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Abstract

Sickle cell disease (SCD) is associated with acute vaso-occlusive crises that trigger painful
episodes and frequently involves ongoing, chronic pain. Additionally, both humans and mice with
SCD experience heighted cold sensitivity. However, studies have not addressed the mechanism(s)
underlying the cold sensitization, nor its progression with age. Here we measured thermotaxis
behavior in young and aged mice with severe SCD. Sickle mice had a marked increase in cold
sensitivity measured by a cold preference test. Further, cold hypersensitivity worsened with
advanced age. We assessed whether enhanced peripheral input contributes to the chronic cold pain
behavior by recording from C fibers, many of which are cold-sensitive, in skin-nerve preparations.
We observed that C fibers from sickle mice displayed a shift to warmer (more sensitive) cold-
detection thresholds.

To address mechanisms underlying the cold sensitization in primary afferent neurons, we
quantified mMRNA expression levels for ion channels thought to be involved in cold detection.
These included the Transient Receptor Potential Melastatin 8 (Trpm8) and TRP Ankyrin 1 (Trpal)
channels, as well as the two-pore domain potassium channels, TREK-1 (Kcnk2), TREK-2
(Kenk4), and TRAAK (Kenk10). Surprisingly, transcript expression levels of all of these channels
were comparable between sickle and control mice. We further examined transcript expression of
83 additional pain-related genes and found increased mRNA levels for endothelin 1 and
tachykinin receptor 1. These factors may contribute to hypersensitivity in sickle mice at both the
afferent and behavioral levels.
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Sensory neurons from sickle cell disease mice are sensitized to cold, mirroring behavioral
observations, and have increased expression of endothelin 1 and tachykinin receptor 1.

Introduction

In sickle cell disease (SCD), sickle hemoglobin in erythrocytes polymerizes under low
oxygen conditions, distorting the cell shape, leading to sporadic vaso-occlusive crises and
tissue ischemia [21,39,54]. While the most severe pain occurs during these acute, tissue-
damaging crises, many patients (50%) also develop chronic, baseline pain and suffer
heightened cutaneous sensitivity during adulthood [8,54]. The lives of patients with SCD are
further impacted by pain elicited by a host of innocuous, common stimuli including light
wind, brushing of the skin [41], and enhanced detection of and pain sensitivity to mild cold
[8,38,49]. Despite the severity and prevalence of SCD-associated pain, the underlying
mechanisms remain poorly understood.

Recent evidence has shown that the Berkeley mouse model of severe sickle cell disease, in
which mice express either 100% sickle or normal human hemoglobin [43], exhibits
increased reflexive nocifensive behaviors in response to static cold (4°C and 20°C) [9,20].
However, the static cold temperature assay does not reflect the mouse's preferred
temperature environment, nor does it offer sufficient resolution to quantify the degree of
cold aversion. Therefore, there is a need to address how thermotaxis might be altered in
sickle mice. Sensitization of peripheral afferent fibers may correlate to the psychophysical
measurements of hyperalgesia and allodynia. Recently, we reported that primary afferent
fibers in sickle mice are sensitized to mechanical stimuli, with subtypes of AB, Ad and C
fibers exhibiting heightened responses to both noxious mechanical and light touch stimuli
[17,20]. In conjunction with altered central nervous system processing, enhanced peripheral
cold detection may contribute to cold hypersensitivity in SCD.

The ability of sensory neurons to detect cold temperatures has been attributed to the cold
activation properties of ion channels in peripheral nerve terminals. The Transient Receptor
Potential Melastatin 8 (TRPMS8) is reported to directly transduce mild cooling stimuli and is
implicated in contributing to moderate and more noxious cold transduction [6,27,36].
Likewise, TRP Ankyrin 1 (TRPAL) contributes to cold sensitivity in multiple neuropathic
and inflammatory states [11,12,42] and has been debated as a contributor to noxious cold
transduction in naive conditions [5,26,31,32,55]. Other channels involved in cold sensation
include the two-pore domain potassium channels TREK-1 (KCNK2) [40], TREK-2
(KCNK10) [24], and TRAAK (KCNK4) [24,40]. Beyond direct ion channel gating, an
overall increase in afferent excitability in SCD may also contribute to enhanced cold
stimulus detection.

We first assessed cold sensitivity of sickle mice using a temperature preference assay. Since
cold sensitivity relies upon the cold activation of peripheral sensory neurons, we also
assessed the cold responses of C fiber nociceptors using teased fiber recordings [29,48].
Calcium imaging was used to determine if sensory neurons of sickle and control mice have
altered responses to agonists of TRPM8 and TRPAL. In addition, we measured mMRNA
expression levels of known cold-sensitive ion channels and of 83 additional pain-related
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genes that may contribute to the peripheral neuron sensitization in sickle mice. To determine
how the observed phenotype changes with age, we also performed behavioral analyses and
MRNA expression studies using aged SCD animals.

Materials and Methods

Animals

In the Berkeley model of sickle cell disease, sickle mice (HbSS) express 100% sickle human
hemoglobin in circulating erythrocytes, and this model mimics many pathological features
of severe SCD in humans [43]. Control mice were either transgenic control (HbAA) mice
that express 100% normal human hemoglobin on the same mixed Berkeley background or
C57BL/6 wild-type mice (identified where appropriate throughout the manuscript). Cain and
colleagues (2012) have previously shown that the C57BL/6 and HbAA mice have similar
sensitivity to cold stimuli by assessing paw withdrawal latency and frequency [9]. Male
sickle and control mice were used throughout these studies. Adult sickle mice and controls
averaged 7.9 + 0.3 months old; aged mice averaged 18.4 + 0.4 months old, a point beyond
which sickle mice show a rapid increase in mortality. Experimenters were blinded to
genotype for behavioral studies, and wherever possible for teased fiber and calcium imaging
studies. The care and use of animals, along with the experimental protocols used, were
reviewed and approved by the Medical College of Wisconsin Institutional Animal Care and
Use Committee.

Behavioral testing

For temperature preference assessment, HbSS or HbAA animals were placed in a 13” square
Plexiglas chamber in which the floor is a dual temperature-controlled metal plate allowing
independent temperature control for each side (AHP1200-HCP, TECA Corp; Chicago, IL).
The testing apparatus was placed in a constant location within a dedicated behavior testing
room and all spatial cues remained constant throughout all experiments. All animals were
habituated to the chamber (with 30°C on both plates) for 20 minutes prior to testing. For all
temperature preference tests, both the time spent on each plate and the number of times the
animal crossed the midline to the opposite side were recorded during a 5-minute testing
period. Baseline measurements were performed on the first day of testing; animals were
individually placed in the chamber with both floor plates set at 30°C (gently warm to the
touch). Animals were then tested for preference between either 23°C and 30°C, or 20°C and
30°C. To control for a preferred plate side, we randomly altered both the plate where we
introduced the animal (either the 20°C or 23°C and 30°C side) and the temperatures on each
plate. We have found that excessive testing reduces the exploratory behavior of the animals,
as determined by a decrease in the number of crosses during the later tests in preliminary
studies (data not shown). Some groups of animals were also tested following
experimentally-induced hypoxia (2 hours of hypoxia at 10% O, followed by 3.5 hours at
room air). Since multiple tests were performed on the same animal, including testing before
and after hypoxia, the baseline preference at 30:30 was not repeated. The same animals were
used before and after hypoxia to make the most direct comparison regarding the effect of
hypoxia treatment. The experimenter was blinded to mouse genotype during testing.
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To determine the extent of sensitivity to light mechanical touch, we used a Light Touch
Behavioral Assay [16]. HbSS or HbAA mice were placed on a wire mesh platform in an
enclosure, and habituated to this apparatus for an hour prior to testing. For this assay, the
glabrous skin of the plantar hind paw was tested by applying a light, punctate 0.7 mN von
Frey filament 10 times to each hind paw, and separately applying a dynamic light stimulus
using a “puffed” cotton swab applied 5 times to each hind paw. Care was taken to avoid
stimulating hair follicles during testing. For all mechanical behavior assays, we averaged the
responses between both hind paws since no side difference would be expected with SCD. As
before, the experimenter was blinded to mouse genotype.

Teased fiber skin-nerve recordings

The ex vivo saphenous skin-nerve preparation was utilized to determine the response
properties of cutaneous primary afferent fibers in HbAA and HbSS mice following
established protocols [48]. Briefly, ex vivo skin-nerve preparations were dissected from
HbSS and control mice and immediately placed into a recording chamber superfused with
oxygenated synthetic interstitial fluid at 32 + 0.5°C [29]. The skin was placed in the
chamber corium side up. The saphenous nerve was desheathed and teased in order to
distinguish functionally discrete fibers, which were single, active fibers residing in a
filament and which had a defined, isolated receptive field in the skin. A combined electrical
and mechanical search of the corium side of the skin using a blunt glass rod was used to find
active fibers, and an electrical stimulus was used to identify functionally single fibers.

Fibers were characterized by mechanical threshold using calibrated von Frey filaments
(range 0.044-147.0 mN) and conduction velocity. Conduction velocity was measured by
inserting a Teflon-coated steel stimulating electrode into the most mechanically-sensitive
area of the receptive field and applying square-wave pulses (500 ps). Action potential
latency and the distance between electrodes were quantified to determine conduction
velocity. Functional units were classified by conduction velocity and adaptation properties,
as previously described [32]. Fibers conducting < 1.2 m/sec were C fibers; all recordings
described herein were obtained from C fibers.

Once functionally single C fibers were isolated, a 2-minute baseline recording was taken to
assess spontaneous, non stimulus-evoked activity. This activity rate was subtracted from
subsequent recordings of the same fiber. A 20-second cold ramp of buffer from 32°C to 2°C
was applied to the receptive field. We reasoned that such a cold ramp would be better than a
static cold temperature pulse to identify a cold firing threshold and cold-induced responses
to a wide range of temperatures. C fibers were considered cold sensitive if they responded to
cold stimulation with at least 2 action potentials more than the average spontaneous activity
rate. Action potential waveforms were visualized on an oscilloscope and audibly monitored
using an audio amplifier and speaker. Extracellular recordings of action potentials were
recorded and analyzed using LabChart 6 data acquisition software (ADInstruments;
Colorado Springs, CO) on a PC for offline analysis.
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Calcium Imaging

Lumbar 1-6 dorsal root ganglia (DRG) neurons were isolated bilaterally from HbSS and C57
mice and placed in Hank's Balanced Salt Solution (Gibco, Life Technologies; Carlsbad,
CA). DRG neurons were cultured as previously described [4]. Ganglia were dissociated into
single somata via enzymatic digestion and trituration through a P200 pipette tip. The
neurons were plated onto laminin-coated glass coverslips and incubated overnight to allow
adherence. The neurons were provided with complete cell medium consisting of DMEM/
Hams-F12 medium supplemented with 10% heat-inactivated horse serum, 2 mM L-
glutamine, 0.8% D-glucose, 100 units penicillin and 100 pg/ml streptomycin. No exogenous
growth factors were added.

Calcium imaging was performed on small-diameter neurons (<27 pm) 18-24 hours after
dissection using the dual-wavelength fluorescence indicator FURA-2 AM (Invitrogen, Life
Technologies; Carlshad, CA) as described previously [4]. Briefly, isolated DRG neurons
were loaded with 2.5 pl/ml FURA-2 AM in an extracellular buffer containing 2% BSA for
45 min at room temperature, followed by a 30 min wash in extracellular buffer to ensure a
more complete hydrolysis of the intracellular FURA-2-AM. Neurons were superfused with
buffer at 6 ml/min using an AutoMate (Berkeley, CA) pressurized perfusion system.
Recordings were conducted at room temperature (23 + 1°C). Fluorescence images were
captured with a cooled CCD camera (CoolSNAP FX, Photometrics; Tucson, AZ).
MetaFluor imaging software was utilized in order to detect and analyze intracellular calcium
changes throughout the experiment (Molecular Devices; Sunnyvale, CA). Baseline Fura-2
measurements were recorded during superfusion with extracellular buffer. Next, responses
to a TRPMB8 agonist, menthol, and separately responses to a TRPAL agonist,
cinnamaldehyde, were recorded. Previous experiments showed maximal responses to 1 mM
menthol in patch clamp experiments, and observed calcium transients in response to both 10
UM and 100 uM menthol [44]. Additionally, the EC50 for cinnamaldehyde acting upon
DRG neurons or transfected CHO cells is approximately 70 uM [3,4]. Thus, a submaximal
concentration of either 100 uM menthol [35] or 70 uM cinnamaldehyde [3] was applied for
3 minutes. An increase in intracellular calcium of 220% above baseline was considered a
response. At the end of each protocol, a 50 mM KCI solution was applied to depolarize
neurons, thereby allowing for identification of viable small diameter sensory neurons.

Gene expression

Gene expression studies were performed on isolated dorsal root ganglia (T5-L6) removed
from HbSS and HbAA mice. DRGs were dissected and stored overnight in RNAlater at
-20°C. RNA was isolated using TRIzol Reagent following manufacturer's recommendations
(LifeTechnologies; Carlsbad, CA). Total RNA was analyzed with a NanoDrop Lite
spectrophotometer (Thermo Scientific; Wilmington, DE) and integrity assessed via
visualization with ethidium bromide in a 1% agarose gel.

For assessment of individual ion channel mMRNA expression levels, g°PCR was performed on
a Mastercycler ep Realplex? thermal cycler (Eppendorf; Hamburg, Germany). RNA was
reverse-transcribed to cDNA using SuperScript I11 First-Strand Synthesis System
(Invitrogen; Carlsbad, CA). Real-time PCR was performed with SYBR Green using the
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following primers: Trpal (forward: GCTTTTGGCCTCAGCTTT, reverse:
CTCGATAATTGATGTCTCCTAGCA), Trpm8 (forward:
GTCTTCGTCCTCTTCTGTGAT, reverse: ACAATACCCGCTATGAAGTAGAAG),
Trekl (Kenk2, IDT PrimeTime qPCR Assay Mm.PT.56a.14314703, Integrated DNA
Technologies; Coralville, IA), Traak (Kcnk4, IDT assay Mm.PT.56a.7651558), and Trek2
(Kenk10, IDT assay Mm.PT.56a.30470172). Expression of glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) was used as a housekeeping control gene (forward:
AATGGTGAAGGTCGGTGTG, reverse: GTGGAGTCATACTGGAACATGTAG). The
PCR conditions for Trpal and Trpm8 were 40 cycles of 15s at 95°C, 30s at 57°C, and 30s at
72°C, followed by melting curve analysis to ensure specificity of gene amplification.
Conditions for Kcnk2 and Kenk10 were 40 cycles of 15s at 95°C, 30s at 57°C, and 20s at
72°C; those for Kenk4 were 40 cycles of 15 s at 95°C, 25 at 58°C, and 20s at 72°C.
Calculations of comparative fold changes in mRNA expression levels between groups used
a comparative C; method, using AAC; with normalization to Gapdh.

A PCR array of 84 genes related to neuropathic and inflammatory pain (SABiosciences;
Venlo, Netherlands) was also performed on RNA extracted from DRGs (levels T5-L6)
isolated from HbSS (n=6) and HbAA (n=7) mice. These PCR arrays are based on real-time
PCR using optimized primer sets that have been validated by the manufacturer. For this
assay, RNA was reverse transcribed using a protocol outlined by SABiosciences for use
with their PCR arrays. PCR conditions were used as following the manufacturer's protocol.
Gene expression was normalized to the following three housekeeping genes: Gapdh, -actin,
and heat shock protein 90a (cystosolic class B member 1) (Hsp90abl). Also included were a
mouse genomic DNA contamination control, a reverse transcription control, and a positive
PCR control.

Data Analysis

Temperature preference (percent time spent on a given side) was analyzed by 2-way
ANOVA, comparing young and old mice, using a Bonferroni post hoc test. An additional
repeated-measures 2-way ANOVA with Bonferroni post hoc was used to compare
temperature preference with or without hypoxia treatment. The number of crosses performed
during thermal preference testing was analyzed in a similar manner. Baseline behavior on
the thermal plate at 30°C was compared to a hypothetical value of 50% with a one way t-test
for both genotypes. The percentage of cold responsive C fibers in skin-nerve recordings was
analyzed with Fisher's exact tests. The percentage of neurons responding to the chemical
agonists (cinnamaldehyde and menthol) in calcium imaging experiments was also analyzed
with Fisher's exact tests. Expression of individual genes was compared between four groups
(2 ages x 2 genotypes) using a 2-way ANOVA and a Bonferroni post hoc. Gene expression
levels measured in the PCR array were analyzed with the AAC; method using RT? Profiler
PCR Array Data Analysis software provided by SABiosciences (Qiagen). Data from the
remaining assays were compared using two-tailed student's t-tests when two groups were
considered. Data was analyzed using the Prism software (GraphPad; La Jolla, CA). Results
were considered statistically significant when P < 0.05. Within the Results section, data are
presented as means £ SEM.
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Enhanced cold avoidance in sickle mice

We have previously reported that sickle mice exhibit a heightened sensitivity to static cold
temperatures (20°C) [20], and others have reported hypersensitivity to extreme cold (4°C)
[9]. While this is one method used to identify cold hyperalgesia in sickle mice, it does not
recapitulate the hypersensitivity that humans with SCD experience in response to smaller
changes in environmental cold stimuli. Therefore, we used a temperature preference assay
using a milder cold temperature with reduced deviation from skin temperature, where one
plate was set to 23°C and the other to 30°C. This assay also removes possible bias from
observers' interpretation of mouse responses. Our baseline measurement, with both plates set
to 30°C, revealed a similar amount of time spent on each plate (Fig. 1A, left) and number of
crosses between plates (Fig. 1B, left). This ensured that there was no overall baseline
preference for one side of the chamber based on spatial or other cues. We then allowed
HbSS or HbAA control mice to choose between the 23°C and 30°C plates. We found a
marked decrease in the time that sickle mice spent on the 23°C plate (36.3 + 4.0% spent on
cold). HbAA mice exhibited no aversion to the 23°C plate, as they spent 46.1 + 2.5% on the
cold plate (Fig. 1A, left). Sickle mice and controls explored both thermal plates equally, as
there was no difference in the number of crosses between genotypes (Fig. 1B, left).

We then used 2 hours of hypoxia to further exacerbate the SCD phenotype to promote acute
sickling. At 3.5 hours after returning to room air following hypoxia exposure, mouse
behavior was again tested using the 23°C and 30°C plates. Sickle mice exhibited a marked
aversion to the cold plate, and spent significantly less time on the cold plate than did the
HbAA controls (Fig. 1A, right). Sickle mice also exhibited a trend toward a decreased time
spent on the cold plate after hypoxia compared to their preference before hypoxia (p=0.08).
On the other hand, control HbAA mice responded to the 23°C cold plate similarly before
and after hypoxia (p=0.60). We then decreased cold plate temperature further to 20°C from
23°C to evoke a response from control mice and compare these responses with those from
sickle mice. The sickle mice continued to exhibit increased cold sensitivity when compared
to the HbAA controls and to their initial baseline test (Fig. 1A). There was no difference in
the number of crosses between groups following hypoxia, showing that sickle mice did not
have less general activity compared to control mice (Fig. 1B, right).

Sensitization of C fibers contributes to cold hypersensitivity

Chronic pain associated with disease can have both peripheral and central components.
Therefore, to address one peripheral component, we asked whether peripheral afferent
neurons in sickle mice were sensitized to cold. To test for increased sensitivity along the
afferent axon and terminals of cutaneous C fibers, we used the ex vivo skin-saphenous nerve
preparation and quantified the number of action potentials fired during a 20-second cold
buffer ramp from 32°C to 2°C applied to the cutaneous receptive field. C fibers were
considered cold-sensitive if they responded to the cold ramp with more than two action
potentials above the fiber's average spontaneous activity rate. We found a similar percentage
of cold-sensitive C fibers from sickle mice (57%) compared to HbAA controls (52%) (Fig.
2A). Of these cold-sensitive C fibers, those from sickle mice responded at higher (warmer)
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temperatures of the cold ramp, with a cold threshold at 19.2 + 1.2 °C compared to 14.6 + 1.6
°C in HbAA controls (Fig. 2B). However, the cold-sensitive C fibers from HbSS and HbAA
mice fired similar numbers of cold-evoked action potentials during the cold ramp (Fig. 2C;
P =0.14). Together, these data showing warmer cold thresholds suggest that peripheral
afferent terminals are sensitized to cold.

Aged sickle mice exhibit increasing sensitivity to cold

In humans, sickle cell disease involves the development of chronic pain [54]. Importantly,
human patients with sickle cell disease also have heightened sensitivity to cold stimulation,
reporting both cold pain and cold detection at lower thresholds (warmer temperatures) [8].
In that study, older age was also associated with lowered (warmer) thresholds for both cold
pain and detection (interquartile range of all study participants with SCD: 11-19 years); this
was observed in both the sickle cell disease group and the healthy control group. This
suggests that the cold hypersensitivity in sickle mouse populations may also increase with
age. To test this, we repeated the temperature preference assay in aged sickle and control
HbAA mice (average 18.4 months), at an age corresponding to a much older human
population (56+ years) [14]. While we, and others, have reported increased thermal and
mechanical sensitivity of younger adult sickle mice [9,17,20,28], sensitivity has not been
assessed in aged sickle mice. When compared with younger adult animals (average 7.9
months; Fig. 1 and 3), we found enhanced cold aversion in old sickle mice, which spent only
15.9 £ 3.6% of the time on the 23°C cold plate, compared to 36.2 £ 4.0% in the younger
HDbSS adults (Fig. 3A, left). The aged HbAA mice continued to show little aversion to the
23°C cold plate (Fig. 3A). There were no differences between the number of crosses
performed by HbAA and HbSS mice, showing that aged sickle mice did not have decreased
general exploratory activity compared to aged control mice (Fig. 3B, right).

The enhanced cold aversion in aged sickle mice prompted us to ask if there was a more
generalized age-related behavioral change. Because human populations report increased
pain in elderly sickle patient populations [54] and because we previously found
hypersensitivity to light touch in sickle mice, we used a Light Touch Behavioral Assay on
the aged mice. As expected, we found increased light touch sensitivity in the HbSS mice
compared to age-matched HbAA mice when testing an aged population (Fig. S1A, Fig.
S1B). However, unlike the enhanced age-related cold sensitivity in aged HbSS mice, there
was no change in sensitivity to light mechanical touch in aged sickle mice compared to
younger adult sickle mice.

Expression of known cold-sensitive channels does not change in sickle sensory neurons

The cold phenotype at both the behavioral and afferent terminal levels led us to ask what ion
channels might be contributing to the increased neuronal excitability. Because transduction
of the cold stimulus by the neuron may be affected, we investigated sensory neuron
expression of the known cold-sensitive channel TRPM8 [36]. We also quantified expression
levels of TRPAL, which has been reported to be involved in cold sensitivity [31,55],
particularly in circumstances of tissue injury [11,12,42]. In addition, a change in functional
expression of TRPM8 or TRPA1 could contribute to afferent activity. Therefore we used
TRPMS8 and TRPA1 agonists (menthol and cinnamaldehyde, respectively) to quantify both
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the percentage of TRPMS8- and TRPAL-expressing small-diameter neurons and their
response amplitude, as many of these small neurons correspond to C fibers in vivo, and they
comprise a significant population of nociceptors and thermoreceptors. We expected to find
an increase in responsiveness to agonists of TRPM8, TRPAL or both in DRG neurons from
sickle mice. Using calcium imaging, we found no differences in the percentage of neurons
that responded to submaximal concentrations of either the TRPM8 agonist, menthol (Fig.
4A), or the TRPA1 agonist, cinnamaldehyde (Fig. 4C). This suggests that there are equal
proportions of TRPM8- and TRPAL-expressing small-diameter neurons in sickle and control
C57 mice. Further, we found no increase in the amplitude of response to either agonist (Fig.
4B,D). This result suggests that TRPM8- and TRPAL-independent mechanisms are likely
mediating the enhanced cold response in sickle mice.

We concurrently quantified expression of Trpm8 and Trpal mRNA expression levels in
whole DRGs that contain the cell bodies of all sensory afferent subpopulations (AB, A and
C fiber neurons) by qPCR. All mRNA expression studies were performed using HbSS and
HbAA mice. In agreement with our findings from the calcium imaging data with TRPM8
and TRPA1 agonists, we found no differences in mRNA expression levels between HbSS
and HbAA mice (Trpal Fig. 5A, Trpm8 Fig. 5C). Moreover, because we found that cold
hypersensitivity increased in aged sickle mice behaviorally, we quantified expression levels
in aged DRG neurons. Again, we found no differences between aged sickle and control
neurons (Trpal Fig. 5B, Trpm8 Fig. 5D). We then quantified the potassium channels Kcnk2,
Kenk4, and Kenk10, because evidence has linked these channels to altered cold responses
[24,40]. We also observed no differences in the mMRNA expression levels of any of these
channels (Fig. 5E).

Sickle DRGs have increased expression of Tachkykinin 1 Receptor and Endothlelin 1

Our previous work has shown that using a TRPV1-specific antagonist results in reduced
mechanical hypersensitivity in sickle mice [20]. TRPV1 is not known to be mechanically-
sensitive, and therefore it is likely that there is an upregulation of a diverse set of proteins
that may underlie the increased responses of primary afferents to cold and to touch by
sensitizing TRPV1 and one or more cold-sensitive channels. Therefore we investigated the
transcript expression levels of a broad range of genes in DRGs that have been documented
to be involved in pain and inflammation and that might contribute to the SCD phenotype.
Using a PCR array of 84 genes commonly implicated in pain sensation, we observed limited
dysregulation of gene expression between DRGs from younger adult HbSS and HbAA
control animals (Supplemental Table 1). For example, there were no changes in glial cell
line derived neurotrophic factor, nerve growth factor, GTP cyclohydrolase 1, or the assessed
interleukins, bradykinin receptors, purinergic receptors, cannabinoid receptors, adenosine
receptors, or prostaglandin receptors. However, mRNA expression level of the tachykinin
receptor 1 (neurokinin 1 receptor; substance P receptor) was increased 2.7-fold in DRGs
from sickle animals compared to control animals (Supplemental Table 1). Expression of the
precursor gene of the ligand of tachykinin receptor 1 (Tacl; tachykinin; preprotachykinin)
was not altered between SCD and control animals.
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Secondly, expression of the ligand endothelin 1 also increased 1.6-fold in sickle DRGs
compared to controls (Supplemental Table 1). Conversely, we observed no differences in
expression of the receptor for endothelin 1, endothelin receptor A (ET ). Also of note, we
observed no differences in mMRNA expression of the voltage-gated sodium channels tested
(SCN3a/Na,1.3, SCN9a/Nay 1.7, SCN10a/Na,1.8, and SCN11a/Na,1.9). Additionally, there
was no dysregulation in expression of the remaining genes of the 84 assessed genes,
including Trpal, which we had previously investigated using traditional gPCR.

Discussion

The mechanisms contributing to cold hypersensitivity in SCD patients and sickle mice are
poorly understood. Here we report increased cold aversion in sickle mice, which
corresponds to previous reports of increased sensitivity to cold in both humans and mice
with SCD [8,20,54]. The measurement of thermotaxis behavior via temperature preference
allows higher resolution analysis of cold sensitivity and aversion than previous studies in
mice using static cold plates. We report a phenotype in which younger adult sickle mice
exhibited enhanced hypersensitivity to mildly cold temperatures following hypoxia/
reoxygenation, which was designed to partially mimic acute sickling crises in humans.
These findings were similar to our previous report showing that chronic mechanical
hypersensitivity was exacerbated by oxidative stress [20]. Our findings also correlate with
reports that hypoxia/reoxygenation reduces paw withdrawal latency from a static cold plate
at 4°C [9]. The oxidative stress from reoxygenation may be sufficient to sensitize ion
channels involved in cold sensitivity or to upregulate their expression.

Additionally, we observed that the cold-induced behavioral response increased with age
selectively in sickle mice, but not in HbAA controls. These results correlate well with
findings that cold sensitivity in the human SCD patient population increases with age [8]. To
our knowledge, this is the only clinical study that has quantitatively addressed the age
component of cold sensitivity in SCD. In general, few studies have investigated changes in
somatosensation throughout normal aging [7,15], and even fewer studies have related
sensation and aging in disease conditions. Thus, there is a need to better understand how
chronic disease processes, like those in SCD, contribute to chronic pain and immeasurably
impact the quality of life. Beyond the direct sensitivity to cold, some studies suggest that
SCD patients may experience increased pain intensity and frequency in the colder months,
even in the absence of sickling crisis [41,47,50,53]. This further highlights that the link
between cold and pain in SCD warrants further investigation.

The behavioral cold hypersensitivity in SCD appears to be due, at least in part, to enhanced
contribution of peripheral afferent fibers. Our findings demonstrate that peripheral afferent
fibers from sickle mice are sensitized to cold stimuli. Further, our findings indicate that the
sensitization is a stable phenotype not dependent on intact vasculature or concurrent
hypoxia. This enhanced peripheral contribution in SCD may be also compounded in vivo by
central mechanisms, leading to the behavioral cold hypersensitivity. Regarding the
peripheral component, one possible mechanism is that the first-line, cold-sensing
mechanism of the neurons is altered in either expression levels or function.
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To assess whether TRPM8 and TRPAL are sensitized or functionally upregulated in SCD,
we used a functional approach (calcium imaging). Agonists for these channels linked to cold
sensitivity, namely menthol for TRPM8 and cinnamaldehyde for TRPA1, were chosen
because they are selective for those channels at the concentrations used. However, we found
no functional evidence that either channel is sensitized or upregulated to directly contribute
to the altered cold response in SCD mice.

To expand beyond these functional results, we utilized the more sensitive technique, gPCR,
to evaluate expression levels of Trpal and Trpm8, and also of Kcnk2, Kenk4, and Kenk10.
While we did not observe dysregulation in the mRNA expression of any of the channels
tested, it is possible that these channels may be sensitized to the effects of cold through some
form of posttranslational modification, covalent modification or other form of dynamic
interactions. Additionally, there could be a change in localized expression, trafficking, or
sensitization at the nerve terminals that is not apparent at the DRG somata.

Sickle mice appear to be sensitized to multiple modalities of somatosensory input. This
study and others [9,17,20,28] demonstrate that sickle mice are hypersensitive to a range of
intensities of mechanical stimuli, ranging from light to noxious, and to cold. It is possible
that oxidative stress, induced by hypoxia from vaso-occlusion, may lead to dysregulation of
proteins that interact with the cold receptors on sensory neurons. These changes could
modulate cold sensitivity without affecting either TRPM8 or TRPA1 responses to chemical
stimuli, which were used in the calcium imaging studies to assess functional expression. A
similar modulatory mechanism may be occurring with other cold-sensitive channels.

We expected to find dysregulation in expression levels of genes known to be involved in
neuropathic and inflammatory pain. We reasoned that although mechanical and cold
sensitivity were both enhanced in afferent terminals, each modality likely relies on the
involvement of different protein complexes. The skin-nerve recordings revealed differences
in the threshold at which C fibers began to fire cold-evoked action potentials, but no
difference in the number of cold-sensitive afferents or in action potential firing frequency
between sickle and control mice. This data suggests that proteins involved in cold
transduction, and not action potential propagation, likely dictate cold sensitivity in the sickle
mice. However, our previous findings showed that it was the mechanically-evoked action
potential firing frequency, not mechanical threshold, which increased in C fibers of SCD
mice [20], suggesting a possible involvement of proteins that contribute to both mechanical
amplification and action potential propagation. Therefore, we expanded our search by using
the PCR array of proteins that are widely involved in pain. This search revealed that DRGs
from sickle mice have increased mMRNA expression of endothelin 1 and tachykinin receptor
1. Interestingly, there was also no change in expression of Na, 1.3, 1.7, 1.8, or 1.9 sodium
channels known to be involved in action potential threshold or generation (Supplemental
Table 1) [30].

Endothelin 1 has long been implicated in pain modulation [13,23]. Endothelin 1 may act

indirectly, possibly by sensitizing vascular endothelial cells to mechanical stimulation and
ATP release [22]. It may also act directly at sensory neurons by activating both endothelin
receptors ET 5 and ETg to sensitize TRP channels; ET and ETg are each co-expressed on
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~30% of TRPV1-immunopositive neurons [10], and endothelin 1 modulates TRPV1
through the ET a receptor [46,60]. TRPAL may also be involved in the pain-like behavior
induced by ET1 [34]. Endothelin 1 could also lead to neuronal sensitization through other
mechanisms, as endothelin 1 activity can increase intracellular calcium levels, activate
protein kinases, and alter activation gating of Na,1.8 and Na, 1.9 [25].

Interestingly, intradermal injection of endothelin 1 rapidly induces cold hyperalgesia in
humans [19]. Similarly, blockade of either ET o or ETg reduces nerve injury-induced cold
allodynia in rats [59]. Not only is endothelin 1 vastly increased in plasma during a vaso-
occlusive sickling event, it also remains elevated at one to three weeks following hospital
discharge after a crisis [18]. Further, a study in children with SCD showed a positive
correlation between plasma endothelin 1 levels and self-reported pain during acute
procedural pain caused medically-required venipuncture [52]. As endothelin 1 appears to be
increased in both plasma and locally at the DRGs, endothelin 1 at either location may be
contributing to mechanical as well as cold hypersensitivity and pain in SCD. Further parallel
studies of protein expression levels and functional assays will likely help determine the
functional consequence of changes in mMRNA transcript levels in vivo.

Tachykinin receptor 1 (NK1 receptor) and its primary ligand, substance P, also play a role in
pain and sensation [45,56,57]. In addition to substance P release at the spinal cord during
injury, substance P is also released from the sensory nerve endings into the peripheral
tissues, consequently contributing to cutaneous neurogenic inflammation [51]. Cutaneous
tissues, including peripheral nerves and blood vessels, of sickle mice display enhanced
substance P immunoreactivity [28]. Serum levels of substance P are increased in patients
with sickle cell disease, and rise further during painful crises [37]. Mirroring the findings in
human patients, substance P is also increased in plasma of SCD mice [58]. The same study
also showed that neurogenic inflammation occurs in mice with SCD, and that mast cell
activation contributes to this inflammatory state. Interestingly, mast cell inhibition with
imatinib reduces plasma substance P levels to near those found in control mice. Inhibition of
mast cell activation with either cromolyn sodium or imatinib reduces both substance P and
CGRP release into the skin and in DRGs. Moreover, mast cell inhibition partly ameliorates
the hypoxia-induced exacerbation of hyperalgesia [58]. Thus, mast cell activation and
subsequent substance P release appears to have major implications for pain in SCD.

While previous studies have focused on sensory neuron release of substance P onto NK1
receptor-expressing spinal cord neurons or into skin, [1,58] few have assessed NK1 receptor
expression or function in dorsal root ganglia. The baseline expression levels of NK1
receptor may be low in DRGs [2]; however, an upregulation of expression may lead to
previously-unstudied effects on sensory neuron excitability. There is evidence suggesting
that NK1 receptors located in both the peripheral and central terminals of sensory neurons
are involved in sensation [33]. Therefore, the upregulation of tachykinin receptor 1
expression at the DRG may also contribute to the pain and hypersensitivity in sickle mice.
Consequently, examining proteins that modulate pain sensitivity in sickle populations in
subsequent studies may provide insight into the mechanism of SCD-related pain.
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Figure 1.

Sickle mice display cold temperature aversion, which is enhanced following induced
sickling crises. (A) Both HbAA and HbSS male mice show no preference between the sides
of the thermal preference plate at baseline when both sides are at 30 degrees (“baseline”), as
evidenced by both groups spending time on one side at a rate not significantly different from
chance during a 5 minute test (50%, P > 0.05). When the temperature on the test plate was
reduced to 23°C, HbSS mice spent significantly less time on the cold plate compared to their
baseline preferences (**P < 0.01). Following hypoxia and reoxygenation, sickle animals
showed an enhanced avoidance of the cold plate compared to the control animals, when
tested on cold plates of both 23°C (* P < 0.05) and 20°C (* P < 0.05). (B) During all
behavioral thermal preference tests, there were no differences in the number of plate crosses
compared between sickle and HbAA control animals (P > 0.05).
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C fibers from sickle mice are sensitized to cold stimuli. (A) C fibers isolated from sickle
mice were activated by cold stimulation at a similar proportion compared to HbAA control
C fibers. (B) Cold-activated C fibers from sickle mice had a significantly lower cold
detection threshold, meaning they responded to cold stimulation at warmer temperatures
than HbAA controls (P < 0.05). (C) There was no significant difference in the number of
action potentials fired by cold-responsive C fibers from SCD or HbAA mice in response to
cold stimulation (P = 0.1848).
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Figure 3.
Cold aversion increases with age in sickle mice. Aged mice are on average 18.4 (+ 0.4)

months; younger adult mice are on average 7.9 (x 0.3) months. Mouse behavior was tested
using a thermally-controlled floor with one side at 30°C and the other at 23°C, and cold
aversion was measured as the percent of time spent on the colder plate during a 5 minute
test. (A) Aged male HbSS mice portrayed heightened cold aversion compared with younger
adult HbSS mice (*** P < 0.001). Additionally, the aged HbSS mice showed much greater
cold aversion than their aged control counterparts (**** P < 0.0001). Aged male HbAA
mice (controls) show no difference in cold aversion or thermal preference compared to
younger adult HbAA mice (P > 0.05). (B) There were no differences in the number of
crosses performed by older control or HbSS mice (P > 0.05).
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Figure 4.
Sickle and control (C57) DRGs have similar functional expression of cold-sensitive ion

channels. (A) Isolated small-diameter DRG neurons from control (C57BL/6) and sickle
mice were exposed to 100 uM menthol, and their responses assessed via calcium imaging. A
similar percentage of small neurons from control and sickle mice responded to the chemical
stimulation. (B) Control (C57) and sickle neurons responded to 100 uM menthol with a
similar amplitude response of calcium influx, as measured by percent increase in Fura-2
ratio over baseline measurements. (C) Additional groups of small-diameter DRG neurons
were exposed to 70 pM cinnamaldehyde. There was no significant difference in the
percentage of sickle or control neurons responding to cinnamaldehyde stimulation. (D)
Control and sickle neurons also responded to 70 M cinnamaldehyde stimulation with
similar amplitude increases in intracellular calcium.
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Figure 5.

Sickle (HbSS) and HbAA control DRGs have similar mRNA expression levels of cold-
sensitive ion channels. (A-D) There were no differences in the mRNA expression of either
Trpal (A-B) or Trpm8 (C-D) between control and SCD DRGs obtained from aged or
younger adult mice. (E) Similarly, there were no differences in the expression levels of
Kenk2, Kenk10, or Kenk4 measured from DRGs collected from younger adult SCD and
HbAA mice (P > 0.05).
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