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Role of Calcium in Vomiting: Revelations
from the Least Shrew Model of Emesis

Nissar A. Darmani’ and Weixia Zhong

Department of Basic Medical Sciences, College of Osteopathic Medicine of the Pacific, West-
ern University of Health Sciences, Pomona, CA 91766, USA

ABSTRACT

Cisplatin-like chemotherapeutics cause vomiting via release of multiple neurotrans-
mitters (dopamine, serotonin, or substance P) from the gastrointestinal enterochromaffin cells
and/or the brainstem via a Calcium (Ca?") dependent process. In addition, evidence from lit-
erature indicate that Ca* signaling is also triggered subsequent to activation of other emeto-
genic receptors including serotonergic 5-HT, tachykinin NK, dopamine D,, and histaminergic
H, receptors. Moreover, other emetogens such as prostaglandins, cisplatin, rotavirus NSP4
protein and bacterial toxins have the ability to induce intracellular Ca?* elevation. Our find-
ings demonstrate that application of the L-type Ca?* channel (LTCC) agonist FPL-64176 or
the Ca?" mobilizing agent thapsigargin (a sarco/endoplasmic reticulum Ca?"-ATPase inhibitor)
cause vomiting in the least shrew, whereas blockade of LTCC by corresponding antagonists
(nifedipine or amlodipine) not only provide broad-spectrum antiemetic activity against diverse
emetogens including agonists of 5-HT, (e.g. 5-HT or 2-Me-5-HT)-, NK (GR73632)-, D, (apo-
morphine or quinpirole)-, and M, (McN-A343)-receptors, but can also potentiate the antiemetic
efficacy of well-established antiemetic palonosetron against the non-specific emetogen, cispla-
tin. The transmission of emesis signals in the gastrointestinal tract and brainstem is crucially
dependent on Ca*" channels in neurons. In this review, we will examine the current knowledge
on the role of Ca?" channels and Ca?*-dependent signaling pathways in the perception and
modulation of emesis.

KEYWORDS: Calcium; Cisplatin; 5-HT, receptor; L-type Ca*" channel; Ryanodine receptor;
Signaling pathway.

ABBREVIATIONS: LTCC: L-type Ca® channel; GIT: Gastrointestinaltract; DVC: Dorsal Vagal
Complex; DMNX: Dorsal Motor Nucleus of the Vagus; AP: Area Postrema; NTS: Nucleus
Tractus Solitarius; ER: Endoplasmic Reticulum; VOCs: Voltage-Operated Channels; ROCs:
Receptor-Operated Channels; SMOCs: Second Messenger-Operated Channels; SOCs: Store-
Operated Channels; EC: Enterochromaffin; SERCA: Sarcoplasmic/Endoplasmic Reticulum
Ca*-ATPase; SER: Sarcoplasmic/Endoplasmic Reticulum; IP_Rs: Inositol Trisphosphate Re-
ceptors; RyRs: Ryanodine Receptors; TRPC: Transient Receptor Potential Channels; SOCE:
Store-Operated Ca?* Entry; CRAC: Ca? Release-Activated Channels; TRPC: Transient Re-
ceptor Potential Channels; STIM1: Stromal interacting molecule 1; CICR: Calcium-Induced
Calcium-Release; PKA: Protein Kinase A.

CALCIUM HYPOTHESIS OF EMESIS

Many neurotransmitters/drugs have been implicated in the induction of vomiting
including dopamine, acetylcholine, histamine, opiates, serotonin (5-HT), substance P (SP),
prostaglandins and leukotrienes, to name a few.! Chemotherapeutics such as cisplatin induce
vomiting via the release of a number of the above-discussed neurotransmitters/mediators in
both the Gastrointestinal tract (GIT) and the brainstem Dorsal Vagal Complex (DVC) emetic
nuclei including the Nucleus Tractus Solitarius (NTS), the Dorsal Motor Nucleus of the Vagus
(DMNX) and the Area Postrema (AP).! Calcium (Ca?") is one of the simplest yet most dynamic
signaling ions poised at the center of a complex network of signal transduction pathways whose
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integration controls cellular pathophysiology. At rest, diverse
cells have strict and well-regulated mechanisms to maintain low
nM cytosolic Ca®" levels.? However, in response to synaptic ac-
tivity, cytosolic Ca** can be elevated up to 5 uM. Thus, agonists
can increase cytosolic Ca*" levels via both mobilization of in-
tracellular stores (e.g. Endoplasmic Reticulum=ER) and influx
from extracellular fluid.” The NK, receptor is G-protein coupled
and can increase cytoplasmic Ca*" concentration via extracellu-
lar influx.** In addition, the 5-HT, receptor is a Ca*"-permeable
ligand-gated ion channel.® 5-HT, receptor can evoke membrane
depolarization which consequently increases cytoplasmic Ca**
levels via extracellular influx through L-type- and 5-HT,-recep-
tor Ca?*-permeable channels.® Other emetogens such as agonists
of dopamine D,,'*"" cholinergic M ,'>"* histaminergic H '*" and
opiate u'®""-receptors, as well as cisplatin,'® prostaglandins,'**
rotavirus NSP4 protein?'** and bacterial toxins*** have also the
potential to induce extracellular Ca®* influx. Therefore Ca?* mo-
bilization can be an important aspect of emesis induction since it
is involved in triggering neurotransmitter release, coupled with
receptor activation and excitation-transcription coupling.”®

L-TYPE CA>* CHANNELS AND EMESIS
Emetic Potential of L-type Ca?* Channel Agonists

A variety of Ca**-permeable ion-channels are present
in the plasma membrane, which allow extracellular Ca*" influx
into the cell. These include Voltage-Operated Channels (VOCs),
Receptor-Operated Channels (ROCs), Second Messenger-Oper-
ated Channels (SMOCs) and Store-Operated Channels (SOCs).
Voltage-gated Ca** channels can be divided into L-type, P/Q-
type, N-type, R-type, and T-type.” Voltage-gated L-type Ca**
channels (LTCCs) are activated by membrane depolarization,
and serve as the principal route of Ca®* entry in electrically excit-
able cells such as neurons and muscle.?**” Our study®® provided
the first evidence that the opening of plasma membrane LTCCs
by the corresponding selective agonist FPL-64176% produces ro-
bust vomiting both in terms of its frequency and the percentage
of animals vomiting. All tested shrews vomited at the 10 mg/kg
dose of FPL 64176 administered intraperitoneally (i.p.).

Antiemetic Potential of LTCC Blockers

Nifedipine along with amlodipine, are among the
most studied of Ca*" channels blockers, and both belong to the
dihydropyridine subgroup of LTCC antagonists. Relative to
nifedipine, a short-acting LTCC antagonist; amlodipine is much
longer acting, with a larger volume of distribution and more
gradual elimination.’**? We have evaluated the broad-spectrum
antiemetic potential of nifedipine® and amlodipine® against di-
verse specific (e.g. receptor selective or non-selective agonists)
and non-specific (e.g. cisplatin) emetogens. Both nifedipine and
amlodipine exhibited broad-spectrum antiemetic activity against
diverse emetogens, however, their potency and efficacy differed
substantially (Table 1). More specifically, amlodipine pretreat-
ment significantly attenuated both the frequency and percentage
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of shrews vomiting in response to:

i. FPL-64176 (10 mg/kg, i.p.) in a dose-dependent manner, and
provided complete protection at 5-10 mg/kg. In comparison,
nifedipine reduced these emetic parameters with ID_; values
3.5 to 6.4 times lower. Precisely, pretreatment with nifedipine
significantly attenuated the frequency and percentage of FPL-
64176-induced vomiting in a dose-dependent manner with sig-
nificant reductions occurring at its 0.5, 2.5 and 5 mg/kg doses.
Thus, FPL-64176-induced emesis appears to be more sensitive
to nifedipine.

ii. The peripherally-acting and non-selective 5-HT, receptor ago-
nist 5-HT (5 mg/kg, i.p.) with substantial protection at 5 and
complete protection at 10 mg/kg. Likewise, nifedipine pretreat-
ment (1 and 2.5 mg/kg) blocked emesis caused by 5-HT in a
dose-dependent but more potent manner with significant sup-
pression in both the frequency and percentage of shrews vomit-
ing at its 2.5 mg/kg. In addition, amlodipine in a dose-profile
similar to that of nifedipine, suppressed both the frequency and
percentage of shrews vomiting caused by the peripherally/cen-
trally-acting and more selective 5-HT,R agonist 2-Me-5-HT (5
mg/kg, i.p.) with respective ID,, values 2-12 times larger than
that of nifedipine.?®** Thus, comparatively nifedipine appears to
be more potent than amlodipine in suppression of emetic behav-
iors evoked by 2-Me-5-HT.

iii. The dopamine D, receptor-preferring agonist quinpirole (2
mg/kg, i.p.). However, amlodipine only managed to significantly
suppress the frequency of the induced vomiting by 80-90% in
40-50% of tested shrews with respective ID_ values 20-24 times
larger than that of nifedipine. Moreover, while nifedipine totally
protected shrews from quinpirole (2 mg/kg)-induced emesis at
1 mg/kg, amlodipine had no such effect even at larger doses.
Unexpectedly, both antiemetics, in a similar dose-range, sup-
pressed both the frequency and percentage of shrews vomiting
in response to the non-selective dopamine D,receptor agonist
apomorphine (2 mg/kg, i.p.) with identical ID_ values (Table 1).

iv. The non-selective cholinergic agonist pilocarpine (2 mg/
kg, i.p.) with respective ID,, values between 2 and 4.6 mg/kg,
whereas nifedipine lacked such efficacy. On the contrary, both
amlodipine and nifedipine dose-dependently suppressed the de-
scribed emetic parameters in response to administration of the
M -preferring cholinergic agonist, McN-A343 (2 mg/kg, i.p.),
nifedipine being 5 times more potent with complete vomit pro-
tection achieved at the 5 mg/kg dose (Table 1).

v. The selective tachykinin NK, receptor agonist GR73632 (5
mg/kg, i.p.). However, the vomit frequency was reduced by 90%
at the 10 mg/kg dose of amlodipine, and complete protection
was only afforded in 50% of shrews at this dose. Nifedipine not
only appears to be 7-12 times more potent than amlodipine in
reducing the GR73632-induced emetic parameters by 50%, but
also provides complete protection at 5 mg/kg.
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Amlodipine ID, (mg/kg)

Nifedipine ID, (mg/kg)

Emetogens
Frequency Percent inhibition Frequency Percent inhibition

FPL 64176 1.10(0.43-2.80) 2.70(1.40- 5.30) 0.31(0.15-0.62) 0.42(0.19-0.90)
5-HT 2.00(0.80-5.20) 3.20(1.60-6.50) 0.22(0.03-1.50) 0.91(0.42-1.90)
2-Me-5-HT 0.65(0.30-1.40) 3.10(1.40-6.60) 0.053(0.02-0.17) 1.34(0.64-2.80)
Apomorphine 0.90(0.30-2.60) 2.00(0.94-4.30) 0.91(0.32-2.60) 2.02(0.90-4.40)
Quinpirole 2.00(0.78-5.30) 4.40(1.90-10.0) 0.10(0.03-0.36) 0.18(0.09-0.38)

Pilocarpine 2.10(0.69-6.20) 4.60(2.20-9.40) nd nd
McN-A-343 2.30(0.61-8.50) 3.20(1.50-7.10) 0.38(0.06-2.30) 0.95(0.43-2.10)
GR73632 1.37(0.62-3.00) 7.10(3.40-14.6) 0.19(0.08-0.43) 0.60(0.28-1.30)

“Obtained from Darmani et al 2014 and Zhong et al., 2014a.28%%
nd=not determined.

Table 1: Respective antiemetic ID,; values for amlodipine and *nifedipine against vomiting caused by diverse emeto-

gens.

Thus, nifedipine appears to be 2-24 times more potent
than amlodipine against vomiting caused by FPL 64176, 5-HT,
2-Me-5-HT, GR73632, quinpirole and McN-A343. These po-
tency disparities could be explained in terms of their pharmaco-
kinetic and pharmacodynamic differences. In fact nifedipine has
a rapid onset of action and reaches peak plasma concentration
within 30 min of administration with a short duration of action
(half-life=1-2 h).>*** On the other hand, amlodipine has a long
duration of action (half life=8-35 h) and reaches peak plasma
concentration between 6 and 8 hour with a slow onset of ac-
tion.***7 Since both antiemetics were administered 30 min prior
to the administration of the discussed emetogens, it is likely that
amlodipine may not have had sufficient time to reach its sites
of action, thus having lower potency. In addition, the positive-
ly charged amlodipine associates more slowly with the L-type
Ca?" channel, which can lead to a more gradual onset of antago-
nism.*

Unlike the above tested emetogens which can evoke
vomiting within minutes of administration, cisplatin (10 mg,
1.p.) requires more exposure time (30-45 min) to begin to induce
emesis in the least shrew since only its metabolites are emeto-
genic.” Lack of antiemetic action of nifedipine versus the effica-
cy of amlodipine in reducing the frequency of cisplatin-induced
vomiting by 80%2%** could be explained in terms of amlodipine
having more exposure time not only to reach its sites of action,
but also to compensate for its slower receptor binding kinetics.
Another potential contributing factor for the efficacy of amlo-
dipine against cisplatin-induced vomiting is its ability to bind an
additional Ca?*" site.’!

The discussed broad-spectrum antiemetic efficacy of
nifedipine and amlodipine in the least shrew is further supported
by scant available clinical case reports in which the LTCC antag-
onist flunarizine was shown to reduce cyclic vomiting on acute
basis in one patient** and prophylactically in 8 other patients.*!
In addition, intracerebroventricular microinjection of nitrendip-
ine has been shown to attenuate nicotine-induced vomiting in the
cat.*? More importantly, LTCCs appear to attenuate blood pres-
sure to normal basal levels in hypertensive animals and patients,

Gastro Open J

but do not affect the blood pressure of normotensive animals
and patients.*** Thus, the broad-spectrum antiemetic potential
of both nifedipine and amlodipine against the diverse selective
and non-selective emetogens in the least shrew further supports
our proposed Ca?" hypothesis and warrants initiation of clinical
trials for determination of clinically-useful LTCC antagonist an-
tiemetics.

CROSS-TALK BETWEEN LTCCS AND 5HT,RS

Recently we have found that the second generation
5-HT, receptor antagonist palonosetron (Rojas and Slusher,
2012), can suppress the ability of FPL 64176 to cause vomit-
ing in the least shrew in a dose-dependent and potent manner.?
Indeed, complete blockade of 2-Me-5-HT-induced vomiting was
achieved at 10 mg/kg dose of nifedipine, whereas a 10 mg/kg
dose of potent and selective 5-HT, receptor antagonists such as
tropisetron,*’ or palonosetron, could not provide such complete
protection against 2-Me-5-HT-induced vomiting in least shrews
under similar experimental conditions.”® These findings sug-
gest that FPL 64176, 2-Me-5-HT, or serotonin, probably drive
extracellular Ca®* through both L-type- and 5-HT, receptor-ion
channels; and/or ligands of both proteins may interact with each
other’s binding site. In fact Hargreaves et al® have demonstrated
that members of all three major classes of L-type Ca®" antago-
nists can reverse the ability of the 5-HT, receptor-selective ago-
nist 1-(m-chlorophenyl)-biguanide to increase intracellular Ca**
concentration in cell lines that possess either one or both of these
Ca?-ion channels. The latter interaction seems not to be compet-
itive since the binding site for the different classes of L-type Ca**
channel antagonists appear not to be the same as the serotonin
5-HT, binding site itself (i.e. the orthosteric site) but instead, is
an allosteric site in the 5-HT, receptor channel complex. Fur-
thermore, 5-HT release from Enterochromaffin (EC) cells can be
prevented by antagonists of both 5-HT, receptors and LTCCs.***
Moreover, human duodenal EC cell exposure to FPL 64176 not
only increases intracellular Ca?* concentration but can also re-
lease 5-HT from these cells,® which is a Ca*-dependent pro-
cess.’! These findings provide possible mechanisms via which
blockers of both LTCCs and 5-HT, receptors can mutually pre-
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vent the biochemical and behavioral effects of their correspond-
ing selective agonists, including the vomiting behavior.

Indeed, we have further demonstrated that when non-
effective antiemetic doses of nifedipine and palonosetron are
combined,?® the combination significantly and in additive man-
ner attenuate both the frequency and the percentage of shrews
vomiting in response to either FPL 64176 or 2-Me-5-HT. Fur-
thermore, although nifedipine alone up to 20 mg/kg dose failed
to protect shrews from acute cisplatin-induced vomiting, its 0.5
mg/kg dose, significantly potentiated the antiemetic efficacy of
a non-effective (0.025 mg/kg) as well as a semi-effective (0.5
mg/kg) dose of palonosetron. In another study we also utilized
a combination of non-effective doses of amlodipine (0.5 mg/kg
or 1 mg/kg) with a non- or semi-effective dose of the 5-HT,R
antagonist palonosetron (0.05 or 0.5 mg/kg).* The combined an-
tiemetic doses produced a similar additive efficacy against vom-
iting induced by either FPL 64176 or cisplatin. In fact relative
to each antagonist alone, the combination was at least 4 times
more potent in reducing the vomit frequency and provided more
protection against FPL 64176-induced vomiting. The observed
additive antiemetic efficacy of a combination of 5-HT,- (and/or
possibly NK -) with L-type Ca** channel-antagonists in the least
shrew suggests that such a combination should provide greater
emesis protection in cancer patients receiving chemotherapy in
a manner similar to that reported between 5-HT,- and NK -re-
ceptor antagonists both in the laboratory*™*? and in the clinic.™
Although in our investigation, the mechanism underlying the
additive antiemetic efficacy of combined low doses of L-type
Ca* channel antagonists with 5-HT,R antagonists was not di-
rectly studied, the published literature points to their interaction
at the signal transduction level involving Ca*".%*3

INTRACELLULAR CA2* CHANNELS ANDEMESIS
The

Sarcoplasmic/Endoplasmic ~ Reticulum Ca*'-

YM-58483
nifedipine

palonosetron
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ATPase (SERCA) pump is a major mechanism that transports
free cytoplasmic Ca?* into the lumen of Sarcoplasmic/Endoplas-
mic Reticulum (SER) to fill its internal Ca** stores (Figure 1).%¢
38 Intracellular Ca** release from the SER into the cytoplasm is
accomplished by Inositol Trisphosphate Receptors (IP,Rs) and
Ryanodine Receptors (RyRs), and this loss is counter-balanced
by continuous Ca*" uptake from the cytoplasm into these SER
stores by SERCAs (Figure 1).%

Ca*-Mediated Thapsigargin-Evoked Emetic Responses

The Ca* mobilizing agent thapsigargin is a specific
and potent inhibitor of SERCA pumps and also causes internal
release of stored Ca”" and consequently a depletion of luminal
SER Ca?" leading to a rise in the free concentration of cytosol-
ic Ca?* (Figure 1).%¢' Pharmacological emptying of SER Ca*
pools by thapsigargin-like drugs can trigger extracellular Ca**
influx via activation of Store-Operated Ca*" Entry (SOCE) medi-
ated by Ca?* Release-Activated Channels (CRAC) and canonical
Transient Receptor Potential Channels (TRPC) in non-excitable
cells, in which Stromal interacting molecule 1 (STIM1) protein
functions as a sensor for Ca?* store depletion.®>** SOCE is also
functional in neurons.®

Our more recent studies have demonstrated that intra-
peritoneal administration of thapsigargin (0.1-10 mg/kg, i.p.)
can evoke vomiting in the least shrew in a dose-dependent,
but bell-shaped manner, with maximal efficacy at 0.5 mg/kg.
Such bell-shaped emetic dose-response effect is not unique to
thapsigargin since other emetogens may induce a similar dose-
response effect.?%” An important consideration for the emetic
effects of thapsigargin is that it augments the cytosolic levels
of free Ca*" in diverse tissues (e.g. muscle, neurons, mast cells,
macrophages, etc.). A major role for the involvement of SOCE
in the induced emesis can be discounted since the potent and
selective SOCE inhibitor YM-58483, only caused a significant

Cell membrane

Figure 1: Summary of extracellular and intracellular calcium (Ca?*) ion-channels and correspond-
ing modulators involved in vomiting. Extracellular Cainflux can increase cytoplasmic Ca?* levels
through numerous Ca?* channels located in the plasma membrane including emetic L-type Ca?*
channels (LTCCs), serotonin 5-HT, receptors (5-HT,Rs) and possibly store-operated Ca** chan-
nels (SOCE). Cytosolic Ca?* concentration can be also increased via intracellular luminal release
from the sarco/endoplasmic reticulum (SER) Ca?* stores through the inositol triphosphate receptors
(IP,Rs) and ryanodine receptors (RyRs). This luminal Ca?" loss is countere-balanced by continu-
ous Ca? uptake from the cytoplasm into SER stores by the SER Ca?-ATPase pump (SERCA).
Thapsigargin is a specific inhibitor of SERCA and thus enhances cytosolic levels of Ca?". Examples
of blockers/inhibitors of corresponding Ca?* channels located on the cell membrane (nifedipine,
palonosetron and YM-58483, respectively) and on the SER membrane (2-APB and dantrolene,

respectively) are also shown.
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reduction in the frequency of thapsigargin-evoked vomiting
without providing complete emesis protection (p>0.05) even at
a large dose (10 mg/kg). On the other hand, the LTCC antagonist
nifedipine, completely protected 50% of shrews from thapsigar-
gin-evoked vomiting and reduced the mean vomit frequency by
85% at 2.5 mg/kg, whereas its 5 mg/kg dose nearly completely
suppressed the vomit frequency and fully protected over 90%
of tested shrews. In addition, significant reductions (70-85%) in
the frequency of thapsigargin-induced vomiting (but without full
emesis protection) were also observed when shrews were pre-
treated with antagonists of either IP,Rs (2-APB at 1-2.5, but not
5 mg/kg)- or RyRs (dantrolene at 2.5-5 mg/kg)-ER luminal Ca*
release channels. Moreover, while a mixture of 2-APB (1 mg/
kg) and dantroline (2.5 mk/kg) did not offer additional protec-
tion than what was afforded when each drug administered alone,
a combination of the latter doses of 2-APB plus dantrolene with
a 2.5 mg/kg dose of nifedipine, led to a complete elimination
of thapsigargin-evoked vomiting. The role of the discussed an-
tagonists against the corresponding Ca?* channels and emesis
are summarized in Figure 2. Thus, our latest behavioral find-
ings provide in vivo evidence that the SERCA inhibiting agent
thapsigargin may enhance cytoplasmic Ca** concentration via
inhibition of cytoplasmic Ca*" uptake in the SER and Ca®* store
release through IP.Rs and RyRs, as well as extracellular Ca**
entry mainly through LTCCs.

Involvement of Ca®* Release Channels in 5-Ht,r-Mediated Em-
esis

A functional and physical linkage between LTCC and

thapsigargin

cazp
dantrolene

Sarco/endoplasmic
reticulum (SER)

Open Journal
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RyRs appear to exist which plays an important role in intracellu-
lar Ca** release following voltage-dependent Ca?* entry through
L-type Ca?* channels.®®® We initially determined whether 2-Me-
5-HT-induced vomiting can be differentially modulated via ma-
nipulation of IP.Rs and RyRs.”” We found that the 5-HT ,R-me-
diated vomiting was insensitive to the IP,R antagonist 2-APB,
but in contrast, was dose-dependently suppressed by the RyR
antagonist, dantrolene. Furthermore, a combination of the semi-
effective doses of amlodipine and dantrolene, was more po-
tent than each antagonist being tested alone. These behavioral
findings suggest that 5-HT,R stimulation drives extracellular
Ca* through L-type Ca’* channels and 5-HT,Rs, which leads
to Calcium-Induced Calcium-Release (CICR) from intracellular
SER stores via RyRs, which greatly amplifies free Ca®* levels in
the cytoplasm (Figure 3). These in vivo findings are consistent
with previously published in vitro cellular studies demonstrat-
ing that 5-HT R activation evokes extracellular Ca** entry which
then triggers such Ca®* release from intracellular stores in a
RyRs-sensitive manner.?

CA#-RELATED SIGNALING PATHWAY IN EMESIS
cAMP-PKA

The adenylyl cyclase/cAMP/Protein Kinase A (PKA)
signaling pathway can phosphorylate both Ca’* ion channels on
plasma membrane and intracellular endoplasmic IP, receptors,
and respectively increases extracellular Ca?* influx and intracel-
lular Ca?* release.” The emetic role of cAMP in the PKA path-
way is well established since microinjection of cAMP analogs

Extracellular Ca2*

p———nifedipine

Cell membrane

LTCC

ICaiﬂi 4 )

CaMKIl |——KN93

M
ERK1/2 |— PD98059

v

Emesis

Figure 2: Schemtic model of the proposed Ca?-CaMKII-ERK1/2 signaling mechanisms in the brainstem underlying thap-
sigargin-induced emesis in the least shrew. Thapsigargin augments cytoplasmic concentration of Ca?* via the: i) inhibition
of cytosolic Ca?* uptake into the Endoplasmic Reticulum (ER) by blocking SERCA, ii) release of stored Ca?* from the ER
through IP,Rs and RyRs, and iii) activation of extracellular Ca** entry mainly through LTCCs. The induced rise in cytosolic
Ca? results in CaMKII activation and subsequent ERK1/2 signaling. The LTCC blocker nifedipine, the RyR antagonist dan-
trolene, the IP,R blocker 2-APB, the CaMKII inhibitor KN93, and the ERK inhibitor PD98059, respectively exhibit anti-emetic

efficacy against thapsigargin-induced vomiting.
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Extracellular

Ca?*

|—amlodipine/nifedipine

LTCC

a1 Ty )

CaMKIl |—— KN93

!

ERK1/2 I— PD98059

Figure 3: Schemtic model for the proposed Ca?-CaMKII-ERK1/2 signaling cascade in brainstem underlying 2-Me-5-HT-
induced emesis in the least shrew. 5-HT R stimulation by the selective agonist 2-Me-5-HT causes an influx of extracellular
Ca?" through 5-HT Rs/L-type Ca?" channels (LTCCs) which increases the free cytoplasmic concentration of Ca?*, thereby-
promoting luminalCa?* release from the endoplasmic reticulum (ER) stores into the cytosol through ryanodine receptors
(RyRs) via calcium-induced calcium-release (CICR). This elevation in cellular Ca?* level leads to CaMKII activation and
subsequent ERK1/2 signaling. The 5-HT R antagonist palonosetron, LTCC blockers amlodipine or nifedipine, the RyR inhibi-
tor dantrolene, the CaMKIl inhibitor KN93, and the ERK inhibitor PD98059, respectively exhibit anti-emetic efficacy against

2-Me-5-HT-induced vomiting.

(e.g. 8-bromocAMP) or forskolin (to increase endogenous levels
of cAMP) in the area of postrema not only increase electrical
activity of local neurons but can also induce vomiting in dogs.”
Moreover, administration of 8-chloroc AMP in cancer patients
produces nausea and vomiting.”® Furthermore, use of phosphodi-
esterase inhibitors (such as rolipram) increase cAMP tissue lev-
els, which consequently causes excessive nausea and vomiting
in both vomit competent animals and humans.”™ We have also
demonstrated that increased PKA-phosphorylation is associated
with peak vomit frequency during both immediate and delayed
phases of vomiting caused by either cisplatin or cyclophospha-
mide in the least shrew.3%473

Ca?*/Calmodulin-Dependent Protein Kinase Il (CaMKIl) and Ex-
tracellular Signal-Regulated Protein Kinase (ERK1/2)

We have established the post-receptor emetic signaling
pathway for selective 5-HT,R agonist 2-Me-5-HT in the least
shrew. As shown in Figure 3, we have proposed that following
5-HT R activation, the enhanced Ca** mobilization is also se-
quentially linked to the intracellular activation of the CaMKII-
ERK1/2 pathway in the brainstem, which plays an important role
in 2-Me-5-HT-induced vomiting.” In addition, pharmacological
elevation of intracellular Ca®* by systemic thapsigargin admin-
istration (0.5 mg/kg, i.p.) can also activate the emeticCaMKII-
ERK1/2 signaling in the shrew brainstem’ (Figure 2). Further
support for the involvement of CaMKII-ERK1/2 pathway in
thapsigargin-evoked vomiting comes from the ability of their

Gastro Open J

specific inhibitors (KN93 and PD98059, respectively) to sup-
press the induced vomiting in a manner similar to the discussed
pathway for the 2-Me-5-HT-induced vomiting.”” In addition,
the low dose combination of nifedipine, 2-APB and dantrolene,
which completely abolished thapsigargin-evoked vomiting, also
fully suppressed CaMKII-ERK 1/2 signaling to basal levels, indi-
cating that elevation in the cytosolic Ca?* concentration is one of
the earliest and requisite events in the signal transduction path-
ways explored in this study (Figure 2). Hence the Ca*-CaMKII-
ERK1/2 emetic cascade in brainstem emetic nuclei may have a
common role in the regulation of emetic responses elicited by
diverse emetogens. This raises the possibility of novel therapeu-
tic approaches in the prevention of emetic events through strate-
gies targeting specific mechanisms linking Ca*" to downstream
intracellular signal transduction system(s).

CONCLUSION

In this review, we have discussed: 1) the transmission
of emetic signals at the brainstem level is crucially dependent
on Ca*" channels located on plasma membrane and intracellular
Ca?" stores in the SER; 2) the implications of these findings for
the design of novel therapeutic strategies and have compared
the role of L-type Ca** channels antagonists nifedipine with
amlodipine in emesis management; and 3) the Ca?*-mediated
signaling transduction pathway in the brainstem involved in di-
verse emetogens-evoked vomiting. We envisage development
of universal antiemetics can be possible if one targets: i) one
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critical step in each of the few available post-receptor emetic
signal transduction systems which the above-discussed diverse
emetogens share downstream of their corresponding receptors,
or ii) a common essential signal which can cross-talk between
these transduction pathways such as, Ca*".
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