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Abstract

Patients with sickle cell disease (SCD) can have recurrent episodes of vaso-occlusive crises, which 

are associated with severe pain. While opioids are the mainstay of analgesic therapy, in some 

patients, increasing opioid use results in continued and increasing pain. Many believe that this 

phenomenon results from opioid-induced tolerance or hyperalgesia or that SCD pain involves non-

opioid-responsive mechanisms. Dexmedetomidine, a specific α2-adrenoreceptor agonist, which 

has sedative and analgesic properties, reduces opioid requirements, and can facilitate opioid 

withdrawal in clinical settings. We hypothesized that dexmedetomidine would ameliorate the 

nociception phenotype of SCD mice. Townes and BERK SCD mice, strains known to have altered 

nociception phenotypes, were used in a crossover preclinical trial that measured nocifensive 

behavior before and after treatment with dexmedetomidine or vehicle. In a linear dose-effect 

relationship, over 60-min, dexmedetomidine, compared with vehicle, significantly increased hot 

plate latency in Townes and BERK mice (P≤0.006). In sickling, but not control mice, 

dexmedetomidine improved grip force, an indicator of muscle pain (P=0.002). As expected, 

dexmedetomidine had a sedative effect in sickling and control mice as it decreased wakefulness 

scores compared with vehicle (all P<0.001). Interestingly, the effects of dexmedetomidine on hot 
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plate latency and wakefulness scores were different in sickling and control mice, i.e., 

dexmedetomidine-related increases in hotplate latency and decreases in wakefulness scores were 

significantly smaller in Townes sickling compared to control mice. In conclusion, these findings 

of beneficial effects of dexmedetomidine on the nociception phenotype in SCD mice might 

support the conduct of studies of dexmedetomidine in SCD patients.
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1. Introduction

Pain is the most common reason why sickle cell disease (SCD) patients seek medical 

attention and accounts for over 180,000 emergency room visits, 75,000 hospitalizations, and 

nearly one billion dollars in health care costs yearly(Ballas et al., 2012; Platt et al., 1991; 

Smith et al., 2008; Steiner and Miller, 2006; Yusuf et al., 2010). When patients are admitted 

for vaso-occlusive crises, even after several days of hospitalization some report little change 

in pain severity and after discharge, pain-related re-hospitalization rates remain high(Ballas 

and Lusardi, 2005; Brousseau et al., 2010). Opioids, the mainstay of SCD-pain therapy, are 

somewhat effective in alleviating symptoms during acute pain crises, but are often 

ineffective in treating chronic and neuropathic pain, which are also seen in SCD 

patients(Brandow et al., 2014; McNicol et al., 2013; Wilkie et al., 2010; Xu et al., 2014). In 

some patients, escalating doses of opioids can be associated with continued and increasing 

pain, which many believe results from tolerance, opioid-induced hyperalgesia, or reflects 

pain due to mechanisms unresponsive to opioid(Ballas et al., 2012; Brush, 2012). Most 

approaches to treat SCD-pain are based on expert opinion and observational studies rather 

than clinical trials(Field et al., 2009; Niscola et al., 2009) and often address symptoms rather 

than SCD-pain mechanisms(Field et al., 2009; Niscola et al., 2009). Therefore, new 

therapies are needed to improve the treatment of SCD pain.

Humanized SCD mice allow for the conduct of preclinical studies of therapies that might 

have a role in SCD pain. These animals display thermal, mechanical, and muscle 

hyperalgesia and sensitization of somatosensory fibers(Cain et al., 2012; Garrison et al., 

2012; Hillery et al., 2011; Kenyon et al., 2015; Kohli et al., 2010; Vincent et al., 2013). 

Interestingly, this mechanical and thermal hyperalgesia is accentuated by hypoxia and 

reoxygenation, which suggest that the altered nocifensive phenotype in SCD mice could 

partially result from recurrent ischemia/reperfusion injury associated with vaso-

occlusion(Cain et al., 2012; Hebbel, 2014). Therefore, SCD mice are valuable for the study 

of SCD-pain mechanisms and for the evaluation of novel approaches that might ameliorate 

ischemia/reperfusion injury and treat SCD-pain.

Animal studies support the investigation of dexmedetomidine, a specific α2-adrenoreceptor 

agonist (Bol et al., 1999; Kamibayashi and Maze, 2000) in SCD. For example, in visceral 

pain models, the antinociceptive effects of dexmedetomidine are opioid-receptor-

independent and are associated with increased nitric oxide availability(Rangel et al., 2014). 
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In neuropathic pain, the antinociceptive effect of dexmedetomidine results from supraspinal 

facilitation of inhibitory postsynaptic currents and inhibition of sensory neurons(Funai et al., 

2014). Lastly, in several models of organ ischemia/reperfusion injury, dexmedetomidine has 

been shown to have protective effects(Bell et al., 2014; Bell et al., 2012; Dong et al., 2014; 

Sahin et al., 2013; Yoshitomi et al., 2012). Therefore, given that ischemia/reperfusion injury 

underlies SCD complications and that dexmedetomidine has beneficial effects in those 

settings, one could argue that studies of dexmedetomidine in SCD are warranted. Here we 

examined the effect of dexmedetomidine in SCD and hypothesized that this α2-

adrenoreceptor agonist would ameliorate the nocifensive phenotype in SCD mice.

2. Materials and Methods

The investigational protocol was approved by the Children’s National Health System 

Institutional Animal Care and Use Committee and all experiments were conducted in 

compliance with the Guide for the Care and Use of Laboratory Animals, National Institutes 

of Health.

2.1. Animals

We examined the Townes [B6;129-Hbatm1(HBA)Tow Hbbtm2(HBG1,HBB*)Tow/

Hbbtm3(HBG1,HBB)Tow /J (Jackson Laboratory,stock number 013071] (Hanna et al., 2007; 

Kenyon et al., 2015; Wu et al., 2006) and the BERK strains of humanized SCD mice 

[Hbatm1Paz Hbbtm1Tow Tg(HBA-HBBs)41Paz/J, stock number 003342] (Paszty et al., 1997). 

Townes sickling mice do not express mouse hemoglobin and carry mutations that 

incorporate human hemoglobin. One mutation is designed with the human hemoglobin α-

gene (Hbatm1(HBA)Tow, hα) and the second with a 9.7-kb DNA fragment that contains 

human Aγ-globin gene and sickle hemoglobin (Hbbtm2(HBG1,HBB*)Tow, βS). These animals 

(hα/hα::βS/βS), here referred to as Townes sickling mice, recapitulate several hematologic 

phenotypes of human SCD (anemia, reticulocytosis, leukocytosis, sickling) and have liver as 

well as kidney pathology(Hanna et al., 2007; Wu et al., 2006). Similarly, Townes control 

mice do not express mouse hemoglobin and carry mutations containing the human α-globin 

gene and fragments of the human hemoglobin gamma (Aγ) and human wild-type beta globin 

(Hbbtm3(HBG1,HBB)Tow, βA) genes (hα/hα::βA/βA)(Hanna et al., 2007; Wu et al., 2006)

In some experiments, we also examined another strain of SCD, the BERK sickling mice 

(Jackson Laboratory, stock number 003342) (Paszty et al., 1997). These animals do not 

express any mouse hemoglobin and carry copies of a transgene [Tg(HBA-HBBs)41Paz] 

containing human HBA1 (hemoglobin, alpha 1), HBG2 (hemoglobin, gamma G, fetal 

component), HBG1 (hemoglobin, gamma A, fetal component), HBD (hemoglobin, delta) 

and HBBS (hemoglobin, beta, sickle allele) genes(Paszty et al., 1997). We used C57BL/6J as 

the control strain for BERK sickling mice due to the lack of availability of BERK control 

mice expressing normal human hemoglobin. Further, because of significant limitations in 

number of available BERK mice, only females were included in only some experiments in 

this study. Mice were housed in a temperature-controlled facility (21°C) with a standard 12-

h light-dark schedule. Mice from all genotypes were housed together in an attempt to control 
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for estrous cycles. During any given experiment of nocifensive behaviors, a group of SCD 

and respective control mice were examined.

2.2. Study Design and Experimental Protocol

The experimental design adhered to the suggested framework aimed at increasing the 

predictive value of preclinical trials (Landis et al., 2012). We conducted a randomized 

controlled crossover trial where all mice received a single subcutaneous injection of either 

vehicle (phosphate buffered saline) or various doses of dexmedetomidine (10, 25, 50, or 100 

µg/kg) during each experiment. Measurements were obtained at baseline (24 h before) and at 

30 and 60 min after drug administration. Between experiments, a minimum of 72-h drug-

washout period was observed. In SCD mice, we evaluated nocifensive behavior (current 

vocalization threshold, hot plate latency, and grip force) and measured the wakefulness 

score both before and after injections. Experiments were performed between 9:00AM and 

02:00 PM in a quiet room with one animal present during interventions. One investigator 

administered all study drugs and another, who was unaware of the animals genotype or 

treatment received, obtained the outcome measurements. In order to avoid operator 

variability, the same investigator obtained given nocifensive behavior measurement for the 

entirety of the experiments.

2.3. Nocifensive Behavior Studies

Three cohorts of mice were used in this study. One cohort underwent hot plate latency 

followed by current threshold measurements, another underwent grip force evaluation, and 

the third was used for wakefulness scores.

2.3.1 Hot plate latency—In order to evaluate the effect of dexmedetomidine on response 

to noxious thermal stimuli, mice were placed on a hot plate (Harvard Apparatus, Holliston, 

MA) set at 55°C and latency time for the display of pain-avoiding behaviors (jumping, 

stomping or repeated lifting or licking of hind or front paws) was measured. Once these 

behaviors were observed, mice were removed from the hot plate (Le Bars et al., 2001). In 

order to avoid injuries, animals were allowed to remain on the hot plate for a maximum of 

30 seconds. In this crossover design, all animals received one injection of either 

dexmedetomidine (50 or 100 µg/kg) or vehicle in each of the four experiments.

2.3.2. Sensory nerve fiber evaluation - current vocalization threshold—In the 

same cohort of animals that underwent the hot plate test, we evaluated somatosensory fiber 

function using sine-wave electrical stimuli at different frequencies: 2000, 250, and 5 Hz that 

preferentially stimulate Aβ, Aδ, and C fibers respectively (Finkel et al., 2012; Finkel et al., 

2006; Kenyon et al., 2015; Koga et al., 2005). Briefly, sine-wave electrical stimuli generated 

by a neurostimulator (Neurotron, Inc, Baltimore, MD) and controlled by custom software 

were delivered to the mouse tail as previously described (Finkel et al., 2012; Finkel et al., 

2006; Spornick et al., 2011). Electrical stimuli (2000, 250, and 5Hz) were delivered at 

increasing intensities for one second (50% duty cycle) and followed by a one-second 

stimulus-free interval. Between stimulation with different frequencies, there was a one-min 

rest period. The electrical stimulus amperage that elicited audible vocalization (nocifensive 

behavior endpoint) or the maximum amperage delivered at each frequency was recorded as 
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the respective current threshold(Finkel et al., 2012; Finkel et al., 2006; Spornick et al., 

2011). Current thresholds for each frequency were determined by averaging five consecutive 

measurements and were obtained in response to 2000, 250, and 5 Hz sequentially. For ease 

of presentation, the unit of measurement of current threshold is “Unit” (U), which 

corresponds to 100 times the amperage that elicited audible vocalization. Specifically, 1 

current threshold unit equates to 0.01 mAmperes.

2.3.3. Grip Force—In order to determine grip force, a surrogate measure of deep tissue 

hyperalgesia in SCD mice (Kohli et al., 2010), we used the Grip Strength Meter (GSM, San 

Diego, Inc., San Diego, CA) as previously described (Kehl et al., 2000). In a crossover 

design, animals received one subcutaneous injection of vehicle and dexmedetomidine at 

doses of 25 and 50µg/kg. Prior to the dexmedetomidine trial, animals were trained in the 

grip force measurement procedures over the course of five sessions. For each measurement, 

animals were held by the base of the tail and allowed to grasp a steel grip gauge with their 

forepaws. Then, the mice were gently pulled away from the grip gauges in a steady fashion 

until the grip was released. The force exerted at the gauge at the time of grip release is 

determined by the mouse itself and is recorded as the grip force. A similar procedure was 

used to measure overall grip force except that all four limbs were allowed to grasp two steel 

grip gauges at the same time. At each time point, forelimb and overall grip forces were the 

average of five measurements. These measurements were then controlled for mouse body 

weight.

2.4. Sedation studies

In a separate cohort of animals, sedation studies were conducted using a modification of a 

previously described technique(Chuck et al., 2006). In a crossover fashion, animals received 

vehicle and dexmedetomidine at doses of 10, 25, and 50 µg/kg subcutaneously in a volume 

of 10ml/kg. At each time point before (baseline) and after (30 and 60 min) drug 

administration, animals were videotaped for 5 min. Another investigator, unaware of 

treatment allocations or animal genotype, watched the videos and assig ned a wakefulness 

score as follows: 5- awake: active, engaged in locomotion, rearing (raise itself upright on its 

hinds legs) or head movements or grooming; 4- awake: inactive, eyes fully open, head up, 

little to no locomotion, rearing or grooming, normal posture; 3- mild sedation: eyes partly 

closed, head somewhat down, impaired locomotion including abnormal posture, use of only 

some limbs, dragging and stumbling; 2-moderate sedation: head mostly or completely down, 

eyes partially closed, flattened posture, no spontaneous movement; 1- Heavy sedation: eyes 

mostly closed, loss of righting reflex.

2.5. Statistical analysis

We assessed the effect of period and sequence of crossover intervention on change of study 

outcomes from baseline. We applied a mixed effect model to assess the interaction between 

time and treatment (dexmedetomidine by different dosage vs. PBS) at each post-treatment 

time-point (0.5 and 1 h). At each time point, a significant p value for interaction indicates 

the significant difference between effect of dexmedetomidine and PBS on change of 

outcome from baseline. We used mixed models to present the adjusted mean (±S.E.M.) of 

each outcome during the course of the experiment. We choose the mixed-effect model 
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approach over repeated measures ANOVA because mixed-effect models are more credible 

for analysis of data with nonlinear trends and non-normally distributed outcomes. In 

addition, the mixed-effect model provides a robust and powerful strategy for the analysis of 

unbalanced data and can handle different data patterns (e.g. random coefficient) which are 

often seen in nociception studies (Liu et al., 2010; Wainwright et al., 2007). We repeated 

this analysis for different genotypes and then in a combined model we assessed the 

difference of treatment effect in two genotypes by using an interaction between 

time*treatment*genotype. All models were checked for outliers. P values <0.05 were 

reported as significant and all analyses were performed in STATA 13.0 (StataCorp., College 

Station, TX).

3. Results

All mice enrolled in this study completed the experiments and tolerated dexmedetomidine 

well. After subcutaneous injection of dexmedetomidine, mice appeared sedated for over one 

h. There was no complications associated with dexmedetomidine injections at any dose. 

Table 1 lists number and baseline characteristics of animals enrolled in the study. In concert 

with prior reports (Kenyon et al., 2015), sickle cell mice both from the Townes and BERK 

strains have thermal hyperalgesia as indicated by significant decreases in hot plate latency 

(Table 2). In addition, as we have previously described (Kenyon et al., 2015), Townes mice 

have increased sensitization of sensory fibers as indicated by decreases in current 

vocalization thresholds at baseline (Table 2).

3.1. Effect of dexmedetomidine on quantitative sensory testing in Townes mice

After dexmedetomidine (50 and 100 µg/kg), Townes sickling mice had significantly higher 

hot plate latencies both at 30 (+8.0±0.6 seconds, mean difference ± S.E.M., P<0.001) and 60 

min (+3.9±0.5 s, P<0.001) compared to vehicle injections (Fig. 1A). In addition, after 

dexmedetomidine (50 and 100 µg/kg), Townes sickling also had significantly lower 5 Hz 

current thresholds at 30 (−3.3±1.1 U, P=0.004), but not at 60 min (P=0.1) compared to 

vehicle injections (Fig. 1B).

After dexmedetomidine (50 and 100 µg/kg combined), Townes control mice also had 

significantly higher hot plate latencies at 30 (+15.8±0.9 s, mean difference±S.E.M., 

P<0.001) and 60 min (+5.6±0.8 s, P<0.001) compared to vehicle injections (Fig. 1C). In 

addition, after dexmedetomidine (50 and 100 µg/kg), Townes control mice had overall lower 

5 Hz current thresholds over 30 and 60 min compared with vehicle injections [−1.3 (−2.6, 

−0.1) overall effect of dexmedetomidine (95% confidence interval), P=0.016, Fig. 1D].

Among Townes sickling and control mice, there were treatment*time*genotype interactions 

for the effect of dexmedetomidine on hot plate latency, but not on current thresholds. That 

is, the effect of dexmedetomidine (compared to vehicle) was different in Townes sickling 

compared to Townes controls. Specifically in Townes sickling, dexmedetomidine was 

associated with less increases on hot plate latency than in Townes control mice, P=0.003 for 

treatment*time*genotype interaction (Fig. 1A and 1B). Further, in both Townes sickling and 

control mice, over the dexmedetomidine dose-range studied (0, 50, and 100 µg/kg), there 

was a significant linear dose-effect relationship for hot plate latency both at 30 (P<0.001) 
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and 60 min (P<0.001) after injections (Fig. 1A and 1C). Lastly, in both Townes sickling and 

control mice, dexmedetomidine had no significant effect on 2000 or 250 Hz (Aβ and Aδ 

myelinated fibers) current thresholds compared with vehicle, all p>0.07 (data not shown).

We also examined the effect of a lower dose of dexmedetomidine on hot plate latency in a 

different cohort of mice using a longitudinal (not crossover) design. After the injection of 

dexmedetomidine (10 µg/kg), compared to baseline, there were significant increases in hot 

plate latency at 30 (P=0.001) and 60 min (P=0.021) in Townes controls and at 30 (P=0.044), 

but not 60 min (P=0.9), in Townes sickling mice (data not shown).

3.2. Effect of dexmedetomidine on quantitative sensory testing in BERK mice

We then examined the effects of dexmedetomidine on another strain of SCD mice. After 

dexmedetomidine (50 and 100 µg/kg combined), BERK sickling mice had significantly 

higher hot plate latencies at 30 (+8.3±0.8 seconds, mean difference± S.E.M., P<0.001) and 

60 min (+4.7±0.7 s, P<0.001) than after vehicle injections (Fig. 2A). In addition, after 

dexmedetomidine (50 and 100 µg/kg), BERK sickling mice had significantly higher 250 Hz 

current thresholds at 30 (+4.2±1.5 U, mean difference± S.E.M., P=0.006) and 60 min 

(6.0±1.5 U, P<0.001) than after vehicle injections (Fig. 2B). C57BL/6J, used as controls for 

BERK sickling mice, also had significantly higher hot plate latencies at 30 (+5.5±0.7 s, 

P<0.001) and 60 min (+2.0±0.6, P=0.002) after dexmedetomidine (50 and 100 µg/kg) than 

after vehicle injections (Fig. 2C). In addition, C57BL/6J mice had significantly higher 5 Hz 

current thresholds over 30 and 60 min after dexmedetomidine compared to after vehicle 

injections [+1.5 (0.3, 2.6) effect of dexmedetomidine (95% confidence interval), P=0.012, 

Fig. 2D].

In both BERK sickling and C57BL/6J mice, there was a significant linear dose-effect 

relationship for hot plate latency both at 30 (P<0.001) and 60 min (P<0.001) over the 

dexmedetomidine dose-range studied (0, 50, and 100 µg/kg), (Fig. 2A and 2C). Similarly, in 

BERK sickling mice, the effect of dexmedetomidine (0, 50, and 100 µg/kg) on 250 Hz 

current threshold followed a significant linear dose-effect relationship both at 30 (P=0.008) 

and 60 min (P<0.001) after subcutaneous injections (Fig. 2B). Lastly, in BERK mice, 

dexmedetomidine had no significant effect on 2000 and 5 Hz current threshold compared 

with vehicle, all p≥0.2 (data not shown) and in C57BL/6J, it had no effect on 2000 and 250 

Hz, compared with vehicle, all p≥0.1 (data not shown).

3.3. Effect of dexmedetomidine on grip force

Grip force has been regarded as a surrogate measure of deep muscle pain in sickle cell mice 

(Kehl et al., 2000; Kohli et al., 2010). At baseline, Townes sickling mice had significantly 

lower overall (all four limbs) and forelimb grip forces compared to control mice (P<0.001, 

Table 2 and Fig. 3). Using a crossover design, we evaluated the effect of dexmedetomidine 

on grip force in a different cohort of Townes mice. After dexmedetomidine (25 and 50 

µg/kg) injections, Townes sickling mice had significantly greater grip force at 30 min 

(+0.8±0.2 g force/body weight mean difference± S.E.M., P=0.002) and a trend towards 

higher grip force at 60 min (+0.5±0.2 g force/body weight, P=0.056) than after vehicle 

injections (Fig. 3A). Further, overall, Townes sickling mice had significantly greater 
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forelimb grip force over 30 and 60 min after dexmedetomidine (25 and 50 µg/kg) than after 

vehicle injections [+0.2 (0.02, 0.3) effect of dexmedetomidine vs. vehicle (95% confidence 

interval) P=0.03, Fig. 3B). Similar to what was observed with quantitative sensory tests, 

over the dexmedetomidine dose-range studied (0, 25, and 50 µg/kg), there was a significant 

linear dose-effect relationship for overall grip force at 30 min (P=0.005) after subcutaneous 

injections in Townes mice.

In Townes control mice, contrary to Townes sickling animals, dexmedetomidine had no 

significant effects on overall or forelimb grip forces compared to vehicle injections (p≥0.3). 

The lack of changes in grip force is Townes controls likely suggests absence of muscle 

hyperalgesia and that the maximum grip force has been reached.

3.4. Effect of dexmedetomidine on wakefulness score

As dexmedetomidine is a known sedative and we observed that animals were sedated after 

its subcutaneous injections, we used a wakefulness scale in order to quantify the sedation 

effect in Townes mice (Fig. 4). At baseline, Townes sickling mice had similar wakefulness 

scores compared to control mice (P=0.7, Fig. 4). After dexmedetomidine (10, 25 and 50 

µg/kg combined), Townes sickling mice had significantly lower wakefulness scores, i.e., 

were more sedated, both, at 30 (−1.3±0.3, effect of dexmedetomidine vs. vehicle ± S.E.M., 

P<0.001) and 60 min (−1.6±0.3, P<0.001) than after vehicle injections, Fig. 4A. In Townes 

sickling mice, over the dexmedetomidine dose-range studied (0, 10, 25, and 50 µg/kg), there 

was a significant linear dose-effect relationship for wakefulness score at 30 and 60 min after 

subcutaneous injections.

After subcutaneous dexmedetomidine (10, 25 and 50 µg/kg combined) injections, Townes 

control mice had significantly lower wakefulness scores i.e., were more sedated, both, at 30 

(−2.8±0.26, effect of dexmedetomidine vs. vehicle ± S.E.M., P<0.001) and 60 min 

(−2.3±0.26, P<0.001) than after vehicle injections (Fig. 4B). Noticeably, among Townes 

mice there were treatment*time*genotype interactions for the effect of dexmedetomidine on 

wakefulness scores. Specifically, dexmedetomidine injections, compared with vehicle, were 

associated with less decreases in wakefulness scores (less sedation) in Townes sickling than 

in Townes control mice, P=0.013 for treatment*time*genotype interaction (Fig. 4). Further, 

contrary to a linear dose-effect relationship observed in Townes sickling, in Townes control 

mice, over the dexmedetomidine dose-range studied (0, 10, 25, and 50 µg/kg), there was a 

significant quadratic (non-linear) dose-effect relationship for wakefulness score at 30 and 60 

min after subcutaneous injections, both P<0.001 (Fig. 4B).

4. Discussion

We found that dexmedetomidine increased tolerance to noxious thermal stimuli, ameliorated 

deep tissue muscle hyperalgesia, and altered current threshold in SCD mice in a linear dose-

effect relationship. As expected, dexmedetomidine also had a sedative effect in both sickling 

and control mice. Noticeably, in some nociception behavior assays, the effect of 

dexmedetomidine varied according to mouse genotype. Among Townes, the increases in hot 

plate latency and the decreases in wakefulness scores were of significantly lower magnitude 

in sickling than in control mice, thus suggesting that the beneficial effects of 
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dexmedetomidine on those outcomes were attenuated in sickling mice. In BERKs, 

dexmedetomidine-related increases on hot plate latency were similar in sickling and in 

control mice. Thus, the findings that dexmedetomidine increased tolerance to thermal 

stimuli and improved grip force in sickling mice, support further testing of 

dexmedetomidine, possibly as an adjuvant to opioids, to treat pain in SCD patients.

The findings of differential effects of dexmedetomidine in control and sickling mice 

suggests that in some strains of SCD mice, the response to adrenoreceptor agonists, such as 

dexmedetomidine, may be altered. This possibility is supported by ex-vivo studies showing 

that aortas of SCD mice have enhanced contraction response to α1 agonists, such as 

phenylephrine and norepinephrine(Juncos et al., 2011). Further, human studies suggest that 

SCD patients might have autonomic nervous system alterations and resultant sympathetic/

parasympathetic imbalances that correlate with clinical SCD severity(Connes and Coates, 

2013; Hedreville et al., 2014; Pearson et al., 2005). Using heart rate variability analysis and 

microvascular perfusion measurements, researchers showed that transient hypoxia and sighs 

triggered greater sympathetic surges and parasympathetic withdrawal in SCD patients than 

in control subjects(Sangkatumvong et al., 2011). Taken together, these results support the 

hypothesis that in SCD, there might be autonomic nervous system imbalances, which might 

affect the response to adrenoreceptor agonists. Another possibility to explain the differential 

effects of dexmedetomidine between sickling and control mice relates to the altered nitric 

oxide biology known to occur in SCD(Kato et al., 2007). The effects of dexmedetomidine 

involve activation of nitric oxide synthase (NOS) as inhibition of endothelial NOS worsens 

the vasoconstrictive effects of dexmedetomidine(Snapir et al., 2009) and abolishes the 

beneficial effects of dexmedetomidine in models of visceral pain(Rangel et al., 2014). As 

SCD is associated with altered NOS function and decreased nitric oxide bioavailability, it is 

conceivable that the effects of dexmedetomidine were smaller in sickling than in control 

mice. Therefore, our findings of differential effects of dexmedetomidine in sickling and 

control mice and those of others support the hypothesis that the response to a2-agonists 

might be altered in SCD mice.

Others have shown that BERK mice have decreased grip force that is ameliorated by opioids 

and cannabinoid agonists(Kohli et al., 2010). These reductions in grip force are interpreted 

as deep tissue hyperalgesia and muscle pain(Kohli et al., 2010). In addition to increasing 

thermal stimuli tolerance, dexmedetomidine significantly increased grip force in a linear 

dose-response fashion in sickling mice. Interestingly, these increases in grip force in sickling 

mice occurred in the setting of increased sedation after dexmedetomidine. Contrary to these 

findings, others have shown that sedatives such as midazolam and diazepam actually 

decrease grip force in mice(Nevins et al., 1993). Thus, our findings and those of others 

suggest that the increases in grip force after dexmedetomidine injections are likely due to 

improvement in muscle hyperalgesia in SCD mice.

Might the nocifensive behavior changes observed in SCD mice result from the sedative 

effects of dexmedetomidine? We posit that while sedation could have contributed to changes 

in nocifensive behaviors, dexmedetomidine had independent analgesic effects. First, despite 

its sedative effects, dexmedetomidine increased grip force in sickling but not in control 

mice. This finding suggests an analgesic rather than a sedative effect as control mice were 
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more sedated than sickling mice and yet had no changes in grip force. There is ample 

evidence suggesting that sedative and analgesic effects of systemic dexmedetomidine have 

different and independent mechanisms(Funai et al., 2014). Dexmedetomidine inhibition of 

neurons in the locus coeruleus underlies its sedative effects, whereas enhancement of 

inhibitory synaptic transmission of substancia gelatinosa neurons in the dorsal horn 

underlies its analgesic effects(Funai et al., 2014). Further, others have recently shown that 

the analgesic effect of dexmedetomidine is also associated with inhibition of 

hyperpolarization-activated cyclic nucleotide-gated channels current(Yang et al., 2014). 

However, despite the evidence suggesting that the sedative and analgesic effects of 

dexmedetomidine are independent, additional studies will determine the extent of the 

contribution of the sedative effect of dexmedetomidine to the reduced thermal sensitivity in 

sickle cell mice. Nevertheless, in sickle cell mice, dexmedetomidine appears to have 

sedative as well as analgesic effects that, on balance, lead to increased tolerance to thermal 

stimuli and improvement in muscle hyperalgesia.

The findings of decreases in 5Hz current threshold in Townes sickling and control mice are 

intriguing given that there were no changes in 2000 or 250 Hz thresholds. This finding is in 

contrast with those of others showing that α2 agonists, such and clonidine, inhibit C- fiber 

activation as they depress long term potentiation of C-fiber evoked potentials in the dorsal 

horn(Ge et al., 2006). These decreases in 5Hz thresholds are also in contrast with reports 

showing that α 2 agonists, such and clonidine and dexmedetomidine, inhibit capsaicin-

evoked (C-fiber activation) glutamate release in spinal cord(Li and Eisenach, 2001). While 

one can postulate that methodological differences explain some of the discrepancies in 

results as we stimulate C-fibers (5Hz threshold) in awake animals, the mechanism and 

relevance of our findings are unclear. It is important to note that the decreases in 5Hz current 

threshold did not follow a linear dose-effect relationship and in normal C57BL/6J, 

dexmedetomidine was actually associated with increases in 5Hz current threshold. Further, 

in BERKs, dexmedetomidine was associated with significant increases in 250Hz threshold 

and no changes in 2000 or 5Hz thresholds. Therefore, while the mechanisms and relevance 

of decreases in 5Hz current threshold are unclear, the overall effect of dexmedetomidine on 

nocifensive behavior appear to be beneficial as dexmedetomidine increased hot plate 

latency, ameliorated grip force and in some strains of SCD mice it increased 250Hz (A5-

fiber) thresholds.

Clinicians might argue that the use of a2-agonists in SCD patients could be associated with 

vasoconstriction resulting from activation of peripheral α2B adrenoceptors (Ebert et al., 

2000; Link et al., 1996). In fact, in normal human volunteers, increasing doses of 

dexmedetomidine are associated with biphasic dose-response on mean arterial pressure and 

systemic vascular resistance. While at lower doses dexmedetomidine decreases mean arterial 

pressure and systemic vascular resistance, at higher doses, it increases these parameters 

(Ebert et al., 2000). Interestingly, this vasoconstrictive effect is accentuated by conditions 

associated with decreased sympathetic activity such a as general anesthesia or denervation 

of vascular bed with peripheral nerve block. During such settings, even lower doses of 

dexmedetomidine were associated with vasoconstriction, an effect not observed in awake 

volunteers(Talke et al., 2003). These data suggest that, given its sympatholytic effects, the 

vasoconstrictive effects of dexmedetomidine can vary according to the degree of existing 
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sympathetic activity(Talke et al., 2003). While the concern of vasoconstrictive effects exists, 

it is unclear whether and at what dose-range dexmedetomidine would lead to clinically 

relevant vasoconstriction in SCD patients. Given the potential benefits of dexmedetomidine 

as an adjuvant to opioid therapy, these questions are worthy of further investigations.

There is evidence to suggest that complications of SCD and its inflammatory state are 

related to ischemia/reperfusion injury(Hebbel, 2014). Researchers suggest that endothelial 

dysfunction, acute chest syndrome, arterial vasculopathy, and pain associated vaso-occlusive 

phenomenon are examples of SCD-associated ischemia/reperfusion injury(Hebbel, 2014). 

Interestingly, dexmedetomidine has been shown to be protective in several models of organ 

ischemia/reperfusion injury. In a model of hind-limb ischemia, dexmedetomidine pre-

treatment decreases plasma levels of inflammatory mediators and increases muscle levels of 

antioxidant enzymes(Dong et al., 2014). When administered prior to ischemia, 

dexmedetomidine preserves neurologic function and attenuates neuronal injury after aorta 

occlusion in mice(Bell et al., 2014; Bell et al., 2012), improves myocardial contractility and 

suppresses reperfusion-induced arrhythmias after coronary occlusion in pigs(Yoshitomi et 

al., 2012), and ameliorates liver injury after hepatic ischemia in rats(Sahin et al., 2013). 

Further, in rabbits, dexmedetomidine, administered during reperfusion following occlusion 

of the superior mesenteric artery, decreases the severity of damage to intestines and kidney, 

which is coupled with an improvement in total antioxidant tissue status(Kilic et al., 2012). 

Therefore, given that ischemia/reperfusion injury might underlie some SCD-related 

complications and that dexmedetomidine has beneficial effects in those settings, one could 

argue that further studies of dexmedetomidine in SCD are warranted.

Clinicians often use dexmedetomidine during the perioperative period(Blaudszun et al., 

2012) and in intensive care units treating children and adults(Jakob et al., 2012). In the 

setting of acute pain, dexmedetomidine has been shown to decrease opioid consumption and 

pain intensity(Blaudszun et al., 2012). Therefore, given its favorable therapeutic index and 

the beneficial effects of dexmedetomidine on the nocifensive behavior of SCD mice 

described here, it seems reasonable to argue that studies to determine the safety, tolerated 

dose range, and efficacy of dexmedetomidine as an adjuvant to opioids during vaso-

occlusive crises should be conducted in SCD patients.
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Fig. 1. 
Effect of dexmedetomidine (Dex) on quantitative sensory testing in Townes mice. Data are 

shown as means±S.E.M. and down arrows indicate administration of dexmedetomidine or 

vehicle. The unit of measurement of current threshold is “Unit” (U), which corresponds to 

100 times the amperage that elicited vocalization (one current threshold unit equates to 0.01 

mAmperes). A. Townes sickle mice had significantly higher hot plate latencies at 30 and 60 

min after dexmedetomidine (50 and 100 µg/kg combined) compared to vehicle injections 

(both P<0.001). B. Townes sickle mice had significantly lower 5 Hz current thresholds at 30 
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(P=0.004), but not at 60 min (P=0.1), after dexmedetomidine (50 and 100 µg/kg combined) 

compared to vehicle injections. C. Townes control mice also had significantly higher hot 

plate latencies at 30 and 60 min after dexmedetomidine (50 and 100 µg/kg combined) 

compared to vehicle injections (both P<0.001). D. Overall, Townes control mice had lower 5 

Hz current thresholds over 30 and 60 min after dexmedetomidine (50 and 100 µg/kg 

combined) compared with vehicle P=0.016, an effect predominantly seen at the 50 µg/kg 

dose. P values indicate the effect of dexmedetomidine compared with vehicle at indicated 

time points. Dexmedetomidine injections, compared to vehicle (down arrows), were 

associated with smaller increases on hot plate latency in Townes sickle than in Townes 

control mice, P=0.003 for dose*time*genotype interaction (A and B)
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Fig. 2. 
Effect of dexmedetomidine (Dex) on quantitative sensory testing in BERK mice. Data are 

shown as means±S.E.M. and down arrows indicate administration of dexmedetomidine or 

vehicle. The unit of measurement of current threshold is “Unit” (U), which corresponds to 

100 times the amperage that elicited vocalization (one current threshold unit equates to 0.01 

mAmperes). A. BERK sickle mice had significantly higher hot plate latencies at 30 and 60 

min after dexmedetomidine (50 and 100 µg/kg combined) compared to vehicle injections 

(both, P<0.001). B. BERK sickle mice also had significantly higher 250 Hz current 
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thresholds at 30 (P=0.006) and 60 min (P<0.001) after dexmedetomidine (50 and 100 µg/kg 

combined) compared to vehicle injections. C. C57BL/6J, here used as controls for BERK 

sickle mice, also had significantly higher hot plate latencies at 30 (P<0.001) and 60 min 

(P=0.002) after dexmedetomidine (50 and 100 µg/kg combined) compared to vehicle 

injections. D. Overall, C57BL/6J mice had significantly higher 5 Hz current thresholds over 

30 and 60 min after dexmedetomidine compared to vehicle injections (P=0.012).
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Fig. 3. 
Effect of dexmedetomidine (Dex) on grip force in Townes mice. Data are shown as means

±S.E.M. and down arrows indicate administration of dexmedetomidine or vehicle. At 

baseline, Townes sickle mice had significantly lower overall (A and C, all four limbs) and 

forelimb grip force (B and D) compared to control mice. A. Townes sickle mice had 

significantly higher overall grip force at 30 min (P=0.002) after dexmedetomidine (25 and 

50 µg/kg combined) compared to vehicle injections. B. Townes sickle mice also had 

significantly higher forelimb grip force over 30 and 60 min after dexmedetomidine (50 and 
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100 µg/kg combined) compared to vehicle injections (P=0.03, B). Contrary to the effects of 

dexmedetomidine in Townes sickle mice, in Townes control mice, there were no significant 

effects of dexmedetomidine on overall (C) or forelimb grip forces compared to vehicle 

injections (D, p≥0.3).
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Fig. 4. 
Effect of dexmedetomidine (Dex) on wakefulness score. Data are shown as means±S.E.M. 

and down arrows indicate administration of dexmedetomidine or vehicle. A. Townes sickle 

mice had significantly lower wakefulness scores, i.e., were more sedated, both, at 30 and 60 

min after dexmedetomidine (10, 25 and 50 µg/kg combined) compared to vehicle injections 

(both, P<0.001). B. Townes control mice had significantly lower wakefulness scores i.e., 

were more sedated, both, at 30 and 60 min after dexmedetomidine (10, 25 and 50 µg/kg 

combined) compared with vehicle (both P<0.001).
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Table 1

Demographics and experimental groups of animals undergoing quantitative sensory testing and grip force 

test.a

Variables Townes Sickle Townes Controls BERKs C57BL/6J

Quantitative Sensory Testing (current threshold, hot plate)

Number 20 20 13 10

Age (weeks) 15 (13–19) 18 (16–19) 17 (15–18) 15 (14–17)

Weight (g) 22.5 (20.0–25.0) 21.0 (20.5–22.5) 19.0 (18.0–20.0) 19.0 (18.0–19.0)

Grip Force Test

Number 10 10 0 0

Age (weeks) 14 (13–18) 14 (13–18)

Weight (g) 19.0 (19.0–20.0) 19.0 (19.0–20.0)

Wakefulness Score

Number 9 12 0 0

Age (weeks) 20 (16–20) 19 (13–17)

Weight (g) 24 (20–25) 21(19–25)

a
Results are shown as median (interquartile range) unless otherwise indicated. Age and weight are shown as that at time of baseline measurements
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