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Abstract

The pain phenotype in sickle cell disease (SCD) patients is highly variable. A small percentage of SCD patients experience many
vaso-occlusive crises/year, 5% of patients account for over 30% of pain episodes, while 39% report few episodes of severe pain.
Clearly, a better understanding of the pathobiology of SCD is needed to improve its therapy. Humanized sickle cell mice recap-
itulate several phenotypes of SCD patients and provide a model for the study of SCD pain. Researchers have shown that one strain
of humanized SCD mice, the BERK strain, has abnormal pain phenotype. However, the nociception phenotype of another
humanized SCD mouse strain, the Townes strain, has not been described. In a large cross-sectional study of BERK and
Townes SCD mice, we examined thermosensory response and sensory nerve fiber function using sine-wave electrical stimulation
at 2000, 250, and 5Hz to stimulate preferentially A, AS, and C sensory nerve fibers, respectively. We found that BERK and
Townes mice, compared to respective controls, had decreases in 2000, 250, and 5 Hz current vocalization thresholds in patterns
that suggest sensitization of a broad spectrum of sensory nerve fibers. In addition, the pattern of sensitization of sensory fibers
varied according to strain, sex, age, and mouse genotype. In a similarly variable pattern, Townes and BERKSs also had significantly
altered sensitivity to noxious thermal stimuli in agreement with what has been shown by others. In summary, the analysis of
somatosensory function using sine-wave electrical stimulation in humanized sickle cell mice suggests that in SCD, both myelin-
ated and unmyelinated, fibers are sensitized. The pattern of sensory fiber sensitization is distinct from that observed in pain models
of neuropathic and inflammatory pain. These findings raise the possibility that sensitization of a broad spectrum of sensory fibers
might contribute to the altered and variable nociception phenotype in SCD.
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genotype, age, and disease severity.>>® Further, a growing
body of literature suggests that SCD patients may have
three distinct pain types that include acute pain during
vaso-occlusive crisis, chronic pain, and neuropathic
pain.”® Clearly, the pathobiology of SCD pain is incom-
pletely understood and as a result, its treatment is often
less than adequate.

Humanized sickle cell mice provide a model to study
SCD pain and allow for evaluation of somatosensory func-

Introduction

Patients with sickle cell disease (SCD) face a lifelong chal-
lenge of living with pain that is associated with healthcare
disparities. In these patients, the pain can be incapacitating
and is associated with decreased quality of life and neuro-
developmental deficits."™ The spectrum of pain phenotype
in SCD patients is highly variable in that a few patients have
many recurrent vaso-occlusive crises/year, 5% account for

over 30% of pain episodes, whereas 39% report few pain
episodes.” While the mechanism for such variability in
SCD-associated pain (intensity, distribution, chronicity,
and pattern of pain) is poorly understood, researchers
have shown that it is associated with factors such as
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tion associated with the disease.'®** Using mechanical and
thermal stimuli, researchers have shown that the BERK
strain of SCD mice displays thermal and mechanical hyper-
algesia, which are associated with disruptions of the archi-
tecture of small sensory fibers in the dermis.'
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These findings in BERK mice partially mirror those in
patients with SCD who have been shown to have increased
sensitivity to heat and cold.”™ Further, using ex vivo skin-
nerve preparations, others have shown that mechanical
allodynia in BERK mice is associated with increases in
number of evoked potentials to suprathreshold forces
which suggests that light-touch cutaneous afferents (Ap
fibers) are sensitized to mechanical forces."® Therefore, sev-
eral studies suggest that SCD is associated with somatosen-
sory dysfunction that is likely to involve small and large
sensory nerve fibers.

Evaluation of somatosensory function and analgesic
fiber selectivity can be performed with quantitative evalu-
ation of nocifensive behavior in response to activation of
AB (large myelinated), Ad (lightly myelinated), and C
(small, unmyelinated) sensory fibers. Such evaluation can
be done using variable rates of noxious radiant heat as A
fibers are activated by high rate and C fibers by low rate of
skin heating.'®!” Alternatively, sensory fiber function can
be examined with sine-wave electrical stimulation at 2000,
250, and 5 Hz to stimulate preferentially AB, A, and C sen-
sory nerve fibers, respectively.'®2? This preferential stimu-
lation derives from  distinct electrophysiological
characteristics (refractory period, diameter, conduction vel-
ocity) of afferent neurons.'”*"* A number of animal and
human studies suggest that sine-wave stimulation may be
used to evaluate distinct classes of sensory fibers, to exam-
ine quantitatively somatosensory function, and to evaluate
fiber selectivity of analgesics.'”*~2

In this investigation, we used sine-wave stimulation in a
large cross-sectional study to examine the effect of SCD,
strain, genotype, age, and sex on somatosensory fiber func-
tion and nocifensive behavior in two strains of humanized
SCD mice.

Material and methods

This study was conducted in strict adherence to the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals, National Institutes of Health policies, and making
every effort to minimize distress. The investigational proto-
col was approved by the Animal Care and Use Committees
from the National Institutes of Health Clinical Center, NIH,
Bethesda, MD, and from the Children’s National Medical
Center, Washington, DC.

Animals

In this study, we adhered to recently published guidelines
to optimize the predictive value of preclinical research.?”
Mice were purchased from the Jackson Laboratory (Bar
Harbor, ME) and bred at our animal facility. We examined
two strains of humanized SCD mice. The first strain was
generated by Dr Tim M. Townes at the University of
Alabama (here referred to as the Townes strain): B6;129-
Hbatml(HBA)Tow beth(HBGI,HBB*)Tow/beth(HBG],HBB)Tow/]-
(Jackson Laboratory, stock number 013071).**° Townes
SCD mice do not express any mouse hemoglobin as
mouse o- and B-globin genes were replaced with human
o- and P-globin genes as indicated below.***
Homozygous sickle Townes carry a mutation designed

with the human hemoglobin a-gene (Hba"'BAT hy)
and the Hpp"™>HECLHEEDTow mytation, a 9.7-kb DNA frag-
ment containing the human “y-globin gene and human
sickle hemoglobin beta (B°) that replaced mouse major
and minor B-globin genes (ho/ ho::p%/ B°). Heterozygous
Townes mice carry the Hba™ BT (hg) mutation, one
copy of human sickle hemoglobin beta (°), and one copy
of the Hpp""3HBCLHBB)Tow yiation, a DNA fragment con-
sisting of human hemoglobin gamma (“y) gene and human
wild-type hemoglobin beta (B*) genes (ho/ho::B”/p%).
Townes control animals carry two copies of the human
a-globin gene and two copies of the Hpp™3HBGLHERTow
mutation (ha/ho::p*/pt).252 Homozygous (ha/ ho::p°/
B°) sickle Townes mice recapitulate hematologic defects of
human SCD (anemia, reticulocytosis, leukocytosis, sickling)
as well as liver and kidney disease.”®*’

The second strain was generated by Dr Paszty at Berkley
University (here referred to as the BERK strain): Hba""'"*
Hbb™' ™ Tg(HBA-HBBs)41Paz /], stock number 003342).*
Homozygous BERK mice do not express mouse hemoglo-
bin and carry copies of a transgene (Tg(HBA-HBBs)41Paz)
that contains human HBAI (hemoglobin, alpha 1), HBG2
(hemoglobin, gamma G, fetal component), HBG1 (hemoglo-
bin, gamma A, fetal component), HBD (hemoglobin, delta),
and HBB® (hemoglobin, beta, sickle allele) genes.”
Heterozygous BERK do not express mouse Hba and have
one copy of mouse Hbb and the Tg (HBA-HBBs)41Paz. We
used C57BL/6 as control strain for BERK mice.

Study design and experimental protocol

We evaluated nocifensive behavior using electrical and
thermal stimulation in a cross-sectional fashion in different
cohorts of animals. Mice were housed in ventilated cages in
a temperature-controlled environment (21°C), kept in
standard 12-h light-dark cycle, and had unrestricted
access to regular mouse chow and water. In order to control
for variability and synchronize estrous cycles, female mice
from all genotypes were housed together. All experiments
were performed between 6:30 AM and 12:00 PM in a quiet
room with one animal present during measurements.
During any given experiment of nocifensive behavior,
SCD mice and respective controls were examined during
each session in order to control for the effect of time and
operator variability. Nocifensive behavior was evaluated
using hot plate latency, cold plate sensitivity, and current
vocalization threshold (sensory fiber interrogation) in this
sequence. Only one of the three testing paradigms was con-
ducted per day and the investigator conducting quantita-
tive sensory testing was unaware of the animals” genotype.
Male and female mice of each strain and genotype were
examined during one of the following age intervals:
young age (6-10 weeks), middle age (12<age<16
weeks), and older age (20 <age <27 weeks). These age
intervals were selected to capture representative ages in
mouse lifespan and avoid selection bias given that homo-
zygous sickle mice have a mortality rate of 20% between
weaning and 14 weeks. In this cross-sectional study, ani-
mals were studied only once after being randomly assigned
to be studied in only one of the three age groups.



Nocifensive behavior studies

Sensory nerve fiber interrogation using sine-wave
electrical stimulation

In order to evaluate somatosensory fiber function, we used
sine-wave electrical stimulation delivered at three different
frequencies: 2000, 250, and 5Hz that preferentially stimu-
late AP, A8, and C fibers, respectively, as described 263132
The sine-wave electrical stimuli generated by a neurostimu-
lator (Neurotron, Inc, Baltimore, MD) are controlled by
custom software and are delivered to the tail of gently
restrained mice as previously described.”**"** Briefly, sti-
muli at each frequency (2000, 250, and 5 Hz) are delivered in
a stepwise fashion at increasing intensities and last 1s on a
50% duty cycle as each stimulus is followed by a 1-s stimu-
lus-free interval. There was a 1-min rest period between
stimulation with different frequencies. When vocalization
occurs, the electrical stimulus that elicited it could be
shorter than 1s, as vocalization prompts termination of
the stimulus. For 2000 Hz, stimuli intensities are set from
0.4 to 1.6 mA with stepwise increases of 0.1 mA, for 250 Hz
from 0.14 to 0.5 mA with stepwise increases of 0.04 mA, and
for 5Hz from 0.05 to 0.5mA with stepwise increases of
0.05mA. Current thresholds for each frequency were deter-
mined as the average of five consecutive measurements and
were obtained sequentially in response to 2000, 250, and
5Hz. The order of stimuli frequency delivery is based on
studies showing that vocalization thresholds for 2000 and
250Hz frequencies may be affected when they follow the
5Hz electrical stimulus.®! For each frequency, the amperage
of the electrical stimulus that elicited audible vocalization
(nocifensive behavior) or the maximum amperage deliv-
ered for each frequency was defined as current thresh-
0ld.?*3'32 The unit of measurement of current threshold is
“unit” (U) and corresponds to 100 times the current inten-
sity (amperage) that elicited audible vocalization.

Thermosensory studies
Hot plate latency

In order to evaluate nocifensive response to thermal stimuli,
mice were placed on a 55°C hot plate (Harvard Apparatus,
Holliston, MA) and latency time for pain-avoiding behav-
iors (jumping, stomping, or repeated lifting or licking of
hind or front paws) was measured. Once one of these
behaviors was noted, mice were removed from the hot
plate and time in seconds was recorded as heat response
latency.*®

Cold plate sensitivity

For cold plate experiments, we used a Peltier cooler to gen-
erate a cold surface maintained at 2°C (Harvard Apparatus,
Holliston, MA). Mice were placed on the cold plate and for
5min, their behavior was captured on video. The time ani-
mals spent withdrawing from the cold surface (lifting front
or hind paws, rubbing of front paws) was recorded and the
percentage of time withdrawing from the cold plate surface
during the observation period was calculated and inter-
preted to reflect cold plate sensitivity.**
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Hemoglobin analysis and quantitation

Hemoglobin analysis and quantitation from mouse red cell
hemolysate was performed with capillary zone electrophor-
esis using the hemoglobin assay program on MINICAP™
(Sebia, Norcross, GA) according to the manufacturer’s rec-
ommendations. Red blood cell hemolysates were injected
by aspiration at the anionic side of the capillary. High volt-
age protein separation was performed and hemoglobin
fractions were detected at 415nm. Fetal hemoglobin levels
are expressed as % of total hemoglobin.

Statistical analysis

Descriptive statistics and graphics were used to describe the
outcome measures on the response to sine-wave electrical
stimulation using 2000, 250, and 5 Hz to stimulate preferen-
tially AB, Ad, and C sensory fibers, respectively, as well heat
and cold sensitivity. Because BERK and Townes are two dif-
ferent strains of mice, it is inappropriate to analyze the two
samples of mice in one regular regression or analysis of var-
iance (ANOVA) model. To avoid such an issue, one might
implement the same regression model separately for each of
the two strains. However, this approach does not provide
significance testing for differences in the parameter estimates
between the two models. In this study, to model the response
measured with each of the five stimulation paradigm (i.e.,
2000, 250, 5Hz, cold and heat sensitivity), we conducted
the same multiple regression model among both BERK and
Townes mice simultaneously. Such a model, called multi-
group models, is a special case of structural equation
model.*>” With such an approach, we can include the
BERK and Townes mice as different populations in our mod-
eling and test invariance of genotype effect, as well as age and
gender effect, across different strains. The independent vari-
ables included in the model are: sex (0: female; 1: male),
middle age (1: [12 <age <16 weeks]; 0: otherwise), older
age (1: [20 <age <27 weeks]; 0: otherwise), heterozygous
(1: heterozygous genotype; 0: otherwise), and homozygous
(1: homozygous genotype; 0: otherwise). Each multigroup
model produced two sets (one for Townes and one for
BERK) of slope coefficients that can be interpreted exactly
in the same way as in multiple regressions. The two sets of
slope coefficients were compared across strains with respect
to their signs, statistical significance, and magnitudes. For
example, to assess the effect of heterozygous genotype
among Townes and BERK mice, we checked whether its
slope coefficients in regressions of the two strains were in
the same direction (i.e. both positive or both negative),
whether its slopes were both statistically significant. If the
slopes had the same sign and were statistically significant
among both Townes and BERK mice, difference in effect
magnitude between the strains was tested using Wald test.
As such, the multigroup model enabled us to test whether the
relationships of genotypes with the response measured
under different stimulation paradigm were invariant across
mice (Townes versus BERK) strains, controlling for age and
sex. The models were estimated using Mplus 7.1.%® In con-
sideration of possible nonnormality in the data, an estimator
for maximum likelihood estimation with robust standard
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errors (MLR) was used for model estimation.*® Similar to the
Yuan and Bentler’s method®” MLR adjusts the ML Chi-
square by a constant, called scaling correction factor, to
account for nonnormality of the observed measures and pro-
vides robust standard errors that are used to conduct signifi-
cance testing for individual parameter estimates.

Results

Eight hundred and forty six animals were enrolled in this
investigation and sample statistics are presented in Table 1.

Cross-sectional study of the effect of SCD on nocifen-
sive behavior in response to sine-wave electrical
stimulation

Selected results of multigroup regression models are pre-
sented in Tables 2 and 3. Adjusted outcome means for
BERKSs and Townes were calculated by genotype, age, and
gender groups using the regression coefficients in Tables 2
and 3 and shown in Figures 1, 2, and 3, respectively.

Table 1 Number of animals enrolled in a large cross-sectional study of
current vocalization threshold and quantitative thermosensory testing in
two strains of sickle cell mice.?

Variable Townes Strain BERK Strain
Current Vocalization Threshold (N=774)

Genotype

Control 80 204

Hetero 161 108

Homo 137 84
Sex

Male 166 172

Female 212 224
Age

Young 122 179

Middle 144 100

Older 112 117
Total 378 396

Quantitative Sensory Testing (N =503)

Genotype

Control 80 139

Hetero 79 67

Homo 80 58
Sex

Male 97 116

Female 142 148
Age

Young 82 141

Middle 88 58

Older 69 65
Total 239 264

8Young indicates age <10 weeks, middle 12 <age <16 weeks, and older
20 < age < 27 weeks. Some animals underwent both current vocalization thresh-
old and quantitative thermosensory testing. Animals were studied only one time
at the age group determined at time of randomization.

Effect of genotype on current thresholds and thermo-
sensory response of SCD mice

The pattern of genotype effect on current vocalization
thresholds in response to 2000, 250, and 5Hz differed
across Townes and BERK strains (Figure 1, Table 2).
Specifically, among BERK mice, controlling for age and
sex, homozygous BERK had similar current vocalization
thresholds in response to 2000Hz (p=0.51) and 5Hz
(p=0.16) compared with C57BL/6 controls (Figure 1,
Table 2). However, in response to 250 Hz stimulation, homo-
zygous BERK mice had lower current vocalization thresh-
olds compared with C57BL/6 controls (Figure 1, p =0.029).
In addition, heterozygous BERK had significantly higher
5Hz current vocalization threshold compared with both,
C57BL/6 controls (p <0.001) and homozygous BERK
(Wald test X2= 5.51, p=0.019), Figure 1, Table 2.

In contrast, controlling for age and sex, homozygous
(sickle, ha/ho::B°/ B°) Townes had significantly lower cur-
rent vocalization thresholds in response to 2000Hz
(p=0.01), 250 Hz (p = 0.003), and 5 Hz (p < 0.001) compared
to Townes control (ho/ho::p*/p*) mice (Figure 1, Table 2).
In addition, heterozygous (ho/ ho::p*/ B°%) Townes had simi-
lar current vocalization thresholds (2000Hz [p=0.654],
250Hz [p=0414], and 5Hz [p=0.219]) compared to
Townes controls but significantly higher thresholds com-
pared to homozygous Townes (2000Hz [Wald test
x*=5.08, p=0.024], 250 Hz [Wald test x*=5.92, p=0.015],
and 5Hz [Wald test x*=7.58, p=0.006]). Homozygous
genotype had a significant effect on 250 Hz current vocal-
ization threshold in both Townes and BERK mice, and such
an effect remained invariant (similar, Wald test X2:0.427,
p=0.514) across the two strains. However, the effects of
homozygous genotype on 2000 and 5Hz current vocaliza-
tion thresholds were only statistically significant (p < 0.05)
for Townes, but not for BERKs.

Concerning thermosensory response, the pattern of
genotype effect on hot plate latency and cold plate sensitiv-
ity differed across Townes and BERK strains (Figure 1,
Table 3). Specifically, controlling for age and sex, homozy-
gous and heterozygous BERK had significantly lower hot
plate latency and cold plate sensitivity compared with
C57BL/6 (Figure 1, all p<0.001). In contrast, among
Townes mice, controlling for age and sex, heterozygous
Townes had significantly higher hot plate latency (p =0.009)
and cold plate sensitivity (p <0.001) compared to Townes
controls mice (Figure 1, Table 3). In addition, homozygous
Townes had similar hot plate latency (p=0.892) but signifi-
cantly higher cold plate sensitivity (p <0.001) compared to
Townes controls mice (Figure 1, Table 3).

Effect of age on current thresholds and thermosensory
response of SCD mice

The pattern of age effect on current vocalization thresholds
in response to 2000, 250, and 5Hz and on thermosensory
response differed across Townes and BERK strains (Figure
2, Table 2, and Table 3). Specifically, among BERK mice,
controlling for genotype and sex, middle age (12 <age <16
weeks) animals had significantly higher current vocaliza-
tion thresholds in response to 2000Hz (p=0.001) and



250 Hz (p = 0.043) compared with younger (age < 10 weeks)
BERK mice (Figure 2, Table 2). With regards to 5Hz sine-
wave stimulation, middle age BERKs had similar
(p=0.190), but older (20 < age <27 weeks) BERKs had sig-
nificantly lower current vocalization thresholds (p < 0.001)
compared to younger BERK mice (Figure 2, Table 2).
In contrast, among Townes, controlling for genotype and
sex, older Townes mice (20 <age <27 weeks) had signifi-
cantly lower current vocalization threshold in response to
2000Hz (p=0.015) and 5Hz (p=0.003), but not 250 Hz,
compared to younger (age <10 weeks) animals (Figure 2,
Table 2). The significant negative effect of older age on
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current vocalization thresholds in response to 5Hz was
invariant (similar) between the two strains (Wald test
x*=0.090, p=0.765).

Similarly, the pattern of age effect on thermosensory
response to hot plate differed across Townes and BERK
strains (Figure 2, Table 3). Specifically, among BERK mice,
controlling for genotype and sex, older BERK mice
(20 <age <27) had significantly lower hot plate latency
(p=0.042) compared with younger animals (Figure 2,
Table 3). In contrast, among Townes mice, controlling for
genotype and sex, middle-aged, but not older, Townes mice
had significantly lower hot plate latency (p=0.009) than

Table 2 Selected results of multigroup model by current vocalization threshold.?

2000 Hz Current vocalization threshold

250 Hz Current vocalization threshold

5Hz Current vocalization threshold

Variables Townes BERK Townes BERK Townes BERK
Intercept 81.8 (< 0.001) 77.4 (<0.001) 33.1 (<0.001) 31.9 (<0.001) 24.2 (<0.001) 18.1 (<0.001)
GENOTYPE

Control - - - - -

Hetero -1.1 (0.654) 3.8 (0.135) -1.1 (0.414) -1.0 (0.391) -2.1(0.219) 7.4 (<0.001)

Homo -6.3 (0.014) -1.6 (0.513) -3.7 (0.003) -2.6 (0.029) -5.8 (<0.001) 2.4 (0.156)
AGE

Young - - - - -

Middle -1.2 (0.681) 12.1 (0.001) 1.1 (0.431) 3.4 (0.043) 0.4 (0.847) -2.7 (0.190)

Older -6.4 (0.015) 3.6 (0.129) —-2.5 (0.066) 1.8 (0.116) -5.1 (0.003) -5.8 (<0.001)
SEX

Female - - - - - -

Male 11.9 (<0.001) 13.0 (<0.001) 7.0 (<0.001) 7.0 (<0.001) 9.5 (<0.001) 4.4 (<0.001)
R? 0.21 (<0.001) 0.22 (<0.001) 0.24 (<0.001) 0.24 (<0.001) 0.29 (<0.001) 0.22 (0.001)

2The results show the current vocalization threshold differences (p value) comparing a given group with the respective reference group. Intercept indicates the intercept
coefficient of the regression model, i.e. the value at which the fitted line in the model crosses the y-axis. — indicates the reference group, hetero indicates heterozygous,
homo homozygous, young indicates age < 10 weeks, middle 12 < age < 16 weeks, and older 20 < age < 27 weeks. R? indicates R square.

Table 3 Selected results of multigroup models by thermosensory testing.?

Hot Plate Latency (s) Cold Plate Sensitivity (%)

Variables Townes BERK Townes BERK
Intercept 8.9 (<0.001) 9.2 (<0.001) 21.7 (<0.001) 44.9 (<0.001)
GENOTYPE

Control - - - -

Hetero 0.86 (0.009) —2.0 (<0.001) 11.8 (<0.001) —29.0 (<0.001)

Homo 0.05 (0.892) —2.4 (<0.001) 19.1 (<0.001) -23.0 (<0.001)
AGE

Young - - -

Middle -0.9 (0.009) -0.6 (0.180) -2.5(0.297) 4.6 (0.298)

Older -0.3 (0.363) -0.7 (0.042) 6.0 (0.066) 5.5 (0.080)
SEX

Female - - - -

Male —-1.0 (<0.001) 0.3 (0.258) -1.2 (0.633) 3.3(0.172)
R2 0.12 (0.014) 0.34 (<0.001) 0.23 (<0.001) 0.39 (<0.001)

2The results show the current vocalization threshold differences (p value) comparing a given group with the respective reference
group. Intercept indicates the intercept coefficient of the regression model, i.e. the value at which the fitted line in the model
crosses the y-axis. — indicates the reference group, hetero indicates heterozygous, homo homozygous, young indicates
age < 10 weeks, middle 12 < age < 16 weeks, and older 20 < age < 27 weeks. R? indicates R square.
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did younger animals (Figure 2, Table 3). There were no sig-
nificant effects of age on cold plate sensitivity among BERK
or Townes mice.

Effect of sex on current thresholds and thermosensory
response of SCD mice

The effect of sex on current vocalization thresholds in
response to 2000, 250, and 5 Hz was similar across Townes
and BERK strains (Figure 3, Table 2). Specifically, among
BERK mice, controlling for age and genotype, males had
significantly higher current vocalization thresholds in
response to 2000, 250, and 5Hz compared to female mice
(all p<0.001, Figure 3, Table 2). Similarly, among Townes
mice, controlling for age and genotype, males had signifi-
cantly higher current vocalization thresholds in response to
2000, 250, and 5 Hz compared to female mice (all p < 0.0001,
Figure 3, Table 2). The effect of sex on current vocalization
thresholds in response to 2000 and 250 Hz remained invari-
ant across strains (Wald test X2= 0.193, p=0.716; Wald test

x*=10.000, p = 0.985, respectively), but the sex effect on cur-
rent vocalization thresholds in response to 5 Hz was stron-
ger among Townes compared to BERKs (Wald test
x> ="7.872, p=0.005).

In contrast, the pattern of sex effect on thermosensory
response to hot plate differed across Townes and BERK
strains (Figure 3, Table 3). Specifically, among BERKSs, con-
trolling for genotype and age, males had similar hot plate
latency (p=0.258) compared with female mice (Figure 3,
Table 3). In contrast, among Townes mice, controlling for
genotype and age, males had significantly lower (p < 0.001)
hot plate latency compared to female mice (Figure 3). There
were no significant effects of sex on cold plate sensitivity
among BERK or Townes mice (Figure 3, Table 3).

Quantitative sensory testing in control strains (Townes
controls and C57BL/6 animals)

We found that there were some differences in quantitative
sensory test results comparing C57BL/6 and Townes
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Figure 2 Effect of age of BERK (three left bars in each panel) and Townes mice (three right bars in each panel) on current vocalization threshold to 2000 Hz (panel a),
250 Hz (panel b), and 5 Hz (panel c) and thermosensory response to hot (panel d) and cold plate (panel e) controlling for sex and genotype. C57BL/6 mice were used as
control BERK and Townes mice expressing normal human hemoglobin as control Townes. Animals were studied once at either young (Y, 6 < age < 10 weeks), middle
(M, 12 < age < 16 weeks), or older (O, 20 < age < 27 weeks) ages. P values reflect comparisons of groups indicated by horizontal bars

control, the respective control groups for BERK and Townes
mice enrolled in this study (Table 4). Briefly, Townes control
animals had similar mean 2000Hz (p=0.54) and 250 Hz
(p=0.34) but higher 5Hz current vocalization thresholds
compared to C57BL/6 mice (Figure 1, Table 4, p <0.0001).
In addition, Townes control animals had significantly lower
hot plate latency (Figure 1, Table 4, p <0.0001) and cold
plate sensitivity (Figure 1, Table 4, p <0.0001) compared
with C57BL/6.

Hemoglobin analysis in Townes mice

Once we determined the somatosensory phenotype in
Townes mice, in order to determine whether adult mice
express fetal hemoglobin, we performed hemoglobin ana-
lysis in red blood cell hemolysate of 20-week-old Townes
mice (Figure 4). Homozygous but not heterozygous or con-
trol adult Townes mice had measurable levels of human
fetal hemoglobin.

Discussion

A number of in vitro and in vivo studies support the use
of sine-wave stimulation for evaluation of the function of
sensory fiber types. In electrophysiologic studies, intracel-
lular recordings of rat dorsal root ganglia show that sine-
wave stimulation at 2000, 250, and 5Hz, respectively,
recruits AB, Ad (myelinated fibers), and C (unmyelinated)
axons." Researchers have shown that rodent models of
inflammatory and neuropathic pain are associated with
changes in current threshold of sensory fibers (AB, A3,
and C fibers) that vary according to various disease pro-
cesses. For example, in models of inflammatory pain (car-
rageenan injection), animals develop decreases in 250 Hz,
and 5Hz and increases in 2000 Hz current thresholds.*’ In
models of neuropathic pain, rodents develop decreases in
2000 and 250 Hz and increases or no changes in 5Hz cur-
rent thresholds.?>*! In postoperative pain models, animals
develop significant decreases in current thresholds in all
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Figure 3 Effect of sex (M = male, F =female) of BERK (two left bars in each panel) and Townes mice (two right bars in each panel) on current vocalization threshold to
2000 Hz (panel a), 250 Hz (panel b), and 5 Hz (panel ¢) and thermosensory response to hot (panel d) and cold plate (panel ) controlling for genotype and age. C57BL/6
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Table 4 Mean (SD) current vocalization thresholds, hot plate latency, and cold plate sensitivity for Townes and BERK strains control groups.?

Current vocalization threshold (Units) Thermosensory testing
2000 Hz 250Hz 5Hz Hot Plate Latency (s) Cold Plate sensitivity (%)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Townes controls 85.4 (17.3) 36.5 (9.1) 27.3 (13.1) 7.9 (2.1) 21.2 (15.3)

BERK controls (C57BL/6) 86.7 (15.6) 35.5(7.9) 20.9 (8.6) 9.4 (1.6) 43.4 (16.0)

P value 0.5375 0.3355 <0.0001 <0.0001 <0.0001

23D represents standard deviation.

frequencies (2000, 250, and 5Hz) after surgical incision, 5Hz (C fiber), is reduced, thus suggesting that chemother-
which suggests that postincisional pain is associated apy-induced neuropathic pain is associated with sensitiza-
with sensitization of all sensory fiber types.”! In che- tion of myelinated, but not unmyelinated, sensory
motherapy-induced neuropathic pain, current threshold  fibers.*” Taken together these studies suggest that the
for 250Hz (Ad fiber) and 2000Hz (A fiber), but not sine wave stimulation paradigm can be helpful for the
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evaluation of sensory fiber type in various rodent pain
models.

Researchers have also used sine wave stimulation to
determine the effect of various analgesic modalities on sen-
sitization of specific fiber types. For example, intrathecal
administration of morphine, an analgesic often used to
treat surgery-associated pain, in rodent models of post-
operative pain, attenuates the sensitization of Ad (250 Hz)
and C fibers, but not of AB fibers (2000 Hz).”! In animal
models of chemotherapy-induced neuropathic pain, the
analgesic effect of the anticonvulsant gabapentin, which is
often used to treat neuropathic pain, was associated with
decreases in current thresholds in AP (2000Hz) and Ad
(250 Hz) but not in C (5Hz) fibers.** Therefore, the sine
wave stimulation paradigm can be valuable for the study
of sensory fiber sensitization, nociception, and of fiber-spe-
cific effects of various analgesic modalities in vivo.

In this study, we found that mice from two humanized
strains of SCD, BERK and Townes, have decreased current
thresholds in response to sine-wave electrical stimulation at
2000, 250, and 5Hz which have been shown to preferen-
tially stimulate AB, A, and C sensory fibers, respectively.
In addition, we found that some of these alterations in
vocalization thresholds differ across strains of SCD mice
and vary according to genotype, sex, and age intervals stu-
died. These findings thus suggest that in humanized SCD
mice, there are alterations in somatosensory function that
involve sensitization of a broad spectrum of sensory nerve
fibers (C, Ad, and AB).

These results are in concert with findings from electro-
physiologic studies in sickle cell mice."® Using an ex vivo
saphenous nerve-skin fiber preparation, researchers have
shown that the mechanical allodynia seen in vivo was asso-
ciated with increased sensitization of rapidly adapting AB
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and A$ fibers in homozygous BERK mice."” Our findings
appear to reflect the behavior correlates of those electrophy-
siologic findings ex vivo given that in BERK and Townes
mice, there was evidence of myelinated fibers sensitization
as the 2000Hz (Ap-fiber) and 250Hz (Ad-fiber) current
vocalization thresholds were decreased. Taken together,
these studies thus support the use of sine-wave stimulation
for in vivo investigations of sensory fiber function in SCD
mice. In addition, our findings and those of others, suggest-
ing the presence of mechanical allodynia in mice'*"” and
humans® with SCD as well as the evidence of myelinated
nerve fiber sensitization support the hypothesis that altered
nocifensive behavior in SCD mice might be associated with
myelinated sensory fiber sensitization and possible neuro-
pathic processes.

Using different nociception evaluation paradigms than
those used here, the nocifensive behavior in several SCD
mouse strains has been previously reported.'"**** Here,
we characterize a formerly undescribed nocifensive pheno-
type and somatosensory function in BERK and another
humanized SCD mouse, the Townes strain. Homozygous
Townes had lower current vocalization thresholds in
response to 2000, 250, and 5Hz and altered thermal sensi-
tivity in patterns that varied according to genotype, age, and
sex. Further, Townes mice had alterations in nocifensive
phenotype in patterns that were somewhat distinct from
those observed in BERKs. An important characteristic of
Townes mice is that they express human fetal hemoglobin
(Figure 4). It is possible that the nociception phenotype dif-
ferences between Townes and BERK mice could be partially
explained by the expression of fetal hemoglobin in Townes
mice. In humans, therapies that alter fetal hemoglobin levels
are effective and disease-modifying strategies to treat
SCD.**° Therefore, the availability of a SCD strain that
expresses fetal hemoglobin offers the unique advantage of
allowing for the preclinical evaluation of therapies that alter
fetal hemoglobin on SCD-associated pain phenotype.

Our findings using sine-wave electrical stimulation to
interrogate the function of AP, Ad, and C sensory nerve
fibers add to the understanding of somatosensory function
of SCD mice. Using sine-wave electrical stimulation, one
bypasses peripheral nociceptors and directly stimulates
large and small afferents fibers.'”*'~2*3>4° Here we found
that SCD mice had altered tolerance thresholds in response
to 2000, 250, and 5 Hz stimulations. Therefore, our findings
coupled with those of others suggest that in various strains
of SCD mice the previously reported alterations in heat,
cold, and mechanical sensitivity are associated with alter-
ations in somatosensory function that involve several types
of large sensory fibers. Based on the similarities between
patterns of altered response to thermal and electrical stimuli
and age and sex-dependent variability of nocifensive
behavior, it is possible that sensitization of large sensory
nerve fibers pathways might play a role in nocifensive
response to thermal stimuli in SCD mice and in small
fiber alterations as previously described by others.'*'***

That BERK mice have sex- and age-dependent alterations
on nocifensive response to noxious heat and cold has been
previously described.'’™* While we used different thermal
quantitative sensory testing assays, our results are in concert

with those of others indicating that homozygous BERK mice
have increased sensitivity to noxious heat stimuli that varies
according to age and sex.'* Our findings that BERK mice
had lower sensitivity to cold compared to controls are in
contrast with other sickle cell mouse studies showing that
BERK mice have increased cold sensitivity.'"'* While there
is some debate as to the best method to measure cold plate
sensitivity, we postulate that these discrepant results can be
partially explained by the differences in methodologies
used to examine cold sensitivity.***”*® Here we measured
the duration of paw withdrawal (paw lift duration) from the
cold plate over 5min of observation, whereas others mea-
sured cold plate withdrawal latency and number of paw
lifts'>'* over a 2min observation. It is noteworthy that
results of quantitative sensory testing in humans with
SCD have also yielded some discrepant results as it refers
to cold sensitivity. One study in children showed that SCD
patients are less sensitive to heat and cold detection com-
pared to controls,’®> whereas another showed that SCD
patients have increased sensitivity to cold and heat.” This
variability in quantitative sensory testing results in human
and animal studies suggests that nocifensive and pain
phenotypes can vary depending on quantitative sensory
testing paradigm used and can be significantly affected by
age, sex, and genotype in SCD.

That the SCD pain phenotype varies with age has been
shown both in humans and in animals.>* An earlier cross-
sectional study showed that pain rates among SCD patients
increase until the third decade of life and decline after that.?
The authors conclude that this reflects higher early mortal-
ity among patients with higher rates of pain.” Others have
shown that in SCD mice, the nocifensive phenotype mea-
sured by some methods such as grip force and cold sensi-
tivity also varies according to age.'* In this cross-sectional
mouse study, taking into account sex, and genotype, we
observed that the effect of age on current vocalization
threshold varies according to the frequency studied (sen-
sory fiber). For example in Townes mice, the threshold to
2000 and 5Hz was lower in older compared to younger
SCD mice but was unchanged in response to 250Hz
across all ages. In BERK mice, the age-related pattern of
changes in thresholds also varied according to the fre-
quency studied. These findings suggest that the effect of
SCD on sensory nerve fibers function and in turn on noci-
fensive behavior could vary with aging.

We recognize that our study has limitations. For the
study of the BERK strain, we used C57BL/6 as controls
because of a lack of availability of animals that express a
transgene with normal human hemoglobin.30 However, this
limitation only pertains to the analysis of the BERK animals
as the control animals for the Townes mice are littermates of
homozygous and heterozygous Townes. Even if we were to
disregard the comparisons between C57BL/6 and BERK
mice, the comparisons between homozygous and heterozy-
gous (littermates) BERK mice are valid and informative.
Further, our findings in BERK animals are in concert with
those of others using mice that express human hemoglobin
as BERK controls. Therefore, despite some limitations, the
results of this investigation add to our understanding of
sensory fiber function in SCD. Another consideration is



that C57BL/6 animals had similar responses to 2000 and
250Hz stimulation, lower current vocalization threshold
in response to 5 Hz, longer hot plate latencies, and increased
sensitivity to cold plate compared with Townes controls.
These findings thus suggest that the expression of normal
human hemoglobin might also alter the mnocifensive
response of normal mice and should be taken into account
when interpreting results from humanized SCD mice.

In summary, the analysis of somatosensory function
using sine-wave electrical stimulation in humanized sickle
cell mice suggests that in SCD there is sensitization of a
broad spectrum of sensory, both myelinated and unmyeli-
nated, fibers. This pattern of sensory fiber sensitization
appears to be distinct from those observed in pain models
of neuropathic and inflammatory pain. These findings thus
suggest that SCD-associated changes in nociception are dis-
tinct from other models of altered nociception especially as
it relates to sensory fiber sensitization. Further, these find-
ings also raise the possibility that sensitization of a broad
spectrum of sensory fibers might contribute to the altered
and variable nociception phenotype in SCD.
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