60% of a total
of 16,818 diary days.[22] However, opioids produce severe
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Figure 1. Vaso-occlusive events lead to
acute painful episodes in SCD patients.
Deoxygenation of red blood cells harbor-
ing sickle beta globin causes polymeriza-
tion of hemoglobin and morphological
changes in the red blood cell. The cell
adheres with greater affinity to endothelial
cells lining blood vessel walls, creating

a blockage (A). Endothelial cells then
become activated releasing cytokines (B)
and allowing for increased extravasation of
monocytes (C). The increase of inflamma-
tory cells in the surrounding tissue further
contributes to the release of cytokines
surrounding nociceptor terminals. This
inflammatory soup then activates the
nociceptor to allow the release of substance
P or CGRP from nociceptor terminals,
resulting in a feed-forward mechanism
contributing to nociceptor sensitization
(D). CGRP: calcitonin gene related pep-
tide; TRPV1: transient receptor potential
vanilloid channel 1.

side effects, including hyperalgesia and tolerance.[23,24]
Opioids may even produce severe pathological changes in
SCD patients that could contribute to organ damage.[25]
More targeted treatment options could reduce the need for
opioids, and their harmful side effects.

Although opioids are the common treatment for
SCD-associated pain, other therapeutics are also being
considered. Hydroxyurea therapy is recommended for
SCD patients with recurring vaso-oclussive episodes.[26]
Hydroxyurea is a ribonucleotide reductase inhibitor that
raises the level of fetal hemoglobin in SCD patients.[26]
Daily oral therapy of hydroxyurea has been demonstrated
to reduce SCD associated complications including pain.
[26,27] Hydroxyurea is associated with several side effects
including neurological, gastrointestinal, and cutaneous
side effects.[28] Additionally, hydroxyurea therapy is not
a targeted treatment for SCD associated chronic pain, thus
more efficient treatment options should be considered.
Histone deacetylase inhibitors also elevate fetal hemoglobin
levels, but their clinical efficacy has yet to be validated in
SCD patients.[29]

Recently, a calcium/calmodulin protein kinase Ila
(CaMKlIla) inhibitor was used in a clinical trial of its adverse
effects and pain relief specific to the SCD patients. Fifteen
out of a total of 18 SCD subjects reported a 50% reduction
in pain intensity as determined by a Visual Analogue
Scale for pain intensity.[30] It was reported that CaMKlIla
inhibitors may reduce pain sensitivity by preventing the
phosphorylation of N-metyl-D-aspartate (NMDA) receptors
and subsequent activation and calcium influx.[31] TRPV1
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may be a downstream target of this inhibitor as CaMKlla
can activate TRPV1 channels.[31] CaMKlIla inhibitors
produced few side effects in SCD patients, however, pain-
relief was not complete, and many patients still reported
chronic pain. Adjunct therapies or other targeted treatments
are still required.

Similar to chronic pain patients, SCD patients are
looking to alternative therapeutics such as acupuncture for
pain management.[15] In a recent survey of 24 SCD patients
whoreceive acupuncture therapy for a painful crisis, 9 patients
who received inpatient acupuncture at a single institution
reported pain reduction immediately following one session
of acupuncture (pain score reduction of 2.1 points).[32]
There are some limitations to this study, however, including
a small sample size, and further research must be done to
show that acupuncture is a preferable treatment option for
SCD-associated pain.

As an adjunct therapy, cognitive behavioral therapy
(CBT) is gaining popularity in pediatric sickle cell disease. A
recent study conducted by Schatz et al. analyzed the effect of
CBT coping skills training on pain perception in SCD youth.
[33] 46 SCD patients received one session of CBT followed
by 8 weeks of smartphone administered CBT training.
Participants completed daily diaries and questionnaires
which were used to access pain intensity and functional
activity. The daily diaries revealed that CBT skills reduced
next-day pain intensity suggesting that the use of coping
strategies may reduce pain intensity in SCD patients. CBT
may be a beneficial adjunct therapy for SCD chronic pain,
but further studies do need to be completed to address the
effect of CBT in adult patients.

Exercise may also be a beneficial adjunct therapy
for SCD associated pain; however, exercise in SCD patients
is controversial. One case report by Tinti et al. found a
reduction in pain in a 32 year old SCD female following
an aquatic rehabilitation program.[34] This mild exercise
program incorporated stretching, aerobic exercise, and
relaxation administered in two 45 minute sessions per week
for 5 weeks. In a separate clinical study, oxidative stress
markers in SCD patients following mild to moderate exercise
did not differ from healthy controls.[35] This study was
careful to acknowledge, however, that some SCD patients
displayed increases in endothelial activation and oxidative
stress which could lead to vaso-occlusive events. Exercise
in SCD patients can produce severe complications including
pulmonary hypertension and vaso-occlusive events,[36-38]
therefore, exercise as a treatment for SCD associated pain
is approached with great caution.[39] Further research
incorporating larger sample sizes needs to be conducted.

Taken together, it appears that current treatments for
SCD-associated pain are limited and/or ineffective. Further
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research on the mechanisms that underlie this disorder is
required and may provide a new strategy for its therapy.

Animal models of SCD-associated pain

Research into the complex pathophysiology of SCD-
associated pain has taken great strides due to the development
of animal models.[40] Two common mouse models of SCD
are the Berkeley[41] and Townes[42] models. In both of
these models, the mouse a- and B-globin alleles have been
knocked down, and human a- and human sickle B-globin
alleles have been inserted. Thus, these mouse models express
only human a- globin and sickle PB-globin, mimicking
human SCD genotypes. The Townes model differs from the
Berkeley model in that the transition from fetal hemoglobin
(y-globin) expression to sickle B-globin expression mimics
the timeline found in humans. In Berkeley mice, y-globin is
replaced by sickle B-globin by 15 days gestation. This leads
to increased perinatal lethality translating into small litter
sizes, which are a major limitation of this model. In Townes
mice, the transition is complete at 1 month of age, allowing
for increased perinatal survival. Control SCD mice (HBAA)
are also available, in which only human o- and normal
human (- globin alleles are expressed.[40,42]

The phenotypes in SCD mice are highly similar
to those observed in SCD patients. Both Berkley (HBSS-
BERK) and Townes (HBSS) SCD mice display many of
the pathophysiological changes observed in SCD patients
including anemia, organ damage, hypoxia-induced cell
sickling, and pain sensitivity.[42,43,45,46] Exposure to a
hypoxic environment induces cell sickling in SCD mice,
and can be used in the laboratory to induce a vaso-occlusive
episode.[40] A major limitation of both SCD models is the
severity of the disease. In SCD patients, the severity of the
disease depends on a multitude of factors including y-globin
expression, B-globin expression (both normal and sickle),
a-globin expression, and environment. SCD mice, on the
other hand, are designed to express sickle B-globin and
human a-globin exclusively, which translates into severe
SCD. For this reason, translational issues may arise making
it difficult to find effective therapeutics.

Behavioral studies using both SCD mouse models
have revealed pain hypersensitivity similar to that observed
in SCD patients. HBSS-BERK mice display increased heat
and cold hyperalgesia in addition to mechanical allodynia.
[47] Mechanical testing using von Frey filaments displayed
a reduced mechanical threshold in HBSS-BERK mice when
compared to HBA A mice. Thermal paw withdrawal latencies
recorded by applying a heat source to the hindpaw of HBSS-
BERK and HBAA mice showed that HBSS-BERK mice
responded to the heat stimuli faster than HBAA mice. The
same decreased paw withdrawal latencies were observed in
the HBSS-BERK mice when exposed to a cold surface (0°C).
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[47] Cold hypersensitivity was also reported in Townes mice
similar to that observed in HBSS-BERK mice.[49] Research
thus far shows no differences in pain behavior between
HBSS-BERK and Townes mice. Pain hypersensitivity also
increases with age in SCD mice,[50] which correlates with
the phenomena observed in SCD patients.[19]

Potential mechanisms of SCD-associated pain

Increased nociceptor activation, a characteristic
of sensitization,[51] was found in SCD animal models.
Electrophysiological recordings of primary sensory neurons
from SCD mice show enhanced nociceptor activity in
response to painful stimuli. In an ex-vivo saphenous nerve
preparation from HBSS-BERK and control mice, Zappia et
al found that HBSS-BERK C-fibers responded at warmer
temperatures when compared to control fibers during a
decreasing temperature ramp from 32°C to 2°C (19.2 £ 1.2
°C vs. 14.6 £ °C).[50] This could represent sensitization of
peripheral afferent terminals to cold stimuli as the control
fibers can withstand colder temperatures without firing,
thereby explaining cold hypersensitivity behavior observed
in SCD mice. In a separate study of HBSS-BERK mice,
mechanical allodynia was found to result from enhanced
activation of mechanoreceptors. In an ex-vivo preparation of
saphenous nerve, mechanical stimulation of HBSS-BERK
Ad mechanoreceptors and unmyelinated C fiber nociceptors
produced increased action potential firing when compared
to HBAA mice. To analyze similarity in phenotype between
HBSS-BERK mice and SCD patients, Garrison et al used
light touch stimulation to measure mechanical allodynia
and nerve fiber response. HBSS-BERK mice showed a 1.7
fold increase in response to light touch compared to HBAA
mice.[52] This light touch resembles soft strokes or wind,
which have been reported to cause pain in SCD patients.
[16,17] Additionally, using sine-wave electrical stimulation,
Kenyon et al, found that HBSS-BERK and HBSS mice
possess reduced threshold firing in sensory fibers (Ad, AP,
and C fibers).[49] The sensitization of both un-myelinated
and myelinated sensory fibers could explain the thermal
hypersensitivity and mechanical sensitivity displayed by
SCD mouse models and patients.[18,19] These studies
identified sensitization of sensory fibers in sickle cell mice.

Peripheral sensitization may not be the only
contributor to SCD associated chronic pain. Central
sensitization, the phenomenon in which excitability of spinal
cord neurons increases, may occur in SCD mouse models.
Cataldo et al. recently found an increase in spontaneous
firing, receptor field size, and electrophysiological responses
to low-threshold stimuli and mechanical stimuli in spinal
dorsal horn neurons of HBSS-BERK SCD mice when
compared to HBAA-BERK control mice.[53] The increases
in several known signaling pathway components were
observed including phosphorylated ERK, p38, TLR4, and
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IL-6. ERK phosphorylation has been shown to lead to
decreased potassium currents associated with the Kv4.2
potassium channels translating into hyperexcitability
of dorsal horn neurons.[54] The chronic nature of SCD
associated pain may be attributed to a combination of both
peripheral and central sensitizations.

The question remains as to what is causing
enhanced peripheral and central sensitizations in SCD mice
and patients. Vincent et al. reported that mast cell activation
in the periphery of HBSS-BERK mice with hyperalgesia
contributes to the release of inflammatory mediators such
as tryptase, substance P (SP) and calcitonin-gene related
peptide (CGRP).[55] Tryptase activates protease activated
receptor 2 (PAR2) on peripheral nociceptors.[55] The latter
can lead to activation of the transient receptor potential
vanilloid 1 cation channels (TRPV1) and thus increased
action potential firing in addition to CGRP and SP release.
[56] The feed-forward mechanism induced by SP and
CGRP release sensitizes nociceptors, producing pain to
normally non-painful stimuli.[57] Substance P has also been
found to be upregulated in blood plasma of SCD mice with
cold hypersensitivity,[48] and in blood serum from SCD
patients.[58] PCR analysis of the DRG from HBSS-BERK
and HBAA mice revealed an upregulation of Tachykinin
receptor 1 and endothelin 1(ET-1).[50] Substance P, the
primary ligand of Tachykinin receptor 1, is known to play a
role in pain sensation and is linked to spinal cord injury and
cutaneous neurogenic inflammation.[59] The upregulation
of its receptor in HBSS mice may represent an increase in
SP activity.

In addition, ET-1, a known pain inducer, was also
reported to be involved in pain in both preclinical and clinical
studies.[60,61] ET-1 is a 21-amino acid peptide produced
by multiple cell types including macrophages,[62] neurons,
and endothelial cells.[63,64] It is released in response to
endothelial cell activation, an event that occurs during
vaso-occlusive episodes. Other factors that induce ET-1
production include proinflammatory cytokines, growth
factors, angiotensin II, mechanical stress, peripheral tissue
injury, and hypoxia.[65,66] Elevated levels of ET-1 in the
blood plasma of SCD patients and mice both during and
after a vaso-occlusive episode[66] suggest that this peptide
may play a role in SCD associated pain.

How peripheral ET-1 participates in enhanced
nociceptor sensitization in SCD mice and patients is elusive.
Preclinical and clinical studies have found that ET-1 can
induce pain.[60,67-69] When ET-1 was administered
subcutaneously into the forearm of human subjects,
patients developed cold and mechanical hyperalgesia.
[70] In rats, hindpaw administration of ET-1 resulted in
thermal hyperalgesia and tactile allodynia, [71,72] which
were abolished with pretreatment of an endothelin-type

Page 11



A (ETA) receptor antagonist. The painful effects of ET-1
administration are linked to its binding to the endothelin-
type A receptor found on nociceptors.[73,74] The interaction
of ET-1 and ETA receptors can induce nociceptor activation
in pre-clinical studies of normal subjects.[71,75] ET-1
subcutaneous administration was found to activate C-fibers
and A™fibers in rat sciatic nerve in a dose-dependent
manner.[67] This activation was blocked when an ETA
receptor antagonist was administered in conjunction
with ET-1. ET-1 has also been shown to activate C-fibers
in  microneurography studies of human C-fibers.[68]
C-fibers and A™-fibers correspond with small peptidergic
nociceptors, an area of high ETA receptor localization.
Increased nociceptor activation correlates with behavioral
responses as demonstrated in rats that were injected with
ET-1 in the plantar tissue of hindpaws. Following ET-1
injection, increased hindpaw flinching, a behavioral display
of mnociception,[67] occurred. Additionally, when the
ETA receptor is stimulated, hyperpolarization of voltage-
dependent tetratoxin-resistant sodium channels occurs,
which are exclusively located in small DRG neurons.[76]
Since peripheral ET-1 is elevated in SCD patients, it could
activate nociceptors and cause pain hypersensitivity as
observed in the above ET-1 induced pain studies.

ET-1 may sensitize nociceptors by acting on transient
receptor potential vanilloid 1 (TRPV1) channels, which
co-localize with ETA receptors in peripheral nociceptors.
[72,77] TRPV1 channels are non-selective cation channels
with high affinity for calcium. Noxious temperatures (in vivo,
greater than 43°C) and the compound capsaicin are known
activators of TRPV1 channels.[78] Inflammatory mediators,
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Figure 2. Proposed mechanism that under-
lies ET-1-induced sensitization of transient
receptor potential vanilloid 1 (TRPV1)
channels. Endothelin-1 (ET1) released from
endothelial cells, macrophages, mast cells, or
keratinocytes can activate endothelin type

A receptors (ETA) on nociceptive terminals.
ETA receptor activation initiates a G-protein
linked signaling cascade, in which the pro-
duction of diacyl-glycerol (DAG) activates
protein kinase C (PKC) e. The latter phos-
phorylates TRPV1 channels. TRPV1 channel
phosphorylation results in its activation, an
influx of calcium, the depolarization of the
resting membrane potential, and an increase
in cell excitability and vesicle release of sub-
stance P. PLC: phospholipase C; IP3: inositol
trisphosphate.

such as those released following ischemia/reperfusion, can
lower the activation threshold of TRPV1 channels.[78] The
accumulation of inflammatory mediators, including ET-
1, in SCD may lead to sensitization of TRPV1 channels.
[79] Indeed, in preclinical studies, subcutaneous injection
of ET-1 sensitizes TRPV1 channels, leading to prolonged
mechanical allodynia.[72] When TRPV1 antagonists are
administered prior to ET-1 injection, mechanical allodynia
is quickly attenuated. Additionally, administration of the
TRPV1 antagonist capsazepine attenuated ET-1 induced
thermal hyperalgesia in rats.[71] In electrophysiology
studies, ET-1 was found to potentiate capsaicin-induced
TRPV1 current in HEK293 cells expressing both ETA
receptors and TRPV 1 channels.[80] Based on these studies,
ETA receptors may mediate ET-1 nociceptor activation by
activating TRPV1 channels (Figure 2).

The detailed mechanisms of how ETA receptors
trigger TRPV1 channel activation at peripheral terminals
remain to be fully defined, but they may be related
to calcium, an intracellular second messenger. Some
studies report that ET-1 binding to ETA receptors
increases the intracellular calcium concentration.[81]
In substance P containing terminals in the spinal cord,
intracellular calcium increases following ET-1 activation
of dihydropyridine-sensitive calcium channels. Substance
P, a sensitizer of primary afferent nociceptors, is then
released from these terminals. In addition, ET-1-induced
increases in intracellular calcium were found to contribute
to the activation of sensory neurons through activation
of PKCg,[82] which phosphorylates TRPV1 receptors.
[75,76,82] Indeed, in a mouse model of SCD, PKCe was
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found to be elevated in spinal dorsal horn neurons. Based on
these studies, ET-1 binding to ETA receptors could initiate
a downstream pathway in which PKCe activation sensitizes
TRPV1 channels. This mechanism, however, has not been
fully studied in SCD mice, but the basal elevation of ET-1
in SCD patients suggests that ET-1 may contribute to SCD-
associated pain in a TRPV1-dependent manner.

Conclusions and Future Directions:

SCD-associated chronic pain affects a majority of
SCD patients, and dramatically reduces their quality of life.
Uncovering the mechanisms of SCD-associated pain relies
on our current understanding of chronic pain mechanisms,
in addition to the discovery of SCD specific abnormalities.
Unfortunately, the mechanism is still inconclusive. The
variation in disease severity and pain among SCD patients
has proven a complication in defining SCD-associated
chronic pain. Vascular dysfunction and inflammation
associated with SCD propose novel pain inducers, but
further investigation is necessary to identify targets for pain
relief. More clinical surveys exploring pain among SCD
patients with defined SCD pain and its unique characteristics
may help to unfold its complicity. Recent observations of
possible social and environmental factors with molecular
pathology may provide insight into pain variation among
SCD patients. Future research should explore the unique
pathophysiology of SCD associated pain including ET-
1, which has grave potential as a possible target for pain
intervention. Once again, understanding these mechanisms
is essential to discovering effective novel therapies that are
specific for SCD-associated pain, and researches need to be
focusing this particular field.
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