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Abstract. The vascular diameter of the gerbilline spiral ies — Labyrinth — Thapsigargin — Ryanodine —
modiolar artery has been shown to depend on the predd73122

ence of extracellular G4 but it remained unknown

whether the smooth muscle cells of this arteriole contain

a C&" sensing receptor (CaSR). The cytosoli¢Czon-  Introduction

centration ([C&'];) was monitored as fluo 3 fluorescence

and the vascular diameter was measured by videoThe spiral modiolar artery originates via the anterior in-
microscopy in isolated in vitro superfused spiral modio-ferior cerebellar artery from the basilar artery and pro-
lar arteries. RT-PCR was used to probe for the presenceides the main blood supply to the cochlea. This vessel
of CaSR transcripts. Increasing the extracellulaf*Ca is of great interest since alterations of blood flow along
concentration ([C#],) from 1 to 10 nm caused a bipha- this arteriole are thought to be involved in the pathogen-
sic increase in [C4]; that was paralleled by a vasocon- esis of hearing loss and tinnitus. In general, blood flow
striction. The initial rate of this vasoconstriction, 2.01 * is related to the vascular diameter according to the law of
0.07 pm/sec ( = 131), was inhibited when cytosolic Hagen-Poiseuille and the vascular diameter depends on
Cé* stores were presumably depleted with thapsigarginthe contractile state of the vascular smooth muscle cells
(ICso = 3x10°Mm, n = 26) or ryanodinelCs, = 4 X (VSMC). C&* plays a key role in the contractility of
10°®wm, n = 25) or when PLC was inhibited by 1®m  vascular smooth muscle cells. Indeed, it has been dem-
U73122 6 = 8). The initial rate of this constriction was onstrated that small increases in the intracellulaf*Ca
not affected by the L-type C&channel blocker 18 M  concentration ([C#];) cause already substantial contrac-
nifedipine (i = 5), by 10°m U73343 ( = 6), whichis  tions of vascular smooth muscle cells (Morgan, 1987).
the inactive analogue of U73122, by the T-type’Ca In contrast, changes of the extracellularCeoncentra-
channel blocker 18 Gd** (n = 6) or the N&/C&*  tion ([C&*],) have been shown to have various effects
exchanger blocker I8 m Ni** (n = 5). The agonist on the vascular diameter of different arteries. Some ar-
rank potency order was Gti> Ni** > C&* >>neomycin  teries constrict, when [G4], is elevated, whereas others
= Mg®". Analysis of RNA isolated from the SMA re- dilate or appear to be relatively insensitive to changes in
vealed a RT-PCR product of the appropriate size for th§Ca®*],, (Uchida & Bohr, 1969; Altura & Altura, 1978;
CaSR (448 bp). Sequence analysis of the amplifiedvebb & Bohr, 1978; Ito et al., 1991; Wylam et al., 1993;
cDNA fragment revealed a 94-96% amino acid identityBukoski et al., 1997; Noguera et al., 1998). In a previous
compared to other CaSRs. These results demonstratgudy, we have shown that the vascular tone of the spi-
that the spiral modiolar artery contains a CaSR, which isal modiolar artery depends on the presence of{fa
most likely located in the vascular smooth muscle cellsisolated vessel segments lose their tone when exposed to
a nominally C&*-free medium (Wangemann et al.,
1998). This finding raises the question whether the spi-
ral modiolar artery responds to elevations of {Jgand
- possesses the ability to sense {Gavia a C&*-sensing
Correspondence toP. Wangemann receptor (CaSR).
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Tissues such as parathyroid, thyroid, kidney andand Use Committee at Kansas State University. The spiral modiolar
bone, that recognize and regulate the systemﬁf Ga- artery was isolated from the cochlea by microdissection and used in
meostasis. have been shown to sensé*]]gavia CaSR functional and molecular biologic studies. In addition, gerbil kidneys

) . i . were obtained for molecular biologic studie¢ beloy The dissec-
(Brown et al., 1993; Zaidi et al., 1993; Riccardi et al., tion of the spiral modiolar artery has been described previously

1995; McGehee et al., 1997). (Wangemann & Gruber, 1998). Briefly, the temporal bones were re-
Recently, CaSRs have also been found in tissuesoved from the head, opened and placed into a microdissection cham-
which are not known to be involved in the systemicCa ber maintained at 4°C. The otic capsule enclosing the cochlea was
homeostasis. These tissues include the central and perened and the spiral modiolar artery was visualized through the very
ripheral nervous system, lens and ovary epithelial Ce||S§hin bone surrounding the modiolus. The t_)one sur_rounding the mpdip—
I these tssues, (€l via the CaSR s thought to_ 5 51 careul emoved o e spal modlr ey, et
modulate functions such as neurotransmitter release, ir;,\—,ag taken fo not excessively Stgretch the artery. ' '
tracellular ion homeostasis, cellular proliferation and dif-
ferentiation (Ruat et al., 1995; Bukoski et al., 1997,
Chattopadhyay et al., 1997; McNeil et al., 1998). FUNCTIONAL STUDIES
. Agon?st-induced aCti_Vation of the C.aS.R causes anA 250 to 350m segment was cut from the isolated spiral modiolar
m_crease n [C%f], that arises from _tWO distinct mecha- artery and transferred into a bath chamber mounted on the stage of an
nisms: @) mobilization of C&* from intracellular stores,  jnverted microscope (TE 300 or Diaphot, Nikon, Japan). In the bath
i.e., the endoplasmic reticulum, anio) (nflux of extra-  chamber, the vessel was held in place with two blunted glass needles
cellular ca* through voltage-insensitive channels (Ne- mounted on micromanipulators (Narashige, Japan). The mounted ves-
meth, 1995). Most CaSRs have been shown to be linkege! was superfuse‘d at a rate of 2.5 times the bath chamber volume per
to a G protein-mediated second messenger pathwajfscizdc-oﬁlgﬁ]?ﬂ':;‘fslggﬁalfgffg%“z% 2:527"306 ;g? io&t;gliwer-
!Vgé%h Sﬁt;_\t/agtesa,lphlogsggoll\l/liﬁgl cé't (;Lcj?g(ngr)OV\lanLgt hayl"CaCE and 5.0 glucose, pH 7.4. Ir'1 some expe’riments t’ﬁe:dincen-

’ " ! " . " tration was elevated to 150nmby substituting KCI for NaCl. Drugs
drolyzes phosphatidylinositol 4,5-bisphosphate to inosiwere added to these solutions a); appropriatge. Thapsigargin (Siggma, St.
tol(1,4,5)-triphosphate (i and diacylglycerol (DAG). Louis, MO), ryanodine (Sigma), U73122 (RBI, Natick, MA) and
|P3 mobilizes stored C& from the endoplasmic reticu- U73343 (RBI) were predissolved in DMSO. The final concentration of
lum, resulting in fast increases in [Ej@h and DAG ac- DM_SO was 0.05%. CH or Mg+2+ conc?ntratio_ns were increaseq by
tivates protein kinase C (Berridge, 1993). The fast in-2dding CaCl or MgClL and NF* or GeP* were introduced by adding
crease in [C&]; triggers an influx of C&" across the NICl, or GdCl.
plasma membrane in accordance with the capacitative
calcium influx model (Putney & McKay, 1999). MEASUREMENT OF THEVASCULAR DIAMETER

Evidence for the presence of a CaSR can be obtained _ _ _
using functional and molecular biological assays. AVld_eomlcrospopy was used to monitor the vascular Q|ameter as de-
functional demonstration of the CaSR may include ascnbed earlier (Wangemann & Gruber, 1998). The inverted micro-

. . scope was equipped with a black and white video camera (WV-1410,
demonStra“onao that an elevation of [Cz‘i]o causes an Panasonic). The microscope image was mixed with a time signal

elevation of [C&"];, (b) that the [C4"] -induced increase (Time Code Generator, Fast Forward Video, Irvine, CA) and was dis-
in [Ca®"], involves release of Ca from cytosolic stores, played on a monitor (PVM-122, Sony) as well as recorded on videotape
(c) that the [Cé*]o-induced increase in [éé]l does not (AG-1960, Panasonic). The outer diameter of the spiral modiolar ar-
occur via voItage-sensitive @,‘échannels, co that G&* tery was monitored by two video-edge detectors (Crescent Electronics,

and C3* are agonists ance) that CaSR transcripts are East Sandy, U'I_'). The cgllbra?ed distance between the two Fr{a_cked
present edges was monitored online with a chart-recorder as well as digitized

. . at a frequency of 12 Hz. The digitized data were stored in ASCII
The aim of the present study was to determingsmat by an acquisition program written in a programmable data

whether the spiral modiolar artery contains a CaSRanalysis and plotting program (Origin 4.1, Microcal Software,

which will allow this arteriole to respond to changes in Northampton, MA). The resolution of the video microscopy system

[C&a?"],. Parts of this study have been presented at recentas 0.12um and 0.08 sec.

meetings (Wonneberger & Wangemann, 1999; Wonne-

berger et al., 2000). MEASUREMENT OF INTRACELLULAR Ca* [Ca?™],

Microfluorometry was used to monitor [€4;. Segments of the spiral
Materials and Methods modiolar artery were incubated for 30 min withiBs fluo-3-AM at

room temperature (22°C) to load the cells with the'Gadicator dye

fluo-3 (Molecular probes, Eugene, Oregon). Subsequently the tissue
PREPARATION was mounted in the superfusion chamber on the stage of the inverted

microscope. The preparation was alternately (100 Hz) illuminated with
Experiments were conducted on tissues isolated from gerbils. Gerbilight of 440 and 488 nm (Deltascan, Photon Technology International,
were anesthetized with sodium pentobarbital (100 mg/kg i.p.) and deSouth Brunswick, NJ). The emitted fluorescence limited with a band-
capitated under a protocol approved by the Institutional Animal Carepass filter to a wavelength of 526 + 12 nm was detected with a photon-
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counter (Photon Technology International) at a rate of 1 Hz. Change®Nase | was consequently deactivated by heat treatment according to

in the emission intensity in response to excitation with 488 nm light the manufacturer’s protocol.

were taken as a measure of changes irf[f;although changes in the

fluorescent dye concentration could not be ruled out. A much smaller

signal was detected in response to excitation with 440 nm light. ThisCDNA SYNTHESIS AND PCR AMVPLIFICATION

signal, however, was too small in magnitude to be used as an indicator

for changes in dye concentration. Sense and antisense gene-specific primers for the CaSR were designed

To detect changes in dye concentration a second fluorescent dyeased on sequence information for the rat CaSR (accession #U20289,

was loaded. Putative changes in dye concentration would be detecte@enBank/EMBL database), murine CaSR (#AF110179), bovine CaSR

in the same tissue sample subsequent to the detection of changes [(#S67307) and human CaSR (#NMO000388). The primers targeted a

[C&a?*];. Thus, fluo-3 loaded spiral modiolar artery segments mountedregion of 137 amino acids in exon 6, which spans from the interface

in the bath chamber on stage of the inverted microscope were incubatesetween the putative TM5 segment and the third cytoplasmic loop

with 1 pm BCECF-AM (Molecular Probes, Eugene, Oregon) for about (sense primer) into the putative cytoplasmic tail (antisense primer).

1 min at room temperature to load the fluorescent dye BCECF. Load-According to the rat sequence (#U20289), the sense primer was located

ing was monitored to achieve an emission intensity in response to 44@t nucleotide 2553-2573 with a sequence of 5-CCATCT-

nm excitation light that was similar in magnitude to the emission in- GCTTCTTCTTTGCC-3. A degenerate primer was used as the anti-

tensity emitted from fluo 3 in response to 488 nm excitation light. sense primer and was based on a consensus of rat, bovine, murine and

Changes in the fluorescence intensity emitted in response to excitationuman CaSR sequences. The location of the antisense primer with

with 440 nm light were taken as a measure of changes in dye concenespect to the rat sequence (#U20289) was 2982-3000 with a sequence

tration since BCECF has an isosbestic point at this excitation waveof 5'-TGCTG(C/T)TGCTTCTGCCTCTC-3 The expected size of the

length. Viability of the double-loaded spiral modiolar artery segmentsRT-PCR product was 448 bp.

was verified by measuring the vascular diameter as described above  DNase-treated total RNA was reverse transcribed into cDNA in a

and performing maneuvers known to cause vasoconstrictiesRe- 10 pl reaction. The reaction contained 0.1-1.@ total RNA, 10 units

sults. RNasin (Promega), 1 mdNTP (GIBCO BRL, Life Technologies), 5
units Moloney Murine Leukemia Virus Reverse Transcriptase (Perkin-
Elmer), 5.0 nm MgCl, (GIBCO BRL, Life Technologies), 2.fmol

PHARMACOLOGIC ANALYSIS random hexamers (Perkin-Elmer), 20urris-HCI and 50 nw KCI.
Tris-HCI and KCI were added from a 10X PCR buffer (GIBCO BRL,

Agonist-induced vasoconstrictions were compared by quantifying the ife Technologies). The RT reaction was incubated at 42°C for 50

size of their initial rate and the magnitude of the plateau reached at thenin, 5 min at 99°C, and 5 min at 5°C (Perkin-Elmer 480 DNA Thermal
end of the stimulus (Fig. 1). Data obtained in one vessel segment wergycler).

normalized to [C&],-induced vasoconstrictions performed at the be- PCR was performed in a 50l reaction. This reaction contained
ginning of the experiment. The concentration of a drug that caused ghe 10l RT reaction mix, 25 pmol of the antisense and the sense
half-maximal inhibition of the [C#],-induced vasoconstriction was primer and 1.25 units Tag DNA polymerase (GIBCO BRL, Life Tech-

obtained by nonlinear curve fit to the equation nologies). The final concentrations of MgCKCI and Tris-HCI were
adjusted to 3.0 m, 50 mv and 20 nw, respectively. The PCR reaction
Emax* (1-C") mix was incubated as follows: 1 denaturation cycle for 5 min at 95°C;
E= EInS+_ICSOh +Ch 40 amplification cycles consisting of: denaturation for 1 min at 95°C,

annealing for 1 min at 58°C and extension for 1 min at 72°C; and one

whereE is the relative effect (%)E,q,is the maximal effects,  isthe ~ €xtension cycle for 5 min at 72°C. PCR products were analyzed by
inhibitor-insensitive component of the effe,is the concentration of ~horizontal electrophoresis on a 2% agarose gel, stained with ethidium
inhibitor andh defines the slope. bromide, and documented (BIO-RAD 1000 gel documentation system).

MOLECULAR BIOLOGICAL STUDIES CLONING AND SEQUENCING OF AMPLIFIED

CcDNA FRAGMENTS
Total RNA was extracted from samples of gerbil kidney and gerbil
spiral modiolar artery. Kidneys were isolated and immediately placedAmplified cDNA fragments were excised from a low-melt agarose gel
into liquid nitrogen, pulverized with a mortar and pestle, and trans-(FMC, BioProducts) and cloned into a pCR®2.1 vector with a TA
ferred into TRIzol reagent (GIBCO BRL, Life Technologies), a mono- cloning® kit (Invitrogen). Recombinant plasmids were isolated from
phasic solution of phenol and guanidine isothiocyanate. Spiral modiothe colonies using the standard alkaline lysis procedure, purified by
lar arteries were isolated by microdissection within 7 min (first ear) andphenol/chloroform extraction, and precipitated and washed with etha-
15 min (second ear) of the sacrifice of each animal and directly transnol. Insertion of the PCR product into the plasmid was confirmed by
ferred from the 4°C dissection medium into TRIzol reagent. Spiral restriction endonuclease digestion withoR| and subsequent horizon-
modiolar arteries from 8 ears were pooled in the TRIzol reagent. Vestal gel electrophoresis. The recombinant double stranded plasmid
sels were homogenized in the TRIzol reagent and the total RNA waserved as a template for cycle sequencing using M13 forward and
extracted according to the manufacturer's procedure. Total RNA wageverse primers and fluorescence-based dideoxy nucleotides (PRISM
precipitated by isopropanol and dissolved in RNase-free water (diethReady Reaction Dye Deoxy Terminator Cycle Sequencing Kit, Perkin
ylpyrocarbonate treated water). The nucleic acid concentration wa&lmer). The sequence was determined using a DNA Sequencer (ABI
determined spectrophotometrically. RNA samples were stored atModel 373, Applied Biosystems). The sequence was validated by se-
—-70°C. Before analysis of the RNA samples by reverse-transcriptionquencing RT-PCR products from three separate RT-PCR reactions.
polymerase chain reaction (RT-PCR), DNA contamination was re-The identity of the obtained sequence was determined by comparison to
moved by treatment with amplification-grade RNase-free DNase |known sequences (FastA, Wisconsin Package, Genetics Computer
(GIBCO BRL, Life Technologies) for 15 min at room temperature. Group; GenBank/EMBL).
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STATISTICS A

' 55 - —— — —

Data are presented as mean and SE. The number of experimgnts (—
represents the number of vessel segments. Statistical analysis involve§ |
paired t-tests to compare data obtained in paired experiments and2 50
analyses of variance when appropriate. X ] 1 min

0 45

3 1 |
Results S 404 Y A r

The present study is based on data from 141 isolate

superfused vessel segments which had an outer diameter — initial rate — —
of 63 + 1 um. Tissues, which are known to contain a —5°]

CaSR, respond to an elevation of the fJg with an geo_

increase in [C&];. Therefore, in a first series of experi- & |

ments, the effect of an elevation of [€}, on [C&];, & 554

was determined using the fluorescent dye fluo-3 ‘\

3. Elevation of [C&"], from 1 to 10 nu evoked a bi- 50 plateau

phasic increase in fluo-3 fluorescence intensity (F&) 1
but had no significant effect on _BCECF quorescenceFig_ 1. Effect of an elevation of the [G&, on the [C&], and the
(data not shown These observations demonstrate thatyascular diameter of the spiral modiolar artes) Elevation of [C&"],

the observed increase in fluo-3 fluorescence was due tthom 1 to 10 nu (filled bars) caused a biphasic increase in fQa

an increase in [Czé]l rather than merely a change in the which was monitored as an increase in fluo-3 fluorescence intensity.
dye Concentratlon' The Increase In malnduced by an (B) Elevathn Of [C§+ ofl’om 1to 10 m (f|”ed baI’S) caused a blphaSIC
elevation of [C4"], was reversible and repeatable. vasoconstriction. Note, that the increase in 1Gaand the vasocon-

If the observgd increase in [ea occurred in the striction were repeatable, reversible and similar in time course.

cytosol of the vascular smooth muscle cells rather than
solely in endothelial cells or adventitial cells of the spiral  65-

modiolar artery, it would be expected that the increase ing 1
[C&?"], would cause the vessel to constrict. Therefore,= 60+
in a second series of experiments, the effect of an elevag |
tion of [C&"], on the vascular diameter was measuredg 7
with videomicroscopy. Elevation of [¢§, caused a bi- O 50_‘ 1 min

phasic vasoconstriction, which was reversible and
repeatable (Fig. A and 2). The initial rate of this
[Caz*]o-induced vasoconstriction was 2.01 + 0.0/ Fig. 2. Effect of an elevation of the [C4], on the vascular diameter of

sec (‘I _ 131)_ The time course of this biphasic con- the spiral modiolar artery. [G4, was repeatedly elevated from 1 to 10

striction paralleled the time course of the observed in-mM (filled bars). This experiment served as a control for experiments

. . . . in which the [C&"],-induced constriction was irreversibly inhibited,
crease in [C&]; suggesting that the increase in fCla seeFigs. 3 an[d 4 Y

occurred in the cytosol of the vascular smooth muscle
cells (Fig. 1). These findings are consistent with the hy-
pothesis that the vascular smooth muscle cells of theoncentration- and time-dependent attenuation of the ini-
spiral modiolar artery contain a CaSR. tial rate but had no significant effect on the subsequent
The signal transduction mechanism linked to theplateau (Fig. 3). Within 10 min, thapsigargin inhibited
CaSR is known to involve the release of“Cérom cy-  the initial rate of the [C&].-induced vasoconstriction
tosolic stores. Cytosolic Gastores in vascular smooth with anlCs,0f 3 x 10° M (n = 26). This sensitivity to
muscle cells are known to slowly deplete in the presencehapsigargin is consistent with a specific effect, namely
of thapsigargin, which is an inhibitor of the endoplasmic depletion of the cytosolic G4 stores, and thus provides
reticulum C&* ATPase (Treiman et al., 1998). If the evidence for the presence of CaSR in the smooth muscle
[Ca?"],-induced increase in [G4]; would depend on re- cells of the spiral modiolar artery.
lease of C&" from intracellular stores, it would be ex- Further evidence for the involvement of €atores
pected that depletion of these stores with thapsigargiin the [C&"],-induced vasoconstriction can be obtained
would inhibit the [C&"],-induced vasoconstriction. by interfering with C&* release with ryanodine. Ryano-
Therefore, in a third series of paired experiments, thadine has been shown to activate the ryanodine receptor
effect of an elevation of [Cd],, on the vascular diameter calcium release channel in submicromolar concentra-
was measured in the absence and presence of thapsigéiens (Jaggar et al., 2000; McPherson & Campbell,
gin. Thapsigargin (1-10"° m) caused a significant 1993). This stimulation of Cd release empties the
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Fig. 3. Effect of thapsigargin on the [€§_-induced vasoconstriction. Ryanodine [M]

(A) Elevation of [C&"], from 1 to 10 nm (filled bars) caused a biphasic
vasoconstriction of the spiral modiolar artery that was inhibited by 10
M thapsigargin. B) Comparison of the time course of [€3,-induced
vasoconstrictions in the absen@ and in the presencéd) of 10 m
thapsigargin. Data are taken frof& Note that the initial rate in the
presence of thapsigargin was significantly small&). Dose-response
curve for the effect of thapsigargin on the initial rate (IR) of the
[Ca®"]Finduced constriction. Data were normalized to the Iqa
induced constrictions in the beginning of the experimeeg A.The
numbers next to the symbols depict the number of experiments.

Fig. 4. Effect of ryanodine on the [G4],-induced vasoconstriction.
(A) Elevation of [C&"], from 1 to 10 nm (filled bars) caused a biphasic
vasoconstriction of the spiral modiolar artery that was inhibited by 10
M ryanodine. Note that I8 m ryanodine caused a vasodilation con-
sistent with release of Gafrom ryanodine-sensitive storeseeDis-
cussion). B) Comparison of the time course of [€%,-induced vaso-
constriction in the absence)(and in the presencd) of 1076 m rya-
nodine. Data are taken from Note that the initial rate in the presence
of ryanodine was significantly smallelC) Dose-response curve for the
effect of ryanodine on the initial rate (IR) of the [E%,-induced con-
striction. Data were normalized to the [€h-induced constrictions in

stores and thereby may lead to an “virtual inhibition” of the beginning of the experimergee AThe numbers next to the sym-
receptor-induced G4 release from these stores. There- OIS depict the number of experiments.
fore, in a fourth series of paired experiments, the effect of
an elevation of [C&], on the vascular diameter was ovarian surface epithelial cells have been shown to signal
measured in the absence and presence of ryanodineia PLC (Brown et al., 1993; Ruat et al., 1996; McNeil
Ryanodine (10°-10°° m) caused a significant concen- et al., 1998). If PLC is part of the signaling pathway
tration- and time-dependent attenuation of the initial ratemediating [C&"],-induced vasoconstriction in the spiral
but had no significant effect on the subsequent plateau aiodiolar artery, it would be expected that the Qg
the [C&"],-induced vasoconstriction (Fig. 4). Within 10 induced constriction will be sensitive to inhibitors of
min, ryanodine inhibited the initial rate of the [E%.- PLC. Thus, in a fifth series of paired experiments, the
induced vasoconstriction with ds, of 4 x 108 m (n  effect of the PLC-inhibitor U73122 and its inactive ana-
= 25). This sensitivity to ryanodine is consistent with a logue U73343 on [C&]-induced constriction was de-
specific effect on the cytosolic E&stores and thus, pro- termined. Within 7 min 10° m U73122 reduced the ini-
vides evidence for the presence of a CaSR in the smoottial rate of the [C&"] -induced vasoconstriction to 45 +
muscle cells of the spiral modiolar artery. Further,®l0 10% ( = 8) whereas the inactive analogue U73343 had
M ryanodine causes a significant vasodilation from 69 +no significant effect (95 + 15%n = 6, Fig. 5). These
3to 71+ 3um (n = 6). This vasodilation is an indicator observations are consistent with the hypothesis that the
that ryanodine indeed stimulated release of'@Gammthe  spiral modiolar artery contains a CaSR and that this re-
cytosolic storesgeeDiscussion). ceptor signals via the PLC pathway.

CaSRs in tissues such as parathyroid gland, brain or ~ Polyvalent cations such as €aMg?*, Gd®**, Ni**
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Fig. 5. Effect of U73122 and U73343 on the [€%,-induced vaso- ol ’ @/E’/ :El
constriction. ) Elevation of [C&"], from 1 to 10 nm (filled bars) I o s ¢ s
caused a biphasic vasoconstriction of the spiral modiolar artery that 10° 10 10° 1072
was inhibited by 10° m U73122. B) Comparison of the time course of Agonist [M]

[Ca?*]-induced vasoconstrictions in the absenaggnd in the pres-
ence b) of 10 m U73122. Data are taken fro. (C) The inactive
analogue 10° U73343 had no significant effect on [E3,-induced
vasoconstrictions.

Fig. 6. Effect of polyvalent cations on the vascular diameter of the
spiral modiolar artery.A-E) Gd®*, Ni?* and C&* caused a biphasic
constriction of the spiral modiolar artery, whereas neomycin ané*Mg
did not. The axis label and time bar shownAnpertain toA-E. (F)
Dose-response curves for the effects ofGiNi?*, C&*, neomycin and
and neomycin have been shown to be agonists foMgz*o_n thevascular.di'amet'erofthe spiral modiqlar artery. Data were
CaSRs. For the first three ions there is a common ran ‘;Ta"z.ed o constrictions induced by an elevation from 1 to 40 m
+ 24 , which were performed in the beginning of each experiment. The
potency order of GYf > Cef >_ Mg _(Nemeth & Scarpa, numbers next to the symbols depict the number of experiments.
1987; Brown et al., 1993; Riccardi et al., 1995; Ruat et
al., 1996; McGehee et al., 1997). If Mg Gd**, Ni** or
neomycin were agonists for the CaSR in the spiral mopected that this response will be insensitive to inhibitors
diolar artery, it would be expected that these polyvaleniof L-type C&* channels. Thus, in a seventh series of
cations would cause a vasoconstriction similar to thaipaired experiments, the effect of the L-type’?Cehannel
observed in response to an elevation in theblocker nifedipine on the [Cd],-induced vasoconstric-
[Ca®"],. Therefore, in a sixth series of experiments, tion was determined. Nifedipine (10v) had no signifi-
polyvalent cations were tested for agonist potency in thecant effect on the initial rate of the [€§,-induced va-
presence of 1 m Ca&*. Ca&*, GF* and NF* caused a soconstriction (93.2 + 7.9% = 4, Fig. 7). The effec-
concentration-dependent vasoconstriction, whereativeness of nifedipine to inhibit L-type G& channels
Mg?* and neomycin did not have an effect on the vas-was verified in each experiment by pairing it with a
cular diameter (Fig. 6). The rank potency order waspositive control. Nifedipine at a concentration of $®
Gd®* > Ni?* > C&* >> neomycin= Mg?*. This rank was expected to fully inhibit K-induced vasoconstric-
potency order is consistent with that commonly found fortions since théC, for nifedipine in the spiral modiolar
CaSRs although neomycin has been shown to be an agartery is known to b 2 x 10° m (Wangemann et al.,
nist in CaSRs of other tissues (Brown et al., 1993; Ric-1998). A significant inhibition of K-induced vasocon-
cardi et al., 1995). striction by 10° m nifedipine was taken here as evidence
If the [C&?"]-induced constriction of the spiral mo- for the effectiveness of the drug. Taken together, these
diolar artery is mediated by the CaSR rather than byobservations demonstrate that L-type?Cahannels are
voltage-sensitive L-type G& channels, it would be ex- not involved in [C&"].-induced vasoconstriction of the
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Fig. 7. Effect of nifedipine on [C&].-induced and K-induced vaso-
constriction. Elevation of [C], from 1 to 10 nm (filled bars) caused ~ Fig. 8. Dose-response curves for the effect of*Gand NF* on the
a vasoconstriction of the spiral modiolar artery that was insensitive toinitial rate (R) of the [C&"],-induced vasoconstriction. Data were
10° m nifedipine. Elevation of the Kconcentration from 3.6 to 150 normalized to the [C¥],-induced constrictions in the beginning of the
mm (open bary caused a transient vasoconstriction that was signifi- €xperiment. The numbers next to the symbols depict the number of
cantly inhibited by 10° m nifedipine. experiments.

spiral modiolar artery. Thus, this finding is consistentin a ninth series of paired experiments, the effect G*Ni
with the view that the [C&],-induced vasoconstriction on [C&*],-induced vasoconstriction was determined.
is mediated by the CaSR. Ni%* blocked [C&"],-induced vasoconstriction with an
Gd®* is not only an agonist of the CaSR but also anlCg, (1 + 1) x 103 ™ (n = 16, Fig. 8). Neither 17 m
inhibitor of ion channels including T-type €achannels.  nor 10 m Ni?* had a significant effect. These observa-
If [Ca®*]-induced constriction of the spiral modiolar ar- tions are consistent with the view that the fCla-
tery is mediated by the CaSR rather than by Qaflux induced vasoconstriction is mediated by the CaSR rather
through T-type C& channels, it would be expected that than by a C&" influx via a Na/C&* exchanger. The
[Ca®"]-induced constriction will be insensitive to micro- rather highlCg, of Ni** on [C&*],-induced constriction
molar concentrations of Gd Indeed, Gd" is known to  is most likely due to a nonspecific effect.
block T-type C&" channels with aiCg, of 3 x 107 m In addition to the functional evidence for the pres-
(Mlinar & Enyeart, 1993). Thus, in an eighth series of ence of a CaSR in the spiral modiolar artery, the presence
paired experiments, the effect of the nonspecific blockeof CaSR transcripts was determined by RT-PCR. In a
Gd®* on the [C&"]-induced vasoconstriction was deter- tenth series of experiments RT-PCR was performed on
mined. Gd" inhibited the initial rate of the [Cd],- total RNA extracted from the spiral modiolar artery with
induced vasoconstriction with a6, (7 +3) x 10°m (n  primer pairs specific for CaSR transcripts. Reactions re-
= 34, Fig. 8). Neither 10’ m nor 10° m Gd®" had a  vealed RT-PCR products of the expected size of 448 bp
significant effect. These observations are consistent witl{fFig. 9, lane marked ‘SMA +’). This observation sug-
the view that the [C&],-induced vasoconstriction is me- gests that the spiral modiolar artery contains transcripts
diated by the CaSR rather than by a®Canflux via  for a CaSR. The specificity of the CaSR primers was
Gd**-sensitive T-type C& channels. The rather high verified through RT-PCR performed with total RNA ex-
ICg, for G&®" on [C&"],-induced vasoconstriction is tracted from gerbil kidney (Fig. 9, lane marked ‘Kidney
consistent with a nonspecific effect. Indeed, high con-+’), which is known to contain a CaSR. Total RNA ex-
centrations of G& have been shown to inhibit capaci- tracted from gerbil blood was tested for the presence of
tative-C&*-influx mechanisms, a Ga4ATPase of the CaSR transcripts. No RT-PCR product was found veri-
sarcoplasmic reticulum and JRormation (Imamura & fying that blood remaining in the isolated spiral modiolar
Kawakita, 1991; Wenzel-Seifert et al., 1996; Mailland etartery did not provide a source of message for CaSRs.
al., 1997; Broad et al., 1999). This observation suggests that the CaSR is located in the
Further, N¥* is not only an agonist of the CaSR but arteriolar wall. The identity of PCR products resulting
also an inhibitor of N&¥C&" exchangers. If [C&],- from RT-PCR reactions performed with total RNA ex-
induced vasoconstriction of the spiral modiolar artery istracted from gerbil kidney and spiral modiolar artery was
mediated by the CaSR rather than by*Gaflux through  confirmed by sequencing the products and comparing the
a Na/Ca* exchanger operating in the reverse mode, itsequences to known sequences (Table). The nucleotide
would be expected that [€] -induced constriction will  sequences of the amplified fragments of the CaSR from
be insensitive 10" m Ni?*. Indeed, Nf* is known to  the gerbil spiral modiolar artery has been deposited in
block N&'/C&* exchangers with alC,, betwea 5 x 10  GenBank under the accession number AF221064. The
M and 5 x 10° m (Iwamoto & Shigekawa, 1998). Thus, sequence given excludes the primer sequences.
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Fig. 9. Agarose gel electrophoresis of reverse-transcriptase polymer q SR
ase chain reaction (RT-PCR) products. RT-PCR was performed witt ' ™~
gene-specific primers for the CaSR on @ug of total RNA obtained Thapsigargin

from the kidney, 1.Qv.g of total RNA obtained from the spiral modiolar
artery and 0.5.g of total RNA obtained from blood in the presence (+)
or absence (-) of reverse transcriptase. The DNA markers (L) consiste
of 15 blunt-ended fragments between 100 and 1500 bp in multiples of
100 bp (ot all are show Note that a band of the expected size was Fig. 10. Proposed signal transduction mechanism of the CaSR in the
found in the kidney and the spiral modiolar artery but not in blood. The spiral modiolar artery. Extracellular €ais an agonist at the CaSR. The
observation that no product of the expected size was obtained fronCaSR activates PLC and release$'Caa IP; from the sarcoplasmic
blood rules out the possibility that blood, which was a containment ofreticulum (SR) leading to an increase in the global cytosolié*Ca
the microdissected spiral modiolar arteries, provided a source for tranconcentration and a contraction. A further increase in the global cyto-
scripts for the CaSR. The observation that no products were observegblic C£* concentration may result from €ainflux via store-operated
when reactions were performed in the absence of reverse transcriptagg?* channels (SOCC) in the plasma membrane, which may be acti-
(=) orin the absence of templates(templat@demonstrates that RNA  vated via a putative calcium influx factor (CIF). Release of Cleom
samples were free of contamination. the sarcoplasmic reticulum can be reduced by thapsigargin, which in-
hibits the C&" ATPase and by submicromolar ryanodine concentra-
tions, which empty the sarcoplasmic reticulum by stimulating*Ca
release. The ryanodine-induced local increase in the cytosofi¢ Ca
concentration activates €asensitive K channels (BK,). Activation
Gerbil kidney and spiral modiolar  of these K channels hyperpolarizes the membrane potential leading to
artery #AF221064 an inactivation of L-type C4 channels, a decrease in the global cy-
tosolic C&* concentration and a vasodilation.

global Ca®* ——= Contracton =—  global ca”

Table Accession # and % identity of sequenced PCR products

Rat CaSR 90% in 411 bp

#U20289 95% in 137 aa

Murine CaSR 91% in 411 bp agonists Gd" and NP* caused a biphasic dose-

#AF110179 94% in 137 aa dependent constriction of the spiral modiolar artery,

Eg‘é';‘;ogaSR gé;‘)’ " gi 22 which was similar to that observed in response to an

Human 90% in 411 bp elevgtion of [C&"],,. Fifth, the vascula_1r wall of the spiral

#NM000388 96% in 137 aa modiolar artery contained transcripts for the CaSR.
Similar observations have been made in other tissues
known to contain a CaSR (Brown et al., 1993; Riccardi
et al.,, 1995; Ruat et al., 1996; McGehee et al., 1997;

Discussion Adebanjo et al., 1998; McNeil et al., 1998).

The agonist rank potency order for the CaSR in the
Several lines of evidence support the conclusion that thepiral modiolar artery was Gd > Ni?* > C&* >> Mg®*
spiral modiolar artery senses [€}, via a CaSR. First, = neomycin. Most CaSRs are characterized by a rank
an elevation of [C&], caused a biphasic increase in potency of Gd* > C&* > Mg?* although variations in
[C&®"];, which is likely to be localized in the vascular potency orders have been found. For example? Mgs
smooth muscle cells of the spiral modiolar artery, since itbeen shown to be an agonist for the CaSR of bovine
was paralleled by a biphasic vasoconstriction. Secondparathyroid and rat kidney (Riccardi et al., 1995; McNeil
the initial phase of the [G4]-induced constriction was et al., 1998) but not for the CaSR of sheep parafollicular
dependent on Carelease from thapsigargin- and rya- cells and murine Leydig-cells (McGehee et al., 1997;
nodine-sensitive intracellular stores. Figure 10 summaAdebanjo et al., 1998). Similar variations have been
rizes our hypothesis regarding the interaction of thefound for neomycin that has been shown to be an agonist
CaSR with the cytosolic G4 stores. Third, the initial for bovine parathyroid and rat kidney CaSRs but not for
phase of the [CH],-induced constriction was sensitive rabbit thick ascending limb CaSR (Brown et al., 1993;
to U73122, suggesting that [E3,-induced constriction Desfleurs et al., 1999). This heterogeneity in the agonist
was dependent on PLC-activation. Fourth, the CaSRrank potency order might be related to species-specific
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differences among CaSRs. Further?Nias a more po- transcripts, since the presence of transcripts is generally
tent agonist than G4 for the spiral modiolar artery restricted to the nerve cell bodies located in remote gan-
CaSR. A similar potency order has been observed foglia.

the CaSR in murine Leydig cells (Adebanjo et al., 1998). Most physiologic relevant receptors face changes in

In most tissues CaSRs have been found to be linkethe agonist concentration. Thus, the question regarding
to a phosphatidylinositol-specific PLC (Brown et al., the physiologic relevance of the CaSR in the spiral mo-
1993; Ruat et al., 1996; McNeil et al., 1998). This PLC diolar artery is linked to the question whether or not this
is known to be sensitive to U73122 (Smith et al., 1990;receptor faces variations in the [€%,. Variations in the
Yule & Williams, 1992). In contrast, CaSRs in sheep [C&®*], in the vicinity of the spiral modiolar artery are
thyroid parafollicular cells have been shown to be linkedconceivable since this arteriole is sandwiched between
to an U73122-insensitive phosphatidylcholine-specificthe eighth cranial nerve and the bone of the cochlear
PLC (McGehee et al., 1997). The observation thatmodiolus. The [C&], in the direct vicinity of bone-
U73122 inhibited [C&'],-induced constriction of the osteoclasts has been shown to be as high asM(Sit-
spiral modiolar artery suggests that the CaSR of the spiver et al., 1988). The CaSR could allow the spiral mo-
ral modiolar artery is linked to a phosphatidylinositol- diolar artery to sense the [€3,, which could regulate
specific PLC. the vascular diameter of this arteriole. The physiologic

The observation that I&m ryanodine caused a sig- relevance of this regulatory mechanism, however, re-
nificant vasodilation is of great interest (Fig. 4). As mains unclear.
shown by Nagasaki and Fleischer (1988) and most re-  Alternatively, it is conceivable, that the [E3, is an
cently reviewed by Jaggar et al. (2000), ryanodine aitndicator to the spiral modiolar artery of its proximity to
these concentrations stimulates®Caelease from the the cochlear bone. Sensing and responding to an el-
sarcoplasmic reticulum. This stimulation of €aelease evated [C&"], might protect the spiral modiolar artery
may have caused an increase in the local cytosoli¢ Ca from being overgrown by the cochlea bone. Control of
concentration in the subplasmalemmal space rather thamone formation could be mediated by paracrine secretion
an increase in the global cytosolic €aconcentration of chemicals interfering with bone growth. In the con-
surrounding the contractile filaments. As illustrated intext of this hypothesis, the observed f¢ja-induced
Fig. 10, it is conceivable, that ryanodine-induced?Ca constriction of the spiral modiolar artery could merely be
release raises the local €aconcentration near C4& an epiphenomenon, which allowed the demonstration of
dependent K channels (Perez et al., 1999; Jaggar et al.the CaSR, rather than an indication that the?{qaregu-
2000). Activation of the C&-dependent K channels lates the vascular diameter via this receptor. This hy-
would cause a hyperpolarization, closing of L-type’Ca pothesis remains to be tested and may possibly be ex-
channels resulting in a decrease in the globa&*@an-  tended to other blood vessels, which are enclosed by
centration and a vasodilation (Nelson et al., 1995). Supbone without being overgrown.
port for this hypothesis comes from the observations that  In conclusion, the present study demonstrates that
10° m ryanodine caused a significant dilation of the the spiral modiolar artery contains a CaSR, which is most
spiral modiolar arterygeeFig. 4) and that 10 m nifed-  likely located in the vascular smooth muscle cells. If so,
ipine, a L-type C&" channel blocker, causes a vasodila-the present study may be the first demonstration of a
tion of the spiral modiolar artery (Wangemann et al.,,CaSR in vascular smooth muscle cells.

1998).

The CaSR of the spiral modiolar artery is likely to be The support by Research Grant RO1-DC04280 from the National In-
localized in the vascular smooth muscle cells of the arstitute on Deafness and Other Communication Disorders, National In-
teriolar wall rather than in endothelial cells, adventitial stitutes of Health is gratefully acknowledged.
cells or perivascular nerves. Evidence for a localization
in the smooth muscle cells comes from the finding that
the [C&"],-induced increase in [G4); occurred with the
same time course as the [Ch-induced vasoconstric- Adebanjo, O.A., Igietseme, J., Huang, C.L., Zaidi, M. 1998. The effect
tion (Fig. 1). A localization in endothelial cells or ad-  of extracellularly applied divalent cations on cytosolicCam mu-
ventitial cells cannot be ruled out although a far more  rine leydig cells: evidence for a €asensing receptod. Physiol.
complex interaction between these cells and the vascular 513:399-410
smooth muscle cells would need to be proposed. FurAItur_a, B.T., Altura, B.M. 1978. Factors Affecting Vascylar Respon-
ther, a localization in perivascular nerves as observed in SVeness. (Chapter 14). B.M. Altura and B. Kaley editors. pp. 547-

. . . . 615. University Park Press, Baltimore
me_sentery resistance arte”_es (BUkOSkI et _al" 1997_) I%erridge, M.J. 1993. Inositol trisphosphate and calcium signahiag.
unlikely, since CaSR transcripts were found in the spiral e 361315-325
modiolar artery. In contrast, mesentery resistance artefsroad, L.M., Cannon, T.R., Taylor, C.W. 1999. A non-capacitative
ies, which contain CaSR-proteins, yielded no CaSR- pathway activated by arachidonic acid is the majoP*Cantry
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