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Abstract
The calcium-sensing receptor (CaSR)-specific allosteric modulator, cinacalcet, has revolutionized
treatment of secondary hyperparathyroidism in patients with chronic kidney disease. However, its
application is limited to patients with end-stage renal disease due to hypocalcemic side effects
presumably caused by CaSR-mediated calcitonin secretion from thyroid parafollicular C-cells. These
hypocalcemic side effects might be dampened by compounds, which bias the signaling of CaSR

signaling of CaSR is poorly understood the objective of the present study was to investigate biased
signaling of CaSR using rat medullary thyroid carcinoma 6-23 cells as a model of thyroid parafollicular
C-cells. By doing concentration-response experiments we focused on the ability of two well-known
CaSR agonists, calcium and strontium, to activate six different signaling entities including Gq/11
signaling, Gi/o signaling, Gs signaling, extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling,
intracellular calcium ([Ca2+]i) mobilization, and calcitonin secretion. The experiments showed that
strontium biases CaSR signaling towards ERK1/2 signaling, and possibly another pathway independent
of Gq/11 signaling and [Ca2+]i mobilization. Interestingly, the potency of strontium-stimulated calcitonin
secretion was elevated compared to calcium. Combining these results with experiments investigating
signaling pathway components involved in calcitonin secretion, we found that the enhanced potency of
strontium-mediated calcitonin secretion was caused by a different signaling pattern than produced by
calcium. Together, our results suggest that calcitonin secretion can be affected by CaSR-stimulated
signaling bias, which may be utilized to develop novel drugs for treatment of secondary
hyperparathyroidism.
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Introduction
The calcium-sensing receptor (CaSR) belongs to the family C of the G protein-coupled receptor
(GPCR) superfamily. As other family C GPCRs, CaSR consists of a large bilobed extracellular aminoterminal domain structurally similar to the Venus Flytrap domain motif of bacterial periplasmatic
binding proteins, a cysteine-rich domain, a 7 transmembrane-spanning domain, and an intracellular
carboxy-terminal domain. CaSR is a pleiotropic receptor being able to activate several G proteins

2004; Mamillapalli et al., 2008). In addition, CaSR interacts with several intracellular adapter proteins
including β-arrestins and filamin A (Bouschet et al., 2007; Hjalm et al., 2001; Awata et al., 2001). The
most important physiological function of CaSR is to maintain calcium homeostasis, which primarily is
achieved through negative regulation of parathyroid hormone (PTH) secretion from the parathyroid
glands (Brown et al., 1993; Chang et al., 2008). However, CaSR is expressed and have physiological
important functions in several other tissues including thyroid gland, kidneys, and bones (Riccardi et al.,
1995; Liu et al., 2003; Kantham et al., 2009).
Extracellular calcium ([Ca2+]e) is the endogenous ligand of CaSR and disruption of CaSR function can
affect calcium homeostasis severely (Chang et al., 2008; Pollak et al., 1993; Ho et al., 1995). However,
CaSR is activated by various other cations including metal ions (magnesium, strontium), polyamines
(spermine and spermidine), and aminoglycoside (neomycin, gentamicin, and tobramycin) (Riccardi et
al., 1995; Ruat et al., 1996; Quinn et al., 1997; Ward et al., 2002; Thomsen et al., 2012). In addition,
CaSR activity is modulated allosteric by aromatic L-amino acids and several phenylalkylamine
compounds (Conigrave et al., 2007; Davey et al., 2012).
Due to its function as a powerful regulator of PTH secretion, CaSR has proven to be a convenient drug
target in PTH-related diseases. This has led to the discovery of the CaSR-specific allosteric modulator,
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cinacalcet, which is used clinical to reduce PTH secretion related to primary and secondary
hyperparathyroidism in patients suffering from chronic kidney disease (CKD) (Torres, 2006; Nemeth et
al., 2004). However, its application for treatment of secondary hyperparathyroidism is so far limited to
patient with end-stage renal disease on hemodialysis because of adverse hypocalcemic side effects
associated with cinacalcet (Chonchol et al., 2009). CaSR not only inhibits PTH secretion but also
enhances the secretion of calcitonin from thyroid parafollicular C-cells (Nemeth et al., 2004).

be an important event involved in cinacalcet-associated hypocalcemia (Henley et al., 2011). Thus, in
order to treat secondary hyperparathyroidism in lower stage CKD it is highly desirable to develop a
positive modulator, which inhibits PTH secretion without causing hypocalcemic side effects mediated
by increased calcitonin secretion.
One way this may be accomplished is to search for compounds, which bias the signaling of CaSR
towards signaling pathways involved in inhibition of PTH secretion while having minimal effect on
signaling pathways involved in calcitonin secretion. Biased agonists or allosteric modulators are
molecules, which stabilize GPCRs in different active conformations compared to the active
conformation stabilized by its endogenous ligand (Rajagopal et al., 2010; Kenakin, 2011). These
alternative active GPCR conformations affect intracellular signaling pathways differently compared to
the “native” active conformation resulting in different cellular responses. So far, biased signaling has
been intensively studied for several GPCRs. However, limited studies have investigated biased
signaling of CaSR and all have used a HEK293 cell model overexpressing exogenous CaSR
(Chattopadhyay et al., 2007; Makita et al., 2007; Thomsen et al., 2012; Davey et al., 2012). Therefore,
the importance of signaling bias of CaSR in tissues and cells expressing CaSR endogenously is not
known.
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In the present study, we investigated biased signaling of CaSR in rat medullary thyroid carcinoma 6-23
cells, which express CaSR endogenously. The 6-23 cell line is a well-suited model of thyroid
parafollicular C-cells since they secrete calcitonin in response to CaSR activation (Nemeth et al.,
2004). In order to investigate biased signaling of CaSR we used extracellular strontium ([Sr2+]e), which
previously has been indicated to be a biased agonist of CaSR in HEK293-CaSR cells (Chattopadhyay
et al., 2007). Here we found, that [Sr2+]e biases the signaling of CaSR towards ERK1/2 signaling, and

mobilization. The signaling bias resulted in an enhanced potency of [Sr2+]e-mediated calcitonin
secretion compared to [Ca2+]e-mediated secretion. To our knowledge this is the first time biased
signaling of CaSR has been demonstrated in a cell model endogenously expressing CaSR. Furthermore,
our results show that biased signaling of CaSR can have important physiological consequences that
may be exploited for development of new CaSR-targeting drugs.
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Materials and Methods
Materials
Rat medullary thyroid carcinoma 6-23 cells (clone 6) were purchased from ATCC (Manassas, VA,
USA). Rat calcitonin IRMA kit was purchased from Immutopics (San Clemente, CA, USA).
Dulbecco’s modified eagle medium (DMEM) + GlutaMAX-I + 4.5g/l D-glucose + sodium pyruvate,
DMEM without L-glutamine, sodium pyruvate, and CaCl2, horse serum, penicillin and streptomycin

(HBSS) without CaCl2 and MgCl2, 0,05 % trypsin-EDTA, probenecid, and Fluo-4 NW calcium assay
kit

were all purchased

from Invitrogen

(Paisley,

UK).

CaCl2, SrCl2, nimodipine,

O-

tricyclo[5.2.1.02,6]dec-9-yl dithiocarbonate (D609), wortmannin, 2-(4-Morpholinyl)-8-phenyl-4H-1benzopyran-4-one (LY294002), 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD98059), 1O-octadecyl-2-O-methyl-sn-glycero-3-phosphorylcholine

(ET-18-OCH3),

2-aminoethoxydiphenyl

borate (2-APB), 1-[6-[((17β)-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-pyrrole-2,5-dione
(U73122),

pertussis

toxin,

1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic

acid

tetrakis(acetoxymethyl ester) (BAPTA-AM), cell dissociation solution, HEPES, forskolin, 3-isobutyl1-methylxanthine (IBMX), and poly-D-lysine were all purchased from Sigma-Aldrich (St Louis, MO,
USA). RNeasy kit and QuantiTect reverse transcription kit were all purchased from Qiagen (West
Sussex, UK). The IP-One assay kit, cAMP dynamic 2 assay kit, and Cellul’ERK assay kit were all
purchased

from

Cisbio

(Bagnols,

France).

4-Chloro-N-[(1S,2S)-2-[[(1R)-1-(1-

naphthalenyl)ethyl]amino]cyclohexyl]-benzamide hydrochloride (calhex 231) and octreotide were
purchased from Tocris Bioscience (Bristol, UK). Cinacalcet was provided by LEO Pharma A/S
(Ballerup, Denmark).
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Detection of CaSR mRNA by RT-PCR:
5x106 cells were harvested and RNA was isolated using the RNeasy kit (Qiagen, West Sussex, UK).
Next, 1 μg of RNA was used to generate cDNA using the QuantiTect reverse transcription kit (Qiagen,
West Sussex, UK). The CaSR cDNA was amplified using previous reported primers (Smajilovic et al.,
2006): sense (bp 1668–1689), 5’-CTATCATCAACTGGCACCTCTC-3’ and antisense (bp 1929–
1950), 5’-TTGTCACAGGCA CTCGCATCTG-3’. Control PCR was performed with primers specific

3’ and antisense, 5’-TGACCCAGATCATGTTTGAGA-3’. The size of the amplified cDNA was
verified on a 1% agarose gel. The presence of a 283-bp amplified product was indicative of a positive
PCR arising from the presence of a CaSR-related sequence within the cDNA.

Calcitonin Assay:
Two days prior to the experiment, cells were washed once in DPBS and detached with trypsin solution.
The detached cells were resuspended in DMEM without CaCl2 containing 10% horse serum and plated
in collagen-coated 48-well (BD Labware, Bedford, MA, USA) at a concentration of 500,000 cells/well.
The cells were incubated at 37°C for 24 h where after the media was changed with DMEM without
CaCl2 containing 2% horse serum and incubated for another 24 h. At the day of the experiment media
was aspirated from the cells and 500 μl of new DMEM without CaCl2 containing 2% horse serum and
the studied concentrations of CaCl2 or SrCl2 with/without cinacalcet were added. The cells were
incubated at 37 °C for 4 h and the media was collected. When different signaling pathways were
inhibited, the cells were pre-incubated with the inhibitors for 10 min prior to the addition of CaCl2 or
SrCl2. Gi/o signaling was inhibited by 24 h pre-incubation of pertussis toxin before the experiments. The
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concentration of calcitonin secreted by the cells was determined using the Rat Calcitonin IRMA Kit
(Immutopics, San Clemente, CA, USA).

IP-One Assay:
On the day of the experiment sub-confluent 6-23 cells were washed once with DPBS and detached
from the cell culture plate by dissociation buffer (Sigma-Aldrich, St Louis, MO, USA). The detached

supernantant was discharged and the cells were resuspended in assay buffer (20 mM HEPES + 0.1%
BSA in HBSS buffer, pH 7.4) at a concentration of 3,000,000 cells/ml. In a 384 well OptiPlate
(PerkinElmer, Waltham, MA, USA) 2 μl of ligand buffer containing ligand was mixed with 10 μl of
cell suspension. The plate was sealed and incubated at 37 °C for 1 h, followed by 15 min incubation at
room temperature. Next, 10 μl of detection reagents (lysis buffer containing 2.5% Eu-anti-IP1 antibody
and 2.5% IP1-d2) (Cisbio, Bagnols, France) was added and the plate was incubated for 1h at room
temperature. The plate was read on an EnVision multilabel reader (PerkinElmer, Waltham, MA, USA)
where the wells were excited with light at 340 nm and emission light was measured at 615 nm and 665
nm. The time resolved-fluorescence resonance energy transfer (TR-FRET) 665 nm/615 nm ratio was
used to calculate IP1 concentrations from a standard curve generated by IP1 standards provided by the
manufacturer (Cisbio, Bagnols, France).

Fluo-4 NW calcium assay
On the day prior to the experiment, cells were washed once in DPBS and detached with trypsin
solution. The detached cells were resuspended in DMEM and plated in a 96 well Optilux™ microplate
(BD Falcon, Bedford, MA, USA) at a concentration of 150,000 cells/well. On the day of the assay the

10

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

cells were resuspended in DMEM and centrifuged at 1,000 rpm for 10 min. After the centrifugation the

JPET Fast Forward. Published on August 31, 2012 as DOI: 10.1124/jpet.112.197210
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 197210

media was removed and the cells were washed once in DPBS (Invitrogen, Paisley, UK). Next, 100 μl
of dye loading solution (Fluo-4 NW dye + 2.5 mM probenecid + 20 mM HEPES in HBSS buffer, pH
7.4) (Invitrogen, Paisley, UK) was added to each well and the plate was incubated at 37 °C for 30 min.
The plate was incubated at room temperature for 30 min and transferred to a NOVOstar microplate
reader (BMG Labtechnologies, Offenburg, Germany). 25 μl of ligand buffer (20 mM HEPES in HBSS
buffer, pH 7.4) containing the agonist of interest was added to each well, and responses were recorded

units) were calculated as peak fluorescence after agonist addition subtracted fluorescence before
agonist addition.

cAMP dynamic 2 assay
On the day of the experiment sub-confluent 6-23 cells were washed once with DPBS and detached
from the cell culture plate using dissociation buffer (Sigma-Aldrich, St Louis, MO, USA). In
experiments where Gi/o signaling was inhibited, the cells were pre-incubated 24 h with pertussis toxin.
Cells were centrifuged and resuspended in assay buffer (500 nM IBMX + 20 mM HEPES in HBSS
buffer, pH 7.4) at a concentration of 800,000 cells/ml. In a white small volume 384 well plate (Greiner,
Frickenhausen, Germany), 5 μl of ligand buffer with forskolin (500 nM IBMX + 20 μM forskolin + 20
mM HEPES in HBSS buffer, pH 7.4) or without forskolin (500 nM IBMX + 20 mM HEPES in HBSS
buffer, pH 7.4, respectively) for measurements of Gi/o or Gs signaling, respectively, containing ligand
with/without Calhex 231 was mixed with 5 μl of cell suspension. The plate was sealed and incubated at
room temperature for 30 min. Next, 5 μl of lysis buffer containing 2.5% cAMP-d2 was added to each
well followed by addition of 5 μl of lysis buffer containing 2.5% Eu3+-anti-cAMP antibody (Cisbio,
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Bagnols, France). The plate was incubated for 1 h at room temperature. The plate was read on an
EnVision multilabel reader (PerkinElmer, Waltham, MA, USA) where the wells were excited with light
at 340 nm and emission light was measured at 615 nm and 665 nm. The TR-FRET 665 nm/615 nm
ratio was applied to calculate cAMP concentrations from a standard curve generated by cAMP
standards provided by the manufacturer (Cisbio, France).

On the day before the experiment 100,000 cells/well of 6-23 cells were plated on a poly-D-lysine
coated 96 plates (Becton Dickinson, Meylan Cedex, France) and incubated until the next day in culture
medium. On the day of the assay each well was washed with DPBS and stimulated with 50 μl of
stimulation buffer (20 mM HEPES in HBSS buffer, pH 7.4) containing ligand for 30 min at room
temperature. Next, the ligand solution was aspirated and 50 μl of lysis buffer (74% MilliQ water + 25%
lysis solution + 1% blocking reagents) (Cisbio, Bagnols, France) was added to each well. The plate was
incubated for 1 h at room temperature on a micro plate shaker at 450 rpm. In a white small volume 384
plate (Greiner, Frickenhausen, Germany), 4 μl of detection solution (2.5% anti-phospho ERK1/2-d2,
2.5% anti-ERK1/2-Eu3+ in ERK detection buffer) (Cisbio, Bagnols, France) was mixed with 16 μl of
the lysis solution that had been transferred from the 96 well plate. The plate was then incubated in the
dark for 2 h at room temperature. Finally, the plate was read on an EnVision multilabel reader
(PerkinElmer, Waltham, MA, USA) where the wells were excited with light at 340 nm and emitted
light was measured at 615 nm and 665 nm. The TR-FRET 665 nm/615 nm ratio, which is proportional
to the ERK1/2 phosphorylation, was used as to measure ERK1/2 phosphorylation. The ERK1/2
response was calculated as fold over basal ERK1/2 response (R/RBasal).

12

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

Cellul’ERK assay

JPET Fast Forward. Published on August 31, 2012 as DOI: 10.1124/jpet.112.197210
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 197210

Data analysis:
All pharmacological data were analyzed using GraphPad Prism 5.0a for Mac OS X, (GraphPad
Software, San Diego, CA, USA). Concentration-response curves generated in the different assays were
fitted by non-linear regression using the equation for sigmoidal concentration-response with variable
slope:

where X is the logarithm of the ligand concentration, R is the response, Rmax is the maximal response
and Rmin the minimal response, EC50 is the agonist concentration that produces half of the maximal
response and nH describes steepness of the curve, the Hill number. To test for signaling bias, we used a
previous reported method: Calculation of bias factors (BF) (Drake et al., 2008; Thomsen et al., 2012).
Using BFs, a biased agonist is defined as an agonist that has a statistical different BF compared to the
BF of the endogenous agonist calcium. The potency BF (pBF) of an agonist is calculated as the ratio
between EC50 of two different signaling pathways (pathway1:pathway2). However, for analysis of
statistic difference between pBF of [Ca2+]e and pBF of [Sr2+]e we use the negative logarithm of the pBF
or:

 

 1: 
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This is necessary since statistic information of S.E.M. only is available for pEC50 and not for EC50.
Statistical analyses of the results were performed where appropriate. Student t-tests was conducted
where appropriate. One-way ANOVA was conducted, followed by Dunnett’s test where appropriate.
Significance was set at P-values below 0.05. All P-values above 0.05 are considered not significant.
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Results
Calcitonin secretion, Gq/11 signaling, and [Ca2+]i mobilization in response to CaSR-activation by
[Ca2+]e and [Sr2+]e
As a model for thyroid parafollicular C-cells we used rat medullary thyroid carcinoma 6-23 cells,
which previously have been demonstrated to express CaSR (Nemeth et al., 2004). We confirmed RNA
expression of CaSR in 6-23 cells by RT-PCR (Figure 1). These cells respond to [Ca2+]e by secreting

cinacalcet (Nemeth et al., 2004). Therefore, this cell line is a well-suited model to study CaSRmediated calcitonin secretion in vitro.
First, we confirmed the ability of the CaSR agonists, [Ca2+]e and [Sr2+]e, to cause calcitonin secretion in
6-23 cells. Both [Ca2+]e and [Sr2+]e were able to cause calcitonin secretion with similar efficacies in a
concentration-dependent manner (Figure 2A and Table 1). However, [Sr2+]e was slightly more potent
than [Ca2+]e. Both [Ca2+]e- and [Sr2+]e-mediated responses could be modulated by cinacalcet
demonstrating that the responses are caused by CaSR activation (Figure 2B).
In order to investigate biased signaling of the CaSR we focused on the ability of [Ca2+]e and [Sr2+]e to
activate two additional signaling entities: Gq/11 signaling, and [Ca2+]i mobilization. Activity of Gq/11
signaling was quantified by measurement of IP1 accumulation. IP1 is a breakdown product of inositol
1,4,5-triphosphate (IP3) whose degradation is inhibited by lithium ions present in the assay buffer. IP3
is generated by the phosphatidylinositol-specific phospholipase C (PI-PLC), which directly is activated
by Gq/11 protein. Thus, IP1 can be used as a measurement of specific activity of the Gq/11 protein. On the
other hand, [Ca2+]i mobilization can be caused by release of calcium from intracellular stores as a result
of Gq/11 signaling and/or by entry of extracellular calcium through calcium channels located in the
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plasma membrane. Therefore, [Ca2+]i mobilization does not represent activity of a specific signaling
pathway.
In 6-23 cells, both [Ca2+]e and [Sr2+]e caused a concentration-dependent accumulation of IP1 with equal
efficacy (Figure 2C and Table 1). In this case, the potency of [Ca2+]e was significant higher than the
potency of [Sr2+]e, which has been reported previously (Chattopadhyay et al., 2007; Thomsen et al.,
2012). Furthermore, both cations stimulated [Ca2+]i mobilization in a concentration-dependent manner

efficacious in causing [Ca2+]i mobilization compared with [Sr2+]e (Figure 2D and Table 1).

Biased agonism of CaSR
In the same way that [Ca2+]i mobilization does not represent activity of a specific signaling pathway,
calcitonin secretion too represents an end-point of activity by multiple signaling pathways. The higher
potency of [Sr2+]e-mediated calcitonin secretion compared to [Ca2+]e cannot be explained by neither
Gq/11 signaling nor [Ca2+]i mobilization since the potency rank orders of the two cations in these two
experiments were reversed. These results show that [Sr2+]e-stimulated calcitonin secretion is caused, at
least in part, through another signaling pathway independent of Gq/11 signaling and [Ca2+]i mobilization.
This indicates that [Sr2+]e stabilizes a different active CaSR conformation than [Ca2+]e, which interacts
and activates at least one different signaling pathway involved in calcitonin secretion. The biased
signaling of CaSR stimulated by [Sr2+]e was further indicated by calculating the potency bias factors,
pBF(IP1:calcitonin) and pBF([Ca2+]i:calcitonin) (Table 2). The negative logarithm of the
pBF(IP1:calcitonin) (ppBF(IP1:calcitonin)) and pBF([Ca2+]i:calcitonin) (ppBF([Ca2+]i:calcitonin)) for
each agonist were statistical different from each cation (p=0.015 and p=0.018, respectively), which
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with [Ca2+]e being slightly more potent than [Sr2+]e. Interestingly, [Ca2+]e was more than two-fold more
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implies that [Sr2+]e biases the signaling of CaSR towards calcitonin secretion (see Methods and
Materials).
Another interesting observation of the concentration-response experiments is that [Ca2+]e is twice as
efficacious in stimulating [Ca2+]i mobilization compared to [Sr2+]e, while both cations are equally
efficacious in stimulating Gq/11 signaling and calcitonin secretion. However, this difference may not be
caused by signaling bias. Gq/11/PI-PLC activity increase [Ca2+]i by producing IP3 which binds IP3-

cation equally efficacious caused IP1 accumulation they also equally efficacious cause release of
calcium from intracellular stores. This implies that the residual ability of [Ca2+]e to stimulate [Ca2+]i
mobilization comes from extracellular calcium entering the cell through calcium channels located in
the plasma membrane. The endogenous agonist of CaSR is [Ca2+]e, and thus extracellular calcium will
be present in the assay buffer of all experiments assessing the function of this cation. However,
experiments assessing the function of [Sr2+]e had no extracellular calcium present in the assay buffer
and therefore we cannot exclude that [Sr2+]e also activates calcium channels in the plasma membrane.

Involvement of PI-PLC and [Ca2+]i mobilization in [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion
To further investigate the biased agonistic nature of [Sr2+]e and to test our hypothesis that [Sr2+]emediated calcitonin secretion is caused by a signaling pathway independent of Gq/11 signaling and
[Ca2+]i mobilization, we sought to identify the signaling pathways involved in [Ca2+]e and [Sr2+]emediated calcitonin secretion by using pre-evaluated inhibitors of pathway components (Table 3).
Gq/11 protein and subsequently PI-PLC activation causes production of IP3 and diacylglycerol, which
modulates activity of downstream signaling molecules. CaSR is a well-known activator of the Gq/11/PIPLC signaling pathway, which is important in various physiological CaSR-regulated processes,
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receptors on intracellular calcium stores stimulating release of calcium into the cytosol. Since both
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including inhibition of PTH secretion from parathyroid cells (Kifor et al., 2001). We already
established that both [Ca2+]e and [Sr2+]e activate Gq/11/PI-PLC signaling and therefore we next
investigated whether this pathway is involved in calcitonin secretion. This was achieved by pre-treating
6-23 cells for 10 min with three different inhibitors of the Gq/11/PI-PLC signaling pathway, two of them
being specific inhibitors of the PI-PLC enzyme (U73122 and Et-18-OCH3), and one being a specific
inhibitor of the IP3-receptors on intracellular calcium stores (2-APB). U73122 and Et-18-OCH3

52%, respectively, in the case of [Sr2+]e (Figure 3). 2-APB resulted in significant inhibition of [Ca2+]eand [Sr2+]e-induced calcitonin secretion by 36% and 28%, respectively- This indicates that both [Ca2+]eand [Sr2+]e-mediated calcitonin secretion in 6-23 cells is partly caused by Gq/11/PI-PLC signaling. In
addition, this result further confirms that both cations equally efficacious stimulate Gq/11/PI-PLC
signaling since all inhibitors had similar effect on calcitonin secretion stimulated by both cations.
Next, we focused on the role of [Ca2+]e- and [Sr2+]e-stimulated [Ca2+]i mobilization in calcitonin
secretion. It is believed that increases in [Ca2+]i is a key event in [Ca2+]e-mediated calcitonin secretion
since [Ca2+]i triggers the exocytosis machinery of the secretory vesicles (Tucker et al., 2004). Both
[Ca2+]e and [Sr2+]e cause [Ca2+]i mobilization and therefore we hypothesized that [Ca2+]i mobilization
induced by either cation would be involved in calcitonin secretion. This was confirmed by inhibiting
rises of [Ca2+]i in general with the intracellular calcium chelator BAPTA-AM. The ability of [Ca2+]e to
cause calcitonin secretion was almost completely inhibited by BAPTA-AM (82% reduction)
confirming that [Ca2+]i mobilization caused by [Ca2+]e is the key event in calcitonin secretion in 6-23
cells (Figure 4). On the other hand, BAPTA-AM only inhibited 48% of the [Sr2+]e-stimulated calcitonin
secretion. The difference in dependency on [Ca2+]i mobilization in calcitonin secretion between the two
cations fits well with our initial observation that [Ca2+]e was twice as efficacious in stimulating [Ca2+]i
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significantly reduced the secretion by 62% and 57%, respectively, in the case of [Ca2+]e, and 59% and
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mobilization compared to [Sr2+]e. Again, the [Ca2+]i mobilization involved in [Sr2+]e-stimulated
calcitonin secretion must derive from intracellular calcium stores triggered by Gq/11/PI-PLC activity
since no extracellular calcium was present in the assay buffer. Since BAPTA-AM only partly inhibited
[Sr2+]-mediated secretion it confirms that a signaling pathway independent of Gq/11/PI-PLC signaling
and [Ca2+]i mobilization is involved in [Sr2+]e-stimulated calcitonin secretion.
We already showed twice that both cations stimulate Gq/11/PI-PLC activity to a similar extent, which

release from intracellular stores compared to [Sr2+]e-stimulated secretion. Therefore, our results suggest
that a residual [Ca2+]i-dependent calcitonin response to [Ca2+]e exists, which presumably is caused by
entry of extracellular calcium through calcium channels in the plasma membrane. In primary
parafollicular sheep cells it has been shown that CaSR activation leads to increased [Ca2+]i and that
plasma membrane L-type calcium channels are responsible for this increase (McGehee et al., 1997).
Thus, we investigated the residual [Ca2+]i-dependent calcitonin response to [Ca2+]e further by focusing
on the ability of the L-type calcium channel specific inhibitor, nimodipine, to reduce the calcitonin
secretion stimulated by [Ca2+]e and [Sr2+]e. Nimodipine significantly reduced the [Ca2+]e-induced
calcitonin secretion by 49% while having no effect on [Sr2+]e-induced secretion (Figure 4). This and the
results on Gq/11/PI-PLC signaling clearly demonstrates that [Ca2+]e-mediated calcitonin secretion is
caused by increased [Ca2+]i coming from both intracellular stores and calcium influx by L-type calcium
channels. Furthermore, it has been shown that CaSR activates L-type calcium channels through a
signaling pathway initiated by phosphatidylcholine-specific phospholipase C (PC-PLC) activity
(McGehee et al., 1997). Therefore, we tested whether the PC-PLC specific inhibitor, D609, specifically
could inhibit [Ca2+]e-stimulated calcitonin secretion. As reported previously, D609 inhibited the
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indicates that a similar part of [Ca2+]i-dependent [Ca2+]e-mediated calcitonin is a result of calcium
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[Ca2+]e-induced calcitonin secretion significantly but only by 20% (Figure 4). D609 had no effect on
[Sr2+]e-induced calcitonin secretion.

Gi/o protein and Gs protein signaling in response to CaSR-activation by [Ca2+]e and [Sr2+]e
Thus far, we have shown that [Sr2+]e is a biased agonist of CaSR, which in addition to Gq/11 signaling
activate another signaling pathway that is independent of [Ca2+]i mobilization and leads to enhanced

identify [Sr2+]e-specific pathways involved in calcitonin secretion we focused on other pathways known
to be activated by CaSR. It is well known that CaSR directly couples and activate Gi/o protein causing
inhibition of the adenylate cyclase (AC) and a subsequent reduction in the cAMP concentration
(Chakravarti et al., 2012). Therefore, to measure CaSR-mediated Gi/o signaling we tested the ability of
[Ca2+]e and [Sr2+]e to inhibit cAMP production. In resting cells it is difficult to observe the inhibitory
effect of Gi/o protein on the AC since the basal concentration of cAMP is very low. Therefore, the AC
was pre-activated with 10 μM forskolin raising the basal intracellular cAMP concentration to 201±19
nM. In these cells, [Ca2+]e had no effect on the forskolin-stimulated cAMP production (Figure 5A).
Interestingly, [Sr2+]e inhibited the forskolin-stimulated cAMP production in a concentration-dependent
manner with a maximal inhibition of 65% and a EC50 of 340 μM (Figure 5A and Table 4). To test
whether the inhibitory effect of [Sr2+]e on forskolin-stimulated cAMP production was mediated by Gi/o
signaling 6-23 cells were pre-treated for 24 hours with the Gi/o protein-specific inhibitor pertussis toxin.
However, inhibition of Gi/o signaling had no effect on [Sr2+]e-mediated inhibition of forskolinstimulated cAMP production in 6-23 cells (Figure 5C). Furthermore, pre-incubation with pertussis
toxin had no effect on either [Ca2+]e and [Sr2+]e-mediated calcitonin secretion, further indicating that
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potency of calcitonin secretion. Therefore, to further characterize signaling bias of [Sr2+]e and to
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[Sr2+]e-stimulation does not activate Gi/o signaling (Figure 6). Additionally, octreotide, an agonist of the
Gi/o protein coupled somatostatin receptor, which is expressed and functional in 6-23 cells, inhibited
forskolin-stimulated cAMP production (Figure 5C) (Zink et al., 1992). In this context, pre-incubation
with pertussis toxin completely blocked the effect of octreotide confirming functionality of pertussis
toxin in 6-23 cells (Figure 5C).
To investigate whether the inhibitory effect of [Sr2+]e on forskolin-stimulated cAMP production was

had no significant effect on [Sr2+]e-mediated inhibition of forskolin-induced cAMP production (Figure
5C). This indicates that the inhibitory effect of [Sr2+]e on forskolin-induced cAMP production may be
caused by a non-specific mechanism independent of the CaSR although a role of the CaSR cannot be
excluded (see discussion).
In malignant breast cancer cells, it has been shown that CaSR switches usage of G protein and activates
Gs protein causing activation of the AC and production of cAMP (Mamillapalli et al., 2008). To test
whether CaSR activates Gs signaling in 6-23 cells, the ability of [Ca2+]e and [Sr2+]e to enhance cAMP
production was measured in resting cells. Both [Ca2+]e and [Sr2+]e had no effect on the cAMP
production in resting cells indicating no coupling of CaSR to the Gs protein in these cells (Figure 5B).

Phosphorylation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) in response to CaSRactivation by [Ca2+]e and [Sr2+]e
Activation of CaSR leads to phosphorylation and activation of ERK1/2 through multiple signaling
pathways including Gq/11 signaling, Gi/o signaling, and β-arrestin among others (Kifor et al., 2001;
Thomsen et al., 2012). Therefore, to further investigate biased signaling of [Sr2+]e we characterized the
ability of [Ca2+]e and [Sr2+]e to activate ERK1/2. Both [Ca2+]e and [Sr2+]e activated ERK1/2 in a
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mediated by CaSR, 6-23 cells were treated with the CaSR-specific antagonist Calhex 231. Calhex 231
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concentration-dependent manner with [Ca2+]e being slightly more efficacious than [Sr2+]e although not
significantly different (Figure 7 and Table 4). As observed for calcitonin secretion, [Sr2+]e was more
potent compared to [Ca2+]e indicating [Sr2+]e-stimulated bias towards ERK1/2 signaling (Figure 7).
This was confirmed by comparing ppBF(ERK1/2:[Ca2+]i) and ppBF(ERK1/2:IP1) values between the
two cations, which showed a significant differences (p=0.0029 and p=0.0019, respectively) (Table 5).
There was no significant difference in ppBF(ERK1/2:calcitonin) values between the two agonists

To test whether ERK1/2 is involved in [Sr2+]e-mediated calcitonin secretion 6-23 cells were pre-treated
for 10 min with the MEK1 inhibitor PD98059. However, inhibition of ERK1/2 phosphorylation did not
reduce the [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion in 6-23 cells (Figure 6).

Involvement of phosphatidylinositol 3-kinase (PI3-K) in [Ca2+]e- and [Sr2+]e-induced calcitonin
secretion
Previously, it has been demonstrated that the PI3-K pathway is highly involved in the [Ca2+]e-mediated
calcitonin secretion in primary sheep parafollicular cells (Liu et al., 2000; Liu et al., 2003). Thus, to
investigate whether this pathway is involved in either [Ca2+]e- or [Sr2+]e-mediated calcitonin secretion
in 6-23 cells the cells were pre-incubated for 10 min with the PI3-K-specific inhibitors wortmannin and
LY294002. However, the inhibitors did not reduce calcitonin secretion stimulated by either cation and
therefore PI3-K does not seems to be involved in [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion in
6-23 cells (Figure 6).
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Discussion
Biased signaling is a well-established concept within GPCR pharmacology, which propose that GPCRs
can adopt multiple active conformations rather than just one unitary active conformation (Liu et al.,
2012). The various active conformations are stabilized by different ligands and affect the GPCRsignaling distinctly (Rajagopal et al., 2010; Kenakin, 2011). In this way, biased ligands promote
different signalling patterns compared to endogenous ligands, which also may be associated with

and all of them are conducted in a HEK293 cell system stably overexpressing exogenous CaSR.
Chattopadhyay et al. (2007) showed that [Sr2+]e behaved as a partial agonist of CaSR and was less
potent in activating Gq/11 signaling compared to [Ca2+]e but behaved as a full agonist and with similar
potency in causing ERK1/2 phosphorylation and activation of non-selective cation channels in
HEK293-CaSR cells. This suggested that [Sr2+]e is a biased agonist of CaSR in HEK293-CaSR cells.
Although other studies have not found these exact properties of [Sr2+]e using CHO-CaSR cells, AtT-20
cells, and HEK293-CaSR cells, we used [Sr2+]e in the present study to investigate its biased agonistic
properties on CaSR in rat medullary thyroid carcinoma 6-23 cells (Coulombe et al., 2004; Thomsen et
al., 2012). Previously, 6-23 cells have proven to be a well-suited model of thyroid parafollicular C-cells
since they express functional CaSR endogenously and respond to CaSR activation by secreting
calcitonin (Nemeth et al., 2004). In the present study, endogenous CaSR expression in 6-23 cells was
confirmed by RT-PCR and we demonstrated that both [Ca2+]e and [Sr2+]e stimulated calcitonin
secretion. Furthermore, both [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion could be modulated by
the CaSR-specific allosteric modulator, cinacalcet, indicating that calcitonin secretion was mediated by
CaSR activation by each cation.
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unique therapeutic properties. So far only limited studies investigating biased signaling of CaSR exist,
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To study biased signaling of CaSR, we first compared concentration-response experiments of [Ca2+]e
and [Sr2+]e from three signaling entities: Gq/11 signaling, [Ca2+]i mobilization, and calcitonin secretion.
Interestingly, in mediating Gq/11 signaling and [Ca2+]i mobilization, [Ca2+]e was more potent than
[Sr2+]e, as previously reported (Chattopadhyay et al., 2007), whereas [Sr2+]e was more potent than
[Ca2+]e in causing calcitonin secretion. Calcitonin secretion represent an end-point of activity by several
signaling pathways where both Gq/11 signaling and [Ca2+]i mobilization previously have been shown to

neither Gq/11 signaling nor [Ca2+]i mobilization could explain the increased potency in calcitonin
secretion of [Sr2+]e compared to [Ca2+]e, and thus our results implies that [Sr2+]e stabilizes an active
CaSR conformation, which interact with another signaling pathway than the CaSR conformation
stabilized by [Ca2+]e. This was further confirmed by pBFs which was statistical different between the
two cations.
Another interesting result from the concentration-response experiments was that [Ca2+]e was twice as
efficacious in causing [Ca2+]i mobilization while equally efficacious in causing Gq/11 signaling
(measured as IP1 generation) and calcitonin secretion compared to [Sr2+]e. Although this might indicate
signaling bias it was presumably caused by extracellular calcium flowing into the cells through L-type
calcium channels activated by CaSR. In all experiments investigating [Sr2+]e, no extracellular calcium
was present in the assay buffer and thus it is possible that [Sr2+]e-activated CaSR also activates L-type
calcium channels. Therefore, we cannot conclude that the enhanced efficacy of [Ca2+]e on [Ca2+]i
mobilization was caused by signaling bias.
To further elucidate how [Sr2+]e biases the signaling of CaSR in 6-23 cells we continued our
investigation by focusing on the molecular mechanism of [Ca2+]e- and [Sr2+]e-mediated calcitonin
secretion. Multiple studies have been conducted in order to dissect the mechanism of [Ca2+]e-mediated
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be involved (Tamir et al., 1996; McGehee et al., 1997; Liu et al., 2000; Liu et al., 2003). However,
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calcitonin secretion in primary parafollicular sheep cells (Tamir et al., 1990; Tamir et al., 1994; Tamir
et al., 1996; McGehee et al., 1997; Liu et al., 2000; Liu et al., 2003). It is believed that [Ca2+]estimulated CaSR couples to a G protein that activate the PC-PLC enzyme initiating a signaling
pathway, which ultimately leads to opening of L-type calcium channels. This causes calcium influx and
thereby increases the [Ca2+]i mobilization, which triggers the secretion of the vesicular content
(McGehee et al., 1997; Tucker et al., 2004).

sheep parafollicular cells. Experiments have demonstrated that inhibition of Gi/o protein and PI-PLC
decreases the ability of high [Ca2+]e to cause acidification of vesicles containing calcitonin, a key step
in hormone loading of secretory vesicles (Cidon et al., 1991; Tamir et al., 1996). However, another
study showed that inhibition of PI-PLC had no effect on vesicular secretion indicating that the Gq/11/PIPLC signaling pathway is not involved (McGehee et al., 1997). Interestingly, we demonstrated that PIPLC partly causes calcitonin secretion in 6-23 cells since three different inhibitors of PI-PLC signaling
significantly reduced both [Ca2+]e- and [Sr2+]e-stimulated calcitonin secretion.
Activation of PI-PLC and subsequently IP3 production leads to release of calcium from intracellular
stores into the cytoplasm. In our case [Ca2+]e was twice as efficacious in causing [Ca2+]i mobilization
compared to [Sr2+]e. This implied that [Ca2+]e-mediated calcitonin secretion to a higher extent depends
on rises in [Ca2+]i than [Sr2+]e-mediated calcitonin secretion, which was confirmed by blocking all rises
in [Ca2+]i by BAPTA-AM. It showed that [Ca2+]e-mediated calcitonin secretion almost entirely depends
on rises in [Ca2+]i while only approximately 50% of the [Sr2+]e-mediated calcitonin secretion is [Ca2+]idependent. By using inhibitors of both PC-PLC and L-type calcium channels, we showed that the
superior dependency on [Ca2+]i in [Ca2+]e-stimulated calcitonin secretion was caused by activity of PCPLC signaling and opening of L-type calcium channels resulting in influx of extracellular calcium in
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It is not clear whether activation of Gq/11 or Gi/o proteins is involved in calcitonin secretion of primary
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combination with PI-PLC-mediated [Ca2+]i mobilization. Furthermore, since Gq/11/PI-PLC-stimulated
[Ca2+]i mobilization only accounts for 50% of [Sr2+]e-stimulated calcitonin secretion, the results
confirmed our hypothesis that [Sr2+]-mediated calcitonin secretion, at least in part, is caused by a
signaling pathway independent of Gq/11 signaling and [Ca2+]i mobilization.
To search for the non-[Ca2+]i dependent pathway of [Sr2+]e-mediated calcitonin secretion and to further
characterize [Sr2+]e-induce signaling bias we focused on pathways that have been associated with CaSR

couples and activate Gi/o protein signaling in various cell types resulting in inhibition of the AC and a
subsequently reduction in cAMP formation (Chakravarti et al., 2012). In the present study we found
that [Sr2+]e selectively inhibits forskolin-stimulated cAMP production while [Ca2+]e had no effect on
cAMP concentration. However, this cAMP inhibition by [Sr2+]e was not mediated through a Gi/o
protein-dependent mechanism since pre-treatment with pertussis toxin had no effect. It has been
reported, that CaSR-mediated inhibition of forskolin-stimulated cAMP production, in fact, may be
caused by increases in [Ca2+]i in some cells (Ortiz-Capisano et al., 2007a; Ortiz-Capisano et al., 2007b).
In our case, this did not seemed likely since [Ca2+]e is more than twice as efficacious in generating
increases in [Ca2+]i compared to [Sr2+]e. A third option could be [Sr2+]-mediated activity of
phosphodiesterases, which degrade cAMP through unidentified signaling. To investigate the
involvement of CaSR in the [Sr2+]e-mediated cAMP response, 6-23 cells were treated with the CaSRspecific antagonist, Calhex, 231. Again, no significant effect was observed. Although this indicates a
CaSR-independent response of [Sr2+]e, we cannot rule out that this effect is mediated by CaSR as well.
Recently, it was found that both positive (cinacalcet and NPS-R568) and negative (NPS2143) CaSRspecific modulators generated signaling bias of the CaSR when their allosteric modulation was
characterized on three signaling entities: [Ca2+]i mobilization, ERK1/2 signaling, and the ability to
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activation in thyroid parafollicular C-cells and other cellular systems. It is well-known that CaSR
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generate plasma membrane ruffles (Davey et al., 2012). Therefore, signaling bias seems to be a general
trait of CaSR-specific modulators and thus we cannot assume that the antagonizing potential of Calhex
231 is equal over all CaSR-activated pathways, specially in the case of [Sr2+]e-activated CaSR which
already is stabilized in an alternative active conformation.
Another signaling component stimulated by CaSR activity is ERK1/2 (Kifor et al., 2001; Thomsen et
al.,2012). Here we found that both [Ca2+]e and [Sr2+]e activated ERK1/2 in a concentration-dependent

not involved in the [Sr2+]e–mediated bias observed on calcitonin secretion since its inhibition by the
MEK1 inhibitor PD59098 did not affect calcitonin secretion. However, by calculating pBFs we found
that the [Sr2+]e–stimulated bias on ERK1/2 activity was similar to the [Sr2+]e–stimulated bias on
calcitonin secretion. Therefore, it is possible that [Sr2+]e–stimulated bias towards calcitonin secretion is
mediated by a signaling pathway upstream of ERK1/2 such as β-arrestins. Unfortunately, activity and
effects of β-arrestins are challenging to determine in non-transfected cell lines such as 6-23 cells due to
lack of selective pharmacological inhibitors and thus was not investigated.
Finally, it has been reported that CaSR coupling to Gβγ subunits activates PI3-K, which causes
secretion of vesicular content in primary parafollicular sheep cells through a [Ca2+]i-independent
pathway (Liu et al., 2000; Liu et al., 2003). In our studies, inhibition of PI3-K with wortmannin or LY96933 had no effect on either [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion and thus PI3-K is not
involved in the [Sr2+]e–stimulated bias.
Our results on biased agonism of [Sr2+]e in calcitonin-secreting 6-23 cells are interesting for various
reasons. First, our results shows that biased signaling of CaSR is physiological relevant, which may be
exploited in the development of new CaSR-affecting drugs that selectively modulates desired
physiological effects. Second, strontium is the active ingredient of strontium ranelate which is clinical
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manner but as for calcitonin secretion [Sr2+]e was more potent than [Ca2+]e. Again, ERK1/2 activity was
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useful to treat post-menopausal osteoporosis (Meunier et al., 2004). The Sr2+ ion targets bones where it
is retained and increases the activity of osteoblasts and inhibits the activity of osteoclasts through
CaSR-dependent and independent mechanisms (Chattopadhyay et al., 2007; Brennan et al., 2009;
Fromigué et al., 2009; Caudrillier et al., 2010). Our results indicate that [Sr2+]e might stabilize CaSR in
a different active conformation than [Ca2+]e. Therefore, it is possible that [Sr2+]e-mediated CaSR
activation causes additional physiological responses in cells involved in bone metabolism compared to
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[Ca2+]e that account for its superior value as a therapeutic agent.
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Figure legends
Figure 1. RT-PCR demonstrating CaSR expression in 6-23 cells. RT-PCR was performed on total
RNA extracted from (A) 6-23 cells, (B) HEK293-rCaSR cells, (C) HEK293 cells, (D) rat kidney as a
positive control, (E) and water as a negative control. The RT-PCR was performed as described in
Materials and Methods section using primers specific for the rat CaSR gene (upper part) or the
ubiquitously expressed, endogenous β-actin (lower part).

secretion, IP1 accumulation, and [Ca2+]I mobilization in 6-23 cells. (A) Concentration-response curves
of [Ca2+]e- and [Sr2+]e-mediated calcitonin secretion. (B) Concentration-response curves of allosteric
modulation of [Ca2+]e- and [Sr2+]e-stimulated calcitonin secretion with cinacalcet. Responses are
normalized to the calcitonin secretory response at 10 mM cation. (C) Concentration-response curves of
[Ca2+]e- and [Sr2+]e-mediated IP1 accumulation. (D) Concentration-response curves of [Ca2+]e- and
[Sr2+]e-mediated [Ca2+]i mobilization. Graphs are representatives from three independent experiments.

Figure 3. Inhibition of Gq/11/PI-PLC signaling pathway of [Ca2+]e- or [Sr2+]e-mediated calcitonin
secretion in 6-23 cells. Inhibition of Gq/11/PI-PLC signaling pathway achieved by 10 min preincubation of two PI-PLC inhibitors, U73122 and Et-18-OCH3, and by one IP3 receptor inhibitor, 2APB, before cation stimulation. Responses are normalized to the calcitonin secretory response at 10
mM cation. Statistical comparison of the values were performed by using a one-way ANOVA of each
condition and Dunnett’s post-tests were used to compare DMSO control response for each cation to the
inhibitors responses for each cation, respectively (n=6, ***, p<0.001; **, p<0.01; *, p<0.05).
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Figure 4. Inhibition of [Ca2+]e- or [Sr2+]e-stimulated calcitonin secretion by molecules regulating
[Ca2+]i. Inhibition of [Ca2+]i was achieved by 10 min pre-incubation of BAPTA-AM before cation
stimulation. Inhibition of L-type calcium channel was achieved by 10 min pre-incubation of
nimodipine before cation stimulation. Inhibition of PC-PLC signaling pathway achieved by 10 min preincubation of D609 prior to cation stimulation. Responses are normalized to the calcitonin secretory
response at 10 mM cation. Statistical comparison of the values were performed by using a one-way

each cation to the inhibitors responses for each cation, respectively (n=6, ***, p<0.001; **, p<0.01; *,
p<0.05).

Figure 5. Characterization of concentration-dependent [Ca2+]e- and [Sr2+]e-mediated effects on cAMP
formation in 6-23 cells. (A) Concentration-response curves of [Ca2+]e- and [Sr2+]e-mediated inhibition
of forskolin-stimulated cAMP production. Responses are normalized to the cAMP production in
response to 10 μM forskolin. (B) Concentration-response experiments of [Ca2+]e- and [Sr2+]e-stimulated
cAMP production. The cAMP production in response to 10 μM forskolin is plotted as well as a positive
control of AC activity. Concentration-response curves are representatives from three independent
experiments. (C) Modulation of 10 mM [Sr2+]e-mediated inhibition of forskolin-stimulated cAMP
production (white bars) by perussis toxin and calhex 231, and modulation of 100 nM octreotidemediated inhibition of forskolin-stimulated cAMP production (black bars) by pertussis toxin. Statistical
comparison of the values were performed by using a one-way ANOVA of each condition and
Dunnett’s post-tests were used to compare 10 mM [Sr2+]e control response to the inhibition by pertussis
toxin and calhex 231. Statistical comparison of the responses to 100 nM octreotide and 100 nM
octreotide + 100 ng/ml pertussis toxin was done using a student t-test (n=8, ***, p<0.001; **, p<0.01;
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*, p<0.05). (D) Inhibition of [Sr2+]e-mediated IP1 accumulation by calhex 231. Statistical comparison of
the responses to [Sr2+]e and [Sr2+]e + calhex 231 was done using a student t-test (n=6, ***, p<0.001; **,
p<0.01; *, p<0.05).

Figure 6. Inhibition of signaling pathway regulated by CaSR of [Ca2+]e- or [Sr2+]e-mediated calcitonin
secretion in 6-23 cells. Inhibition of Gi/o protein signaling pathway achieved by 24 h pre-incubation of

pre-incubation of the PI3-K inhibitors wortmannin and LY294002. Inhibition of ERK1/2
phosphorylation was achieved by 10 min pre-incubation of the MEK1 inhibitor PD98059. Responses
are normalized to the calcitonin secretory response at 10 mM cation. Statistical comparison of the
values were performed by using a one-way ANOVA of each condition and Dunnett’s post-tests were
used to compare DMSO control response for each cation to the inhibitors responses for each cation,
respectively (n=6, ***, p<0.001; **, p<0.01; *, p<0.05).

Figure 7. Characterization of concentration-dependent [Ca2+]e- and [Sr2+]e-mediated phosphorylation
of ERK1/2 in 6-23 cells. Responses are plotted as fold over basal ERK1/2 response (R/RBasal). Graphs
are representatives from three independent experiments.
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[Ca2+]e

Assay
R max ±S.E.M

[Sr2+]e
EC 50

R max ±S.E.M

(pEC 50 ±S.E.M)
Calcitonin assay

313±20

2440

(pEC 50±S.E.M)
304±24

2.61±0.13
IP1 assay

858±150

4810

787±46

1470

8320
2.08±0.01

44.3±1.18

2.83±0.09

3050
2.52±0.05

Table 1. Agonist potencies (EC50) and maximal responses (Rmax) for calcitonin secretion, IP1
accumulation, and intracellular calcium response in 6-23 cells. Potencies are in μM for all assays. Rmax
levels are in pg/ml for the calcitonin assay, in nM for the IP-One assay, and have been normalized to

ΔFluorescence units of 10 mM [Ca2+]e in the intracellular calcium assay.
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calcium assay

100±3.50

794
3.10±0.13

2.32±0.01
Intracellular

EC 50
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Agonist

pBF(IP1:calcitonin)

pBF([Ca2+]i:calcitonin)

pBF([Ca2+]i:IP1)

[ppBF(IP1:calcitonin)±S.E.M.] [ppBF([Ca2+]i:calcitonin)±S.E.M.] [ppBF([Ca2+]i:IP1)±S.E.M.]
[Ca2+]e

2.0

0.60

0.31

-0.295±0.125

0.22±0.153

-0.515±0.089

10

3.8

0.37

-1.02±0.128*

-0.585±0.138*

-0.435±0.053

[Sr2+]e

and [Ca2+]i mobilization. The pBF of an agonist is calculated as the ratio between EC50 between two
different signaling pathways (pathway1:pathway2). However, for analysis of statistic difference
between pBF of calcium and pBFs for all other agonists the negative logarithm of pBF or
ppBF(pathway1:pathway2))=pEC50(pathway1)–pEC50(pathway2) were used. Statistical comparison of
ppBF’s for [Sr2+]e to ppBF’s of [Ca2+]e was performed by using student t-tests (***, p<0.001**;
p<0.01; *, p<0.05).
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JPET # 197210

Inhibitor

Mode of Action

Relative Selectivity

U73122

Non-competitive inhibitor of Other effects have been reported including
PI-PLC (Smallridge et al., inhibition of adenosine A1 receptor (Walker et al.,
1998), and of plasma membrane Ca2+ channels

1992)

(Berven and Barritt, 1995; Pulcinelli et al., 1998).
ET-18-OCH3

Inhibitor of PI-PLC (Powis et Activity on platelet-activating factor receptor and
Fas/CD95 is well described (Mollinedo et al.,
2004).

2-APB

Modulator of IP3 receptor on Other effects have been reported including
intracellular

calcium

stores

uncoupling of gap junction channels formed by

(Maruyama et al., 1997)
Nimodipine

L-type

calcium

certain connexins (Bai et al., 2006).

channel Has been demonstrated to inhibit equilibrative

blocker (McGehee et al., 1997) nucleotide transporter-1 and amyloid β-stimulated
IL-1β release (Li et al., 2012; Sanz et al., 2012)
BAPTA-AM

Chelator

of

intracellular Other effects have been reported including

divalent cations with high calcium-independent cytoskeleton disassembly
selectivity for [Ca2+]i (Tsien, (Saoudi et al., 2004).
1980; Wie wt al., 2001)
D609

Competitive inhibitor of PC- Has been reported to inhibit sphingomyelin
PLC (Farooqui and Horrocks, synthase and glucosylceramide synthase (Milhas
2005)

Pertussis toxin

et al., 2012)

Inhibitor of ADP-ribosylation Other effects are known including binding and
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JPET # 197210

of Gi/o proteins (Mangmool activation of membrane receptors such as Tolland Kurose, 2011)
PD98059

like receptor 4 (Mangmool and Kurose, 2011)

Non-competitive inhibitor of There exist controversy whether PD98059 has
MEK1 (Akella et al., 2008)

non-specific effects on voltage-sensitive calcium
channels (Hu et al., 1998; Lagaud et al., 1999)

Wortmannin

Non-competitive inhibitor of Shows poor selectivity among different PI-3K

LY294002

isoforms (Stein, 2001)

Competitive inhibitor of PI-3K Has been reported to inhibit casein kinase 2 and
(Stein, 2001)

mTOR, and to displays poor selectivity among
different PI-3K isoforms (Stein, 2001)

Table 3. Summary of inhibitors used to identify signaling pathways involved in [Ca2+]e- and [Sr2+]estimulated calcitonin secretion.
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JPET # 197210

[Ca2+]e

Assay

I max or R max ±S.E.M

[Sr2+]e
EC 50

I max or R max ±S.E.M

(pEC 50 ±S.E.M)
cAMP assay

NA

NA

EC 50
(pEC 50 ±S.E.M)

65±2

339
3.47±0.05

ERK1/2 assay

3.8±0.4

3040

405
3.39±0.14

Table 4. Agonist potencies (EC50) and maximal inhibition and responses (Imax/Rmax) for forskolinstimulated cAMP production and ERK1/2 phosphorylation, respectively. Potencies are in μM for all
assays. Imax/Rmax levels are in nM for cAMP inhibition and fold over basal ERK1/2 response for the
ERK1/2 assay. NA, no activity.
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3.2±0.2
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JPET # 197210

Agonist

pBF(ERK1/2:[Ca2+]i)

pBF(ERK1/2:calcitonin)

pBF(ERK1/2:IP1)

[ppBF(ERK1/2:calcitonin)±S.E.M.] [ppBF(ERK1/2:[Ca2+]i)±S.E.M.] [ppBF(ERK1/2:IP1)±S.E.M
[Ca2+]e

[Sr2+]e

1.2

2.1

0.63

-0.095±0.137

-0.315±0.105

0.200±0.056

0.51

0.13

0.049

-0.292±0.190

0.877±0.150**

1.31±0.14**

calcitonin secretion, Gq/11 signaling, and [Ca2+]i mobilization. The pBF of an agonist is calculated as the
ratio between EC50 between two different signaling pathways (pathway1:pathway2). However, for
analysis of statistic difference between pBF of calcium and pBFs for all other agonists the negative
logarithm of pBF or ppBF(pathway1:pathway2))=pEC50(pathway1)–pEC50(pathway2) were used.
Statistical comparison of ppBF’s for [Sr2+]e to ppBF’s of [Ca2+]e was performed by using student t-tests
(***, p<0.001**; p<0.01; *, p<0.05).
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Table 5. Potency bias factors (pBFs). pBFs comparing potency for ERK1/2 phosphorylation with
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