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Abstract

Endothelin-1 (ET-1) is a known algogen that causes acute pain and sensitization in humans and 

spontaneous nociceptive behaviors when injected into the periphery in rats, and is elevated during 

vaso-occlusive episodes (VOEs) in sickle cell disease (SCD) patients. Previously, our lab has 

shown that a priming dose of ET-1 produces sensitization to capsaicin-induce secondary 

hyperalgesia. The goal of this study was to determine if the sensitization induced by ET-1 priming 

is occurring at the level of the primary afferent neuron. Calcium imaging in cultured dorsal root 

ganglion (DRG) neurons was utilized to examine the effects of ET-1 on primary afferent neurons. 

ET-1 induces [Ca2+]i transients in unprimed cells. ET-1 induced [Ca2+]i transients are attenuated 

by priming with ET-1. This priming effect occurs whether the priming dose is given 0-4 days prior 

to the challenge dose. Similarly, ET-1 priming decreases capsaicin-induced [Ca2+]i transients. At 

the level of the primary afferent neuron, ET-1 priming has a desensitizing effect on challenge 

exposures to ET-1 and capsaicin.

Keywords

Endothelin-1(ET-1); Capsaicin; Dorsal root ganglia; Calcium transients

1. Introduction

The hallmark feature of sickle cell disease (SCD) is painful vaso-occlusive episodes (VOE). 

Occlusion of the blood vessels leads to localized ischemia, which results in tissue damage, 

which then leads to pain through the release of certain molecular mediators [20]. The role of 

vasoactive regulators in VOEs is an active area of investigation. It has been speculated that 

occlusion in one part of the blood vessel leads to the release of certain vasoactive substances 

from damaged endothelial cells, such as vasoconstrictive peptides that promote vaso-
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occlusion downstream from the original site of vaso-occlusion [11]. It may also be possible 

that vasoactive humoral factors could be responsible for the extension of pain from the 

original site of painful crisis [11]. We speculate that it is the vasoactive and nociceptive 

actions of endothelin-1, a potent vasoconstrictive and nociceptive agent, that are some of the 

factors responsible for this phenomenon. Endothelin-1 (ET-1) has been found to be elevated 

during VOEs in SCD patients and stimulation of endothelial cells with sickled red blood 

cells from SCD patients induces ET-1 mRNA production and the release of ET-1 [9, 15, 18]. 

In addition to ET-1 being elevated during VOEs, higher levels of ET-1 have been found to 

be correlated with higher ratings of baseline pain in children with SCD, suggesting a 

relationship between ET-1 and vaso-occlusion, the most likely source of baseline pain in 

these patients [17].

Endothelin-1 is a 21 amino acid peptide that is both a vasoconstrictor and a potent algogen 

that has been shown to cause acute pain and sensitization in humans [3, 7, 10]. In rodent 

models, the administration of ET-1 produces spontaneous nociceptive behaviors [8] [4]. In 

adult male rats, repeated ET-1 administration to the sciatic nerve produces behavioral 

desensitization [5]. Previously our laboratory has shown that a priming exposure to ET-1 

alters behavioral responses to a challenge dose of ET-1 at the same location in neonatal rats. 

This priming effect is sex dependent with sensitization in males and desensitization in 

females [13]. However, when the challenge dose of ET-1 was in the contralateral hindpaw 

both males and females exhibit sensitization. Furthermore, priming with ET-1 enhances 

capsaicin-induced secondary hyperalgesia in both males and females. Priming with ET-1 

also enhances c-fos activation in dorsal horn neurons [19]. The goal of this study was to 

build upon our previous studies to determine if our finding of endothelin-induced 

sensitization in males is mediated at the primary afferent neuron level. To examine this, 

primary DRG cell cultures were kept in culture for four days to mimic the timeline 

(postnatal day 7-postnatal day 11) in our in vivo model and exposed to ET-1 similarly to our 

in vivo study. Calcium imaging was used to measure neuronal activity in these DRG 

cultures after exposure to ET-1.

2. Methods

2.1 Animals

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee at the University of South Carolina. Efforts were made to limit the amount of 

distress and the number of animals used. Male Sprague-Dawley (Charles River Laboratories, 

MA) rats were kept on a 12 hour light/dark cycle with food and water available ad libitum.

2.2 Cell Culture

Dorsal root ganglia (DRG) from adult male rats were dissected and collected in ice cold 

Tyrode buffer (132 mM NaCl, 4.8 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM dextrose, 5 

mM HEPES). DRG were digested using a solution of dispase (1 mg/mL, Gibco 171050-041) 

and collagenase (2 mg/mL, Roche 1088831) in Tyrode buffer and incubation in a shaking 

water bath at 37°C for 45 minutes. Following digestion, the DRGs were triturated with a fire 

polished Pasteur pipet followed by separation using an OptiPrep (Sigma D1556) gradient. 
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Cells were centrifuged at 1900 rpm for 20 minutes then the bottom layer was isolated and 

the cells were counted.

The DRG cells were seeded in 96 well black clear bottom plates (Costar, Corning Inc.) 

coated with poly-D-lysine at a density of approximately 60,000-80,000 cells per well (day 

0). Cells were maintained in Minimum Essential Medium Eagle media (Sigma Aldrich 

M0643) (supplemented with 20% glucose, 10% FBS (Invitrogen 16000-036), 1% penicillin-

streptomycin solution (Invitrogen 15070-063), and 10 μg/ml of NGF (Millipore 01-125).

2.3 Calcium imaging for ET-1 experiment

Cells were maintained in culture for 4 days and on the 5th day, calcium imaging was 

performed. On day 0 (the day of culture), cells were either treated with 1.1 nmole of ET-1 

(22 μM, Enzo Life Sciences) or vehicle (sterilized deionized water). On day 4, cells were 

first washed with either Ca2+-containing NaCl-based extracellular (EC) buffer (130 mM 

NaCl, 2.5 mM KCl, 1mM MgCl2, 4 mM CaCl2, 10 mM HEPES, 5mM glucose) with 2.5 

mM probenecid (Molecular Probes P36400) or Ca2+-free NaCl-based EC buffer then 

incubated with Fluo-4AM solution (1 μM, Molecular Probes, Invitrogen F14201) containing 

pluronic acid at 37°C for 1 hour. After incubation with the dye solution, cells were washed 

twice with the appropriate NaCl-based EC buffer, then 190 μl of the appropriate buffer was 

added to each well. After incubation at 37°C for 1 hour, the plate was loaded into the 

BioTek Synergy 2 plate reader and the BioTek Gen5™ Data Analysis Software was used to 

perform reader control. After a 5 minute delay, the cells were baselined every 5 seconds for 

30 seconds. Following the baseline measures, either 10 μL of ET-1 (0.55μM) or 10 μL of 

vehicle (sterile filtered deionized water) was added to the appropriate wells. The change in 

fluorescence was then measured every 3 seconds for 3 minutes. Fluorescence was excited at 

485 nm and emission was measured at 528 nm. Temperature was maintained at 37°C. A 

total of 6 wells were measured for each treatment group.

2.4 Drug treatment and Ca2+ Imaging for ET-1 time course

In a separate experiment, cultured cells were treated with either 0.11 nmole of ET-1 (2.2 

μM, Alexis Biochemicals) or vehicle over a period of 4 days. On day 0, one set of cells was 

treated with ET-1 and the others treated with vehicle. On day 1, a different set of cells was 

treated with ET-1 and the others treated with vehicle. This pattern was repeated on days 2 

and 3 with a different set of cells being treated with ET-1. During the course of the 

experiment, different sets of cells were pre-treated with ET-1 only once on either day 0, 1, 2, 

or 3. There were a total of 6 wells for each treatment group.

On day 4, calcium imaging was performed. Cells were loaded with the dye solution as 

mentioned previously. The plate reader was programmed to have a 5 minute delay, after 

which, baseline measurements were taken every 5 seconds for 30 seconds for the first set of 

wells. ET-1 (10 μl, of either 5.5 μM or 0.55 μM) or vehicle (10 μl) was added to the 

appropriate wells, then readings were made continuously every 3 seconds for 3 minutes.
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2.5 Calcium imaging for capsaicin experiment

The cells were treated with either vehicle (sterile filtered deionized water) or 1.1 nmole of 

ET-1 (22 μM, American Peptide, Sunnyvale, CA on day 0 (the day of cell culture). On day 

4, calcium imaging was performed. Following the baseline measures, either 10 μL of 

capsaicin (1 μM) or 10 μL of vehicle (DMSO in NaCl-based EC buffer) was added to the 

appropriate wells (5 wells/treatment group) and the change in fluorescence measured every 

3 seconds for 5 minutes.

3. Results

3.1 Effect of ET-1 on [Ca2+]i in afferent neurons

On day 4 in culture, application of 0.55 μM of ET-1 onto naïve cells significantly increased 

intracellular Ca2+ compared to vehicle treated cells (p<0.001) (Figure 1A). However, 

priming with 22 μM of ET-1 on day 0 followed by a challenge with 0.55 μM of ET-1 on day 

4 did not produce a significant influx of Ca2+ into the cultured afferent neurons (Figure 1A). 

The increase in intracellular Ca2+ due to ET-1 is dependent on extracellular Ca2+, as 

removal of Ca2+ from the extracellular buffer prevents ET-1-induced Ca2+ transients (Figure 

1A inset). Similarly, a reduction in area under the curve (AUC) (Fig 1B) and maximum peak 

height (Fig 1C) is seen in ET-1 primed cells compared to unprimed cells exposed to ET-1 

for the first time at the time of imaging (Fig 1B). The time to the calcium peak is similar 

between treatments with a trend to a more rapid peak in cells exposed to ET-1 compared to 

vehicle (Fig 1D).

3.2 Time course of priming effect of ET-1

Application of low dose (0.55 μM, Fig 2A) or high dose (5.5 μM, Fig 2B) of ET-1 produced 

a statistically significant rise in [Ca2+]i. Priming of the cells with 2.2 μM of ET-1 on Day 1, 

2, or 3 of culture produced a time-dependent blockade of the ET-1 stimulated rise in [Ca2+]i 

when a low challenge dose of ET-1 was used (Fig 2A, C). In contrast, priming on any day 

suppressed calcium transients when a high challenge dose of ET-1 was used (Fig 2B, C). 

Measurement of the maximum peak height (Fig 2E) showed similar time dependent priming 

with low but not high dose ET-1 as the area under the curve measurements (Fig 2C). The 

time to peak was similar in all treatments using a low dose ET-1 challenge (Fig 2D). In 

contrast, the time to peak was delayed by priming on days 1 and 3 when a high dose of ET-1 

was used to challenge (Fig 2D). This data suggests that both the day of priming and the 

challenge dose of ET-1 have a significant impact on ET-1 induced desensitization in primary 

afferent neurons.

3.3 Effect of ET-1 priming on capsaicin-induced increase in [Ca2+]i

Previous results from our lab have shown that prior exposure to ET-1 can modify 

subsequent behavioral nociceptive responses to capsaicin [19]. The purpose of this 

experiment was to determine whether that effect of ET-1 priming on capsaicin responses 

might be mediated at the level of the afferent neuron. Treatment of cells with capsaicin on 

day 4 causes a significant increase in [Ca2+]i compared to cells treated with vehicle on day 4 

(p<0.001) (Figure 3). Priming with ET-1 on day 0 then challenging with capsaicin causes 
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significantly lower increase in [Ca2+]i compared to cells treated with vehicle on day 0 then 

given capsaicin on day 4 (p<0.001) (Figure 3).

4. Discussion

In this study, we examined the endothelin system in an in vitro model correlate of our 

animal model of localized acute VOEs. We found that in our in vitro model in primary 

afferent neurons from DRGs isolated from adult male rats, ET-1 causes a large influx of 

Ca2+ in naïve cells, but a “desensitized” response in ET-1 primed cells, which parallels the 

desensitized behavioral response to subsequent ET-1 exposure in female neonatal rats. The 

ET-1 priming effect is dependent upon the timing of the priming dose as well as on the dose 

of the ET-1 challenge. Similarly, ET-1 priming desensitizes primary afferent neurons to 

subsequent challenge with capsaicin.

The present calcium imaging results demonstrating ET-1 priming and desensitization is 

supported by previous studies which showed that ET-1 causes an increase in [Ca2+]i in 

neuronal cells, while repeated administration of ET-1 onto mouse neuroblastoma-rat DRG 

hybrid cells reduces [Ca2+]i transients [23, 24]. These studies also found that the ET-1-

induced increase in [Ca2+]i is mediated by activation of the ETA receptor [24]. However, in 

these previous studies, they found the increase in [Ca2+]i to come from intracellular stores, 

while this study found that this increase was due to the influx from extracellular Ca2+. The 

difference in the source of [Ca2+]i increase may be explained by the much larger dose of 

ET-1 used in our study to prime the cells as well as a potential species difference in DRG 

neurons.

Similar to the results shown in our current in vitro study, repeated administration of ET-1 

onto the sciatic nerve leads to reduced paw flinching behavior, or a “desensitized” response, 

compared to a single administration and this effect lasts for at least 24 hours [5]. It has also 

previously been shown that intrathecal administration of ET-1 has an analgesic effect in a 

postoperative pain model which is accompanied by a decrease in incision-induced ERK 

phosphorylation in DRG neurons [2]. The desensitization we observed in DRG cells after 

repeated administration of ET-1 may be due to a decrease in ERK phosphorylation of DRG 

neurons. The greater increase in ET-1 induced Ca2+ transients in cells primed with ET-1 on 

day 0 compared to cells primed on days 1, 2, or 3 could be due to a time dependent recovery 

of receptors or other components of the signaling cascade, such as ERK.

Depending on the cell type and species investigated, ET-1-induced influx of extracellular 

Ca2+ can be due to direct or indirect regulation of voltage gated Ca2+ channels as well as 

non-selective cation channel and store-operated Ca2+ channel activation [21]. In mammalian 

parasympathetic neurons, ET-1 causes an increase in [Ca2+]I by activating receptor-operated 

Ca2+ channels [14]. In many cell types, ET-1-induced Ca2+ mobilization is caused by a 

mixture of voltage-dependent Ca2+ influx, voltage-independent Ca2+ influx, and the release 

of Ca2+ from intracellular stores [21]. One possible explanation for voltage-dependent Ca2+ 

influx due to ET-1 may be the effect of ET-1 on sodium channels. ET-1, through the ETA 

receptor, lowers the threshold for activation of tetrodotoxin-resistant Na+ channels in DRG 

neurons thereby increasing the excitability of the neurons [25]. In DRG neurons, ET-1 also 
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enhances neuronal excitability by suppressing delayed-rectifier type of K+ currents [6]. An 

explanation for voltage-independent Ca2+ influx due to ET-1 may be its effects on the 

opening of cation channels. In rat glioma cells, the major source of ET-1-induced increase in 

[Ca2+]I was found to be from an influx of extracellular Ca2+ possibly through the opening of 

non-selective cation channels such as TRPV1 channels [12].

Priming with ET-1 also desensitized the [Ca2+]i response to capsaicin, which is the chemical 

found in chili peppers that produces a burning sensation when applied externally or ingested. 

Capsaicin activates the TRPV1 ion channel on DRG neurons, more specifically on small 

diameter neurons, which leads to an influx of Ca2+ [1]. In DRG neurons, which mainly 

express ETA receptors, ET-1 potentiates the activity of TRPV1 channels in response to 

capsaicin [16]. It has been shown that application of capsaicin onto DRG neurons causes an 

increase in [Ca2+]i , while repeated applications of capsaicin leads to desensitized response 

of a reduction in [Ca2+]i [22, 23]. Our result of a decreased response to capsaicin in ET-1 

primed cells is somewhat in conflict with a previous study showing an enhancement of the 

increase in [Ca2+]i after application of ET-1 followed by capsaicin [23]. However, this 

difference may be explained by the fact that the neurons used in our study were incubated 

with ET-1 for hours before being removed and challenged with capsaicin days later, while 

the previous published study applied ET-1 seconds before adding capsaicin looking at an 

acute modulator role versus a long-term modulatory role.

The results of this study suggest that the endothelin-induced sensitization upon repeated 

administration we observed in our in vivo model may not be occurring at the primary 

afferent level. It should be noted, however, that our in vivo model involves neonatal animals 

while this study utilized cells from adult animals. We cannot rule out a developmental 

difference in the Ca2+ response to repeated exposure to ET-1 in DRG neurons, which may 

explain why we observed a desensitized response rather than a sensitized response in these 

neurons from male rats. Furthermore, priming with ET-1 produces a long lasting 

desensitization of afferent neurons to subsequent ET-1 and the alternative algogen capsaicin. 

This suggests that behavioral sensitization to repeat ET-1 exposure may be occurring in the 

skin, in the spinal cord, or in the brain. Future studies are needed to begin to understand how 

the different levels of the pain neuroaxis respond to repeated exposure to ET-1.
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Highlights

• ET-1 causes increase in Ca2+ transients in unprimed dorsal root ganglion 

neurons.

• ET-1 priming has a desensitizing effect on subsequent exposures to ET-1.

• ET-1 priming effect is dependent on timing of the priming dose and on the 

challenge dose.

• Priming with ET-1 also causes a desensitized response to capsaicin.
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Figure 1. ET-1-induced increase in Ca2+ due to influx of Ca2+ not from release of intracellular 
stores and priming with ET-1 prevents ET-1-induced Ca2+ influx
Cells incubated in buffer containing Ca2+ exhibited a significant increase in intracellular 

Ca2+ upon treatment with ET-1 compared to cells treated with vehicle (p<0.001) when 

measuring the change in fluorescence (A), the area under the curve (B), and the maximum 

peak height (C). Cells primed with ET-1 on day 0 then treated with ET-1 at the time of 

imaging show a significant decrease in Ca2+ influx compared to vehicle primed cells treated 

with ET-1 at the time of imaging (p<0.001). Cells incubated in Ca2+ buffer did not show an 

increase in intracellular Ca2+ upon treatment with ET-1 (A inset).
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Figure 2. Time course for prevention of ET-1-induced Ca2+ influx due to priming effect of ET-1
Reducing the priming dose of ET-1 to 2.2 μM reveals a particular time course for the 

decrease in [Ca2+]i. (A, C) Cells primed with 2.2 μM of ET-1 on day 0 and challenged with 

0.55 μM of ET-1 on day 4 show a significantly smaller increase in [Ca2+]i compared to cells 

treated with ET-1 only at the time of imaging (***p<0.001) and this level of increase in 

[Ca2+]i is significantly different from vehicle treated cells (**p<0.01). (B, C) Cells primed 

with 2.2 μM of ET-1 on day 0 and challenged with 5.5 μM of ET-1 on day 4 show a 

significantly smaller increase in [Ca2+]i compared to cells only treated with ET-1 at the time 

of imaging (***p<0.001) and this level of [Ca2+]i is not significantly different from vehicle 

treated cells. (D) The time to calcium peak appeared to be more rapid for cells treated with 

ET-1 for the first time on the day of imaging with 5.5 μM ET-1 compared to cells 

challenged with vehicle (*p<0.05). This was also true for cells primed with ET-1 on days 0 

and 2 and challenged with 5.5 μM ET-1 (**p<0.01). (E) Maximum peak height for 

unprimed ET-1 treated cells and cells primed on day 0 and challenged with 0.55 μM ET-1 

had significantly greater maximum peak heights compared to unprimed vehicle treated cells 

(***p<0.001 and **p<0.01, respectively).
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Figure 3. Pre-treatment with ET-1 causes decrease in capsaicin-induced influx of Ca2+

Capsaicin caused a significant increase in [Ca2+]i compared to cells treated with vehicle on 

day 4 (+++ p<0.001) There is a significantly greater difference from baseline in capsaicin 

treated cells primed with vehicle on day 0 compared to capsaicin treated cells primed with 

ET-1 on day 4 (***p<0.001). There was no significant difference between cells vehicle 

treated cells primed with vehicle on day 0 and vehicle treated cells primed with ET-1 on day 

0.

Smith et al. Page 12

Neurosci Lett. Author manuscript; available in PMC 2015 October 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


