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Francisco, CA 94143-0440, United States

cDivision of Neuroscience, University of California at San Francisco, San Francisco, CA 
94143-0440, United States

Abstract

Amongst the side effects of triptans, a substantial percentage of patients experience injection site 

pain and tenderness, the underlying mechanism of which is unknown. We found the dose range 

from 10 fg – 1000 ng (intradermal) sumatriptan induced a complex dose-dependent mechanical 

hyperalgesia in the male rat, with distinct peaks, at 1 pg and 10 ng, with no hyperalgesia at 1 ng. In 

female rats, there was 1 broad peak. The highest dose (1000 ng) did not produce hyperalgesia in 

either sex. We evaluated the receptors mediating sumatriptan hyperalgesia (1 pg, 1 and 10 ng). In 

male rats, while the injection of an antagonist for the serotonin (5-hydroxytryptamine, 5-HT) 

receptor subtype 1B (5-HT1B), but not 5-HT1D, markedly inhibited sumatriptan (1 pg 

hyperalgesia, at 10 ng a 5-HT1D receptor antagonist completely eliminated hyperalgesia. In 

contrast, in female rats, the 5-HT1D, but not 5-HT1B, receptor antagonist completely blocked 

sumatriptan (1 pg and 10 ng) hyperalgesia. Both 5-HT1B and 5-HT1D receptor antagonists 

attenuated hyperalgesia (1 ng) in females. Sumatriptan (1 ng)-induced hyperalgesia in female rats 

is G-protein-coupled estrogen receptor 30 dependent. While selective 5-HT1B, but not 5-HT1D, 

receptor agonists produces a robust hyperalgesia, when co-injected the hyperalgesia induced by 5-

HT1B receptor agonist was attenuated. The mechanical hyperalgesia induced by sumatriptan (1 pg 

and 10 ng) is dependent on the Gi-protein α subunit and protein kinase A (PKA). Understanding 

the mechanisms responsible for the complex dose dependence for triptan hyperalgesia may 

provide useful information for the design of anti-migraine drugs with improved therapeutic 

profiles.
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Introduction

Amongst the well-described side effects of the triptan family of anti-migraine drugs is 

injection site pain and allodynia/hyperalgesia (i.e., local tenderness), especially problematic 

for a self-administered therapy. Thus, administered by the subcutaneous route triptans can 

induce injection site pain (Dahlof et al., 1994, Solomon et al., 1997, Duquesnoy et al., 1998, 

Linde et al., 2004), while sublingual/intranasal administration has been reported to induce 

headache, chest and abdominal pain, and pain/tenderness in the extremities (Hillis and 

Macintyre, 1993, Dahlof et al., 1994, Houghton et al., 1994, Ottervanger et al., 1994, 

Gomez-Mancilla et al., 2001, Wang et al., 2002, Coulter et al., 2003). Sumatriptan-induced 

injection-site reactions, the most common adverse event, is reported in 58.7% of patients 

with moderate to a severe migraine treated with sumatriptan (6 mg, administered 

subcutaneously) compared with 23.8% of placebo controls (Cady et al., 1991). Moreover, in 

a double-blind, placebo-controlled study by Mushet and colleagues (Mushet et al., 1996) 

injection-site reaction was reported in 34% of patients with moderate to a severe migraine 

treated with sumatriptan 6 mg (patient-administered via single-dose syringe cartridges) 

compared with 18% of placebo controls. Although Burstein and colleagues had already 

demonstrated, more than decade ago, that triptans acutely sensitize dural nociceptors 

(Burstein, 2001, Burstein et al., 2004, Burstein and Jakubowski, 2004), there remains a 

paucity of information regarding the mechanism underlying triptan-induced nociceptor 

sensitization, their dose-response curves and sex differences in this effect.

In the present study, we evaluated sumatriptan-induced injection-site mechanical 

hyperalgesia, including dose-dependence, sexual dimorphism, the 5-HT receptor subtypes 

and intracellular mechanism involved for sumatriptan. Sumatriptan induces a dose-

dependent decrease in the mechanical nociceptive threshold at its site of injection in female 

rats and, an extremely complex dose-dependent effect in males. We also show that 

sumatriptan-induced hyperalgesia is estrogen dependent, acting through the G-protein-

coupled estrogen receptor 30 (GPR30), in females. The receptors, mediating this 

hyperalgesia (5-HT1B, and 5-HT1D) were sex and dose-dependent. Sumatriptan-induced 

mechanical hyperalgesia was also G-protein αi subunit and protein kinase A (PKA) 

dependent.

Experimental Procedures

Animals

Experiments were performed on 230–280 g adult male and female [except for 

ovariectomized females (described below)] Sprague–Dawley rats (Charles River 

Laboratories, Hollister, CA, USA). Experimental animals were housed in a controlled 

environment in the animal care facility at the University of California, San Francisco, under 

a 12-h light/dark cycle. Food and water were available ad libitum. The experimental protocol 
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was approved by the UCSF Institutional Animal Care and Use Committee and adhered to 

the guidelines for the use of animals in research of the American Association of Laboratory 

Animal Care, the National Institutes of Health (NIH), and the Committee for Research and 

Ethical Issues of the International Association for the Study of Pain (IASP). All efforts were 

made to minimize the number of animals used and their suffering.

Mechanical nociceptive threshold testing

Mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter® 

(Randall-Selitto paw-withdrawal test; Stoelting, Chicago, IL), which applies a linearly 

increasing mechanical force to the dorsum of the rat’s hind paw, as described previously 

(Taiwo et al., 1989, Taiwo and Levine, 1989, Ferrari and Levine, 2015). Nociceptive 

threshold was defined as the force in grams at which the animal withdrew its paw; baseline 

threshold was defined as the mean of 3 readings taken just before a test agent was injected. 

Each paw was treated as an independent measure, and each experiment performed on a 

separate group of rats. Data are presented as mean change from baseline mechanical 

nociceptive threshold.

Ovariectomy

Ovariectomy was performed on female rats at 3–4 weeks (21–28 days) of age (i.e. before 

puberty). Under isoflurane (2.5%) inhalation anesthesia (Phoenix Pharmaceuticals, St. 

Joseph, MO, USA) in 97.5% O2, six female rats were treated with 0.5% of bupivacaine 

(from Henry Schein, Melville, NY, USA) at their surgical incision site and an intramuscular 

injection of a non-steroidal anti-inflammatory, carprofen [5 mg/kg; Sigma-Aldrich (St. 

Louis, MO, USA)], followed by removal of the ovaries through bilateral upper flank 

incisions (Joseph and Levine, 2003b, a). The ovarian bundles were tied off with 4-0 silk 

sutures and the ovaries excised. The fascia and skin were closed with 5-0 silk suture. Five 

weeks after the surgery sumatriptan (1 ng) was injected intradermally on the dorsum of the 

hindpaw.

Chronic administration of estrogen in male rats

Chronic administration of estrogen in male rats was performed as described previously by 

Smith and colleagues (Smith et al., 1977). Briefly, 17β-estradiol [from Sigma-Aldrich (St. 

Louis, MO, USA)] was administered by implanting estrogen filled Silastic tubes [(I.D. 1.57 

mm, O.D. 3.18 mm) of 5 mm effective length; Dow Corning, Midland, MI, USA)]. The ends 

of the implants were sealed with silicone rods (Goodfellow, Cambridge, UK). Implants were 

then washed in ethanol and equilibrated in four changes of warm phosphate-buffered saline 

over a 24-h period before placement in the rat. Under inhalation anesthesia, isoflurane 

(2.5%; Phoenix Pharmaceuticals, St. Joseph, MO, USA) in 97.5% O2, six male rats were 

treated with 0.5% of bupivacaine at the incision site and an intramuscular injection of 

carprofen (5 mg/kg). Implants were placed subcutaneously on the rat’s back, at the time of 

surgery (Smith et al., 1977). Implants were placed 2 weeks before sumatriptan (1 ng) was 

injected intradermally on the dorsum of the hindpaw.
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Drugs and their administration

The following drugs were used: sumatriptan succinate (prototypical 5-HT1B and 5-HT1D 

receptor agonist), CP-93129 dihydrochloride hydrate [a selective 5-HT1B receptor agonist; 

(Araldi et al., 2016b)] and pertussis toxin [PTX; Gi-protein inhibitor; (Araldi et al., 2015, 

2016b, a)] from Sigma-Aldrich (St. Louis, MO, USA); H-89 dihydrochloride [inhibitor of 

protein kinase A (PKA); (Araldi et al., 2015, 2016a, b)] from Santa Cruz Biotechnology 

(Dallas, TX, USA); BRL 15572 [5-HT1D receptor antagonist; (Araldi et al., 2016b)], 

L-694,247 [a selective 5-HT1D receptor agonist; (Araldi et al., 2016b)] and NAS-181 [5-

HT1B receptor antagonist; (Araldi et al., 2016b)] from Tocris Bioscience (Avonmouth, 

Bristol, UK); and G-36 [GPR30 receptor antagonist; (Alvarez et al., 2014)] from Azano 

Pharmaceuticals (Albuquerque, NM, USA).

Sumatriptan, CP-93129 and pertussis toxin were dissolved in saline. All other drugs were 

dissolved in 100% DMSO (Sigma-Aldrich) and further diluted in saline containing 2% 

Tween 80 (Sigma-Aldrich). The final concentration of DMSO and Tween 80 was 2%. All 

drugs were injected intradermally on the dorsum of the hind paw, in a volume of 5 μL, using 

a 30-gauge hypodermic needle adapted to a 50 μL Hamilton syringe (Reno, NV, USA). The 

injection of H-89 and pertussis toxin was preceded by a hypotonic shock (2 μL of distilled 

water, separated by a bubble of air to avoid mixing in the same syringe), to facilitate entry of 

these compounds into the nerve terminal (Borle and Snowdowne, 1982, Burch and Axelrod, 

1987).

Oligodeoxynucleotide antisense to estrogen receptor alpha (α), beta (β) and GPR30 mRNA

To investigate the role of estrogen receptor (ER) subtypes in the mechanical hyperalgesia 

induced by intraplantar injection of sumatriptan (1 ng) in female rats, oligodeoxynucleotides 

(ODN) antisense (AS) for ER alpha (ER-α), ER beta (ER-β) or GPR30 mRNA were used 

(Liang et al., 2002, Edinger and Frye, 2007, Alvarez et al., 2014, Ferrari et al., 2016). The 

sequences for the ERα, 5′-CAT GGT CAT GGT CAG-3, the ERβ, 5′-GAA TGT CAT AGC 

TGA-3′, and the GPR30, 5′-ATG TTC AGA GAG GTC CCC AG-3′ ODN AS (Invitrogen 

Life Technologies, Carlsbad, CA, USA), were directed against a unique region of each 

subtype of estrogen receptor sequence, in the rat [GeneBank accession numbers 

NM_012689.1 (ERα), NM_012754.1 (ERβ) and NM_133573 (GPR30)]. The ODN 

mismatch (MM) sequences, 5′-ATC GTG GAT CGT GAC-3′, for ERα, 5′-AAG GTT ATC 

GCA AGT-3′, for ERβ, and 5′-AGG TCC AGA AAG ATG CCA AG-3′ for GPR30 were a 

scrambled version of the antisense sequence that has the same base pairs and GC ratio, but 

the order was randomized, with little or no homology to any mRNA sequences posted at 

GenBank.

Before use, the ODNs were reconstituted in nuclease-free 0.9% NaCl and then administered 

intrathecally at a dose of 2 μg/μL in a volume of 20 μL, for 3 consecutive days, when at the 

4th day, sumatriptan (1 ng) was injected, and the presence of mechanical hyperalgesia 

evaluated. As described previously (Alessandri-Haber et al., 2003), female rats were 

anesthetized with isoflurane (2.5% in O2), and the ODN injected using a microsyringe with 

a 30-gauge needle, inserted into the subarachnoid space, between the L4 and L5 vertebrae. A 

total of 40 μg of ODN, in a volume of 20 μL, was then injected. The intrathecal site of 
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injection was confirmed by a sudden flick of the rat’s tail, a reflex that is evoked by 

subarachnoid space access and bolus injection (Mestre et al., 1994). Animals regained 

consciousness approximately 1 minute after completion of the injection. The use of AS 

ODN to manipulate the expression of proteins, essential for their role in nociceptor 

sensitization, is well supported by previous studies by others (Song et al., 2009, Su et al., 

2011, Quanhong et al., 2012, Sun et al., 2013), as well as our group (Parada et al., 2003, 

Bogen et al., 2012, Alvarez et al., 2014, Araldi et al., 2015, 2016a, Ferrari et al., 2016).

Intrathecal administration of IB4-saporin and SSP-saporin

IB4-saporin—Isolectin B4 (IB4)-saporin, an IB4-positive nociceptor neurotoxin 

(Advanced Targeting Systems, San Diego, CA), was diluted in saline, and a dose of 3.2 μg, 

in a volume of 20 μL administered intrathecally, 15 days prior to experiments. The dose and 

timing of IB4-saporin administration were chosen based on previous reports from our group 

and others (Vulchanova et al., 2001, Nishiguchi et al., 2004, Joseph et al., 2008, Joseph and 

Levine, 2010, Araldi et al., 2015, 2016b, a).

SSP-saporin—[Sar9, Met(O2)11]-substance P-saporin, a SP-positive nociceptor neurotoxin 

(SSP-Saporin, Advanced Targeting Systems, San Diego, CA) was diluted in saline, and a 

dose of 100 ng, in a volume of 20 μL administered intrathecally, 15 days before priming 

experiments. The addition of [Sar9, Met(O2)11] to the substance P conjugated to saporin 

makes the agent more stable and potent than when substance P alone is bound to saporin. 

The dose and pre-treatment interval were based on the studies of Wiley and colleagues 

(Wiley et al., 2007) and Choi and colleagues (Choi et al., 2012), who observed no loss of 

intrinsic lumbar dorsal horn neurons expressing the neurokinin 1 (NK1) receptor in deeper 

laminae and prominent loss of NK1 receptor in laminae I, and others (Khasabov et al., 2002, 

Vierck et al., 2003, Weisshaar and Winkelstein, 2014, Kras et al., 2015, Araldi et al., 2016b).

To administer IB4-saporin and SSP saporin, rats were briefly anesthetized. Then, a 30-gauge 

hypodermic needle was inserted, on the midline, into the subarachnoid space, between the 

L4 and L5 vertebrae. The control treatment consisted of intrathecal injection of the same 

volume of vehicle (saline). Animals regained consciousness approximately 1 min after 

stopping anesthesia. There was no effect of IB4-saporin or SSP-saporin on the mechanical 

nociceptive threshold per se (data not shown).

Statistics

In all experiments, the dependent variable was mechanical paw withdrawal threshold, 

expressed as percentage change from pre-intervention baseline. The total number of paws 

used in this study was 394. Group data are represented as mean ± SEM. Statistical 

significance was determined by unpaired Student’s t-test or by a one-way repeated-measures 

ANOVA, followed by Dunnett’s multiple comparison or Bonferroni post hoc test. Graph Pad 

Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA) was used to graph data and to 

perform statistical analyses; a p-value less than 0.05 was considered statistically significant.
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Results

Dose dependence of sumatriptan hyperalgesia in female and male rats

To characterize the pronociceptive effect of sumatriptan, we performed a dose-response 

study of the effect of intradermal sumatriptan on mechanical nociceptive threshold at the site 

of injection, in female and male rats. In female rats, over the dose range 10 femtograms (fg) 

to 100 nanograms (ng) (Fig. 1A), sumatriptan induced a dose-dependent decrease in 

mechanical nociceptive threshold, significant by 100 fg (Fig. 1A). In male rats we observed, 

using the same dose range, that sumatriptan induced a complex dose-dependent effect on 

mechanical nociceptive threshold; Hyperalgesia was first significant at 1 picogram (pg) (Fig. 

1B) while 1 ng, had no effect on nociceptive threshold; As the dose was further increased, a 

second peak in hyperalgesia was observed at 10 ng (Fig. 1B). At the highest dose (1000 ng) 

sumatriptan did not induce hyperalgesia in either sex. For most of the remaining experiments 

we used 3 sumatriptan doses 1 pg, 1 ng or 10 ng, to cover the two peaks and the trough in 

sumatriptan hyperalgesia in the male rats.

Sumatriptan hyperalgesia: time dependence in male rats

When the latency to onset of mechanical hyperalgesia was evaluated at the dose of 10 ng of 

sumatriptan, in male rats, a significant decrease in nociceptive threshold was observed with a 

latency of ~5 minutes; peak hyperalgesia took 30 minutes to develop (Fig. 1C).

Involvement of estrogen in sexual dimorphism

At a dose of 1 ng, sumatriptan induced mechanical hyperalgesia in female but not male rats 

(Fig. 1A and 1B, respectively). Male rats implanted with 17β-estradiol did show a decrease 

in mechanical nociceptive threshold at this dose (Fig. 2). In ovariectomized female rats, 

sumatriptan (1 ng) did not induce hyperalgesia, indicating that sumatriptan (1 ng)-induced 

hyperalgesia is estrogen dependent (Fig. 2).

Based on this observation, we evaluated the participation of different estrogen receptors on 

sumatriptan (1 ng)-induced hyperalgesia in female rats using intrathecal antisense treatment, 

for 3 consecutive days, with ODN antisense for ER-α, ER-β or GPR30 (Fig. 3A). While 

treatment with ODN antisense for ER-α or ER-β did not modify sumatriptan (1 ng)-induced 

hyperalgesia, in female rats that received ODN antisense for GPR30, mechanical 

hyperalgesia induced by sumatriptan (1 ng) was attenuated (Fig. 3A). The intradermal 

injection of GPR30 receptor antagonist G-36, also significantly inhibited the sumatriptan (1 

ng)-induced hyperalgesia in female rats (Fig. 3B).

Role of 5-HT1B and 5-HT1D receptors

To determine the 5-HT1 receptors mediating the mechanical hyperalgesia induced by 

sumatriptan we co-administered 1 pg, 1 ng or 10 ng of sumatriptan with an antagonist for the 

5-HT1B (NAS-181) or 5-HT1D (BRL 15572) receptors, in female (Fig. 4A, B, and C, upper 
panel) and male (Fig. 4D, E and F, lower panel) rats. In female rats, the decrease in 

mechanical nociceptive threshold induced by sumatriptan 1 pg (Fig. 4A, upper panel) and 10 

ng (Fig. 4C, upper panel), was completely blocked by the co-injection of 5-HT1D receptor 

antagonist, but not by blocked by the 5-HT1B receptor antagonist (Fig. 4A and 4C, white 
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bar, upper panel). In contrast, sumatriptan (1 ng)-induced hyperalgesia in the female, was 

attenuated by antagonists for both 5-HT1B and 5-HT1D receptor (Fig. 4B, upper panel). In 

male rats, the hyperalgesia induced by 1 pg of sumatriptan was markedly inhibited by the 5-

HT1B receptor antagonist, but not significantly by the 5-HT1D receptor antagonist (Fig. 4D, 

lower panel). The co-administration of 1 ng, which alone did not induce mechanical 

hyperalgesia, with antagonists for the 5-HT1B or 5-HT1D receptor, also failed to uncover 

mechanical hyperalgesia (Fig. 4E, lower panel). In marked contrast, while co-injection of the 

10 ng dose of sumatriptan, with the 5-HT1B receptor antagonist partially inhibited 

sumatriptan hyperalgesia, co-injection with the 5-HT1D antagonist completely inhibited 

mechanical hyperalgesia (Fig. 4F, lower panel).

5-HT1B and 5-HT1D agonists in male rats

Sumatriptan (1 pg and 10 ng) induces 5-HT1B and/or 5-HT1D receptor-mediated mechanical 

hyperalgesia in male rats (Fig. 4D and 4F, lower panel). To confirm the pronociceptive effect 

of agonism at these triptan receptors, we studied the nociceptive effect of selective 5-HT1B 

and 5-HT1D receptor agonists. The 5-HT1B receptor agonist (CP-93129, 100 ng; Fig. 5, 

black bar) induced a robust decrease in mechanical nociceptive threshold, while, at the 10 ng 

dose (Fig. 5, black bar), the change observed was small when compared to baseline. The 5-

HT1D-receptor agonist (L-694,247; Fig. 5, gray bars) did not induce a change in the 

mechanical nociceptive threshold, at the doses tested, 10, 100 and 1000 ng. We also tested 

the effect of the combination of 5-HT1B and 5-HT1D receptor agonists (Fig. 5, dotted bars; 

CP-93129 and L-694,247, respectively) at the dose of 10 ng and 100 ng. We observed that 

mechanical nociceptive threshold induced by CP-93129 (100 ng) was significantly 

attenuated when co-injected with 100 ng of L-694,247.

Inhibitory G-protein αi subunit and PKA dependence in male rats

Sumatriptan (1 pg)-induced mechanical hyperalgesia was attenuated by G-protein αi subunit 

inhibitor (PTX, Fig. 6A; gray bar) and completely blocked in the presence of PKA inhibitor 

(H-89, Fig. 6A; dotted bar). On the other hand, the mechanical hyperalgesia induced by 

sumatriptan (10 ng) was completely blocked by PTX (Fig. 6B, gray bar) and attenuated in 

the presence of H-89 (Fig. 4B, white bar).

Role of IB4-positive and negative nociceptors

In a recent study, we demonstrated that sumatriptan induces type I hyperalgesic priming by 

action at 5-HT1B and 5-HT1D receptors on IB4-positive nociceptors (Araldi et al., 2016b). 

To determine if sumatriptan-induced hyperalgesia is mediated by action at receptors on IB4-

positive or IB4-negative nociceptors we pre-treated male rats, intrathecally, with IB4-saporin 

or SSP-saporin, to destroy IB4-positive or IB4-negative nociceptors, respectively. Treatment 

with IB4-saporin or SSP-saporin, attenuated sumatriptan (1 pg)-induced hyperalgesia (Fig. 

7A, white and gray bars). In contrast, the treatment with IB4-saporin, but not SSP-saporin, 

completely prevented sumatriptan (10 ng)-induced mechanical hyperalgesia (Fig. 7B, white 
bar), demonstrating dose dependence for the effect of sumatriptan on different classes of 

nociceptors.
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Discussion

While triptans provide effective relief for migraine in many patients, they produce pain at the 

injection site, and headache, chest and abdominal pain, and pain/tenderness in the 

extremities (Hillis and Macintyre, 1993, Dahlof et al., 1994, Houghton et al., 1994, 

Ottervanger et al., 1994, Solomon et al., 1997, Duquesnoy et al., 1998, Gomez-Mancilla et 

al., 2001, Wang et al., 2002, Coulter et al., 2003, Linde et al., 2004). In the present 

experiments we observed that intradermal injection of sumatriptan (10 fg – 1000 ng) 

produces mechanical hyperalgesia at the injection site, as has been reported in patients being 

treated for a migraine (Burstein and Jakubowski, 2004, Burstein et al., 2005, Olesen et al., 

2009, Tipton et al., 2015), and evaluated dose dependence, sexual dimorphism and the 

underlying mechanism.

In female rats, hyperalgesia was first detected at 100 fg (Fig. 1A). In male rats, a complex 

dose-dependence was observed (Fig. 1B). Two low doses of sumatriptan (1 and 10 pg) 

induced robust mechanical hyperalgesia. As the dose was increased the magnitude of the 

hyperalgesia decreased, to the point where 1 ng had no effect on nociceptive threshold. 

However, the next higher dose (10 ng) again induced robust hyperalgesia, which became 

undetectable at the 100 and 1000 ng doses. At the highest dose, 1000 ng, we did not observe 

hyperalgesia in either female or male rats. Sumatriptan has a very high affinity for 5-HT1B 

and 5-HT1D receptors and may achieve a large degree of receptor saturation at very low 

concentration. Thus, the loss of hyperalgesia at the highest dose, in both male and female 

rats, likely reflects action at an additional target. While a direct comparison is not possible, 

Kayser and colleagues also found a non-monotonic relationship for the effect of both 

sumatriptan and zolmitriptan, injected subcutaneously, in reducing mechanical 

hypersensitivity after chronic constriction injury to the infraorbital nerve in male rats 

(Kayser et al., 2002). While there is some data on dose dependence of the anti-migraine 

effect of triptans (Cady et al., 1991, Visser et al., 1992, Tfelt-Hansen, 1993, Mushet et al., 

1996, Brandes et al., 2009, Derry et al., 2014), similar data for its pronociceptive effects 

have not been reported.

At the 1 ng dose, we observed hyperalgesia in females, but not in males, a sex difference that 

is estrogen dependent since, in male rats implanted with 17β-estradiol we observed 

hyperalgesia, while we did not in ovariectomized females. In good agreement with previous 

reports (Lu et al., 2009, Rossi et al., 2010) our data support the idea that estrogen 

desensitizes 5-HT1B and 5-HT1D receptors since when we knock down GPR30 receptor, but 

not ER-α or ER-β, using antisense ODN or antagonist for GPR30 (G-36), we attenuated 

sumatriptan (1 ng)-induced hyperalgesia in female rats.

Since the clinical effect of sumatriptan is thought to be mediated by two receptors, 5-HT1B 

and 5-HT1D, we evaluated the role of these receptors in sumatriptan-induced hyperalgesia. 

In female rats, mechanical hyperalgesia induced by the 1 pg or 10 ng doses of sumatriptan is 

mediated entirely by the 5-HT1D receptor while that induced by the 1 ng dose is mediated by 

5-HT1B and 5-HT1D. In contrast, in male rats, the hyperalgesia induced by 1 pg is dependent 

predominantly on 5-HT1B while that induced by 10 ng is dependent almost entirely of 5-

HT1D. The intermediate dose, 1 ng, did not have a nociceptive effect alone or in the presence 
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of 5-HT1B or 5-HT1D receptor antagonists, in male rats. Unexpectedly, while the 5-HT1B 

receptor agonist (CP-93129) produced a decrease in mechanical nociceptive threshold, the 5-

HT1D receptor agonist (L-694,247) had no effect on nociceptive threshold. In contrast, when 

we co-injected 5-HT1B and 5-HT1D receptor agonists, we found that the hyperalgesia 

induced by the 5-HT1B receptor agonist was attenuated.

In the present experiments, we found that sumatriptan (1 pg and 10 ng)-induced mechanical 

hyperalgesia is G-protein αi subunit and PKA-dependent. Of note, we have previously 

shown that agonists at two other Gi-protein-coupled receptors, mu-opioid and A1-adenosine, 

can also induce mechanical hyperalgesia; however, the hyperalgesia induced by agonists at 

these latter two Gi-GPCRs requires repeated administration (Araldi et al., 2015, 2016a).

Gi-protein-coupled receptor agonists, typically act to attenuate neuronal activity, 

prototypically by decreasing cyclic adenosine monophosphate (cAMP), constitute important 

targets for analgesic drugs, such as opioids (Pierre et al., 2009, Al-Hasani and Bruchas, 

2011) and triptans (Pierre et al., 2009). Paradoxically, we found that sumatriptan-induced 

hyperalgesia is mediated by the αi subunit of the heterotrimeric Gi-protein and by PKA. Of 

note, the ability of pertussis toxin (a Gi-protein inhibitor) to prevent sumatriptan-induced 

hyperalgesia is also characteristic of the mechanical hyperalgesia induced by repeated 

injections of the A1-adenosine receptor agonist CPA (Araldi et al., 2016a), but not by 

repeated injections of the mu-opioid receptor agonist DAMGO (Araldi et al., 2015).

We found that hyperalgesia induced by 1 pg of sumatriptan is dependent on both IB4-

positive and negative nociceptors, while that induced by 10 ng is dependent on the IB4-

positive population. While the literature suggests that expression of 5-HT1B and 5-HT1D 

receptors are restricted to non-peptidergic neurons (Hou et al., 2001, Ma et al., 2001, 

Potrebic et al., 2003), Harriott and Gold detected 5-HT1D receptors in both peptidergic and 

non-peptidergic fibers in the rat dura mater (Harriott and Gold, 2008). Our data are in 

agreement since the sumatriptan (1 pg)-induced hyperalgesia is dependent on IB4-positive 

(non-peptidergic) and IB4-negative (peptidergic) nociceptors while sumatriptan (10 ng) 

hyperalgesia did not occur in rats in which IB4-positive nociceptors have been destroyed. In 

addition to trigeminal sensory neurons, it has been demonstrated by us, and others, that 5-

HT1B and 5-HT1D receptors are located in lumbar dorsal root ganglion neurons (Pierce et 

al., 1996, Wotherspoon and Priestley, 2000, Potrebic et al., 2003). Our study does not 

exclude a differential action by the different doses of sumatriptan at different 5-HT receptor 

subtypes and populations of nociceptors since we tested neurons mediating the effect of the 

dose of 1 pg and 10 ng of sumatriptan.

Agonists at the mu-opioid (Gi-protein-coupled) receptor can also produce an exacerbation of 

pain (Mercadante and Arcuri, 2005, Chu et al., 2008, Chen et al., 2009, Hay et al., 2009, Lee 

et al., 2011), a phenomenon referred to as opioid-induced hyperalgesia (OIH). Recently, we 

have shown that repeated intradermal injections of agonists of Gi-protein-coupled receptors 

(GPCRs), such as mu-opioid receptor agonist DAMGO (Araldi et al., 2015) or A1-

adenosine receptor agonist CPA (Araldi et al., 2016a), induce mechanical hyperalgesia, 

which started ~5 minutes after the fourth (DAMGO) or the third (CPA) injection. However, 

our present data demonstrated that a single injection of sumatriptan induced a robust 
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decrease in mechanical nociceptive threshold, which was significant 5 minutes after its 

injection. Linde and colleagues have shown that sumatriptan may cause a mechanical 

allodynia and a reduction of heat and cold pain thresholds in humans (Linde et al., 2004).

Conclusion

In summary, our study demonstrates a marked sexual dimorphism in the pronociceptive 

effects of sumatriptan, by its action at 5-HT1B and/or 5-HT1D receptors, which is GPR30 

dependent. Our data also demonstrate that sumatriptan-induced hyperalgesia is dependent on 

the G-protein αi subunit, and PKA activation in IB4-positive and negative nociceptors. The 

full details of the mechanisms responsible for the complex dose dependence for triptans 

hyperalgesia remain to be established. The elucidation of the basic features of triptan-

induced hyperalgesia may provide important information needed to design novel anti-

migraine drugs with improved therapeutic profiles.
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Abbreviations

5-HT 5-hydroxytryptamine

5-HT1B 5-hydroxytryptamine receptor subtype 1B

5-HT1D 5-hydroxytryptamine receptor subtype 1D

PKA protein kinase A

GPCR G-protein-coupled receptor

GPR30 G-protein-coupled estrogen receptor 30 (GPR30)

ANOVA analysis of variance

CPA N6-Cyclopentyladenosine

DAMGO [d-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
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Highlights

• Mechanical hyperalgesia induced by sumatriptan is markedly sexually 

dimorphic;

• Sumatriptan produces hyperalgesia by acting on 5-HT1B and/or 5-HT1D 

receptors;

• Sumatriptan hyperalgesia in female rats is dependent on estrogen and GPR30;

• G-protein αi subunit and PKA play a role in sumatriptan hyperalgesia;

• Sumatriptan hyperalgesia is mediated by IB4-positive and negative 

nociceptors.
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Figure 1. Sex differences in dose dependence for sumatriptan-induced mechanical hyperalgesia
Female (A) and male (B) rats received a single intradermal injection of vehicle (V; saline, 5 

μL) or sumatriptan (10 fg at 1000 ng) on the dorsum of the hindpaw and 30 min later, the 

mechanical nociceptive threshold was evaluated using the Randall-Sellitto paw withdrawal 

test. A. Significant hyperalgesia was observed in female rats treated with sumatriptan 100 fg 

(** p = 0.0068), 1 pg (*** p < 0.0001), 10 pg (** p = 0.0013), 100 pg (*** p < 0.0001), 1 ng 

(*** p = 0.0007), 10 ng (*** p < 0.0001) and 100 ng (* p = 0.0272) when were compared to 

vehicle (dark gray bar; unpaired Student’s t-test). However, non-significant (NS) changes in 

the mechanical nociceptive threshold were observed in females that received the doses of 10 
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fg (NS; p = 0.5165) and 1000 ng (NS; p = 0.2457) when were compared to vehicle (dark 
gray bar; unpaired Student’s t-test). (N = 6 paws per dose). B. In male rats, we observed a 

significant hyperalgesia in the groups treated with the doses of 1 and 10 pg (*** p < 0.0001), 

100 pg (*** p = 0.0002) and 10 ng (*** p < 0.0001) of sumatriptan when were compared to 

vehicle group (dotted bar; unpaired Student’s t-test). However, in males that received 10 fg 

(NS; p = 0.7816), 100 fg (NS; p = 0.8959), 1 ng (NS; p = 0.7689), 100 ng (NS; p = 0.7501) 

and 1000 ng (NS; p = 0.2471) non-significant (NS) changes in the mechanical nociceptive 

threshold were observed when compared to vehicle group (dotted bar; unpaired Student’s t-
test). (N = 6 paws per dose). C. The mechanical nociceptive threshold was evaluated 1, 3, 5, 

10, 15, 20 and 30 minutes after a single injection of sumatriptan (10 ng) on the dorsum of 

the hindpaw of male rats. Significant hyperalgesia was observed 5 min after injection of 

sumatriptan (F7,63 = 51.92, ***p < 0.0001; one-way repeated-measures ANOVA followed 

by Bonferroni post hoc test). BL: baseline. (N = 10 paws)
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Figure 2. Sumatriptan (1 ng) induces mechanical hyperalgesia in male with the implant of 
estrogen and not in ovariectomized female rats
Two weeks after male rats had received a subcutaneous implant of 17β-estradiol (males 

(17β-estradiol); dotted bar), sumatriptan (1 ng) was injected on the dorsum of the hind paw 

and the mechanical threshold was evaluated 30 min after its injection. Only in male rats 

implanted with 17β-estradiol (gray bar) was sumatriptan (1 ng) able to induce hyperalgesia 

(t = 18.24, *** p < 0.0001; unpaired Student’s t-test). Female rats were ovariectomized 

(females OVX; dotted bar), and 5 weeks later, sumatriptan (1 ng) was injected showing that 

OVX females did not develop mechanical hyperalgesia (1 ng; dotted bar). However, in 

females that were not OVX, sumatriptan (1 ng) was able to induce hyperalgesia (white bar; t 
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= 5.689, *** p = 0.0002; when females and females OVX were compared; unpaired 

Student’s t-test) indicating that the hyperalgesia induced by sumatriptan (1 ng) is dependent 

of estrogen. (N = 6 paws per group).
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Figure 3. Sumatriptan (1 ng)-induced hyperalgesia in female rats is GPR30 dependent
A. Female rats were treated with daily spinal intrathecal injections of ODN mismatch 

sequence (black bars) or ODN antisense (gray bars) for ER-α, ER-β or GPR30, for 3 

consecutive days. On the fourth day, intradermal injection of sumatriptan (1 ng) on the 

dorsum of the hind paw was performed and, the mechanical nociceptive threshold was 

evaluated 30 minutes later. Treatment with ODN-antisense for ER-α and ER-β did not affect 

sumatriptan (1 ng)-induced hyperalgesia. However, in females treated with ODN antisense 

for GPR30, compared to ODN mismatch for GPR30, 30 minutes after injection of 

sumatriptan (1 ng) the mechanical hyperalgesia was significantly attenuated (t = 8.336, *** 

p < 0.0001; when ODN mismatch and ODN antisense for GPR30-treated groups were 

compared; unpaired Student’s t-test), indicating that the GPR30 plays a role in the 

sumatriptan (1 ng)-induced hyperalgesia in female rats. (N = 6 paws per group). B. A 

separate group of female rats received an injection on the dorsum of the hind paw of vehicle 

(5 μL; dark gray bar) or G-36 (1 μg; a GRP30 receptor antagonist; dotted bar) followed by 

the injection of sumatriptan (1 ng) at the same site. The mechanical nociceptive threshold 
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was evaluated 30 minutes after sumatriptan injection. Treatment with G-36 (dotted bar), 
compared to vehicle (dark gray bar), significantly inhibited sumatriptan (1 ng)-induced 

hyperalgesia measured 30 min after its injection (t = 9.002, *** p < 0.0001; when vehicle 

and G-36-treated groups were compared; unpaired Student’s t-test), supporting a role for 

GPR30 in sumatriptan (1 ng)-induced hyperalgesia. (N = 6 paws per group)
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Figure 4. Sexual dimorphism in the effect of 5-HT1B and 5-HT1D receptor antagonists
Upper panel: Female rats received vehicle (5 μL; black bar), NAS-181 (1 μg; 5-HT1B 

receptor antagonist; gray bar) or BRL 15572 (1 μg; 5-HT1D receptor antagonist; white bar) 
co-injected with sumatriptan [1 pg (A), 1 ng (B) or 10 ng (C)] on the dorsum of the hind 

paw. The mechanical nociceptive threshold was evaluated 30 min after sumatriptan injection. 

A. In the group co-injected with BRL 15572, but not with NAS-181, mechanical 

hyperalgesia induced by sumatriptan (1 pg) was completely prevented (white bar; F = 89.24, 

*** p < 0.0001; when vehicle, NAS-181, and BRL 15572 groups were compared; one-way 

repeated-measures ANOVA followed Dunnett’s multiple comparison test). B. A dose of 1 ng 

of sumatriptan, injected with vehicle (black bar), was able to induce mechanical 

hyperalgesia in female rats that was significantly attenuated by NAS-181 (gray bar) and 

BRL 15572 (white bar; F = 12.32, ** p = 0.0020, when vehicle, NAS-181, and BRL 15572 

groups were compared; one-way repeated-measures ANOVA followed Dunnett’s multiple 

comparison test). C. When the dose of 10 ng of sumatriptan was co-injected with vehicle 

(black bar) or NAS-181 (gray bar) a robust hyperalgesia was observed; however, when co-
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injected with BRL 15572 (white bar) the hyperalgesia was completely blocked (F = 91.70, 

*** p < 0.0001; when vehicle, NAS-181, and BRL 15572 groups were compared; one-way 

repeated-measures ANOVA followed Dunnett’s multiple comparison test). (N = 6 paws per 

group)

Lower panel: Male rats received vehicle (5 μL; black bar), NAS-181 (1 μg; 5-HT1B receptor 

antagonist; gray bar) or BRL 15572 (1 μg; 5-HT1D receptor antagonist; white bar) co-

injected on the dorsum of the hind paw, with sumatriptan [1 pg (D), 1 ng (E) or 10 ng (F)]. 

The mechanical nociceptive threshold was evaluated 30 min after sumatriptan injection. D. 

Mechanical hyperalgesia induced by co-injection of vehicle and sumatriptan (1 pg; black 
bar) was prevented by co-injection of NAS-181 (gray bar; F = 46.67, *** p < 0.0001; when 

vehicle, NAS-181, and BRL 15572 groups were compared; one-way repeated-measures 

ANOVA followed Dunnett’s multiple comparison test) but not by BRL 15572. E. When 

sumatriptan (1 ng; black bar) was co-injected with vehicle, we did not observe changes in 

mechanical threshold, neither when sumatriptan (1 ng) was co-injected with NAS-181 (gray 

bar) nor BRL 15572 (white bar). F. Vehicle co-injected with sumatriptan (10 ng; black bar) 
induced a robust hyperalgesia that was significantly attenuated by the co-injection of 

NAS-181 (gray bar) and was completely inhibited by BRL 15572 (white bar; F = 62.94, *** 

p < 0.0001; when vehicle, NAS-181 or BRL 15572 groups were compared; one-way 

repeated-measures ANOVA followed Dunnett’s multiple comparison test). (N = 6 paws per 

group)
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Figure 5. Agonists for the 5-HT1B, but not 5-HT1D, receptor induce hyperalgesia
Rats were treated on the dorsum of the hind paw with a single injection of an agonist for 5-

HT1B receptor (CP-93129; 10 or 100 ng; black bars), 5-HT1D receptor (L-694,247; 10 or 

100 ng; gray bars) or a combination of CP-93129 + L-694,247 (10 or 100 ng; dotted bars). 

Thirty minutes later the mechanical nociceptive threshold was evaluated. We found that the 

agonist for 5-HT1B (CP-93129; black bars) at the dose of 10 and 100 ng induced a decrease 

in the mechanical nociceptive threshold (** p = 0.0031 and *** p < 0.0001, respectively; 

unpaired Student’s t-test) when compared to baseline (before the agonist injection). 

However, the agonist for 5-HT1D (L-694,247; gray bars) did not induce changes in 

mechanical nociceptive threshold, at the doses of 10 (NS; p = 0.0963), 100 (NS; p = 0.0907) 

or 1000 ng (NS; p = 0.0999) when compared to baseline (unpaired Student’s t-test). When 

co-injected on the dorsum of the hind paw CP-93129 + L-694,247 (10 ng; dotted bar) we 

observed non-significant (NS) change in the mechanical nociceptive threshold (NS; p = 

0.4980) when compared to baseline; however, when compared to CP-93129 (10 ng, black 
bar; ### p = 0.0010) or L-694,247 (10 ng, gray bar; ## p = 0.0030) we observed an increase 

in the mechanical nociceptive threshold (unpaired Student’s t-test). At the dose of 100 ng of 

a combination of CP-93129 + L-694,247 (dotted bar), we observed a decrease in mechanical 

nociceptive threshold when was compared to baseline and L-694,247 (gray bar; ○○○ p < 

0.0001; unpaired Student’s t-test); on the other hand, when the combination (100 ng; dotted 
bar) was compared to CP-93129 (100 ng; black bar) we observed an attenuation in the 

mechanical hyperalgesia induced by CP-93129 (○○ p = 0.0048; unpaired Student’s t-test). 

(N = 6 paws per group)
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Figure 6. Mechanical hyperalgesia induced by sumatriptan (1 pg or 10 ng) depends on G-protein 
αi subunit and PKA
Male rats were treated, on the dorsum of the hind paw, with vehicle (5 μL; black bar), 
pertussis toxin (PTX; 1 μg; gray bar) or PKA inhibitor (H-89, 1 μg; dotted bar). Ten minutes 

after the treatment, sumatriptan [1 pg (A) or 10 ng (B)] was injected at the same site and the 

mechanical hyperalgesia evaluated 30 min after its injection. A. Treatment with pertussis 

toxin (PTX; gray bar) significantly attenuated the sumatriptan (1 pg)-induced mechanical 

hyperalgesia (** p = 0.0012, when vehicle and PTX groups were compared; unpaired 

Student’s t-test). A PKA inhibitor (H-89; dotted bar), completely blocked the sumatriptan (1 

pg)-induced hyperalgesia (*** p < 0.0001; unpaired Student’s t-test; when vehicle and PKA 

inhibitor groups were compared). B. In a group of rats treated with PTX (gray bar) the 

mechanical hyperalgesia induced by sumatriptan (10 ng) was completely blocked 30 min 

after its injection (*** p = 0.0003; when vehicle and PTX groups were compared; unpaired 

Student’s t-test) and, in the group treated with H-89 (dotted bar), sumatriptan (10 ng)-

induced hyperalgesia was attenuated (** p = 0.0085; when vehicle and H-89 groups were 

compared; unpaired Student’s t-test). (N = 6 paws per group)
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Figure 7. Mechanical hyperalgesia induced by sumatriptan depends on IB4-positive and IB4-
negative neurons (1 pg) or only IB4-positive neurons (10 ng)
Male rats were treated with vehicle (control, black bars), IB4-saporin (3.2 μg/20 μL; white 
bars) or SSP-saporin (100 ng/20 μL; gray bars) by intrathecal injection. Fifteen days later, 

sumatriptan [1 pg (A) or 10 ng (B)] was injected on the dorsum of the hind paw and the 

mechanical nociceptive threshold was evaluated 30 min later. A. One-way repeated-

measures ANOVA followed Dunnett’s multiple comparison test demonstrated a significant 

attenuation of sumatriptan (1 pg)-induced hyperalgesia in the group previously treated with 

IB4-saporin (F = 32.13, *** p < 0.0001) and with SSP-saporin (** p < 0.0001; when 

vehicle, IB4-saporin, and SSP-saporin groups were compared; one-way repeated-measures 
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ANOVA followed Dunnett’s multiple comparison test). B. A complete inhibition of 

sumatriptan (10 ng)-induced hyperalgesia was observed in the group previously treated with 

IB4-saporin (F = 78.92, *** p < 0.0001; when the vehicle, IB4-saporin, and SSP-saporin 

groups were compared; one-way repeated-measures ANOVA followed Dunnett’s multiple 

comparison test) but not with SSP-saporin. BL: baseline. (N = 6 paws per group)

Araldi et al. Page 27

Neuroscience. Author manuscript; available in PMC 2018 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Experimental Procedures
	Animals
	Mechanical nociceptive threshold testing
	Ovariectomy
	Chronic administration of estrogen in male rats
	Drugs and their administration
	Oligodeoxynucleotide antisense to estrogen receptor alpha (α), beta (β) and GPR30 mRNA
	Intrathecal administration of IB4-saporin and SSP-saporin
	IB4-saporin
	SSP-saporin

	Statistics

	Results
	Dose dependence of sumatriptan hyperalgesia in female and male rats
	Sumatriptan hyperalgesia: time dependence in male rats
	Involvement of estrogen in sexual dimorphism
	Role of 5-HT1B and 5-HT1D receptors
	5-HT1B and 5-HT1D agonists in male rats
	Inhibitory G-protein αi subunit and PKA dependence in male rats
	Role of IB4-positive and negative nociceptors

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7



