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CACNA2D3 rs6777055 variant increases acute pain sensitivity in healthy volunteers.
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Abstract
The healthy human population shows high variability in pain processing. Experimental pain studies show that an important portion of this variability can be explained by genetic factors. Recently, Neely 
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et al. identified a new evolutionary conserved pain gene, voltage-dependent calcium channel alpha 2/delta subunit 3, CACNA2D3. Two SNPs at the human α2δ3 (CACNA2D3) locus, rs6777055 and rs1851048, were found to be associated with pain in the first year following surgery (n=169). Furthermore, rs6777055 was associated with thermal heat pain sensitivity (n=189). We attempted to validate the findings of Neely et al. on the effects of CACNA2D3 on human pain sensitivity in a large cohort of 215 healthy volunteers. In addition, we investigated whether CACNA2D3 is a pain gene in a broader sense than just for heat pain sensitivity by looking at the association of both SNPs with the broad range of pain measurements performed on our cohort. Our results show CACNA2D3 to be an interesting candidate gene for research into genetic vulnerability for chronic pain development. These findings confirm CACNA2D3 as a human pain gene and show CACNA2D3 rs6777055 to be associated with increased pain sensitivity, but not with pain modulation. 
Keywords: Pain, chronic pain, genetics, quantitative sensory testing, CACNA2D3, candidate gene association study, voltage-dependent calcium channel, α2δ3.
Pain is a very important mechanism, prolonging survival by minimizing cellular and tissue damage. In addition, pain helps to identify and remember dangerous situations which should be avoided in the future. Not all individuals experience pain in the same way, pain sensitivity and pain modulation vary considerably between individuals 
 ADDIN EN.CITE 

(Nielsen, Price, Vassend, Stubhaug, & Harris, 2005)
. 

Studies of experimental pain show that a substantial proportion of the individual variability in pain sensitivity is genetically mediated, namely 22-60% 
 ADDIN EN.CITE 

(Nielsen et al., 2008; Norbury, MacGregor, Urwin, Spector, & McMahon, 2007)
.  A number of genes have repeatedly been found to be associated with changes in pain in the normal population. The melanocortin-1 receptor gene (OPRM1) is associated with increased opioid analgesia, but only in females 
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(Mogil et al., 2005)
. A common single nucleotide polymorphism (SNP) in the catecholamine-O-methyltransferase encoding gene (COMT) gene, Val158Met, changing the rate at which catecholamines are degraded, contributes to differences in the human experience of pain 
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(Zubieta et al., 2003)
. 
Moreover, loss of function mutations of SCN9A, coding for the alpha subunit of the voltage-gated sodium channel, Nav1.7, expressed in nociceptive neurons, are associated with a complete lack of nociception 
 ADDIN EN.CITE 

(Cox et al., 2006)
. Gain of function mutations in this same gene are associated with over activation of pain signalling leading to primary erythmalgia. Individuals in the healthy population experience differing amounts of pain based on their SCN9A genotype 
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(Reimann et al., 2010)
.
Gene variants are not only associated with acute pain sensitivity and modulation. There is also evidence that part of this genetic contribution overlaps with that for the development of chronic pain. For example, a haplotype of three genetic variants in the COMT gene has been linked to different levels of pain sensitivity and also lowers the risk for developing mandibular joint disorder, a chronic pain disorder 
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(Diatchenko et al., 2005)
. 
Whereas acute pain is adaptive and helps survival in a changing environment 
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(Cox, et al., 2006)
, chronic pain is maladaptive and causes prolonged suffering. Chronic pain affects about 20 percent of the population and thus poses a large burden on the health care system 
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(Tsang et al., 2008)
. 
Since genetic variants such as the COMT haplotypes contribute to both acute pain sensitivity and vulnerability to chronic pain 
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(Diatchenko, et al., 2005)
,  identification and validation of acute pain genes in healthy individuals may yield interesting new candidate genes as starting points for chronic pain research.

Recently, Neely 
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et al. identified a new evolutionary conserved pain gene, voltage-dependent calcium channel alpha 2/delta subunit 3, CACNA2D3. The gene was identified in a genome-wide Drosophila screen, showing straightjacket  to be required for heat pain avoidance in larvae and adult flies. In an additional experiment, mice mutants lacking a functional α2δ3 gene, the closest mammalian ortholog of straightjacket, show a defect in acute thermal nociception and a delay in inflammatory heat hyperalgesia. Two SNPs at the human α2δ3 (CACNA2D3) locus, rs6777055 and rs1851048, were found to be associated with pain in the first year following surgery (n=169). Furthermore, rs6777055 was associated with thermal heat pain sensitivity (n=189). 
We attempted to validate the findings of Neely et al. on the effects of CACNA2D3 on human pain sensitivity in a large cohort of healthy volunteers. In addition, we investigated whether CACNA2D3 is a pain gene in a broader sense than just for heat pain sensitivity, by looking at the association of both SNPs with the performance on a broad range of pain measures performed on our cohort. In addition, we evaluated the potential of the CACNA2D3gene for future research into chronic pain.
Materials and methods
Clinical assessments and procedures
Two hundred and fifteen healthy volunteers of white Caucasian origin participated in an extensive quantitative sensory testing (QST) protocol for acute pain processing, in which  measurements for both pain sensitivity and pain modulation assessment were included. Prior to the experiment, participants received standardized oral instructions. Participants were asked to indicate the experienced pain levels on a visual analogue scale (VAS) ranging from 0 (no pain) to 10 (worst pain). Pressure pain thresholds (in kilopascal, (kPa)), i.e. the intensities at which stimuli become painful, were measured bilaterally at four different points, the thenar, musculus (m.) trapezius medialis, m. rectus femoris, m. abductor hallucis. Electrical pain thresholds (in milliampere, (mA)) were determined bilaterally in two locations, namely the m. trapezius medialis and m. rectus femoris. In addition, a cold pressor test was performed, recording the time (in seconds) a participant could keep his/her dominant hand in an ice water bucket (T= 0 to 2°C). 
As a measure of pain modulation, diffuse noxious inhibitory control (the difference in pressure pain threshold (kPa) on the leg contralateral to the dominant hand before and after the cold pressor test) and a wind-up ratio (the increase in VAS score for a train of five stimuli compared to a single stimulus) bilaterally at the m. trapezius medialis and m. rectus femoris  were determined. Stability and reliability of the experimental measures was checked by retesting 47 participants one week after the first assessment.

The study was approved by the local ethical committee of the Radboud University Nijmegen. Written informed consent was obtained from all participants prior to participation in the study. All participants were screened for mental and physical health, to exclude any history of major surgery or chronic pain disorders.
Genotyping

Saliva of all participants was collected for DNA isolation using the OrageneTM DNA self-collection kit (DNA Genotek, Ottawa, Canada), according to the methods supplied by the manufacturer. Genotyping of CACNA2D3 rs6777055 and rs1851048 polymorphisms was performed using TaqMan® SNP genotyping assays (Assay ID C____439856_10 for rs6777055 and C___3000365_10 for rs1851048, Applied Biosystems, Nieuwerkerk aan den Ijssel, The Netherlands). This PCR was performed using 10 ng of genomic DNA together with 2.5 µl 2x TaqMan Universal Master Mix, 0.0625 µl SNP genotyping assay, in a total reaction volume of 5 µl. Read-out of the genotypes was done on the 7500 real-time PCR instrument (Applied Biosystems). In both reactions, 5% of the samples were analysed in duplicate.
Statistical analysis

We analyzed the effect of rs6777055 or  rs1851048 rare allele carriership on our pain measures. Individual pain sensitivity and pain modulation scores were transformed to z-scores  and summed to obtain one score for pain sensitivity (mean pressure pain threshold of all eight measured points, mean electrical pain threshold of four points and time in ice water) and one for pain modulation (diffuse noxious inhibitory control and mean wind-up ratio of four points), as described above. If a significant association of a combined z-score with a CACNA2D3 genotype was observed, its components were analyzed separately as well. Linear regression was performed with the combined z-scores as outcome variable using the PLINK whole genome association analysis toolset v1.07 Purcell et al., 2007()
. Gender was added as a covariate. Although age does have an effect on pain (Pickering, Jourdan, Eschalier, & Dubray, 2002), there was no need to control for age in our analysis, since 85,6% of our cohort was aged between 18 and 26 years. Exact tests for deviations from the Hardy Weinberg Equilibrium (HWE) were performed for both SNPs using PLINK. Graphs were produced in IBM SPSS statistics version 19.0.
Results

Study population
Two hundred and fifteen healthy volunteers (all Caucasian, 71.6% female, mean age 24.02 years, age range 18 – 70 years) participated in the QST screen. Table 1 shows the average QST measures for 215 participants, per gender. Supplementary Table 1 lists scores for individual tests. The average male shows a 34.7% higher mean pressure pain threshold, 41.3% higher mean electrical pain threshold and 62.0% higher time in ice water than the average female. Diffuse noxious inhibitory control and mean wind-up ratio are on average lower in males than in females, 39.4% and 28.7% respectively. Test-retest reliability of the experimental measures was checked in 47 participants. All pain sensitivity measures show stability at r between 0.48 and 0.97. The pain modulation measures show a somewhat lower stability at r between 0.30 and 0.57, where diffuse noxious inhibitory control (DNIC) shows the lowest stability for test and retest (Supplementary Table 1). 
CACNA2D3 rs6777055 is associated with increased pain sensitivity

Both SNPs investigated were in HWE in the study sample (p=0.5382 for rs6777055 and p=0.5538 for rs1851048, with rare allele frequency 0.33 and 0.20, respectively). Carriership of the rs6777055 rare allele was significantly associated with lower pain sensitivity, p=0.016 (Table 2). Hence, persons with the rare allele have a lower pain threshold and thus higher pain sensitivity than those not carrying this allele (Figure 1).
We further investigated whether a specific pain modality caused the observed association or whether CACNA2D3 contributes to pain sensitivity more generally. Pressure pain showed the strongest association, but all three measures showed the same direction of effect (Table 2). No association was found between the pain modulation score and rs6777055 or rs1851048 (p=0.61and p=0.24, respectively; Table 2).
Discussion & Conclusion
We aimed to validate CACNA2D3 as a human pain gene. We therefore investigated the association of CACNA2D3 rs6777055 and rs1851048 SNPs with two combined z-scores. One for pain modulation, another for pain sensitivity. We found rs6777055 to be associated with increased pain sensitivity. This association between the pain sensitivity z-score and CACNA2D3 rs6777055 confirms CACNA2D3 to be a human pain gene, in a broader sense than solely heat pain sensitivity. Although Neely et al. found an association of rs6777055 with heat wind-up pain sensitivity, which is most correctly classified as a modulatory measure, as it involves a summation of multiple painful stimuli over a longer period of time, we found no association between either of the CACNA2D3 SNPS and pain modulation in out cohort.

The unique combination of measures used in our study are reliable, especially the electrical pain threshold and cold pressor test. Pressure pain threshold is also fairly reliable, with the exception of the right musculus abductor hallucis.  The pain modulation measures show lower reliability: the DNIC, especially, shows low correlation over time. There are various factors that may affect these processes, for instance menstrual cycle, mood or level of anxiety.  The VAS scales used to quantify the intensity of our stimuli have been found to be a reliable measure of pain experience  (Rosier, Iadarola, & Coghill, 2002).
In our analysis, we found an association between pain sensitivity and CACNA2D3 rs6777055. Neely et al. found rs6777055 to be associated with heat wind-up pain sensitivity, the processing of multiple consecutive stimuli, not only involving the detection of pain, but also higher order processing and thus a measure best classified as pain modulation. In our cohort, however we did not find any association between CACNA2D3 rs6777055 or rs1851048 and pain modulation. It is possible that this is partly caused by the level of reliability of these measures, which is lower than that of the pain sensitivity measures. Wind-up pain is more of a supra-threshold measure, where multiple painful stimuli are applied over time, whereas thresholds represent the minimal stimulus strength needed for a sensation to become painful. 

Where Neely et al. looked at a recessive gene effect, investigating the effect of carriership of two rs6777055 rare variants, we were interested in investigating the dominant gene effect of carrying at least one rare variant. 

Although there is no large difference in sample size between the cohort analyzed by Neely et al. and our cohort of healthy volunteers (n = 189 and n = 215 respectively) there is a difference between the sizes of the genetic groups that were compared. Since Neely et al. choose to look at a recessive gene effect, they were left with a  much smaller rare variant rs6777055 group (n=5) to be compared with the croup of common variant carriers (n=184), whilst we compared rare variant carriers (n = 77) with those homozygous for the common variant (n = 138). This makes our analysis more statistically robust.
The CACNA2D3 gene, expressed in neurons, encodes a subunit of the voltage-gated calcium transporter and is thus implicated in the regulation of the number of calcium channels at the cell membrane 
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(Bernstein & Jones, 2007)
, which may affect excitability of the cell, the number of action potentials, and the formation of synapses. Via this pathway CACNA2D3 could affect pain processing in the brain. 

 The gene was identified in a genome-wide Drosophila screen, showing straightjacket  to be required for heat pain avoidance in larvae and adult flies. The closest mammalian ortholog of straightjacket is α2δ3. Mice mutants lacking a functional α2δ3 gene show a defect in acute thermal nociception and a delay in inflammatory heat hyperalgesia.  

Even though there are no diseases know to be caused by mutation of the CACNA2D3 gene, methylation of the gene has been associated with gastric carcogenesis 
 ADDIN EN.CITE 
(Wanajo et al., 2008)
, and lower expression has been found in neuroblastoma tumors (Thorell et al., 2009).
Genetic and environmental factors that influence pain sensitivity differ across pain modalities 
 ADDIN EN.CITE 
(Nielsen, et al., 2008)
. In animal models too, pain modalities cluster in distinct genetic classes 
 ADDIN EN.CITE 
(Lariviere et al., 2002)
. 

The fact that we still find an association between CACNA2D3and other pain modalities than the one in which it was originally identified as a pain gene points towards a mechanism involving higher order processing of pain. Difference in direction of the association may be explained by the fact that heat wind-up pain is more than just a threshold determination, but rather involves a summation of multiple painful stimuli, pointing towards the involvement of higher order processes.

CACNA2D3 contributes more strongly to pressure pain sensitivity than to other measures in our study. As it is also significantly associated with cold pressor pain sensitivity, one cannot conclude that CACNA2D3 has specific gene effects on pain sensitivity,

Furthermore, as Neely et al. found CACNA2D3 to be associated with heat wind-up pain sensitivity, we cannot exclude the possibility that CACNA2D3 also has effects on pain modulation, especially since our screen did not include heat pain.


We therefore conclude that CACNA2D3is a human pain gene with most likely generalized effects on pain, possibly through an interaction of nociception with higher order processes in the brain.
There are indications that pre-operative pain sensitivity measures are predictive of post-operative chronic pain development. Our research validates CACNA2D3as a human pain gene, and, as CACNA2D3 does not have an exclusive effect on one specific pain modality, but rather seems to be involved in more up-stream processes, it is an interesting candidate gene which may serve as a starting point for future research in chronic pain. Further studies will be necessary to validate and understand its role in chronic pain development.
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Table 1. Average QST measures for 215 participants, per gender.

	 
	Male
	Female

	Test name 
	N
	Mean 
	SD 
	N
	Mean 
	SD 

	Mean pressure pain threshold (kPa)
	 61
	633.16 
	236.52 
	 154
	470.01 
	173.61 

	Mean electrical pain threshold  (mA)
	 61
	 12.90
	 7.79
	 154
	 9.13
	4.70 

	Time in ice water  (s)
	 61
	 121.80
	64.12 
	 153
	 75.17
	62.62 

	Diffuse noxious inhibitory control 
	 60
	 8.38
	24.87 
	 153
	 11.68
	29.06 

	Mean wind-up ratio 
	 61
	 4.94
	5.25 
	 154
	 6.36
	6.25 


Notes.  kPa= kilopascal, mA= milliampere, s = seconds.
Table 2. Association of the CACNA2D3 SNPs rs1851048 and rs6777055 with the pain combined z-scores, corrected for gender.

	CHR
	SNP
	BP
	A1
	 
	BETA
	P

	3
	Rs1851048
	54596700
	T
	Pain modulation combined z-score
	0.13
	0.29

	
	
	
	
	Pain sensitivity combined z-score
	-0.15
	0.43

	3
	Rs6777055
	55048957
	C
	Pain modulation combined z-score
	-1.19
	0.23

	
	
	
	
	Pain sensitivity combined z-score
	-0.51
	0.016

	
	
	
	
	· Mean pressure pain threshold
	-0.21
	0.005

	
	
	
	
	· Mean electrical pain threshold
	-0.13
	0.10

	
	
	
	
	· Mean time in ice water
	-0.16
	0.03
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Figure 1 Carriers of the AC and CC genotype at the CACNA2D3 rs6777055 variant show with lower pain sensitivity combined z-scores. A lower combined z-score means lower pain thresholds, thus higher pain sensitivity. Please note that the values in this figure have not been corrected for gender. There is no significant difference in the percentage of males between these two groups, 29% in AA and 26% in AC/CC  p = 0.56. 












