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Ca\3.2 T-type calcium channels contribute 2
to CGRP- induced allodynia in a rodent model
of experimental migraine
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Abstract

Background Migraine is a painful neurological syndrome characterized by attacks of throbbing headache, of
moderate to severe intensity, which is associated with photo- and phono- sensitivity as well as nausea and vomiting.
It affects about 15% of the world's population being 2-3 times more prevalent in females. The calcitonin gene-
related peptide (CGRP) is a key mediator in the pathophysiology of migraine, and a significant advance in the field
has been the development of anti-CGRP therapies. The trigeminal ganglion (TG) is thought to be an important site of
action for these drugs. Moreover, experimental migraine can be induced by CGRP injection in the TG. The signaling
pathway induced by CGRP in the TG is not fully understood, but studies suggest that voltage-gated calcium channels
contribute to CGRP effects relevant to migraine.

Objective We hypothesised that CGRP injection in the TG enhances Ca, 3.2 T-type calcium channel currents to
contribute to the development of periorbital mechanical allodynia.

Results A Co-Immunoprecipitation assay in tsA-201 cells revealed that Ca, 3.2 channels form a complex with RAMP-
1, a component of the CGRP receptor. Constitutive CGRPR activity was able to inhibit Ca\3.2 channels and induce a
depolarizing shift in both activation and inactivation curves. Incubation of TG neurons with CGRP increased T-type
current density by ~ 3.6 fold, an effect that was not observed in TG neurons from Ca,,3.2 knockout mice. Incubation of
TG neurons with 7944, a pan T-type channel blocker, resulted in an approximately 80% inhibition of T-type currents.
In vivo, this treatment abolished the development of periorbital mechanical allodynia induced by CGRP in male and
femnale mice. Likewise, Ca, 3.2 knockout mice did not develop periorbital mechanical allodynia after intraganglionic
CGRP injection. Finally, we demonstrated that the CGRP effect depends on the activation of its canonical GPCR,
followed by protein kinase A activation.

Conclusion The present study suggests that CGRP modulates Ca,3.2 in the TG, an effect possibly mediated by the

canonical CGRP receptor and PKA activation. The increase in T-type currents in the TG may represent a contributing
factor for the initiation and maintenance of the headache pain during migraine.
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Cay3.2 T-type Channel contribute to CGRP-induced allodynia in experimental migraine
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Introduction

Migraine is a complex neurological disorder which sig-
nificantly impacts the patient’s quality of life, daily activi-
ties, productivity, and is associated with substantial
healthcare costs [1]. A migraine crisis is typically charac-
terized by recurring attacks of severe headache, nausea,
vomiting, high-sensitivity to light and sound, and other
variable physical, mental and psychological signs and
symptoms, lasting 4-72 h [2]. The cumulative lifetime
risk of migraine in the general population is about 33%
in women and 18% in men [3]. Besides the higher preva-
lence, women also present more debilitating symptoms,
longer attacks and worse response to treatments [4]. In
fact, migraine is the number one cause of disability in
women younger than 50 years [5].

Migraine pathophysiology is still not fully understood
and involves multiple mediators and events in the tri-
geminovascular system and in the central nervous sys-
tem. The calcitonin gene related peptide (CGRP) is
considered a key mediator in migraine pathophysiol-
ogy [6]. For instance, CGRP infusion resulted in delayed
migraine-like headache in migraine patients [7], and is
released into the cranial circulation in patients with pro-
longed, severe migraine [8, 9]. In the periphery it causes

potent vasodilation of cerebral arteries and neurogenic
inflammation [10]. In the trigeminal ganglia (TG), CGRP
is the most prominent neuropeptide being expressed by
around 40-50% of the TG neurons [11, 12]. It is released
from the cell bodies of stimulated C-fibers and can cause
excitation of Ad neurons and satellite glial cells, promot-
ing peripheral sensitization and pain maintenance during
a migraine crisis [13, 14].

The CGRP receptor (CGRPR) is a G linked G-protein
coupled receptor formed by the calcitonin-like receptor
(CLR), a small transmembrane protein called receptor
activity modifying protein 1 (RAMP-1) and a cytoplasmic
protein, receptor component protein, which enhances
receptor coupling to the G-protein signalling machinery.
The CGRPR complex is widely distributed in the trigemi-
novascular system in addition to the terminals of second
order neurons in the medullary dorsal horn, where its
activation contributes to the facilitation of pain transmis-
sion from the periphery to the central nervous system
[15, 16].

The cumulative knowledge about CGRP structure,
function and signalling mechanisms has led to the devel-
opment of effective and highly selective anti-CGRP ther-
apies for migraine. However, these therapies are neither
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accessible nor effective for all migraine sufferers [17].
Thus, a better understanding of migraine mechanisms
and the identification of potential targets are still clearly
warranted.

Voltage-gated calcium channels (VGCCs) are divided
into two major groups: high voltage-activated (HVA) and
low voltage-activated (LVA). The latter, known as T-type
calcium channels, encompasses Cay 3.1, 3.2 and 3.3. There
is growing evidence that Ca,3.2 is the major isoform
expressed in nociceptive neurons and its activity and/or
expression is significantly increased in the spinal dorsal
horn and in the dorsal root ganglia (DRG) in different
inflammatory and neuropathic pain models [18]. In the
DRG, Cay3.2 channels contribute to increased neuronal
excitability, spontaneous activity and mechanical allo-
dynia in models of inflammatory and neuropathic pain.
Thus, its is likely that these channels also modulate TG
neurons excitability. Here, we hypothesised that CGRP
injection in the TG may modulate Cay3.2 channels, thus
leading to enhanced T-type currents as a contributing
mechanism to the development of periorbital mechanical
allodynia.

Methods

Animals

Male and female C57BL mice (7-9 weeks old) were pur-
chased from Jackson laboratories and Cacnalh knockout
(Cay3.27") mice were produced in house from breed-
ing pairs originally obtained from Jackson Laboratories
(strain #013770). Experimental procedures were per-
formed during the light cycle, between 7 a.m. and 7 p.m.,
with at last 48 h for the acclimatization of the animals to
the environment. Animals were kept in groups of 5 per
cage (30x20x% 15 cm) in a climate-controlled room (22+2
°C) on a 12-hour light/dark cycle with chow and water ad
libitum. All procedures were performed in accordance
with animal care regulations and policies of the Cana-
dian Council on Animal Care, ARRIVE guideline and the
guideline of the Federal University of Parana, and were
approved by the Universities’ Ethics Committees (AC21-
0088; CEUA/BIO-UFPR; #1532). All efforts were made to
optimize the number of animals used and to reduce their
stress and suffering, respecting the 3 R’s statement. Sam-
ple size was determined based on the GPower 3.1 soft-
ware, defining a large standardized effect size of F=0.5;
power of 0.8; and «=0.05, and estimated 10 mice per
group in the different experimental designs.

Cell culture and cDNA transfection

Human embryonic kidney tsA-201 cells were cultured in
standard Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (heat
inactivated) and 50 U/ml penicillin and 50 pug/ml strepto-
mycin. Cells were kept at 37 °C in a humidified incubator
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with 5% CO,. For the biochemistry experiments, cells
were co-transfected with 3 pg of hCay3.2, 3 pug of hCLR-
FLAG (Origene, NM_005795) and 3 pg of hRAMP-1-
FLAG (Origene, NM_005855) cDNA using the calcium
phosphate method [19]. For the electrophysiology experi-
ments, cells were transfected with either 3 pg hCay3.2 or
co-transfected with 3 pg of hCLR and 3 pg of hRAMP-
1, and 0.5 ug of eGFP (cDNA generously donated by Dr.
Debbie Hay, University of Otago, NZ).

TG of 5- to 7-week-old female mice were collected and
cut into small pieces and incubated with 4 mg/mL of
collagenase and 40 puL/mL of papain in DMEM supple-
mented with 10% heat-inactivated FBS and 1% penicil-
lin/streptomycin at 37°C for 30 min and then followed
by 3 washes and mechanical trituration, as previously
described [20]. TG neurons were plated on glass cover-
slips pretreated with poly-D-lysine and laminin and kept
at 37°C in a 5% CO, incubator. Cells were washed with
DMEM containing 5% FBS, 10 ng/mL of nerve growth
factor and 10 ng/mL of glial cell line—derived neuro-
trophic factor. TG neurons were recorded between 16
and 24 h post plating on small to medium sized cells.

Compounds

CGRP (rat and human) was purchased from Sigma
Aldrich (Cat. No. C0292, C0167, respectively) and Z944
was generously donated by Dr. Terrance Snutch (Uni-
versity of British Columbia, CA). CGRP was dissolved
in distilled water at a stock concentration of 100 uM and
7944 was dissolved in 100% dimethyl sulfoxide (DMSO)
at a stock concentration of 238 mM and stored at -20°C.
Fresh solutions were made before experiments, for in
vitro experiments CGRP was diluted to a final concen-
tration of 1 uM and Z944 of 10 uM. Cells were treated
overnight with either hCGRP or water and the final
concentrations were kept during recordings. For in vivo
experiments CGRP was diluted in distilled water and
administered to animals at 380 ng/5 ul (i.g.) and Z944
was diluted in 0.5% carboxymethylcellulose (Sigma
Aldrich, USA) and administered to animals at 10 mg/kg
(i.p.). CGRP8-37 and H-89 (Sigma Aldrich, USA) were
diluted in sterile saline solution. Doses were selected
based on previous studies [21-26].

Co-immunoprecipitation assay

tsA-201 cells were washed once with ice-cold Hepes-
based saline solution and then lysed in a modified RIPA
buffer (50-mM Tris, 150-mM NaCl, 0.25% Triton X-100,
pH 7.5) containing 1x complete protease inhibitor cock-
tail. Lysates were centrifuged at 13.000 rpm for 20 min at
4°C to remove cell debris. One milligram of cell lysates
was used to immunoprecipitate Cay3.2 channels with a
specific Ca3.2 polyclonal antibody (2 pug per immuno-
precipitation; Novus) both were incubated in RIPA buffer
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overnight at 4°C with rotation, followed by immunopre-
cipitation for 1.5 h using protein A or G Sepharose beads,
respectively. Immunoprecipitates were washed 3x in
RIPA buffer and eluted with 2x Laemmli sample buffer.
Proteins were resolved using SDS-PAGE, transferred to
polyvinylidene fluoride membranes immunoblotted with
one of the following antibody anti-FLAG (1:1000; Sigma)
overnight at 4°C. Membranes were then incubated with
horseradish peroxidase-linked anti-mouse or anti-rabbit
antibodies and developed using SuperSignal West Dura
substrate (Thermo Scientific) and a C-DiGit blot scanner
(LI-COR).

Electrophysiology recordings

Whole-cell voltage-clamp recordings in tsA-201 cells
were performed 72 h post transfection at room tempera-
ture (22-24 °C). Currents were recorded using an Axo-
patch 200B amplifier linked to a computer equipped with
pClamp 11.2 software. The external solution contained
(in mM): 10 BaCl2, 125 CsCl, 1 MgCl2, 10 HEPES, and
10 glucose (pH 7.4 adjusted with CsOH). The linear leak
component of the current was corrected using a P/4 sub-
traction protocol and current traces were digitized at
10 kHz and filtered at 2 kHz. Glass patch pipettes were
pulled, and fire polished to a resistance of between 3 and
5 MQ and filled with internal solution containing (in
mM): 130 CsCl, 2.5 MgCl2, 10 HEPES, 5 EGTA, 0.5 Mg-
GTP, and 3 Na-ATP (pH 7.4 adjusted with CsOH).

Current density-voltage (IV) relation curves were
obtained from the peak current of 140 ms depolarizing
pulses between —80 and +40 mV in 5 mV increments
from a holding potential of —110 mV. The IV relationship
was obtained by dividing the peak current at each voltage
by the cell capacitance. Data from individual cells were
fitted using the following Boltzmann equation: I = ((V,,
= View) X G d/(1+exp((Vy, = Vijpac)/k)) where 1 is the
peak current, V, is the membrane potential, V,,, is the
reversal potential, G, is the maximum conductance,
V1/2.4ct 18 the voltage for half activation, and k is the slope
factor. Conductance curves were obtained from the IV
curves by dividing the peak current at each depolarizing
step by the driving force according to the equation: G=1/
(Vi, — V.e) and normalized against the maximum con-
ductance (G,,,)-

Steady-state inactivation (SSI) curves were obtained by
applying 1-s conditioning pre-pulses from —100 to —15
mV in 5 mV increments followed by a 50-ms test pulse to
— 30 mV. Curves were fitted with the equation: I, .iized
= 1/(1+exp(—(Vm - Vl/Z,inact)/k)) where V1/2,inact is the
potential for half inactivation and & is the slope factor.

For recordings of TG neurons, recordings were per-
formed as described previously [22]. The external
solution contained (in mM): 40 tetraethylammonium
chloride, 20 BaCl2, 65 CsCl, 1 MgCI2, 10 HEPES and
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10 glucose, in addition to 300 nM tetrodotoxin to block
voltage-gated sodium channels. The pH was adjusted to
7.4 with CsOH. The internal solution contained the fol-
lowing (in mM): 140 CsCl, 2.5 CaCl2, 1 MgCI2, 5 EGTA,
10 HEPES, 2 Na-ATP and 0.3 Na-GTP, pH adjusted to
7.3. Patch clamp recordings were performed by an EPC
10 amplifier linked to a computer equipped with Pulse
(V8.65) software (HEKA Elektronik, Bellmore, USA). To
isolate T-type channels current, the stimulation protocol
was altered slightly. TG neurons were held at —90 mV,
with a 300 ms depolarization to a test potential of —30
mV. All other conditions remained the same between
these experiments.

Intraganglionic injection

Animals were anesthetized with isoflurane and placed on
a ventral position. The head of the mice was restrained
using one hand, and with the other hand a sterile short
30-G needle was introduced into the zygomatic process
through the infraorbital foramen. The needle was con-
nected to a Hamilton 0.5-mL syringe and positioned
at an 10° angle relative to the midline of the head. The
needle was inserted through the infraorbital canal until
its tip passed the foramen rotundum and reached the
TG [21]. Only the right TG was injected with CGRP (0.1
nmol) or vehicle and the injection volume was 5 pL. After
the injection, animals were monitored until complete
recovery from anesthesia (around 5 min).

Assessment of periorbital mechanical allodynia

Mice was placed in a clear Plexiglas box and left to habit-
uate for 2 h, before the assessment of periorbital cutane-
ous allodynia by successive applications (10 consecutive
times at 30 s-intervals) of von Frey filament (Semmes—
Weinstein Monofilaments, Stoelting, IL, USA) to the
forehead (force 0.04 g). Attack/escape or head with-
drawal reactions will be considered positive responses
to mechanical periorbital stimulation [27, 28]. Only mice
showing mean basal positive response frequencies up to
25% to the 10 applications was used in the subsequent
experiments. After CGRP injection, animals were tested
hourly, up to 4 h.

Statistical analysis

Data from the electrophysiology recordings was analyzed
by two-tailed Student’s ¢ test while two-way analysis of
variance with repeated measures followed by the Bon-
ferroni post hoc test was used to periorbital mechanical
allodynia test. All data were expressed as mean+SEM,
and results were considered statistically significant if
p<0.05. GraphPad Prism version 9 for Windows was
used for statistical analysis data (GraphPad Software, San
Diego, CA).
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Results

Cay3.2 forms a complex with the canonical CGRPR
Co-immunoprecipitation assays were performed to
determine whether the receptor forms a complex with
Cay3.2 channels (Fig. 1). tsA-201 cells were transfected
with hCLR-FLAG, hRAMP-1-FLAG and hCay3.2 and
FLAG was immunoprecipitated from the cell lysate. Blot-
ting against Cay3.2 revealed a band in the 250 kDa range,
indicative of a protein complex formed by Ca,3.2 and
the CLR+RAMP-1-FLAG (Fig. 1A). Whole cell lysate
showing the expression of Ca V 3.2 channels (Fig. 1C).
The reverse process was also done, such that tsA-201
cells were transfected with both RAMP-1-FLAG and
Ca,3.2 and Cay3.2 was immunoprecipitated from cell
lysate. Blotting against RAMP-1-FLAG revealed a band
in the 15 kDa range, that confirms the indicative of a pro-
tein complex formed by Cay3.2 and the RAMP-1-FLAG
(Fig. 1B). Whole cell lysate showing the expression of
RAMPI1-FLAG (Fig. 1D).

Biophysical properties of Cay3.2 channels co-expressed
with CGRPR

To assess if the CGRPR modulates Cay3.2 channels, we
co-transfected tsA-201 cells with either the Ca,3.2 chan-
nel alone or in combination with hCLR and hRAMP-1.
Whole-cell voltage clamp was performed, and currents
were recorded using Ba®* as main ion carrier. IV relation
curves were fitted using a modified Boltzmann equation
and shows that when the Ca3.2 channel is co-expressed
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with CGRPR, there is a reduction in current-density
as well as a depolarizing shift in the IV curve (Fig. 2A).
Figure 2B shows the peak current density in each con-
dition, with a significant reduction when CGRPR is co-
expressed. A depolarizing shift can be observed in the
conductance curve, leading to a depolarizing voltage for
half activation when CGRPR is present (Fig. 2C and D).
A similar depolarizing shift can be observed in the SSI
curve and in the voltage for half inactivation (Fig. 2E and
F). This depolarizing shift in both activation and inacti-
vation curves reflects a shift in the window current, with
an approximately 6 mV shift at the intersection (Ca3.2 =
-58.4 mV, Ca,3.2+CGRP receptor: -52.1 mV, Suppl. Fig-
ure 1 A and 1B). When the area under the window cur-
rent was analyzed, the Ca,3.2+CGRPR shows around
20% increase in the area (Suppl. Figure 1 C). Overall, the
functional effects of receptor co-expression are consis-
tent with the presence of a protein complex.

CGRP increases T-type currents in TG neurons

We performed whole-cell voltage clamp recordings from
acutely dissociated TG neurons from WT and Ca,3.27/
mice. To isolate T-type calcium channel currents, the
cell membrane was maintained at — 90 mV, with volt-
age steps to — 30 mV. Chronic treatment with 1 pM rat
CGRP increased T-type current density in ~3.6 fold
(Vehicle=3.3 pA/pF and CGRP=11.9 pA/pF) in TG neu-
rons from WT mice (Fig. 3A). In Cay3.27~ mice, over-
all T-type calcium channel current was not significantly

Input

.' P a2

250kDa—

LA
Cavi2 + + +

15KDa —  S——

Fig. 1 Ca 3.2 co-immunoprecipitates with a component of the CGRP receptor. (A) Protein from tsA-201 cells expressing Ca, 3.2 and CLR+RAMP-1-FLAG
was immunoprecipitated using a FLAG antibody followed by western blot analysis with a Ca, 3.2 antibody. (B) Input: Expression of Ca,3.2 at lysates. (C)
Protein from tsA-201 cells expressing Ca, 3.2 and RAMP-1-FLAG was immunoprecipitated using a Ca, 3.2 antibody followed by western blot analysis with
a FLAG antibody. (D) Input: Expression of RAMP-1-FLAG at lysates. These experiments were repeated 3 times with identical results
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different from WT when the TG neurons were incu-
bated with vehicle, which could indicate a compensatory
mechanism. However, the increase in T-type channel
current induced by CGRP treatment was lost in neurons
from Cay3.27/~ mice (Fig. 3A). Moreover, acute treatment
with 10 pM of Z944, a pan T-type blocker, was able to
inhibit approximately 80% of the T-type calcium chan-
nel current in both TG neurons treated with vehicle or 1
uM rat CGRP (Fig. 3B). Altogether, these results suggest
that CGRP modulates T-type calcium channels in TG
neurons.

7944 blocks the development of periorbital mechanical
allodynia

Male and female WT mice received an intraperitoneal
injection of Z944 (10 mg/kg) fifteen minutes before the
intraganglionic injection of CGRP (0.1 nmol/5 uL). Z944
abolished the nociceptive responses induced by CGRP in
male and female mice, without causing any change in the
mechanical threshold of vehicle-injected animals (Fig. 4A
and B, respectively). This result indicates that T-type
calcium channels contribute to mechanical allodynia
induced by CGRP in both sexes.

CGRP induces periorbital mechanical allodynia in WT but
not in Cay3.2-/- mice

Figure 5 shows that WT male and female mice treated
with CGRP (0.1 nmol/5 pL.) exhibited an increase in
the frequency of response up to 2 h after the intragan-
glionar injection, compared with the corresponding
vehicle-injected mice (Fig. 5A and B, respectively). The
nociceptive responses induced by CGRP were abolished
in Ca,3.27/~ male and female mice (Fig. 5A and B, respec-
tively), suggesting that Cay3.2 channels play a significant

role in the development of periorbital mechanical allo-
dynia induced by CGRP.

CLR/PKA pathway participates in periorbital allodynia
induced by CGRP

Figure 6A shows the effect of the pharmacological inhi-
bition of the canonical CGRP receptor in female WT
mice through the injection of CGRP 8-37 (10 nmol /5
ul) fifteen minutes before the intraganglionic injection of
CGRP (0.1 nmol/5 pL). Likewise, Fig. 6B shows the effect
of the pharmacological inhibition of protein kinase A
(PKA) in female WT mice through the injection of H89
(2.5 pg/5 pl) fifteen minutes before the intraganglionic
injection of CGRP (0.1 nmol/5 uL). Both treatments pre-
vented the development of periorbital mechanical allo-
dynia in female mice, indicating that it depends on the
activation of the canonical CGRP receptor followed by
PKA signalling.

Discussion
In the present study we investigated the contribution
of T-type calcium channels for CGRP-induced perior-
bital mechanical allodynia and signaling mechanisms in
the TG. We demonstrated that Cay3.2 channels form a
complex with CGRPR which could modulate the chan-
nel activity. Moreover, CGRP was able to increase T-type
channel currents in TG neurons, and this effect was lost
in Ca;3.27~ mice. Intraganglionar injection of CGRP
induce periorbital hypersensitivity, which was reversed
by 7944, a pan T-type channel blocker. Finally, we
showed that CGRP induced mechanical hypersensitivity
might be via PKA signalling.

The canonical CGRPR is formed by a complex includ-
ing the CLR and the receptor activity modifying pro-
tein 1 (RAMP-1) [29]. We observed that RAMP-1
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Fig. 4 7944 blocks periorbital mechanical allodynia induced by CGRP in
male and female mice. Mice were treated with 2944 (10 mg/kg; i.p.) and
fifteen minutes later received an intraganglionar injection of CGRP (0.1
nmol/5 pL; i.g.). Control groups received the corresponding vehicles. Peri-
orbital mechanical allodynia was assessed in male mice (A) and in female
mice (B), before the treatments (BL) and after CGRP injection. Data is ex-
pressed as mean +SEM (n=10). Two-way ANOVA with repeated measures
followed by the Bonferroni post hoc test. *p <0.05, compared to Vehicle
(VEH+VEH). The arrow indicates CGRP injection

co-immunoprecipitated with the Ca,3.2 channel indi-
cating that the channel is in a complex with the CGRP
receptor. The complex between RAMP-1 and Cay3.2 sug-
gests that the canonical CGRP receptor might be well
positioned to modulate Ca,3.2 channel activity. In fact,
it is widely accepted that VGCCs are subject to robust
modulation by a broad range of heterotrimeric G pro-
tein-coupled receptors (GPCRs) [30]. The modulation
may be mediated by either Ga-GTP or GPy subunits,
which are dissociated upon the GPCR activation. Modu-
lation may involve downstream intracellular mediators,
such as protein kinases, involved in the GPCR signal-
ling pathway, but also by direct biding of the GBy dimer
to neuronal VGCCs [30]. Regarding T-type channels, it
has been reported that Ga, activation leads to enhance-
ment of T-Type currents via increased levels of cAMP
and consequent stimulation of PKA [31]. However, inhi-
bition of T-type currents after GPCR activation has also
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Fig. 5 Ca,3.2 knockout mice does not develop periorbital mechanical al-
lodynia after CGRP injection. CGRP (0.1 nmol/5 pL) was injected in the TG
of wild-type (WT) and Ca, 3.2~ mice. Periorbital mechanical allodynia was
assessed in male (A) and in female (B) mice before the treatments (BL) and
after CGRP injection. Data is expressed as mean+SEM (n=10). Two-way
ANOVA with repeated measures followed by the Bonferroni post hoc test.
*p<0.05, compared to the respective Vehicle. The arrow indicates CGRP
injection

been reported [31-34]. The differential regulation of
T-type channels by GPCRs may depend on several fac-
tors, including the biological system, presence or absence
of accessory proteins (e.g. PKA-anchoring proteins), the
balance between excitatory and inhibitory effects trig-
gered by Ga-GTP and Gy subunits, among others [35].
Considering that the CGRP canonical receptor and
Cay3.2 form a complex, we next evaluated if the presence
of the CGRPR would modulate Cay3.2 channel activity.
Interestingly, we found that the presence of the receptor
was able to produce a depolarizing shift in both activation
and inactivation curves, and a reduction in the peak cur-
rent-density. A similar result was found when cells were
co-transfected with dopamine receptors D1 and D5 [36].
Collectively, these results demonstrate that Ga, GPCRs
could modulate the basal activity of Ca,3.2 calcium chan-
nel. Despite this constitutive inhibition in heterologous
system, we failed to see modulation of Cav3.2 channels
in tsA-201 cells after acute application or overnight incu-
bation with CGRP (data not shown). One possibility for
this lack of effect is that overnight incubation of tsA-201
cells with CGRP caused receptor internalization, which
has been reported to occur rapidly after CGRP exposure
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Fig.6 Periorbital mechanical allodynia induced by CGRP involves the acti-
vation of the canonical CGRP receptor and PKA. Female mice were treated
with (A) CGRP 8-37 (10 nmol/5 ul; i.g) or (B) H89 (2.5 pg/5 pl; ig). and
15 min later received an intraganglionar injection of CGRP (0.1 nmol/ 5 pL;
i.g.). Control groups received the corresponding vehicles. Periorbital me-
chanical allodynia was assessed in female mice before the treatments (BL)
and after CGRP injection. Data is expressed as mean+SEM (n=10). Two-
way ANOVA with repeated measures followed by the Bonferroni post hoc
test *p <0.05, compared to CGRP (VEH+CGRP). The arrow indicates CGRP
injection

[37]. Therefore, we next decide to investigate the ability
of CGRP to modulate Cay3.2 in a native tissue from wild
type and Ca,3.27~ mice. In TG neurons from wild type
mice acute treatment with CGRP did not cause any effect
(data not shown), however chronic treatment with CGRP
caused a significant increase in the T-type current den-
sity. Previous findings shows that activation of a GPRC
coupled to Gog protein increase T-type currents in dif-
ferent type of cells, including in TG neurons [36, 38—42].
The reason for the discrepancy in relation to tsA-201 cells
remains to be explored, but it is possible that overnight
treatment with CGRP does not cause the internalization
of the CGRP receptors in the TG in the same magnitude
as it does in the heterologous system. Moreover, it has
been reported that TG neurons express other receptors
of the calcitonin family that may be targeted by CGRP,
which could explain the lack of effect in the heterolo-
gous system [43]. The contribution of these receptors to
CGRP effects and migraine physiopathology remains to
be determined [43]. The increase in T-type currents was
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abolished in TG neurons from Cay,3.27~ mice, suggest-
ing that T-type calcium channel sensitization induced by
CGRP is via Cay3.2 channels. In addition, TG neurons
treated with Z944, a pan T-type calcium channel blocker,
inhibited around 80% of T-type currents irrespective of
CGRP receptor activation. Altogether, these results indi-
cate that CGRPR activation by CGRP increases T-type
currents in TG neurons and this effect is mainly through
Cay3.2 channels.

The contribution of Cay3.2 channels to CGRP-induced
responses was next evaluated in vivo by using an experi-
mental migraine model that consists in CGRP injection
in the TG, followed by evaluation of periorbital mechani-
cal allodynia [21]. Systemic treatment with Z944, before
CGRP intraganglionic injection, abolished the develop-
ment of periorbital mechanical allodynia in male and
female mice. This result agrees with the in vitro data and
indicates that T-type channels play a significant role in
CGRP-induced responses potentially related to migraine.
In addition, it reinforces previous reports that 7944
potently reverses pain hypersensitivity across sexes in
inflammatory acute and chronic models [22], including
in in a model of trigeminal neuropathic pain [20]. Like-
wise, intraganglionic injection of CGRP in WT male and
female mice induced periorbital allodynia, but this effect
was not observed when CGRP was injected in the TG of
Cay3.27/~ male and female mice. Silencing of the Cay3.2
T-type calcium channel has been used to demonstrate
its contribution to chronic pain in different experimental
models [23, 24]. Indeed, it has been reported that dele-
tion of Cay3.2 results in robust long-lasting and reversible
mechanical and thermal antinociceptive effects in healthy
mice, and elicited a marked anti-hyperalgesic effect in a
model of neuropathic pain [44]. Altogether, these results
provide in vivo evidence that T-type channels contribute
to mechanical allodynia induced by CGRP, which may
have implication for the treatment of migraine pain.

Our in vitro and in vivo data also provide evidence for
the Cay3.2 channel modulation by CGRPR. As already
discussed, activation of GPCRs may modulate T-type
channels via a PKA intracellular signaling pathway. To
suggest a potential mechanism of modulation of the
Cay3.2 channel by CGRPR, we investigated whether
the periorbital mechanical allodynia induced by CGRP
involves the activation of canonical CGRP receptor and
PKA activation. The present results demonstrated that
this pathway contributes to CGRP effects, suggesting a
potential mechanism for Cay3.2 channels modulation.

Conclusion

In the TG of male and female rodents, CGRP induces
a signalling pathway that culminates in periorbital
mechanical allodynia, a well-established measure of
pain related to experimental migraine. The present study
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demonstrated that Ca3.2 channel contributes to CGRP
effects. It is possible that CGRP modulates the Cay3.2
channel through the activation of its canonical GPCR,
followed by PKA activation. The increase in T-type cur-
rents in the TG may represent a contributing factor for
the initiation and maintenance of the headache pain dur-
ing migraine.
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