
536  |   wileyonlinelibrary.com/journal/cep Clin Exp Pharmacol Physiol. 2018;45:536–546.© 2018 John Wiley & Sons Australia, Ltd

1  | INTRODUC TION

Migraine is one of the most common and disabling neurovascular 
diseases. It is characterized by severe unilateral head pain, nausea, 
photophobia and phonophobia. It affects approximately 15% of the 
adult population worldwide.1 Although the exact pathophysiology 

of migraine remains unclear, it has been suggested that the acti-
vation of the trigeminovascular system (TVS), meninges and dural 
mast cells have pivotal roles in this condition.2-5 Calcitonin gene- 
related peptide (CGRP) is a potent vasodilator neuropeptide and a 
key mediator in the pathophysiology of migraine.6 Increased CGRP 
levels in peripheral blood is established as a biomarker for chronic 
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Summary
The exact mechanism of migraine pathophysiology still remains unclear due to the 
complex nature of migraine pain. Salmon calcitonin (SC) exhibits antinociceptive ef-
fects in the treatment of various pain conditions. In this study, we explored the mech-
anisms underlying the analgesic effect of salmon calcitonin on migrane pain using 
glyceryltrinitrate (GTN)- induced model of migraine and ex vivo meningeal prepara-
tions in rats. Rats were intraperitoneally administered saline, GTN (10 mg/kg), vehi-
cle, saline + GTN, SC (50 μg/kg) + GTN, and SC alone. Also, ex vivo meningeal 
preparations were applied topically 100 μmol/L GTN, 50 μmol/L SC, and SC + GTN. 
Calcitonin gene- related peptide (CGRP) contents of plasma, trigeminal neurons and 
superfusates were measured using enzyme- immunoassays. Dural mast cells were 
stained with toluidine blue. c- fos neuronal activity in trigeminal nucleus caudalis 
(TNC) sections were determined by immunohistochemical staining. The results 
showed that GTN triggered the increase in CGRP levels in plasma, trigeminal ganglion 
neurons and ex vivo meningeal preparations. Likewise, GTN- induced c- fos expres-
sion in TNC. In in vivo experiments, GTN caused dural mast cell degranulation, but 
similar effects were not seen in ex vivo experiments. Salmon calcitonin administra-
tion ameliorated GTN- induced migraine pain by reversing the increases induced by 
GTN. Our findings suggested that salmon calcitonin could alleviate the migraine- like 
pain by modulating CGRP release at different levels including the generation and 
conduction sites of migraine pain and mast cell behaviour in the dura mater. Therefore 
salmon calcitonin may be a new therapeutic choice in migraine pain relief.
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migraine.7,8 While CGRP is correlated with pain, calcitonin hormone 
is known for its antinociceptive effects. Therefore, in the present 
study, it was questioned whether calcitonin hormone would exhibit 
therapeutic effect on CGRP levels during migraine pain.

Activation of TVS leads to increased concentrations of CGRP in 
trigeminal nerves as well as external jugular circulation in humans.2 
Following the activation of the trigeminal system, CGRP is released 
from trigeminal nerve terminals, which leads to vasodilation of men-
ingeal and cerebral blood vessels. Likewise, its release causes acti-
vation of sensory trigeminal pain fibres, innervating meninges and 
meningeal and cerebral blood vessels9 resulting in central sensitiza-
tion. It was demonstrated that plasma levels of CGRP were increased 
in patients with migraine during migraine attack7 and headache- 
free periods.8 On the other hand, CGRP receptor antagonists were 
demonstrated to be clinically effective in the acute treatment of 
migraine.10,11

Dura mater is one of the most pain- sensitive cranial structures 
and has a major role in the generation of headaches.12 Dura mater 
is densely innervated by trigeminal sensory nerve fibres containing 
CGRP. Likewise it contains a great number of mast cells contributing 
to neurogenic inflammation and activation of trigeminal meningeal 
nociceptors.13 Mast cells contain a wide range of vasoactive, noci-
ceptive and proinflammatory mediators such as CGRP, substance- P 
(SP), serotonin and histamine in their cytoplasmic granules.14 When 
activated, mast cells release these mediators to their resident envi-
ronment, via a process called degranulation. Therefore, the media-
tors released from mast cells act on vascular and neural functions.15 
Mast cells in the dura mater have an important role in pathophysi-
ology of migraine.4 We have recently demonstrated that a mast cell 
degranulating agent, compound 48/80, induced a persistent noci-
ceptive firing in the peripheral terminals of dural afferents, where 
the migraine pain originates.16 Activation of perivascular trigeminal 
nociceptive afferents cause degranulation of mast cells and neuro-
genic inflammation in dura mater.9 Moreover it was previously re-
ported that CGRP released from sensory trigeminal nerve terminals 
leads to mast cell degranulation through CGRP receptors.5

Glyceryltrinitrate (GTN) infusion in rats is a well established 
method to mimic migraine- like headaches in humans. It was shown 
that GTN infusion to awake rats induced degranulation of the mast 
cells in the dura mater17 and expression of c- fos in the trigeminal 
nucleus caudalis (TNC) in a time dependent manner.18

Calcitonin hormone is mainly related to the regulation of the 
plasma and extracellular calcium (Ca2+) concentrations and bone cal-
cium metabolism.19 It is possible that calcitonin hormone may regu-
late CGRP release from nerve terminals. Likewise, it may also play 
an important role in mast cell stabilization since both neuropeptide 
exocytosis and mast cell degranulation require the presence of Ca2+ 
ions. Besides its known physiological effects, some studies reported 
that calcitonin exhibited analgesic effects in a wide range of pain-
ful conditions including neuropathic pain,20 reflex sympathetic dys-
trophy,21 bone pains22 and post- herpetic neuralgia.23 In addition, it 
was also reported that calcitonin may be effective in migraine treat-
ment;24,25 however, relevant studies demonstrated inconclusive 

results. Therefore, analgesic mechanisms of calcitonin still remains 
unclear. Taken together, in the present study, we investigated the 
effects of salmon calcitonin (SC) on c- fos expression, CGRP release 
and dural mast cells in GTN- induced migraine model as well as ex 
vivo meningeal preparations in rats to reveal antinociceptive effects 
and mechanisms of calcitonin in migraine- like conditions.

2  | RESULTS

2.1 | Salmon calcitonin pretreatment suppressed 
the protein expression of c- fos in TNC induced by 
GTN

Glyceryltrinitrate treatment alone increased number of c- fos- positive 
neurons in TNC from 17 ±1.5 to 57 ±4.1 per section (P = .0001, 
Figure 1B,C,G) compared to vehicle group, and salmon calcitonin 
decreased number of c- fos- positive neurons induced by GTN in 
TNC from 59 ±3.1 to 36 ±3.4 per section (normal saline plus GTN 
vs salmon calcitonin plus GTN, P = .0036, Figure 1D,E,G). Whereas 
salmon calcitonin treatment alone did not change number of c- fos- 
positive neurons compared to normal saline group (18 ±1.4 in normal 
saline vs 16 ±0.7 in salmon calcitonin alone, P = .195, Figure 1A,F,G).

2.2 | Salmon calcitonin pretreatment inhibited the 
increases of the CGRP levels in plasma, trigeminal 
ganglions and meningeal superfusates induced 
by GTN

Glyceryltrinitrate treatment alone increased plasma CGRP lev-
els from 22.9 ±0.5 to 45.7 ±1.4 pg/mL (P = .0003, Figure 2A), 
CGRP levels in trigeminal ganglion neurons from 32.7 ±1.4 to 
75.3 ±6.1 pg/mg per mL (P = .0002, Figure 2B), and CGRP levels 
in meninges (ex vivo) from 41.1 ±1.0 to 45.3 ±0.8 pg/mL (P = .002, 
Figure 3A) compared to their vehicle controls, respectively. On the 
other hand, salmon calcitonin decreased plasma CGRP levels in-
duced by GTN from 41.95 ±1.4 to 28.9 ±1.2 pg/mL (normal saline 
plus GTN vs salmon calcitonin plus GTN, P = .0006, Figure 2A), 
and CGRP levels in trigeminal ganglion neurons from 70.9 ±2.4 to 
49.6 ±3.7 pg/mg per mL (normal saline plus GTN vs salmon cal-
citonin plus GTN, P = .0025, Figure 2B), respectively. Moreover, 
in the ex vivo meningeal preparations, GTN- induced release of 
CGRP from trigeminal nerve terminals in meninges was completely 
prevented by salmon calcitonin (40.3 ±0.4 pg/mL in salmon calci-
tonin vs 42.8 ±0.9 pg/mL in salmon calcitonin plus GTN, P = .077, 
Figure 3B). But salmon calcitonin treatment alone did not change 
CGRP levels in the plasma, trigeminal ganglion neurons, nor me-
ninges compared to their controls, respectively (23.5 ±0.9 pg/
mL in normal saline vs 22.5 ±0.8 pg/mL in salmon calcitonin for 
plasma, P = .201, Figure 2A; 34.1 ±1.2 pg/mg per mL in normal 
saline vs 33.3 ±1.1 pg/mg per mL in salmon calcitonin for the neu-
rons, P = .683, Figure 2B; 38.45 ±0.37 pg/mL in normal saline vs 
37.2 ±0.56 pg/mL in salmon calcitonin for the meninges, P = .109, 
Figure 3C).
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2.3 | GTN evokes in vivo mast cell degranulation 
in meninges but not ex vivo and salmon calcitonin 
pretreatment inhibited the degranulation induced 
by GTN

In in vivo experiments, GTN treatment alone increased the percent 
of degranulated mast cells from 8.4 ±1.0% to 28.9 ±4.3% (P = .0016, 
Figure 4A); but it did not change total number of mast cells (343 ±3.5 
in vehicle vs 369 ±9.9 in GTN, P = .073, Figure 4B) in the dura mater. 
On the other hand, salmon calcitonin decreased the percentage 
of degranulated mast cells induced by GTN from 30.0 ±4.1% to 
18.8 ±0.7% (normal saline plus GTN vs salmon calcitonin plus GTN, 
P = .024, Figure 4A). Dural mast cell images taken from different in 
vivo groups were shown in Figure 5. In ex vivo experiments, GTN 
administration alone did not change both the percent of degranu-
lated mast cells (12.2 ±1.3% in vehicle vs 15.4 ±2.2% in GTN, P = .25, 
Figure 6A) and total number of mast cells (298 ±6.3 in vehicle vs 
304 ±4.2 in GTN, P = .432, Figure 6B) in the dura mater. Moreover, 
salmon calcitonin treatment alone did not change the percent of de-
granulated mast cells or total number of mast cells in the dura mater 
both in in vivo (8.1 ±0.7% in normal saline vs 7.5 ±0.9% in salmon cal-
citonin, P = .583, Figure 4A; 348 ±5.2 in normal saline vs 340 ±8.8 

in salmon calcitonin, P = .471, Figure 4B) and ex vivo experiments, 
respectively (12.7 ±2.3% in normal saline vs 13.51 ±0.96% in salmon 
calcitonin, P = .773, Figure 6A; 303 ±2.4 in normal saline vs 296 ±7.4, 
P = .479, Figure 6B).

3  | DISCUSSION

Even though a great number of investigations have been carried 
out to elucidate the pathophysiology of migraine, its exact mecha-
nism still remains unclear due to complex nature of migraine pain. 
For this reason, unfortunately, medications used to treat migraine 
headaches such as triptans, CGRP antagonists and naproxen (non- 
selective COX- inhibitor) are only partially effective. The most widely 
accepted theory for the pathogenesis of migraine is the trigemi-
novascular theory.16,26 Activation of trigeminovascular system by 
endogenous or exogenous noxious stimulations induce the release 
of vasoactive, proinflammatory and nociceptive substances from 
trigeminal nerve terminals which, in turn, triggers the process for 
the initation of migraine pain, including dural mast cell degranula-
tion, dilatation of cerebral and meningeal blood vessels and plasma 
protein extravasation. In the present study, we showed the analgesic 

F IGURE  1 Effect of salmon calcitonin on c- fos- positive neurons in TNC after GTN injection. Microscopic images of c- fos- positive 
neurons in TNC sections were taken at a magnification of 20×. (A) c- fos- positive neurons in TNC in control rats (received normal saline), and 
(B) vehicle group (received GTN vehicle), (C) GTN group (received GTN alone), (D) NS plus GTN group (received normal saline plus GTN), (E) 
salmon calcitonin plus GTN group (received salmon calcitonin plus GTN), and (F) salmon calcitonin group (received salmon calcitonin alone). 
(G) while GTN increased the number of c- fos- positive neurons in TNC, salmon calcitonin decreased these increases in TNC induced by GTN 
in vivo groups. Arrowheads show c- fos- positive neurons in TNC. Please note, increased the number of c- fos- positive neurons in the GTN 
group compared to vehicle, and decrease in salmon calcitonin plus GTN group compared to normal saline plus GTN group. *P < .05, **P < .01, 
***P < .001, and #P > .05. GTN, glyceryltrinitrate; TNC, trigeminal nucleus caudalis; NS, normal saline; SC, salmon calcitonin

(A)

(B)

(C)

(D)
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effects of SC, where the migraine originates, using a well established 
model of GTN- induced migraine and also using ex vivo meningeal 
preparations.

3.1 | CGRP release and c- fos expression after in vivo 
application of GTN

Glyceryltrinitrate application is a very reliable representation and 
the most extensively accepted animal model of migraine that closely 
mimics the human glyceryl trinitrate headache model.17,18 The 
stimulation of the trigeminal ganglion in different animal models of 
migraine lead to the release of vasoactive and nociceptive neuropep-
tides such as CGRP and SP from trigeminal sensory nerve endings.1 

The release of these neuropeptides following the activation of the 
trigeminal ganglion was shown to be responsible for the neurogenic 
inflammation. This is the phenomenon that underlies the pathophys-
iology of migraine.1,27,28 The increase in the plasma levels of CGRP is 
a biomarker for trigeminovascular activation during migraine attacks 
and cluster headaches.2,7,8 In addition, to examine migraine, proto- 
oncogene c- fos expression has also been widely used as a marker for 
neuronal activation in brainstem.27,29 In the present study, in vivo 
application of GTN significantly induced an increase in the CGRP 
levels both in plasma and the trigeminal ganglion neurons. Moreover, 
it also caused an increased expression of c- fos in trigeminal nucleus 
caudalis in rat models of migraine. Our findings are significant due 
to the demonstration of the trigeminovascular system activation in 
migraine pain.

Our results are in line with the recently published studies report-
ing that GTN- induced CGRP release in plasma as well as expression 
of c- fos in TNC of rats.29,30 It was reported that blood levels of CGRP 
in the internal jugular vein of migraine patients were raised to their 
maximum value at the first hour after the onset of migraine attack.31 
We showed for the first time that in vivo administration of GTN 
evoked CGRP release in the trigeminal ganglion neurons in GTN- 
induced rat model of migraine. This finding is of vital importance in 
migraine treatment due to the fact that CGRP synthesis is carried 
out in the cell bodies of trigeminal ganglion neurons and then trans-
ported as anterograde throughout the axon from neuronal cell body 
to peripheral and, finally, central terminals of the axon.

For instance, sumatriptan, an antimigraine drug, exerts its anal-
gesic effect through blocking CGRP release from both the periph-
eral and central terminals of meningeal sensory neurons. However, 
sumatriptan is not effective in all migraine patients. New drugs that 
target CGRP synthesis in the cell bodies of trigeminal ganglion neu-
rons may be more useful for migraine treatment in the future. These 
drugs should inhibit CGRP synthesis at its origin site, but not inhibit 
CGRP release from peripheral and central terminals of trigeminal 
ganglion neurons. Our findings might open a new avenue for the de-
velopment of such drugs.

3.2 | CGRP release from the trigeminal nerve 
terminals after topical application of GTN in ex vivo 
meningeal preparations

Brain tissue does not contain nociceptors, therefore, trigeminal sen-
sory fibres convey sensation of pain from the head. These fibres 
provides sensory innervation of the dura mater and most of the me-
ningeal and cerebral blood vessels. The trigeminovascular system is 
comprised of dura mater, intracranial arteries, TNC and trigeminal 
nerves, which all play a key role in the neurogenic inflammation and 
the sensitization in migraine headache.32 For this reason, we also 
studied whether GTN application would evoke the release of CGRP 
from trigeminal nerve terminals in isolated hemiskull preparations. In 
addition to CGRP levels in the plasma and trigeminal ganglion neu-
rons, topical application of GTN also evoked CGRP release from the 
trigeminal nerve terminals in ex vivo meningeal preparations. This 

F IGURE  2 The effects of salmon calcitonin on the levels 
of CGRP in plasma and trigeminal ganglion neurons after GTN 
injection. (A) salmon calcitonin decreased GTN- induced increases in 
the levels of CGRP in plasma, and (B) in trigeminal ganglion neurons 
in in vivo groups. **P < .01, ***P < .001, and #P > .05 (#, vehicle 
vs NS; SC vs NS). CGRP, calcitonin gene- related peptide; GTN, 
glyceryltrinitrate; NS, normal saline; SC, salmon calcitonin; n.s., 
non- significance
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finding indicates that CGRP released from the trigeminal nerve ter-
minals contributes to the neurogenic inflammation in the meninges 
where migraine pain originates.

F IGURE  3 The effects of GTN and salmon calcitonin on 
the levels of CGRP in ex vivo meningeal preparations. (A) while 
topical application of GTN to meninges increased CGRP release, 
(B) increases in the CGRP release induced by GTN were blocked 
by salmon calcitonin, (C) on the other hand, salmon calcitonin 
application alone did not change CGRP release from trigeminal 
nerve terminals in meninges in ex vivo groups. **P < .01. CGRP, 
calcitonin gene- related peptide; GTN, glyceryltrinitrate; SC, salmon 
calcitonin; n.s., non- significance

F IGURE  4 The effects of salmon calcitonin on degranulation 
states and numbers of mast cells in the dura mater after GTN 
injection in in vivo groups. (A) While GTN- induced significantly 
dural mast cell degranulation, salmon calcitonin reduced the 
percent of degranulated dural mast cells induced by GTN, (B) but 
neither GTN nor salmon calcitonin alone changed total number 
of mast cells in the dura mater in vivo groups. *P < .05, **P < .01, 
and #P > .05 (#, vehicle vs NS; SC vs NS). GTN, glyceryltrinitrate; 
NS, normal saline; SC, salmon calcitonin; MC, mast cell; n.s., non- 
significance
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F IGURE  6 The effects of salmon calcitonin on degranulation states and numbers of mast cells in the dura mater after topical application 
of GTN to meninges. (A) Topical application of GTN or salmon calcitonin alone to meninges in ex vivo experiments did not change both the 
percent of degranulated mast cells and, (B) total number of mast cells in the dura mater. GTN, glyceryltrinitrate; MC, mast cell; SC, salmon 
calcitonin; n.s., non- significance

F IGURE  5  Intact and degranulated mast cells in the dura mater in in vivo groups. Microscopic images of mast cells in the dura mater 
were taken at a magnification of 40×. (A) intact dural mast cells in vehicle group, (B) GTN- induced degranulation of dural mast cells in GTN 
group, (C) intact dural mast cells in salmon calcitonin plus GTN group, salmon calcitonin pretreatment protected dural mast cells against 
degranulation induced by GTN, and (D) intact dural mast cells in salmon calcitonin group, salmon calcitonin treatment alone did not affect 
granulation or degranulation of dural mast cells. Double open arrowheads show intact mast cells in the dura mater in all groups, single open 
arrowheads show degranulated mast cells in the dura mater in GTN group, and solid arrows show the granules spread from degranulated 
mast cells in the dura mater in GTN group. Please mark, increased the number of degranulated mast cells in the dura mater in the GTN group 
compared to vehicle, and intact mast cells in the dura mater in salmon calcitonin plus GTN group compared to GTN group or normal saline 
plus GTN group. GTN, glyceryltrinitrate; MMA, middle meningeal artery

(A) (B)

(C) (D)
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3.3 | The effects of GTN application on the 
degranulation and number of mast cells in the dura 
mater in in vivo and ex vivo experiments

Mast cells have been proposed to play a key role in pathophysiol-
ogy of migraine.4 Due to their close proximity to neurons, especially 
in the dura mater, there is a bidirectional interaction between mast 
cells and nerves. When mast cells are activated by neuropeptides 
such as CGRP and SP, which are released from sensory nerve ter-
minals in meninges, they release inflammatory, neurosensitizing and 
vasoactive mediators such as vasoactive intestinal polypeptide (VIP), 
CGRP, prostaglandin E2 (PGE2), bradykinin, serotonin and tryptase 
and contributes to the generation of migraine pain.4 VIP and CGRP, 
in turn, induce activation of mast cells; however, VIP also has neu-
roprotective and immunomodulatory actions in the central nervous 
system.33 Increased mast cell counts and enhanced degranulation 
of mast cells have been implicated in various painful pathologies in-
cluding migraine pain.13,27,34 Therefore, stabilization of mast cells in 
the dura mater is an important target in mast cell- related migraine 
pathophysiology. In the present study, GTN enhanced in vivo mast 
cell degranulation in the dura mater without changing their numbers. 
Interestingly, GTN did not change ex vivo mast cell degranulation nor 
their numbers in the isolated hemiskulls. We speculate that GTN may 
exert its inducer effect on in vivo dural mast cells via triggering an-
other pathway systemically in the body rather than exerting a topical 
effect. Therefore, systemic GTN infusion may activate trigeminovas-
cular system through central terminal inputs of the system which, in 
turn, provokes mast cell degranulation in the dura mater via CGRP 
release from the trigeminal nerve terminals in in vivo, but not ex vivo.

3.4 | The effects of salmon calcitonin in various 
painful states and migraine

Calcitonin is a polypeptide hormone and responsible for the regu-
lation of blood calcium levels and bone calcium metabolism in the 
body. It is known that calcitonin provides analgesic effects in various 
painful conditions. Since SC is more potent than human calcitonin, 
we used SC in the present study. Our experimental findings indi-
cated that SC pretreatment alleviated the GTN- induced migraine 
pain.

The application of SC produces analgesic effects in multiple 
painful states including migraine,25 reflex sympathetic dystrophy,21 
and neuropathic pain associated with lumbar spinal canal stenosis, 
painful diabetic neuropathy,35 metastasis, rheumatoid arthritis and 
vertebral crush fractures.19 It was previously demonstrated in many 
prospective studies that subcutaneous or intranasal application of 
SC exhibited analgesic effects.36,37 It was shown that calcitonin 
provided anti- hyperalgesic effect on pain behaviours in chronic 
constriction injury- induced hyperalgaesia in rats.20 In a clinical pro-
spective study, 200 IU of intranasal SC was administered to post-
menopausal women with distal radius fracture daily for 3 months 
following the fracture formation. As a result, intranasal administra-
tion of SC demonstrated its significant analgesic effect during the 
immediate post fracture period in these patients.22 However, the 
mechanisms of calcitonin’s analgesic effect are unknown, yet, there 
are several suggested theories to explain its analgesic effect.

A suggested action mechanism for the analgesic effect of SC is 
an increase in plasma levels of beta- endorphin as a result of appli-
cation of SC to migraine patients. However, there are controversial 

F IGURE  7 Possible mechanisms of action for the analgesic effect of salmon calcitonin in migraine- like conditions. The figure illustrates 
that (1) GTN exhibits migraine- like effects by enhancing CGRP release from in plasma and peripheral terminals and bodies of trigeminal 
sensory neurons in the meninges and C1- C2, and degranulation of mast cells in the dura mater. (2) CGRP initiates migraine pain by leading 
to activation of nociceptors in peripheral terminals of trigeminal sensory neurons in the meninges, degranulation of mast cells in the dura 
mater, dilatation of intracranial blood vessels and transmits nociception to second order neurons in the C1- C2 spinal segments. (3) Salmon 
calcitonin ameliorates glyceryltrinitrate- induced migraine pain by attenuating the increases in those. CGRP, calcitonin gene- related peptide; 
SC, salmon calcitonin; TG, trigeminal ganglion; C1- C2, cervical spine at the C1 and C2 vertebrae
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reports on this action mechanism of SC. In a clinical study, twenty 
patients with a common migraine received an intramuscular injec-
tion of SC for 5 days (100 IU/day) during the headache- free period. 
At the fifth day of the study, beta- endorphin, adrenocorticotropic 
hormone (ACTH) and cortisol levels in the plasma were increased 
compared to healthy volunteers.25 On the other hand, another study 
reported that application of a nasal spray preparation of SC to mi-
graine patients with interval headache did not change plasma levels 
of beta- endorphin and beta- lipotropin hormones. However, it de-
creased headache index, pain total index and analgesic consumption 
from the first month of the treatment with SC.24

Apart from these, it was also suggested that SC exerts its analge-
sic effects via inhibition of prostaglandin E2 synthesis,38 activation 
of the endogenous opioid system,37,38 and modulation of the expres-
sion of 5- HT receptors at the central terminals of sensory C- fibres.39

In addition to the previous studies, our results suggest new 
mechanisms of action for the analgesic effect of SC in migraine 
pain. In the current study, SC pretreatment decreased the number 
of  c- fos- positive neurons induced by GTN in TNC. These results in-
dicate that SC elicits analgesic effects in the migraine pain by sup-
pressing activation of trigeminovascular system via inhibition of 
expression of c- fos in TNC. It was reported from other published 
studies that the pons and medulla of rat brain have specific bind-
ing sites for SC.40 This information promotes our findings associated 
with mechanisms of action for the analgesic effect of SC in migraine 
pain. Moreover, in the current study, SC pretreatment reduced the 
amount of increase in CGRP levels of plasma, meningeal superfu-
sates and trigeminal ganglion neurons induced by GTN. These re-
sults demonstrate that SC exhibits analgesic effect in migraine pain 
via regulating CGRP release in plasma, trigeminal nerve terminals 
and trigeminal ganglions. Moreover, SC pretreatment prevented in 
vivo mast cell degranulation in meninges that was induced by GTN. 
GTN- induced CGRP release provokes degranulation of dural mast 
cells and likely SC indirectly inhibits this degranulation by blocking 
CGRP release from trigeminal nerve terminals in the dura mater. In 
addition to the mechanisms mentioned above, this stabilizing effect 
of SC on the dural mast cells also contributes to the pain- relieving 
effect of calcitonin in migraine. We describe all these events associ-
ated with mechanisms of action of SC in Figure 7.

In conclusion, SC can suppress activation of trigeminovascular 
system during migraine attacks and provide relief from migraine pain 
by modulating CGRP release at different levels including the gener-
ation and conduction sites of migraine pain and mast cell behaviour 
in the dura mater. Therefore, with the mechanisms uncovered, SC 
may be a suitable alternative medication for the treatment of acute 
migraine pain.

4  | MATERIAL AND METHODS

4.1 | Experimental animals

Seventy- nine male Wistar rats weighing 150- 180 g were used for 
the study. The rats were given ad libitum with a standard rodent diet 

and water and were maintained in their cages with a 12 hour light/
dark cycle at 22 ± 2°C. All experimental protocols were approved by 
the Abant Izzet Baysal University Animal Experiments Local Ethics 
Committee (licence number 2016- 06).

4.2 | Experimental groups

Seventy- nine rats were randomly divided into different groups. 
Six in vivo groups: NS (normal saline) group (n = 7); GTN (glyceryl-
trinitrate) vehicle group (n = 7); GTN group (n = 7); NS + GTN group 
(n = 7); SC (salmon calcitonin) group (n = 7); and SC + GTN group 
(n = 7). Three ex vivo groups for CGRP release experiments: eGTN 
group (n = 6 hemiskulls, 3 rats), eSC group (n = 6 hemiskulls, 3 rats), 
and eSC + GTN group (n = 6 hemiskulls, 3 rats). Four ex vivo groups 
for dural mast cell degranulation and number experiments: Control 
group (n = 7), GTN vehicle group (n = 7), GTN group (n = 7), and SC 
group (n = 7).

4.3 | Materials

Glyceryl trinitrate stock solution (5 mg/0.5 mL in 95% ethanol, Batch 
No. 3.0), toluidine blue, paraformaldehyde and phosphate- buffered 
saline were purchased from Sigma- Aldrich, (Schnelldorf, Germany), 
salmon calcitonin and c- fos kit were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA), CGRP ELISA kit was purchased 
from ELABscience (Wuhan, China), ketasol (10%) was purchased 
from Richter Pharma (Wels, Austria).

4.4 | GTN- induced migraine model and drug 
administration

Rats in NS group received an intraperitoneally (i.p.) injection of 
0.2 mL normal saline; rats in GTN vehicle group received an i.p. 
injection of 0.2 mL 0.1% ethanol in normal saline (0.1% ethanol 
was used as vehicle); rats in GTN group received an i.p. injec-
tion of 10 mg/kg glyceryltrinitrate alone in normal saline; rats 
in NS+GTN group were pretreated with normal saline (0.2 mL, 
i.p.) 30 minutes prior to glyceryltrinitrate (10 mg/kg, i.p.) admin-
istration; rats in SC + GTN group were pretreated with salmon 
calcitonin (50 μg/kg, i.p.) 30 minutes prior to glyceryltrinitrate 
(10 mg/kg, i.p.) administration; and rats in SC group received an 
i.p. injection of 50 μg/kg salmon calcitonin alone in normal saline. 
Rats in all groups were anaesthetized with an injection of keta-
mine (90 mg/kg, i.p.) four hours after glyceryltrinitrate or vehicle 
administration. Blood was immediately collected from inferior 
vena cava. After blood collection, only the head of all rats were 
perfused intracardially with 100 mL phosphate- buffered saline 
(PBS; 0.1 mol/L, pH 7.4) and followed by 150 mL 4% paraformal-
dehyde fixation. Then, the skulls were cleaned from skin and mus-
cles. After it was opened, supratentorial dura maters, brainstems 
and trigeminal ganglions were carefully removed. Dura maters 
were postfixed overnight by immersion in 4% paraformaldehyde 
fixation.
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4.5 | Whole- mount preparations of dura mater and 
toluidine blue staining for dural mast cells

Whole- mount dural preparations were prepared onto glass slides 
with polylysine as previously described by Kilinc et al27 To ob-
serve mast cells in the dura mater, the preparations were stained 
with toluidine blue (pH 2.5). Dural mast cells were counted in five 
objective areas containing the main branches of the middle me-
ningeal artery in both left and right sides of each dura mater and 
classified as either degranulated or non- degranulated with a light 
microscope (CX21 Olympus, Tokyo, Japan) by a blinded observer. 
The number of total non- degranulated mast cells and the percent 
of degranulated mast cells were calculated. Microscopic images 
of mast cells in the dura mater were taken with a camera (Nikon 
DS- Fi1, Nikon, Japan) attached to the microscope (Nikon Eclipse 
80i, Nikon, Japan).

4.6 | CGRP release from the meninges (cranial dura 
mater)

To determine CGRP levels in series of ex vivo experiments, the he-
misected skulls with intact dura mater were prepared from rats, as 
described previously.16 Briefly, the skull halves were superfused for 
30 minutes with carbogen- gased (with 95% O2; 5% CO2) artificial 
cerebrospinal fluid (ACSF) containing (in mmol/L): KCl 3, NaCl 115, 
MgCl2 1, CaCl2 2, NaH2PO4 1, NaHCO3 25 and glucose 11 (pH 7.4) at 
room temperature. The hemiskull cavities were filled with ACSF for 
controls or the test substances (100 μmol/L GTN for eGTN group, 
50 μmol/L salmon calcitonin for eSC group and 50 μmol/L salmon 
calcitonin plus 100 μmol/L GTN for eSC + GTN group) in ACSF 
and incubated for 15 minutes in a humid incubator at 37°C. Two- 
hundred microlitres of superfusates was collected after 15 minutes 
incubation and put into the tubes with protease inhibitor cocktail 
(cOmplete, Sigma- Aldrich). The samples were stored at −80°C until 
assayed for CGRP immunoreactivity.

4.7 | Topical application of GTN or salmon calcitonin 
to meninges

To determine the effects of GTN or salmon calcitonin on degranula-
tion states and numbers of mast cells in the dura mater after topical 
application of these drugs to meninges, in these series of ex vivo 
experiments, the following process was used. First, the hemiskull 
preparations with intact dura mater were prepared as described 
above. Hemiskulls in the control group were applied ACSF, hemi-
skulls in GTN vehicle group were applied ethanol in ACSF (% 0.01), 
hemiskulls in GTN group were applied 100 μmol/L GTN alone in 
ACSF, and hemiskulls in SC group were applied 50 μmol/L salmon 
calcitonin alone in ACSF, respectively. Then the preparations were 
incubated for 15 minutes in a humid incubator at 37°C. Next, the 
dura maters were removed from hemiskulls. As described above, 
hemi dura maters were stained with toluidine blue, and mast cells 
in both dura mater halves were counted as intact or degranulated.

4.8 | Homogenization of trigeminal ganglions

To determine CGRP content in trigeminal ganglions, trigeminal 
ganglions were homogenized in fixed volumes (100 mg wet tis-
sue/1 mL) of Trizma- HCl 50 mmol/L, pH 7.4, containing 40 IU/
mL of aprotinin and 0.2% bovine serum albumin (Sigma- Aldrich, 
Schnelldorf, Germany) using a light duty Ultra- Turrax homogenizer 
(ISOLAB, Wertheim, Germany). Then, homogenate was centrifuged 
at 26 000 g for 30 minutes at 4°C, and supernatant were stored at 
−80°C until assayed for CGRP immunoreactivity.

4.9 | Measurements of CGRP levels in plasma, 
meningeal superfusates and trigeminal ganglions

The CGRP contents in the samples were measured using ELISA 
method with detection kits. The CGRP detection limit is approxi-
mately 9 pg/mL. The protocol was performed according to the man-
ufacturer’s instructions and in duplicate. In short, 100 μL of sample 
or CGRP standard was added to each well and the 96- well plates 
were incubated at 37°C for 90 minutes, and then 100 μL of bioti-
nylated detection Ab was added and the 96- well plates were incu-
bated at 37°C for 1 hour. After the incubation period, 100 μL of HRP 
conjugate was added to each well and the plate was incubated at 
37°C for 30 minutes. Then 90 μL of substrate reagent was added to 
each well and the 96- well plates were incubated at 37 °C for 15 min-
utes. After the incubation, 50 μL of stop solution was added to each 
well immediately. The optical density was measured at 450 nm using 
a microplate reader (Epoch BioTek Instruments, Inc. Highland Park, 
Winooski, VT, USA). An optical density curve was obtained by using 
standards with defined CGRP concentrations.

4.10 | Immunohistochemistry

Brainstems were embedded in paraffin and cut into 5 μm thick 
sections using a microtome. To obtain TNC sections, a rat brain 
atlas was used.41 The sections were incubated with sodium cit-
rate buffer (pH 6.0, AP- 9003- 999, Thermo Scientific, Fremont, 
CA, USA). Next, the sections were incubated with two drops of 
serum block (Santa Cruz Biotechnology, B0316, Dallas, TX, USA) 
for 20 minutes. The sections were incubated with primary anti-
body (mouse monoclonal anti c- fos antibody, sc- 8047, Santa Cruz 
Biotechnology) overnight at 4°C. Next, the sections were incu-
bated with secondary antibody (biotinylated goat anti- mouse 
IgG (sc- 2050, Santa Cruz Biotechnology) for 45 minutes. Next, 
the sections were incubated with Avidin D- HRP complex (B0316, 
Santa Cruz Biotechnology) for 20 minutes. Following the incuba-
tion of sections with 3,3′- diaminobenzidine tetrahydrochloride 
(DAB, 1500 μL DAB substate buffer + 1 drop of DAB chromo-
gen, TA- 125- HD, Thermo Scientific) for 45 seconds, hematoxylin 
counterstaining with Mayer’s haematoxylin (Abcam, Ab128990, 
Cambridge, UK) were applied for 45 seconds. Next, the sections 
were dehydrated and covered with glass coverslip adding 1- 2 
drops of Entellan. The numbers of c- fos- positive neurons in the 
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sections were counted by a blinded observer using a light micro-
scope (Olympus CX21). Images of the stained sections were taken 
with a camera (Nikon DS- Fi1, Tokyo, Japan) attached to the micro-
scope (Nikon Eclipse 80i).

4.11 | Statistical analysis

The data are expressed as mean ± standard error of the mean. 
Statistical analysis was carried out using SPSS for Windows (ver-
sion 17.0, SPSS, Chicago, IL, USA). While data obtained from in vivo 
groups were analyzed by one- way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons test, to assess the difference 
of data obtained from ex vivo preparations was carried out using 
paired t- test for paired samples. P < .05 was considered as statisti-
cally significant.
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