
TRPV1-Mediated Neuropeptide Secretion and Depressor Effects:
Role of Endoplasmic Reticulum-Associated Ca2+ Release
Receptors in Rat Dorsal Root Ganglion Neurons

Wei Huang1,2, Hui Wang1, James J. Galligan1, and Donna H. Wang1

1Department of Medicine and Pharmacology & Toxicology, Michigan State University, East Lansing,
Michigan

2Department of Cardiology of the First Affiliated Hospital, Chongqing Medical University, China

Abstract
Objective—This study tests the hypothesis that the transient receptor potential vanilloid subtype 1
(TRPV1)-induced neuropeptide secretion and depressor response are mediated by, at least in part,
activation of endoplasmic reticulum (ER)-associated Ca2+ release receptors, leading to increased
cytosolic Ca2+ in dorsal root ganglion (DRG) neurons.

Methods/Results—Bolus injection of capsaicin (CAP, 10 or 50 μg/kg), a selective TRPV1 agonist,
into anesthetized male Wistar rats caused dose-dependent decreases in mean arterial pressure (MAP,
P<0.05). CAP (50 μg/kg)-induced depressor effects and increases in plasma calcitonin gene-related
peptide (CGRP) levels (-29±2 mmHg, 82.2±5.0 pg/ml, respectively) were abolished by a selective
TRPV1 antagonist, capsazepine (3 mg/kg CAPZ, -4±1 mmHg, 41.8±4.4 pg/ml, P<0.01), and
attenuated by a selective ryanodine receptor (RyR) antagonist, dantrolene (5 mg/kg, -12±1 mmHg,
57.2±2.6 pg/ml, P<0.01), but unaffected by an inhibitor of ER Ca2+-ATPase, thapsigargin (50 μg/
kg TG, -30±1 mmHg, 73.8±2.3 pg/ml, P>0.05), or an antagonist of the inositol (1,4,5)-trisphosphate
receptor (IP3R), 2-aminoethoxydiphenyl borate (3 mg/kg 2-APB, -34±5 mmHg, 69.0±3.7 pg/ml,
P>0.05). CGRP8-37 (1 mg/kg), a selective CGRP receptor antagonist, also blocked CAP-induced
depressor effects. In contrast, dantrolene had no effect on CGRP (1 μg/kg)-induced depressor effects.
In vitro, CAP (0.3 μM) increased intracellular Ca2+ concentrations and CGRP release from freshly
isolated sensory neurons in DRG (P<0.01), which were blocked by CAPZ (10 μM) and attenuated
by dantrolene but not TG or 2-APB.

Conclusion—Our results indicate that TRPV1 activation triggers RyR- but not IP3R-dependent
Ca2+ release from ER in DRG neurons leading to increased CGRP release and consequent depressor
effects.
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Introduction
The transient receptor potential vanilloid subtype 1 (TRPV1), a ligand—gated cation channel,
primarily expresses in sensory neurons and their nerve terminals innervating the cardiovascular
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system including hearts and blood vessels.1 TRPV1 functions as a molecular integrator of
multiple chemical and physical stimuli including capsaicin (CAP), proton, and noxious heat,
2-4 and when activated, leads to the release of sensory neuropeptides including calcitonin gene-
related peptide (CGRP) and substance P that are potent vasodilators.5 Studies have shown that
TRPV1 and TRPV1-mediated CGRP release play a significant functional role in preventing
salt-induced increases in blood pressure.4, 6-8 However, the molecular mechanisms underlying
functional CGRP release linked to TRPV1 are largely unknown.

Activation of TRPV1, a relatively Ca2+-selective ion channel, leads to an increase in
intracellular Ca2+.9 Cytoplasmic Ca2+ in neurons regulates many vital physiological processes
ranging from transmitter release, somatic secretion, excitability, synaptic plasticity, to cell
survival and death.10-11 Cytoplasmic Ca2+ originates mainly from two sources, i.e., Ca2+

influx through voltage and ligand-gated Ca2+ channels expressed in the plasma membrane and
Ca2+ release from the endoplasmic reticulum (ER). ER is the largest intracellular organelle
and constitutes an interconnected network that extends from the soma to axons, dendrites, and
dendritic spines.12 ER is not only a site of protein synthesis and maturation, but also a Ca2+

store or sink that plays a key role in determining complex patterns of local or global Ca2+

signals.

Increased intracellular Ca2+ concentrations resulting from Ca2+ influx via voltage- or ligand-
gated channels expressed in the plasma membrane or from Ca2+ release from intracellular
stores may trigger neurotransmitter release.13-16 Ryanodine receptors (RyRs) and inositol
1,4,5-trisphosphate receptors (IP3Rs) expressed in the membrane of ER are responsible for
Ca2+ release from ER.17 It has been shown that RyRs and/or IP3Rs-dependent calcium-induced
calcium release (CICR) in neurons, i.e., Ca2+ influx via voltage/ligand-operated Ca2+ channels
triggers Ca2+ release from ER stores that amplifies Ca2+ influx and signaling,18-19 participates
and enhances neurotransmitter release.13, 20 Regardless of the pathophysiological
significance of TRPV1-mediated CGRP release, intracellular molecules contributing to this
process in vitro and in vivo have not been well defined. Thus, this study sets out to determine
whether activation of ER-associated Ca2+ release receptors contributes to TRPV1-induced
CGRP release and depressor effects.

Methods
Animals

Male Wistar rats (8 weeks old, Charles River Laboratory, Wilmington, MA) were housed in a
temperature—controlled room with a 12:12-hour light/dark cycle for 1 week before the
experiment. All procedures used in this study were approved by the Institutional Animals Care
and Use Committee.

Surgical Preparation
The rats were anesthetized with pentobarbital (50 mg/kg, i.p.) for implantation of catheters.
The left jugular vein and carotid artery were cannulated under anesthesia for administration of
drugs or monitoring of mean arterial pressure (MAP) and heart rate (HR) with a Statham 231D
pressure transducer coupled to a Gould 2400s recorder (Gould Instruments, Valley View, OH).

Experimental Protocols
Protocol 1

Rats were divided into 5 groups for intravenous administration of vehicle or CAP (a selective
TRPV1 agonist) alone or in combination with capsazepine (CAPZ, a selective TRPV1 receptor
antagonist) or CGRP8-37 (a selective CGRP receptor antagonist), and MAP responses recorded.
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CAP was given at 10 μg/kg or 50 μg/kg alone or with CAPZ (3 mg/kg) that was administered
10 minutes before CAP (50 μg/kg) administration. Due to its short half life, CGRP8-37 was
administered at 1 mg/kg/min for 2 minutes before CAP (50 μg/kg) injection followed by
continued administration at 0.5 mg/kg/min for 4 minutes. Our preliminary studies indicated
that this dose and manner of CGRP8-37 administration prevented CGRP (1 μg/kg) —induced
depressor response.

Protocol 2
To determine whether RyR or IP3R is involved in CAP-induced depressor effects, dantrolene
(a RyR antagonist, 5 mg/kg), thapsigargin (TG, a Ca2+-ATPase inhibitor, 50 μg/kg), or 2-
aminoethoxydiphenyl borate (2-APB, an IP3R antagonist, 3 mg/kg) was injected 15 minutes,
1 hour, or 10 minutes before intravenous injection of CAP (50 μg/kg), respectively. To
determine if RyR plays a role in CGRP-induced depressor effects, dantrolene (5 mg/kg) was
also injected 15 minutes before intravenous injection of CGRP (1 μg/kg).

Protocol 3
To examine the possible effect of baroreflex on CAP-induced changes in MAP, MAP responses
to CAP in baroreceptor denervated rats were studied. Baroreceptors were denervated by cutting
the carotid sinus and aortic depressor nerves bilaterally.47 Each carotid bifurcation was then
stripped of connective tissues and painted with 10% phenol in ethanol. Baroreceptor
denervation was confirmed by the lack of change in HR when MAP was increased or decreased
by the intravenous injection of phenylephrine (5 μg/kg) or nitroprusside (10 μg/kg),
respectively. Both baroreceptor-denervated and neurally intact animals were allowed to
recover for 2hrs after the surgical and before intravenous injection CAP (50 μg/kg).

Protocol 4
Rats were anesthetized and decapitated without subjecting to acute experiments. The cervical,
thoracic, and lumbar dorsal root ganglia (DRG) were harvested and placed in the Kreb’s
solution (in mM) containing of: NaCl 119, NaHCO3 25, KH2PO4 1.2, MgSO4 1.5, CaCl2 2.5,
KCL 4.7, and D-glucose 11.21-22 To minimize peptide degradation, 1 μM phosphoramidon
was added in the basic Krebs’s solution, which was maintained at 37°C and gassed with 95%
O2 and 5% CO2. After a 60 minutes stabilization period, DRG were treated with following
combinations for 20 minutes in 1ml of Kreb’s solution: vehicle, 0.08 μM or 0.3 μM CAP, 10
μM CAPZ + 0.3 μM CAP, 50 μM dantrolene + 0.3 μM CAP, 2 μM TG + 0.3 μM CAP, 100
μM 2-APB + 0.3 μM CAP, or caffeine 20 mM). For Ca2+-free solution, CaCl2 was omitted
from the Kreb’s solution.23-24 At the end of the experiment, the solution was collected and
added acetic acid, evaporated, and the pellets were stored at -80 °C for CGRP immunoassay.

Protocol 5
For intracellular Ca2+ imaging, the left dorsal root ganglia (T10-L2) were harvested and
incubated in a Hank’s balanced salt solution containing papain (25 μl/ml) and dithioerythritol
(1 mg/ml) at 37 °C in a shaking bath for 15 minutes, followed by incubation in a second Hank’s
solution containing collagenase I (1 mg/ml) and trypsin inhibitor (0.75 mg/ml) at 37 °C for 10
minutes. Enzyme treated ganglia were triturated using long neck Pasteur pipettes with
sequentially smaller tip sizes. After trituration, enzyme activity was blocked by adding serum
containing culture medium and the cells suspension was centrifuged for 3 minutes at 500 g
using a table top centrifuge. The supernatant was discarded and 5 ml of culture medium was
added before centrifuging again for 3 minutes. The second supernatant was discarded and the
pellet containing neurons was re-suspended using culture medium. The neurons were plated
on eight poly-L-lysine (50 μg/ml) coated round coverslips (around 500 neurons/coverslip) and
incubated at 37 °C in 5% CO2 overnight before calcium imaging studies.
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After overnight culture, individual coverslips were placed in 1 ml of Opti-MEM (Invitrogen)
in a 35 mm plastic culture dish. Neurons were incubated with Fluo-4-AM (Molecular Probes,
1 μg/ml, dissolved in DMSO) for 40 minutes at 37 °C in a 5% CO2 atmosphere. The coverslip
was then placed in a perfusion chamber mounted on the stage of an upright microscope (Leica
Instruments) and cells were viewed at 400 × magnification. Cells were washed with drug free
HEPES buffer (pH 7.4) for ∼10 minutes to wash away any extracellular Fluo-4. Calcium
induced fluorescence was imaged using a confocal microscopy (Leica) using an argon laser
and a 488 nm excitation wavelength. Fluorescence signals were captured at 520- 560 nm.
Images (512 × 512 pixels) were collected at 3 s intervals and for 4 minutes. Control HEPES
was applied for 15 seconds before changing to drug-containing buffer using a set of solenoid
controlled valves. Drugs were applied for 2 minutes before returning to drug free buffer. In
pilot studies, we verified that CAP (0.3 μM) activated TRPV1 channels to cause increased
Fluo-4 fluorescence by blocking CAP-induced responses with CAPZ (10 μM). In the presence
of CAPZ, CAP was incapable of causing a fluorescence increase greater than 5 arbitrary
fluorescence units (AFU), and only cells producing CAP responses greater than 5 AFU were
considered responsive to CAP. A single coverslip was exposed to CAP only once given that
subsequent responses to CAP showed significant desensitization. Moreover, each coverslip
was tested with KCl (60 mM) to verify viability of the neurons at the end of the experiment.
Calcium signals were analyzed offline by subtracting the baseline fluorescence (the average
fluorescence in the first 5 images captured before drug application), and peak fluorescence
changes in response to drugs were obtained.

Sample collection
At the end of the experiments, blood samples were collected in chilled EDTA tubes and
separated by centrifugation at 1,750 g for 20 minutes at 4°C. Plasma was stored at -80°C for
CGRP assay.

Radioimmunoassay
A rabbit anti-rat CGRP radioimmunoassay kit (Penisula Laboratories. Inc) was used to
determine CGRP contents in plasma and DRG tissues as described previously.7 This antibody
has 100% cross-reactivity with rat α-CGRP and 79% with rat β-CGRP. There is no cross-
reactivity with rat amylin, calcitonin, somatostatin, or substance P.

Immunohistochemistry
Colocalization of TRPV1 and RyR in DRG was performed by confocal analysis of double-
immuofluorescence staining as described previously.8 Briefly, DRG were fixed with
Zamboni’s fixative solution for 4 hours at 4°C. Sections were cut in 10 μm in thickness, and
incubated in 0.4% Triton-100 and 5% fetal bovine serum in phosphate-buffered saline for 1
hour at room temperature to block nonspecific binding. The sections were then incubated with
polyclonal guinea pig anti-TRPV1 receptor antibody, (1:1000, Chemicon) for 8 h at 4°C,
followed by overnight incubation with mouse anti-rat ryanodine antibody (1:1000,
Calbiochem) at 4°C. Subsequently, the sections were incubated in Cy3-conjugated donkey
anti-guinea pig IgG (1:300, Jackson ImmunoResearch) for 1 hour in room temperature,
followed by incubation with FITC-conjugated donkey anti-mouse IgG (1:100, Jackson
ImmunoResearch) for 1h at room temperature. The slides were viewed with a Zeiss Pascal
confocal laser scanning microscope using 488-nm and 543-nm laser. Negative control for
possible cross-reactivity between the fluorescent reagents was performed by incubating the
sections with only one of the primary antibodies, followed by incubation with a mixture of
secondary antibodies. No cross-reactivity was observed.
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Drugs
CAP (Sigma) was dissolved in ethanol (10%, v/v), Tween-80 (10%, v/v), and normal saline.
CGRP (American Peptide), CGRP8-37 (American Peptide), and caffeine (Calbiochem) were
dissolved in normal saline. All other drugs were purchased from Calbiochem and dissolved in
dimethylsuphoxide (DMSO 5 %, v/v) and normal saline.

Statistical Analysis
All values are expressed as mean±SE. Differences between 2 groups or before and after
treatment were analyzed by using the unpaired or paired student t test. The differences among
groups were analyzed using one-way ANOVA followed by a Bonferroni adjustment for
multiple comparisons. Differences were considered statistically significant at P<0.05.

Results
Bolus intravenous injection of CAP led to a triphasic MAP response as shown in Figure 1. The
initial transient hypotension was followed by a brief pressor and a depressor phase that reached
the peak at ∼1-2 minutes after CAP injection and gradually retuned to the baseline at ∼ 4
minutes. CAP (10 and 50 μg/kg) induced peak decreases in MAP were dose-dependent (13±1
mmHg and 29±2 mmHg, respectively), which corresponded with changes in heart rates (HR,
Figure 2).

Blockade of the TRPV1 or CGRP receptors with CAPZ or CGRP8-37, respectively, abolished
CAP (50 μg/kg)-induced extended depressor responses without affecting the initial two phases
(4±1 mmHg or 3±1 mmHg vs. 29±2 mmHg, respectively, P<0.01) as shown in Figure 3A. The
role of ER-associated Ca2+ release receptors in CAP-induced depressor responses was
evaluated and shown in Figure 3B. CAP-induced depressor effects were attenuated by the RyR
antagonist, dantrolene (29±2 mmHg vs. 12±1 mmHg, respectively, P<0.01), but not by the
Ca2+-ATPase inhibitor, TG, or the IP3R antagonist, 2-APB (29±2 mmHg vs. 30±1 mmHg or
34±5 mmHg, respectively, P>0.05).

To determine whether dantrolene-induced attenuated depressor effects of CAP is due to
affecting downstream CGRP effects on blood vessels, the role of dantrolene in CGRP-induced
depressor effects was examined (Figure 4). Pretreatment of dantrolene had no effects on CGRP-
induced depressor response (44±3 mmHg vs. 44±5 mmHg, P>0.05) (Figure 4), indicating that
attenuated depressor effects of CAP induced by dantrolene was mediated, at least in part, by
blockade of RyR in DRG rather than in vascular smooth muscle or endothelial cells.

The baseline MAP and HR were higher in barodenervated rats than in baroreceptor intact rats
(117±5 mmHg vs. 106±4 mmHg; 364±9 beats/min vs. 346±9 beats/min, respectively, P<0.05).
After intravenous injection of CAP, the initial fall in MAP was absent, and the intermediate
pressor and the lasting depressor effects were augmented and delayed (Figure 5A). The lasting
depressor phase reached as low as -40 mmHg and persisted for about 50 minutes before
returning to the baseline in barodenervated rats compared to baroreceptor intact rats.
Barodenervated rats showed no baroreflex changes in the heart rate (Figure 5B). These results
suggest that baroreflex exerts a restraining effect on CAP-induced depressor effects.

To examine the effects of TRPV1 and ER-associated Ca2+ release receptors on CAP-induced
CGRP release in vivo, plasma CGRP levels at baseline and in response to CAP with or without
different antagonists were determined by radioimmunoassay as shown in Figure 6. CAP (10
or 50 μg/kg) increased plasma CGRP levels compared to the vehicle (62.1±1.9 pg/ml or 82.2
±5.0 pg/ml vs. vehicle 31.7±4.9 pg/ml, respectively, P<0.05) (Figure 6A). The CAP (50 μg/
kg)-induced increase in plasma CGRP levels was blocked by CAPZ or attenuated by dantrolene
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(82.2±5.0 pg/ml vs. 41.8±4.4 pg/ml or 57.2±2.6 pg/ml, respectively, P<0.01), but not affected
by TG or 2-APB (82.2±5.0 pg/ml vs. 73.8±2.3 pg/ml or 69.0±3.7 pg/ml, respectively, P>0.05)
(Figure 6B). Treatment with CAPZ, dantrolene, TG, or 2-APB alone had no effect on baseline
plasma CGRP levels (26.2±1.7 pg/ml; 33.0±7.4 pg/ml; 30.3±3.0 pg/ml; or 28.4±2.9 pg/ml vs.
vehicle 31.7±4.9 pg/ml, respectively, P>0.05).

The effects of TRPV1 and ER-associated Ca2+ release receptors on CAP-induced CGRP
release in isolated DRG were studied in vitro as shown in Figure 7. CAP (0.08 μM or 0.3 μM)
caused a dose-dependent CGRP release in isolated DRG (3.1±0.1 pg/mg tissue vs. 4.7±0.4 pg/
mg tissue or vs. vehicle 1.5±0.2 pg/mg tissue, respectively, P<0.01) (Figure 7A). The CAP
(0.3 μM)-induced CGRP release was abolished by CAPZ (4.7±0.4 pg/mg tissue vs. 1.8±0.1
pg/mg tissue, respectively, P<0.01) and attenuated by dantrolene (4.7±0.4 pg/mg tissue vs. 2.8
±0.2 pg/mg tissue, respectively, P<0.01), but not affected by TG or 2-APB (4.7±0.4 pg/mg
tissue vs. 4.1±0.2 pg/mg tissue or 4.4±0.4 pg/mg tissue, respectively, P>0.05) (Figure 7B). The
antagonists including CAPZ, dantrolene, TG, or 2-APB alone had no effect on baseline CGRP
release (1.2±0.1 pg/mg tissue; 1.6±0.1 pg/mg tissue; 1.5±0.2 pg/mg tissue; or 1.3±0.1 pg/mg
tissue vs. vehicle 1.5±0.2 pg/mg tissue, respectively, P>0.05).

A Ca2+-free solution was used to determine the dependence of Ca2+ influx on CGRP release
induced by CAP. CAP induced a smaller magnitude of CGRP release in DRG incubated with
Ca2+-free solution compared to that of normal Kreb’s solution (3.0±0.3 pg/mg tissue vs. 4.7
±0.4 pg/mg tissue, respectively, P<0.01) (Figure 8A). To further examine the role of RyR in
CGRP release, caffeine, a selective RyR agonist, was used to treat isolated DRG (Figure 8B).
Caffeine increased CGRP release (2.8±0.1 pg/mg tissue vs. 1.5±0.1 pg/mg tissue, P<0.01),
which further supports a role of RyR in CAP-induced CGRP release.

Direct intracellular Ca2+ concentrations in response to CAP with or without different ER-
associated Ca2+ release receptor antagonists in isolated DRG neurons were examined and
shown in Figure 8. Increased intracellular Ca2+ concentrations induced by CAP (0.3 μM) were
abolished by CAPZ (10 μM) (46.2±5.6 AFU vs. 2.1±0.4 AFU, respectively, P<0.001),
inhibited by dantrolene (50 μM) (46.2±5.6 AFU vs. 30.6±3.5 AFU, P<0.05), but not affected
by TG (2 μM) or 2-APB (100 μM) (46.2±5.6 AFU vs. 40.7±4.4 or 34.0±2.8 AFU, respectively,
P>0.05, Figure 9). These findings are consistent with that of CAP-induced CGRP release in
vivo and in vitro, suggesting that the RyR- but not IP3R-dependent Ca2+ store contributes to
CAP action.

Double staining of TRPV1 and RyR revealed that both receptors were extensively distributed
in DRG neurons and co-localized (Figure 10). All TRPV1-positive sensory neurons appeared
to express RyR, providing anatomical basis for interaction or cross talk of these receptors.

Discussion
Despite the fact that TRPV1-mediated CGRP release may play a significant functional role
under pathophysiological conditions, molecular mechanisms underlying TRPV1 action are
largely unknown. This study sets out to determine whether and which ER-associated Ca2+

release receptors contribute to TRPV1-induced CGRP release in vivo and in vitro and TRPV1-
mediated depressor effects. Our data show for the first time that blockade of RyR- but not
IP3R-dependent Ca2+ release from ER attenuates TRPV1-mediated CGRP release in vivo and
in vitro and diminishes TRPV1-mediated depressor effects. The TRPV1 effects appear to be
mediated, at least in part, by RyR receptor activation in DRG neurons rather than in vascular
smooth muscle or endothelial cells given that blockade of RyR had no effect on CGRP-induced
depressor response. Indeed, blockade of RyR in DRG neurons diminishes TRPV1-induced
increases in intracellular Ca2+ concentrations and TRPV1-mediated CGRP release, effects
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consistent with those obtained in vivo in which TRPV1-mediated increases in plasma CGRP
levels and depressor response are attenuated by RyR blockade.

The triphasic changes in blood pressure induced by CAP administration, i.e. an initial short
fall followed by a brief pressor and a prolonged depressor phase, are typical and have been
documented previously.25-27 While it has been shown that the transient initial hypotensive
response is mediated by the vagal reflex and the intermediate increase in blood pressure a result
of a brief vasoconstriction,25-27 it is evident that the subsequent prolonged depressor effects
are derived from TRPV1 activation.6, 25-27 Indeed, the initial fall in blood pressure was
abolished when the baroreceptors were denervated. Also, the lasting depressor phase was
markedly augmented and prolonged, suggesting that baroreflex restrains the depressor effects
induced by TRPV1 action. Furthermore, blockade of TRPV1 or CGRP receptors abolishes
CAP-induced prolonged depressor effects, indicating that the prolonged depressor phase
induced by CAP is the result of TRPV1 activation leading to CGRP release and subsequent
depressor response.

Although it is established that TRPV1 activation increases cytosolic Ca2+ levels in DRG which
may underlie TRPV1-mediated CGRP release and depressor effects, it is unknown whether or
which Ca2+ release receptors may contribute to TRPV1 action. Data from the present study
show that blockade of RyR but not IP3R attenuates the prolonged depressor response to CAP,
suggesting that Ca2+ influx resulting from TRPV1 action by CAP may trigger intracellular
Ca2+ release from ER Ca2+ stores via activation of RyR. This conclusion is further supported
by data obtained from in vitro studies demonstrating that CAP-induced elevations in
intracellular Ca2+ concentrations and CGRP release in DRG neurons are inhibited by RyR
blockade.

Figure 11 depicts potential molecular mechanisms involved in TRPV1-induced CGRP release
in sensory neurons, i.e., CAP binds to TRPV1 on plasma membrane that leads to an increase
in Ca2+ influx and activates RyR but not IP3R expressed in ER. These events result in Ca2+

release from ER and consequent CGRP release that in turn activates CGRP receptors expressed
in vascular endothelial cells or smooth muscle cells to cause vasodilation. CGRP released from
sensory nerves upon TRPV1 activation is one of the most powerful vasodilators, which causes
vasodilation via suppression of adrenergic nerve-induced vasoconstriction or an endothelium-
dependent mechanism.28-30 Altered CGRP expression in hypertensive animal models appears
to be significant given that genetic deletion of CGRP receptors results in a significant increase
in baseline blood pressure.31,32

Endothelium-dependent vasodilatory actions induced by CGRP have been attributed to
activation of endothelial nitric oxide synthase (eNOS).33-34 It has been shown that eNOS is
Ca2+/calmodulin-dependent, suggesting that eNOS activity may be modulated by cytosolic
Ca2+ levels.35 Thus, it is possible that blockade of RyR leading to decreased cytosolic Ca2+

levels in endothelial cells may affect CGRP induced vasodilation and hypotension. To rule out
the possibility that dantrolene-induced attenuation in depressor response induced by CAP is
mediated by inhibition of downstream CGRP effects, the role of RyR in CGRP-induced
hypotension was examined. Our data show that dantrolene had no effect on CGRP-
induced_depressor response, suggesting that RyR may not be able to alter CGRP-induced NO
production,36 and that dantrolene-induced attenuation in depressor response induced by CAP
is likely the result of decreased CGRP release from DRG neurons.

Interestingly, CAP is capable of stimulating significant albeit small in magnitude of CGRP
release from DRG under the Ca2+-free condition, a result consistent with a previous report
showing that CAP increases intracellular Ca2+ concentrations in a Ca2+-free solution.37 Given
that CAP is lipid-soluble, it is likely that CAP enters the cell and binds to TRPV1 expressed
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in ER which acts as a Ca2+ release receptor 38 or stimulates RyR to increase intracellular
Ca2+ concentrations leading to CGRP release in DRG neurons. Indeed, our data show that
stimulation of RyR by caffeine leads to CGRP release in DRG, a result consistent with that
showing caffeine causes Ca2+ spark and CGRP release in vitro.39

It has been suggested that ER Ca2+ pools are compartmentalized in neuron.40-41 Spatially and
functionally distinct Ca2+ stores in sarcoplasmic or endoplasmic reticulum have been shown.
40 However, controversy data exist, in that neuronal ER has been shown to act as a single
functional Ca2+ store shared by RyR and IP3R in rat DRG.41 Our data appear to be consistent
with the former results, showing that RyR and IP3R are distinct Ca2+ stores considering that
blockade of RyR but not IP3R attenuates CAP-induced elevations in intracellular Ca2+

concentrations and CGRP release. These results are in agreement with previous reports
showing that IP3-PLC pathway inhibitors, U-73122 and neomycin, had no effect on CAP-
induced mobilization of intracellular Ca.2, 37, 42-43 Based on these results, it is reasonable to
conclude that IP3R is not involved in CAP-induced intracellular Ca2+ mobilization and
subsequent CGRP release. In contrast, IP3-depedent Ca2+ release has been linked with CAP-
triggered substance P release in rat DRG.44 Taken together, these data suggest that specific
local and global Ca2+ signals in the nervous system may be generated and controlled in order
to regulated numerous Ca2+-dependent processes simultaneously.45

In summary, our data show that TRPV1 activation induces CGRP release in vitro and in vivo
and causes depressor response, all of which are likely to be mediated, at least in part, by
activation of RyR expressed in ER leading to increased cytosolic Ca2+ levels in DRG neurons.
The possible sequence of TRPV1 action is depicted in Figure 11, which is further explained
in the figure legend.

Perspectives
Accumulating evidence indicates that defects in sensory nerves and/or TRPV1 expression/
function exist in spontaneously hypertensive rats (SHR) and Dahl salt sensitive hypertensive
rats.48,6 Although the mechanisms responsible for such defects remain to be elucidated, recent
studies showed that RyR function in various tissues including the heart and oesophageal striated
muscle is impaired in experimental hypertensive rats or SHR.49-50 Given the fact that RyR
may play an important role in TRPV1-mediated CGRP release and hypotension, it is
conceivable that dysfunction of RyR may contribute to impaired action mediated by TRPV1
and TRPV1-positive sensory nerves in hypertension, and that agents that modulate the RyR
function may be beneficial in improving sensory nerve function and in treating hypertension.
Furthermore, it has been shown that the baroreflex restraining function is diminished in
hypertensive states,46-47 leading to the possibility that TRPV1 activation may constitute a
stronger effect on preventing elevated blood pressure.
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Figure 1.
A, Time-dependent responses of MAP to bolus injection of vehicle or CAP (10 μg/kg; 50 μg/
kg). B, Changes in MAP 70 seconds after bolus injection of vehicle or CAP (10 μg/kg; 50 μg/
kg). Values are mean±SE (the same for all data presented below; n = 6 to 7). *P<0.05 compared
to corresponding vehicles. †P<0.05 compared to rats treated with CAP (10 μg/kg).
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Figure 2.
A, Time-dependent responses of heart rate to bolus injection of vehicle or CAP (10 μg/kg; 50
μg/kg). B, Changes in heart rate 70 seconds after bolus injection of vehicle or CAP (10 μg/kg;
50 μg/kg). n = 6 to 7. *P<0.05 compared to corresponding vehicles. †P<0.05 compared to rats
treated with CAP (10 μg/kg).
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Figure 3.
A, Effects of pretreatment with CAPZ (3 mg/kg) or CGRP8-37 (1 mg/kg/min × 2 minutes
followed by 0.5 mg/kg/min × 4 minutes) on CAP (50 μg/kg)-induced changes in MAP. B,
Effects of pretreatment with dantrolene (5 mg/kg), TG (50 μg/kg) or 2-APB (3 mg/kg) on CAP
(50 μg/kg)-induced changes in MAP. n = 6 to 7. * P<0.05 compared to corresponding vehicles.
†P<0.01 compared to rats treated with CAP alone. #P<0.01 compared to rats treated with
dantrolene+CAP.
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Figure 4.
Effects of pretreatment with dantrolene (5 mg/kg) on CGRP (1 μg/kg)—induced changes in
MAP. B, Changes in MAP 60 seconds after injection of vehicle or CGRP (1 μg/kg) with or
without dantrolene. n = 6 to 7. *P<0.05 compared to corresponding vehicles.
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Figure 5.
Time-dependent responses of mean arterial pressure (MAP, A) or heart rate (HR, B) to bolus
injection of vehicle or CAP (50 μg/kg) in baroreceptor denervated rats. n = 6 to 7. *P<0.05
compared to corresponding vehicles.
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Figure 6.
A, Immunoactive CGRP levels in plasma of rats treated with vehicle, CAP (10 μg/kg; 50 μg/
kg). B. Effects of pretreatment with CAPZ (3 mg/kg), dantrolene (5 mg/kg), TG (50 μg/kg),
or 2-APB (3 mg/kg) on CAP (50 μg/kg)-induced CGRP release in plasma. n = 6 to 7. *P<0.05
compared to corresponding vehicles. †P<0.01 compared to rats treated with CAP (10 μg /kg)
in panel A or CAP (50 μg/kg) alone in panel B. #P<0.05 compared to rats treated with CAPZ
+CAP.
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Figure 7.
A, Immunoactive CGRP concentrations in DRG incubated with vehicle or CAP (0.08 μM; 0.3
μM). B, Effects of pretreatment with CAPZ (10 μM), dantrolene (50 μM), TG (2 μM), or 2-
APB (100 μM) on CAP (0.3 μM)-induced CGRP release in DRG. n = 6. *P<0.05 compared
to corresponding vehicles. †P<0.05 compared to DRG treated with CAP (0.08 μM) in panel
A or CAP (0.3 μM) in panel B. # P<0.05 compared to DRG treated with CAPZ+CAP or
dantrolene+CAP.
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Figure 8.
A. Effects of extracellular calcium (Ca2+) on CAP (0.3 μM)-induced CGRP release in DRG.
B. Effects of caffeine (20 mM) on CGRP release in DRG. n = 6. *P<0.01 compared to
corresponding vehicles. †P<0.01 compared to that in normal Kreb’s solution.
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Figure 9.
Effects of pretreatment with CAPZ (10 μM), dantrlene (50 uM), thapsigargin (20 uM), or 2-
APB (100 uM) on CAP (0.3 uM)-induced intracellular calcium (Ca2+) response. n = 15 to 32.
*P<0.05 compared to neurons treated with CAP alone. †P<0.05 compared to neutrons treated
with CAPZ+CAP.
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Figure 10.
Confocal microscopic images of double-immunofluorescence staining of DRG (A—C). A,
Cy3-labeled TRPV1 channels stained red. B, FITC-labeled RyR stained green. C,
Colocalization of TRPV1 and RyR (yellow). A—C represent the same section of a DRG
neuron.
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Figure 11.
Schematic representation of the potential molecular mechanisms involved in TRPV1-induced
CGRP release in sensory neurons. CAP, a selective TRPV1 agonist, binds to TRPV1 on plasma
membrane that leads to an increase in Ca2+ influx and activates RyR but not IP3R expressed
in ER, resulting in Ca2+ release from ER and consequent CGRP release that in turn activates
CGRP receptors (CGRP R) expressed in vascular endothelial cells (EC) or smooth muscle cells
(SMC) to cause vasodilation. NO, nitric oxide; BP, blood pressure.
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