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Abstract. The effect of extracellular calcium ([, Introduction
on cytosolic calcium ([C&];) was investigated in thick
ascending limbs and collecting ducts from the rat kidney/n most cell types, cytosolic calcium concentration
using the fluorescent dye fura-2. In cortical collecting ((Ca®*];) is low—about four orders of magnitude be-
ducts, basolateral but not apical changes irf[Lavere  low that of extracellular fluidls—and remains constant
associated with parallel changes in f{Ja Basal [C&"],  when the extracellular G4 concentration ([C&],) var-
was hardly modified by nifedipine and verapamil but ies. This may be explained, firstly by the fact that cell
was decreased by 60% by basolateraf'Ldncreasing membranes are poorly permeable to?Cander resting
peritubular [C&"], triggered C&" release from intracel- conditions, and secondly by the great efficiency of Ca
lular stores. This effect was not reproduced by agonistextrusion mechanisms (calcium pumps and/or Na/Ca ex-
of the renal C&'-receptor RaKCaR, e.g., B3 Mg,  changer) which ensure the maintenance of this high
Gd**, and neomycin, but was reproduced by NiNi?*-  transmembrane Gagradient and regulate [€]; varia-
induced mobilization of intracellular Gawas larger in  tions. In some cell types, however, variations of {ga
the inner medullary collecting duct, a segment whichare associated with parallel changes in{Ga This un-
poorly responds to increasing [€%.. usual property concerns some endocrine tissues (glo-

In the cortical thick ascending limb, removing ba- merulosa cells of adrenal glands [8], parathyroid [34],
solateral C&" hardly altered [C&; but increasing and thyroid C cells [15]), but it has also been found in the
[Ca®"], or adding B&", Mg?*, G and neomycin re- cornea [29], and in discrete terminal portions of the
leased intracellular calcium. mammalian nephron, in particular the cortical collecting

These data demonstrate that (1) basolateral influx ofluct (CCD) [37]. According to the cell type studied,
calcium occurs in cortical collecting ducts, under basalthree different mechanisms have been proposed to ac-
conditions; (2) this influx occurs through nonvoltage count for the dependency of [€%; upon [C&'],,
gated channels, permeable to’Bainsensitive to vera- namely (1) C&" influx through membrane channels
pamil and nifedipine, and blocked by t'a(3) increasing  which are open under basal conditions [12, 37]; (2j'Ca
[Ca?"], stimulates the influx and triggers intracellular influx through a Na/Ca exchanger functioning in the re-
calcium release, independently of the phospholipase Cverse mode [4]; and (3) intracellular €arelease and
coupled receptor RaKCaR; (4) RaKCaR is functionally Ca?* influx mediated by a phospholipase C-coupled re-
expressed in thick ascending limbs; (5) another memeeptor, sensing extracellular €a This latter process,
brane receptor, sensitive to Nibut not to C&" is pre-  which has been described for the first time in bovine
sent in the collecting duct. parathyroid cells [6, 23, 33], implies that the events as-
sociated with an increase in [E%, are not limited to an
increase in [C&];, but also involve an enhanced pro-
duction of diacylglycerol and an activation of protein
kinase C.

An isoform of the bovine CA-receptor (BoPCaR,
- [7]) has been found recently in the rat kidney (RaKCaR,
Correspondence tayl. Imbert-Teboul [28]). In situ hybridization experiments carried out on
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renal tissue slices to localize the mMRNA have shown arexperiment, the animals were stunned and bled by section of the carotid
intense Iabeling in discrete regions of the cortex and thérteries. The kidneys were then quickly removed and cut into coronal
outer medulla—the so called “medullary rays"—but no slices for free-hand microdissection at 4°C in standard medigg (

labeling in the inner medulla. According to breliminar below) containing CaCl2 mm and 0.1% BSA (wt/v). Collecting duct
Ing | | ufia. Ing prefimi y fragments were isolated from medullary rays in the middle cortex

results of reverse transcription-polymerase chain reacgcpy, from the inner stripe of outer medulla (OMCD) and from the tip
tion (RT-PCR), the mRNA would be present in the thick of papilla IMCD). Cortical and outer medullary fragments of the thick
ascending limb of Henle's loop (cortical and medullary ascending limb of Henle’s loop (CTAL, MTAL) were also prepared in
portion) and in the cortical collecting duct [27]' a result some experiments. All microdissected tubules were kept on ice until
suggesting that the ééreceptor may participate to Use. Sequential loading of these samples with acetomethoxyester of

[Ca_2+]i variations subsequent to changes in extrace”ulaFura—Z (fura-2 AM 10pm for 1 hr at room temperature) was initiated
Ca&* concentration every 20-25 min (e.g., the usual duration of fluorescence measure-

. . . ments on a single tubule). Each fura-2-loaded tubule was then trans-

The mechanisms responsible for fCh-induced ferred to a perfusion chamber, sucked at both ends within the tip of
[C&a?"]; variations in rat CCD have been studied someglass holding pipettes and, according to the requirements of our ex-
years ago, before the discovery of 2C}eﬂeceptors [37, periments, either microperfused with a usual device of concentric
38]. The question whether a rise in [{fpe triggers an  pipettes, or simply superfused as already described [35]. Under both
intracellular C3* release, therefore, has not been ad_conditions, peritubular fluid was continuously exchanged at a rate of

dressed. On the basis of their data Taniguchi et al Cona_lbout 10 ml/min. All media were stored until use in individual reser-

. . . voirs. Their temperature was increased to 37°C with a heating jacket

cluded that the Na/_Ca_ (_axchanger '_S weakly active ”}ust before they entered the perfusion chamber. Luminal fluid was

CCD and does not significantly contribute toCantry perfused by gravity at a slow rate (2-5 nl/min). Exchange of luminal

or C&™ extrusion under normal conditions [38]. Accord- solution, when necessary, was completed within 20-30 secs.

ing to these authors, [éaI variations secondary to Double wavelength measurements of fura-2 fluorescence were

changes in [C%*]e would rather result from changes in a carrleq out after a 5-10 min equmb_ratlon period with a standard p_ho—

passive influx of C& through voltage-independent tometric set up (model MSP 21', Zeiss, Germany) assisted by a micro-
. computer [9]. The tubular portion selected for fluorescence measure-

membrane Channels [37]. Howe_ver,_ neither the pharmaﬁ\ents included about 20-30 cells. As a rule, all tubules were studied

cological properties nor the localization of these putativeytin less than 3 hr following their microdissection.

channels to apical and/or basolateral membranes have

been established in this study.

Because of these uncertainties, and becausé CaCALCULATIONS

plays a primary role in the regulation of most cell func- _ 3

tions, we thought it necessary to clarify which mecha-Net quorqscence mtensmes_ of fura-2 at 31_10 nm (S) and 380 nm (L)

nism(s) underlie(s) the sensitivity of rat CCD to Changeswere obtained by substracting corresponding autofluorescence values

. . from all measurements [9, 35]. [€3, was calculated from the equa-
in [Ca2+]e. The goal of our experiments was thus (1) to tion of Grynkiewicz et al. [17], using a dissociation constant of fura-2

determine whether [C4].-induced [C4"]; variations for calcium of 224 m and calibration parameters determined as pre-
originate from the apical and/or basolateral side of tubu-iously described [35, 37].

lar cells; (2) to establish whether they only concern CCD Unless otherwise indicated, results from several tubules were ex-
or also take place in the outer and inner medullary por.pressed as mean valuesem. Each experimental condition was tested
tions of the coIIecting duct (OI\/ICD, |MCD); (3) to in- ©noneor several tubules per rat in at least three different rats. Statis-

. . tical significance of the data was evaluated either by Studértgst
vestigate whether Carelease from intracellular pools (paired or unpaired, as appropriate), or by variance analysis (ANOVA)

participates_—toget_her with ééinf_lux_in ca’" signals when several groups were compared. If significant differences be-
evoked by increasing [€¥. and, if so, (4) whether the een groups were detected, they were evaluated using the Séheffe
Ca’*-receptor RaKCaR is involved in this pro- ratio test.P < 0.05 was considered statistically significant.

cess. Since high levels of the RaKCaR mRNA have
been found in the thick ascending limb [27], cortical
portions of this segment (CTAL) were studied in parallel,
as controls.

LUTIONS

The standard medium contained (imjnNaCl 150; KCI 1; KHCQ 4;
Na,HPO, 0.33; NaHPO, 0.44; MgCl, 1; MgSQ, 0.8; CaC) 2; D-
. glucose 5; N-2-hydroxy-ethyl-piperazine-N-2-ethanesulfonic acid
Materials and Methods (HEPES) 10; pH 7.4. Osmotic pressure was 310 mOsm/kg.
The so-called Ci-free medium was identical to the standard
medium except that it had no added Ca@hd contained 0.1 mn
PREPARATION OF TUBULES AND ethylene glycol-bis{§-aminoethyl ether)-N,N,NN’-tetraacetic acid
FLUORESCENCEMEASUREMENTS (EGTA).
When a Né&-free solution was used, NaCl and Na-phosphates
The technique used for measuring fdJain single microdissected were replaced by tetramethylammonium-chloride and K-phosphates,
tubules has already been described [9, 35 37]. Briefly, experimentsespectively. It should be noted that TMAons may induce hormone-
were carried out on male Sprague-Dawley rats (90-120g body weightike [Ca?*]; variations by interacting with cholinergic receptors [21].
fed a usual laboratory diet with free access to water. On the day of th&Since the rat collecting duct is a target site for cholinergic agonists [19,
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35], 10“*m atropine was always added to the medium when TMAs CCD
present.

Finally, phosphate and bicarbonate-free media were used to test 300
the effects of lanthanum (83), barium (B&*), and gadolinium (G#).

2 mM [Ca2+],

!

|

|
MATERIALS |
|
Salts used in the standard solution were products from Merck (Darm- I
stadt, Germany); fura-2 (free acid) and fura-2-AM (acetomethoxyester)
were purchased from Molecular Probes (Eugene, OR); ouabain, atro-
pine, neomycin, nifedipine and verapamil were from Sigma Chemical
(St Louis, MO). 0 : -

Results and Discussion
OMCD

EFFECT OFEXTRACELLULAR CALCIUM CONCENTRATION

oN [Ca®™);

200 +

N
o

Changes in Peritubular Calcium

[Ca 2+]; nM
o
(@]

Experiments were carried out on superfused segments to

investigate the effect of removing peritubular calcium on T

[C&a?"]; in the different portions of the collecting duct. 0 , ,

As mentioned in Materials and Methods, the tubules 0 5 10

were tightly mounted on glass holding pipettes, prevent-

ing any access of superfusate to the lumen. Therefore

changes applied to superfusate composition only con

cerned basolateral membranes. Results in Fig. 1 show 2 |

that CCD, OMCD, and IMCD segments bathed in stan- T
I
[
I
I

0 2 mM [Ca2+],

dard medium exhibited the usual [€} level found in 200 J
most cell types (80-250m). In CCD and OMCD, re- =
moving calcium induced a steep 50% decrease ifca o=
(CCD: from 2B + 8 nv to 101 + 4,n = 14; OMCD: & 100 A
from 137 + 4 to 74 + 4,n = 13; P < 0.001 for both Q
segments). In contrast, [€3, dropped by only 22% in T
IMCD (from 102 + 5to 79 £ 4 m, n = 13, with and 0 , ,
without C&*, respectivelyP < 0.005). 0 5 10

In CCD and OMCD the pattern of [€4; decrease time (minutes)
was monophasic and of exponential type but the time
constant of the exponential process (k rﬁ)nwas sig- Fig. 1. Effect of removing and re-adding calcium to peritubular super-
nificantly higher in CCD P < 0.001). Following the fusion medium on [CZ];. Representative traces obtained on segments

s ) _ superfused with standard medium (&6 to illustrate the different
initial decrease, no further fall of [éa' could be ob . sensitivities of the cortical, outer and inner medullary portions of the rat

served in any_ of thes_e segments, but after 15_’ _m'n Ir'!:ollecting duct (CCD, OMCD, IMCD) to changes in extracellular cal-

Cé&*-free medium the intracellular arelease elicited  ¢jum concentration (1.

by the peptidic hormone vasopressin (Fid) %r the

diterpene alkaloid thapsigargid4ta not showphwas ab-

normally low, an observation suggesting that intracellu-tions markedly diminishes from cortex to papilla. In

lar stores were depleted. In CCD and OMCD, the fall of CCD, the relationship between [€% and [C&*], was

[Ca?*]; was fully reversible upon re-adding calcium to linear up to 5 nw peritubular calcium (mean slope: 48 +

the bath. In both segments, the pattern of recovery wa8 nv-mm™%, n = 4; r = 0.99 + 0.01), whereas in

biphasic, exhibiting a marked [€4, overshoot. OMCD [C&™]; rose sharply between 0 and Ivnand,
Stepwise re-addition of calcium was carried out onthen, either did not change (2 tubulesgthe example in

some tubules to examine in more detail the relationshig-ig. 2) or only slightly increased (4 tubules). As a mean,

between [C&], and [C&"]; (Fig. 2). The results show the slope calculated from all tubules was only 12.5 + 3.9

that the sensitivity of the collecting duct to [€%, varia- nm. mvm™* between 1 and 3 m(r = 0.74 £ 0.17n =
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Fig. 3. Effect of increasing the luminal calcium concentration on
[Ca?*]; in the cortical collecting duct (CCD). Results obtained from

microperfusion experiments in which extracellular calcium concentra-
2] 0]-5]1]2]3mM] 59 tion was increased for each tubule from 1 to & nsuccessively i
200 i . y n
= [ T T R basolateral (bath) and luminal medium (or conversely). Upper panel:
T representative trace given as an example. Lower panels: results ob-
.;_—.100 | T I | 100 tained in 6 different tubules, each represented by a different symbol.
N PN L V. Lines join [C&"]; values measured in the same tubule during the con-
o, IMCD IMCD trol (1 mm C&*), experimental (3 m C&*), and recovery period (1
0 f o 2 %33 3 mm Cae*).
time (minutes) [Ca2+], mM

Fig. 2. Relationship between the calcium concentration of peritubular . . .
medium (m1) and [C&"], in the different portions of the rat collecting Changes in Luminal Calcium
duct. Left hand panels: representative traces giving the time course of

[Ca™"); variations induced by increasing calcium in bath medium on We used the in vitro microperfusion technique to analyze
CCD, OMCD and IMCD. Right hand panels: relationship between the effect Of Changing |umina| Calcium Concentration on
[Cazfeand mean [CH]; values achieved at equilibrium ¢gv). Data [Ca2+]i_ We first observed that rat CCD segments mi-
obtained from 4 to 6 experiments. croperfused with either standard (2nC&*) or Ce*-
free luminal fluid had similar basal [G§; levels ([C&™;
6). In agreement with the data in Fig. 1, similar changes= 189 + 6 v, n = 37, and 189 + 7n = 32, respec-
of [Ca®"],, hardly modified [C&"]; in IMCD. This latter  tively). This result suggests that the apical face of CCD
observation is of obvious interest as regard to the funceells is insensitive to variations of luminal calcium con-
tion of IMCD cells. Indeed, it is well known that the centration. In support of this conclusion, we also found
water content and, consequently, the solute concentratiothat increasing [C&],, from 1 to 3 mv in the lumen did
of papillary interstitium are highly dependent on the di- not alter [C&"]; ([Ca®"]; = 154 + 24 m1 and 153 * 22,
uretic state of the animal, e.g., on the amount of watem = 6, seeFig. 3), whereas the same maneuver carried
reabsorbed along the collecting ducts [2]. If changes irout on the same tubules in peritubular medium increased
water reabsorption alter interstitial [E%concentration, [Ca®"]; from 134 + 16 to 228 + 27m (P < 0.001). Simi-
then the low sensitivity of IMCD to peritubular calcium lar results were obtained in OMCDUgta not showhn
may protect the cells against such modifications of theifThese results demonstrate that fJaincreases consecu-
Ca™* environment. In the cortex, by contrast, the tissuetive to elevations of extracellular calcium are exclusively
composition remains constant whatever the hydric statef basolateral origin. From a physiological point of
of the animal [2]. [C&"]induced [C&"]; variations are  view, this means that there is no €aeceptor and no
thus necessarily secondary to hypo- or hypercalcemia. C&* influx pathway in apical membranes of the rat



A. Champigneulle et al.: Relationship between {Gaand [C&]; 121

CCD. Additionally, this also indicates that, in contrast 2 |o| 2mm ca2*
with previous data obtained in the rabbit [32], the rat 300 Vera
CCD may not be the site of a transcellular®Caeab- _l—L—

sorption, at least under basal conditions. :

200

|
]
I
EVIDENCE FOR EXTRACELLULAR CALCIUM INFLUX |
|
]

[Ca2+]j nM

The increase in [C4]; observed in CCD when bath cal- 100
cium concentration was enhanced (Figs. 1 to 3) demon-
strates net addition of calcium to cytosol but does not h) 3 10 15 minutes
indicate whether calcium addition was of intra and/or
extracellular origin. If C&" influx takes place across ba-
solateral membranes, then, specific inhibitors of calcium I Nif |
channels and/or transporters may be expected (1) to de- 300 LN
crease [C&T; when added to basolateral superfusion so- I '
lution, and (2) to reduce the rise of [€% induced by &
T

2 | o | 2mmca?*

increasing peritubular calcium concentration. To test =
these points, we evaluated the effect of verapamil and7
nifedipine—two blockers of L-type voltage-gated chan- £
nels—and that of L¥, a nonspecific inorganic blocker 100
of most types of calcium channels [26] (Table 1 and Fig.

4). Addition of nifedipine to standard superfusate did h g 10 15 minutes
not alter [C&"];, but verapamil produced in all CCDs a

faint but significant [C4"]; decrease (about 10% of the

mean basal [C4]; value;P < 0.001). As shown by the

figure, neither verapamil nor nifedipine modified the fall 300
of [C&®"]; consecutive to removing calcium. Nor did
they prevent the restoration of [€% upon calcium re-
addition, a result indicating that L-type voltage-sensitive
Cé&* channels, if present, do not play any significant part
in the apparent permeability to €aof rat CCD cells.

In contrast, peritubular addition of 1Q0v La*>* induced

a marked fall of [C&"];. A further [C&"]; decrease from
150+ 10t0 106 = 3 m (n = 6, P < 0.01) occurred upon 0 3 10 15 minutes

removing calcium from the bath, suggesting that Lgid

not totally inhibit car entry into cytosol. Accordingly, Fig. 4. Effect of calcium chann_el antagon[sts on fdain st_Jperfused

the rise of [Cé).+]i induced by readding calcium (2vjito rat CCDs. These representative traces illustrate the time course of

+ Ca?"]; variations induced by adding 1Qm verapamil A), 10 um
Ce*-free SUperfusate was markedly dampened but norLllifedipine B) and 100um lanthanum C) to standard peritubular me-

abolished in the presence of La(A[Ca™]; = 29+ 5%  gium (2 mu Ca*). The effect of these blockers was evaluated, first by
of the control [C&"]; variation measured in the absence their ability to decrease [C4;; second by their ability to blunt [C4];

of blocker on the same tubuleB;< 0.001vs. control). increases consecutive to re-adding calcium t¢*@ae peritubular
Taken together, these results indicate that a basolatergiedium. Note that only lanthanum did actually behave as an inhibitor
C&"* influx occurs in rat CCD in the absence of any ©°f calcium influx in rat CCD.

added agonist. The fall of [€§; consecutive to baso-
Iatera_l calcmr_n _removal may t_)e explained by the SUPcells [40], the results reported above do not give infor-
pression of this influx, the kinetics of the decay reflecting

the activity of C&" extrusion mechanisms. The rate of mation on the nature of the transport pathway(s) in-

Ca* exchange between extracellular medium and cyto—VOIVed in calcium entry. Experiments carried out by

sol (influx as well as efflux) is thus highest in CCD, Breyer in the rabbit ascribed a primary role to the Na/Ca

; oo ; . exchanger in C& entry (into) and C&" extrusion out of
intermediate in OMCD, and lowest in IMCD (Fig. 1). CCD cells [5]. In contrast, data obtained in the rat by

Taniguchi et al. rather supported the hypothesis of"Ca
MECHANISMS OF CALCIUM INFLUX channels [37]. For these authors, a®Cantry through

nonvoltage-gated “leak” channels matched by an active
Because L& inhibits not only different types of calcium extrusion via C&-ATPases would be the main mecha-
channels but also sodium-calcium exchange in intachism by which CCD cells maintain a steady stateqQa

|
|
200 |
|
|
|

2

N
o
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Table 1. Effect of different calcium channel blockers on cytosolic
Ca&* concentration ([C&];) in the rat cortical collecting duct (CCD)

Compound Cytosolic calcium concentrationjn
Control Experimental n
Nifedipine (10um) 253+ 14 252+ 12 (8)
Verapamil (10pm) 221+ 9 201+ 9% (5)
La®** (100 pm) 246+ 15 151+ 12** @)

Control: [C&"]; values (mear semM) measured in single microdis-
sected segments superfused with standard medieeMaterials and
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bular medium was tested on IMCRA[C&"]; in IMCD
= 358 +63 m,n = 4,vs.106 £ 28,n = 4, in CCD
from the same rats), a result demonstrating that the pres-
ence of a functional Na/Ca exchanger is not sufficient to
generate [CH], variations in response to changes in
[Ca®"]. (Fig. 1 and 2). On the basis of these data, we
think it justified to conclude that G4 permeable chan-
nels (rather than Na/Ca exchange) are responsible for
basolateral CH entry in rat CCD.

As regards the mechanisms of Caextrusion, we
found that removing basolateral €afrom a N&-free

Methods); Experimental: values measured at equilibrium on the samsuperfusate (a condition expected to inhibit "Na
tubules after addition of the blockers to basolateral superfusion soludependent ca extrusion) did not diminish, but on the

tion; n: number of tubules; P < 0.01vs. control; **P < 0.001. Rep-
resentative traces of these experiments are given in Fig. 4.

level, under various circumstances. This conclusio
rests on the three following arguments: (1) fQa-

induced [C&"]; variations could be observed in tubules

exhibiting a low Na/Ca exchange activity [37, 38]; (2)

[C&a?"]; was not increased but, on the contrary, decrease

in depolarizing K-enriched media [37]; (3) the relation-
ship between [C&]; and [C&"], was linear in CCD, a

result compatible with a passive calcium influx down the

electrochemical gradient [37]. Present results confir
these conclusions as [€% declined in CCD bathed in a
high-K* solution @ata not showyh Moreover, we also
found a linear relationship between [£h and [C&"],

entry is insensitive to nifedipine (Fig. 4). At first glance,

the slight [C&"]; decrease induced by verapamil (Table
1) could seem at variance with these latter data. It shoul
be noted, however, that verapamil is a potent inhibitor of

basolateral K channels in cortical collecting ducts of the
rat kidney [31]. The [C&T; decrease observed in CCD

may thus be indirect, resulting from membrane depolar

ization subsequent to blockade of basolateraldian-
nels.

As regards the Na/Ca exchanger in CCD, we con-
firm that it is barely active in the rat and that only drastic

changes of the transmembrane sodium gradient can i

n

contrary tended to accelerate the exponential rate of
[Ca®"]; decreasel = 4.9 + 0.4 min', n = 5,vs.3.7 +
0.5,n = 4, in Na'-free and standard medium, respec-
tively). Consequently, Ca-ATPases rather than Na/Ca
exchange should account for €aextrusion across rat
CCD basolateral membranes. This conclusion is in
agreement with previous data demonstrating that the Na/
ﬁ}a exchanger is preferentially expressed in nephron seg-

ents involved in transcellular €areabsorption [3].

The question whether an increase in peritubulaCa

concentration can inhibitjper se—Caf* extrusion by the

lasma membrane E&ATPase (or, conversely, a
Ca?"], decrease stimulate the rate of pumping out) has
not been addressed here. However, previous studies car
ried out by Donnadieu et al. in intact lymphocytes have
shown that the activity of the plasma membrane&‘ca

"hTPase is highly dependent on the concentration 6f Ca

in cytosol, but hardly on that prevailing in extracellular

énedium [10].

With regard to OMCD, it is interesting to note that
no [C&"]; decrease could be observed in the presence of
either verapamil or nifedipine, and that [€h fell in a
high-K* basolateral medium, as in CCDe6ults not

Nernst equilibrium potentials for Naand C&", respectively. IV, is
the basolateral membrane voltage, the net driving force féf @ans-

r?)'ort through the exchangev{,) is given by:V., = V,, — Eg (negative

duce the reverse m0(_je of function_ing. This _conc_lusion IS/alues indicating C exit). In CCDs superfused under the following
based on the following observations: (1) in microper-conditions ([C3'], = 1 mv; [Na'], = 150 mu), mean resting [C4];

fused CCDs, substitution of basolateral Ngith TMA™*
increases [C&]; much less than in the rabbit under simi-
lar experimental conditions\(Ca®']; = 81 +8m, n =

4; vs. A[Ca?*]; > 400 mv, as described in [5]); (2) we
calculated that increasing [€3, from 1 to 3 mm hardly
modifies the driving force for Cd entry through the
exchange, finally, (3) the effect of a N&free peritu-

1 Assuming that the stoichiometry of the exchange is 3/N&&*, as
in most cell types [13], the reversion potential for the exchanBgy (
is given by the formulaEg = 3 Ey,— 2 Ec,whereE,, andE.,are the

values amounted to about 180.nAssuming an intracellular concen-
tration of N& of about 16 nw [25] and a value of =80 mV fo¥/,,, [31]

the calculatedv, was only slightly negative under basal conditions
(=30 mV), an observation indicating that the Na/Ca exchanger func-
tioned in the forward mode (calcium exit) but near its electrochemical
equilibrium, and therefore generated smalfCluxes. When basolat-
eral [C&*], was increased to 3m V., rose to 0 mV. It is thus clear
that the Na/Ca exchanger was silent and could not account for the
observed rise of [C4]; (A[Ca®"]; in superfused tubules 138 + 15

nM, n 9). In agreement with this conclusion, we found that, in
tubules superfused with a nominally Nfree solution (peritubular Na
concentration determined by flame photometry164), the exchanger
increased [C&]; by only 80  (see abovg even though the calculated
V. value amounted to about +600 mV.
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5 mM [Ca2+]e

showr). The fact that the relationship between steady- @ ca2e]
0.5 |5 mM[Ca<t]e 0

state [C&"]; values and [C#]. tended to saturate beyond
1 mm may be due to some regulatory process(es) and
therefore does not necessarily imply that the mechanisms
of C&* entry are different in this segment.

To conclude, the basal permeability to Caf rat

400+

300

|
|
|
|
|
I
300 |

CCD cells may be ascribed to the presence of basolatera} AVP La3+(100 M)
channels which are open under resting conditions. Thisy [

- . . . . e O 200+ 200 |
permeability should be considered as an intrinsic specific™ \ ®
property, since [C&]; was hardly decreased in proximal L @ AVP !
tubules [20] and cortical thick ascending limbs similarly ;| 100 :
superfused with Cd-free media or L&"-containing so- |
lutions eeFigs. 10 and 11). S+ 1w b R

time ( minutes) time ( minutes )

MOBILIZATION OF INTRACELLULAR CALCIUM Fig. 5. Mechanisms participating in [€4; variations induced by in-

creasing extracellular calcium concentration Qg in rat CCD.

Previous expetiments have shown that parathvroid Ce"Traces compare the effect of increasing peritubulaf{izan control
VIOUS experi v W P yrol %A) and C&*-depleted tubules). Tubules of group A were superfused

can detect small variations of extracellular’Caoncen- with a 0.5 nm C&* solution during the equilibration period; Tubules of
tration through a membrane receptor binding specificallygroup B (trace 1), were first superfused for 10-15 min inGhee
divalent (and some trivalent) cations but not monovaleninedium, and then stimulated by 8-arginine vasopressin (@0 n
cations [6, 7, 23, 33]. This receptor (BoPCaR), whichAVP)—a peptide known to activate the phosphoinositide pathway in
belongs to the superfamily of G protein-coupled I,ecep_rat CQD [1, 35]—t0 achieve complete depletion of inositpl phosphates-
tors and activates phospholipase C, has been cloned l,ée_nsmve calugm stores. Comparison _of the responses induced by AVP

. . in trace 1 and in trace 2 (e.g., only 2 min after superfusing tifé-@ae
_Cently fr_om bovine p_arathyrmd glands [7]. Fu_rther stud- medium) indicates that a substantial depletion of intracellular stores
ies carried out by Riccardi et al. have established that @ouid be achieved in CCD only by superfusing théGiaee medium.
highly homologous isoform (RaKCaR) is present in thein groupsA andB, lanthanum (10Quv) was added to the bath 2 min
rat kidney [28], possibly in the cortical and medullary before increasing [Cé], to 5 mv, to reduce extracellular calcium
portions of the thick ascending limb and in the cortical entry. Note that the peak of the response tos @& disappeared in
portion of the collecting duct [27]. This latter observa- C& -depleted tubules.
tion made it necessary to investigate whether intracellu-
lar C&* release participated—together with®Canflux—
in [Ca’"]; increases subsequent to elevations of extracelglevation of [CA7];, a result suggesting that the initial
|u|al’ Ca|C|Um, and Whether the effeCt Of a h|gh Ca|C|Um peak reflected Cﬂ' release from intracellular p00|s
concentration could be reproduced by cations known tQyhereas the plateau (which was lower in magnitude than
activate C& -receptors from other cell types, namely that observed after 24 removal in control tubules (Fig.
Ni%*, B&", Mg?", Gd™*, and the polycation neomycin [6, 5a)) reflected a residual Gaentry persisting in the pres-
7,23, 28, 33, 42]. ence of L&*. This entry was of extracellular origin since

it could be observed in C&depleted tubules as well.
Evidence for Intracellular Calcium Release
Lack of Evidence for the Ga Receptor RaKCaR in

The approach used to detect a participation of intracelRat CCD
lular stores in the overall calcium response consisted in
increasing [C&'], in the presence of A to limit Ca®*  Figures 6 and 7 compare the effects ofCand C&*-
entry and tentatively unmask an initial peak, if present.receptor agonists on [§; in CCD. As shown in Fig.
Two different groups of tubules were studied. In the first6A, Ni?* (5 mm)—a C&*-channel blocker known to
one, CCDs were superfused with a 0.51i@a* solution  stimulate the osteoclast Eareceptor [42]—elicited a
during the initial control period. As shown by the rep- sharp calcium spikeA[C&*];, = 215 + 25 m above
resentative trace in Fig./g increasing [C&], from 0.5 basal,n = 8) followed by a marked [Cd]; decrease,
to 5 mv triggered a clearly biphasic [€§; variation  when added to standard medium. In“Géee solution
involving an early spikelike component followed by a (Fig. 6B), the spike was still observed[Ca?*]; = 240
plateau. Inthe second group (Fid8)5tubules were first + 54 nv, n = 5), but no further fall of [C&"]; could be
exposed to Cd-free medium for 10—15 min, and then to observed after reversion of the spike. As already ob-
vasopressin to deplete intracellular calcium pools [35],served with L&", restoration of [C&"; consecutive to
before adding L& and C&*. Under this condition, add- re-adding C&" was significantly bluntedX[Ca®*]; with
ing 5 mv C&" induced only a monophasic sustained Ni?* = 30 + 5% of the control [C&]; variation; P <
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( ) Fig. 7. Effect of C&" and C&*-receptor agonists on [€Y; in rat

Fig. 6. Effect of Ni2* (5 mm) on [C&]; in superfused rat CCDA]: CCD. Traces obtained on single superfused segments to compare the
addition of N?* to standard peritubular medium (n€&") induced time. course of [(:?5'1*i variatioqs induced 'by increasing p(zeritubular
a large calcium spike before decreasing 7Gato a level near that ~ Calcium concentration, or adding neomyci),(Gd™" (B), Mg*" and

achieved in C&free medium; B): this spike persisted when Kiwas ~ B&" (C) to standard superfusion medium (fCR = 2 mw); Note that
applied in C&*-free medium, indicating an intracellular origin for Similar results were obtained in CCDs superfusechvaitl mv ca

Ca*. Note that N¥*, as L& (Figs. 4 and 5), blunted the [€4 peritubular solution. ): effect of neomycin and B4 in C&*-free

recovery usually observed upon calcium re-addition to bath medium.Mmedium. Note that the effect of neomyc_in became updetectable,
whereas the effect of Ba tested after 10 min of superfusion (when

intracellular C&" stores were depleted) was amplified. Assuming that
0.001). These results demonstrate tha&t"Niin addition  the response to Ba reflected B&" and not C3* entry within CCD

to its inhibitory action on C& entry—released calcium cells Gee text the faster kinetics of the apparent f¢increase may
from intracellular stores. bg explajned by the absence of’Céns V\_/hich are likely to compete
By contrast, no evidence for intracellular calcium with Ba2* to enter the cells through calcium channels.
mobilization was found when the same protocol was
used with neomycin, G, Mg?* or B&* (Fig. 7). In  bovine parathyroid and rat renal €aeceptors [7, 28]—
standard medium, the effect of neomycin (30@) was  also decreased [€Y, (-71 + 17 m, n = 5; Fig. 7B).
qualitatively similar to that of Ni* but quantitatively A transient and delayed [€Y; increase could be ob-
smaller (initial peak= 44 + 5 nv above basal; subse- tained in 4 out of 6 tubules (86 6 nv, n = 4) but only
quent decrease: 23+ 8 M, n = 6, Fig. 7A) and no  when the Gd" concentration was raised to 3pM (Fig.
signal could be detected in €afree medium (Fig. D).  7B). Comparable results were obtained with ¥g5
Gd®* (100 um)—one of the most potent activators of the mm) which produced a discrete and transient fall of
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[C&a?"];in 5 outof 12 CCDs (-8 6 nv, n = 5, Fig. TC) @
and a biphasic variation in the others[Ca?*]; after the Ni 2*
initial decrease= +46 + 13 m, n = 7). Finally, BZ* (5 8007 (5 mM)
mm) did not elicit any calcium transient but induced in
all segments tested a slow and continuous increase in the
340/380 fluorescence ratio, which was not maximal after 600
five min of superfusion (Fig. @), and only partially £
reversed after B removal (ot show). =
It is well known that Gd* [24], as well as neomycin & 400-
[11], and high Mg@* concentrations [26] behave as block- §,
ers of C&* channels in some cell types. Were it the case ] 2+ Neo

Ca
in CCD, the [C&"]; decrease induced by these cations 200- (5 mM) (300 pM)

might be explained by an inhibition of basolateral’Ca

influx. As regards B#', it is interesting to note that sus- R g SRR
tained, irreversible signals could be observed irf'€a , ; , '
free solution on C&-depleted tubules (Fig.[¥), as in g 5 10 15 20
standard medium. Therefore, the response & Baes time (minutes)

not result from calcium influx or calcium release, but

rather reflects B& entry within CCD cells. Indeed, (1)

Ba?* is currently used to measure Eaurrents through Ni2+

membrane channels; (2) the interaction of’Bavith (5 mM) A [Ca2+];

fura-2 produces the same displacement of the excitation T nM
spectrum as C4 [18]; finally, (3) an entry of B&" as- T 600
sociated with an apparent increase in§Gahas already 400 1
been observed in bovine parathyroid [24], as well as
mouse lacrimal cells [18]. From these results, it is clear Z 3001 4004
that the response of CCD to Mg B&*, G&®*, and neo- = 1
mycin reflects the interaction of these cations with ba- 200+
solateral C&" channels, and that the €areceptor, if £ | 20017
present, has a cationic specificity different from that ex- g0l
pected [28]. __,J

o+— , time oL
0 5 (minutes) C

Evidence for a “Nf*-Receptor” in the Rat
Collecting Duct Fig. 8. Comparison of the effects of €3 neomycin, and Ni" on
[C&a*]; in the terminal portion of the inner medullary collecting duct.

. . .. (A): Trace obtained on a single IMCD segment, superfused with stan-
To account for the marked intracellular release elicitedyarg medium (2 m C2*) between the test period®) effect of NP*

by Ni** and C&"* (but not by other cations) in CCD we in c&*free medium; C): mean [CA’]; increases isem induced by
hypothesized that the mRNA detected by RT-PCR in this\i** in CCD, OMCD and IMCD segments superfused with standard
segment [27] m|ght encode for an isoform of RaKCaR'medium; IMCD: P < 0.001vs. both CCD and OMCD; OMCDP <
presenting a high degree of homology at the moleculaf-025Vs- CCD.

level, but differences as regards its specificity towards

polyvalent cations (in this case, an isoform more sensihigh calcium spikes amounting to 683 + 3& mbove
tive to C&* and NF* than to B&*, GA®*, and neomycin). basal,n = 8, (Fig. 83). These spikes persisted inTa

To be verified, this hypothesis implied that ¥aand  free medium A[C&?"], = 331 +50 m, n = 3, Fig. &),
Ni%* interacted with a common membrane binding site toand no quenching of fura-2 fluorescence occurred upon
mobilize intracellular calcium, and consequently thataddition of N7* to the bath data not showh It is thus
Ni%* would not release intracellular calcium in IMCD, clear that N¥* behaved as a membrane impermeant cat-
e.g., a segment which hardly responds to variations ofon and acted on an extracellular binding site in IMCD.
basolateral calcium concentratiose€Fig. 1 and 2) and  This site which may be designated as a #Nieceptor,”
does not contain the RaKCaR mRNA [28]. In agreementas long as its molecular identity and its function have not
with our previous data, increasing [€% from 1 to 5 been identified, is distinct from RaKCaR since it is only
mm induced only slight and transient [€% variations in  barely sensitive to G4 and neomycin. It is likely also
this segment4[Ca®*];, = 16 £+ 6 v, n = 7). Neomycin  distinct from the site which mobilizes intracellular cal-
was also poorly activeA[Ca"]; = 34 +8 mv,n = 8).  ciumin CCD, since the sensitivity to Rlidecreases from

In contrast, Ni* tested on the same tubules producedIMCD to CCD (Fig. &) whereas the sensitivity to €&
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increases (Figs. 1 and 2). Taken together, these resul 2
fail to demonstrate the presence of an isoform of@ L sce
RaKCaR activating PLC in the rat cortical collecting

duct, but reveal the ability of Nf to mobilize intracel- 1200

lular C&* through an unknown membrane receptor, pre- g, AlCa2s]nM
dominant in IMCD, the natural agonists of which remain
to be identified. S 800

From a functional point of view, the “Ni'- = 750
receptor” of IMCD shares some properties with the %so0 3ca
“Ni 2*-receptor” of osteoclasts which is highly sensitive £ 500
to Ni** and only poorly sensitive to G&[42]. It may 400
also be compared to the “Gtreceptor” found in hu- 2Ca* 250
man fibroblasts and a number of other cell types, since 200
this receptor stimulates inositol phosphate formation and
intracellular C&" release in response to low concentra- 03 L
tions of C#*, Co?*, and N#*, does not respond to B time ( minutes )

and Gd*, and remains insensitive to €aup to 16 1

[36]. Atthe present time, however, none of these recep-‘ cch
tors has been cloned. It is thus not possible to conclude™~{—— A [Ca+]i nM
about their putative homologies with the “Rfi- 50 scad*

receptor” of IMCD.

=
c
'E 2+
. . N 2 Ca -250
Expression of the Renal €aReceptor in CTAL 82501 T i
50 04

Since the renal Cé-receptor RaKCaR mRNA is par- ¢ fme (minutes) [éa2+]e3mM s
ticularly abundant in the thick ascending limb of Henle’s
loop [27], the following experiments were carried out (1) Fig. 9. Comparison of increasing peritubular ¥:aconcentration
to check whether evidence for a functionaIZC-eeceptor ([Ca21,) on [C&*]; in the cortical portions of the thick ascending limb
could be obtained in CTAL and MTAL; and (2) to es- (CTAL) and collecting duct (CCD). Left hand panels: representative
tablish whether its cationic specificity would be the samelraces iIIustratjng the'pattem of [&%, variations induced ir_l these two
as that found inXenopusoocytes transfected with the Se9ments by increasing [€, from 1 to 2, 3, and 5 m; right hand

. . panels: mean [G4]; increases (peak — basalsgm calculated for each
RaKCaR mRNA [28]'_AS shown m, Fig. 9, small but [Ca®], concentration from at least 4 similar experiments.
detectable [CH]; variations could be induced by elevat-
ing [C&"], from 1 to 1.5 nm in CTAL, as in CCD. The
pattern of response of these two segments to high&f Cathe absence of plateau likely reflected the inhibition of
concentrations was, however, clearly different. Indeedgextracellular calcium entry, thereby suggesting that the
large, concentration-dependent fCja variations exhib-  calcium spikes were of intracellular origin. To reinforce
iting sharp initial peaks and discrete plateaus could behis latter point, we examined the effect of neomycin in
obtained in CTAL upon increasing [€4, from 1to 2, the absence of G4in peritubular medium. As shown in
3 or 5 mv whereas the usual rectangular signals wereFig. 11 (@ andB), [C&*]; either did not change or only
obtained in CCD from the same rats. Data illustrated byslightly decreased when CTALs were superfused with
Fig. 10 show that the effect of 5MmCa* on CTAL was  C&-free solutions (mean [G4, = 88 £+ 6 and 77 £ 6
fully reproduced by adding 30Qm neomycin, 5 m nuv, n = 25, with and without C&'; P < 0.001). Under
Ba’*, and (although to a lesser extent) &ig* to bath  this condition, the peak of the response to neomycin
medium. Nf* (5 mm) and Gd* (100-300uMm) also trig-  persisted4[Ca?*]; = 365 + 121 m above basah = 7),
gered sharp [CGH]; increases but the observed responsesut the plateau disappeared. As already observed [22],
were transient, reversing spontaneously towards initiahngiotensin ll—a peptide known to activate PLC [39]—
[C&?"]; levels. Finally, LE* (100 um) was totally inef-  also released intracellular calcium in CTAL (Fig.B)1
fective on its own (Fig. 1G), but altered the response of Interestingly, however, it was unable to promote any
CTAL to an increase in [Cd].. As shown by the trace [Ca?"]; variation when tested in G&free medium after
(Fig. 1(D), a transient spikelike [G4]; variation, similar  neomycin (Fig. 1A). Conversely (Fig. 1B), a first
to that triggered by Ni* or G&*, persisted when [G4],  stimulation by angiotensin Il in Ca-free medium
was increased from 0 to 3wmin the presence of I3, (A[C&*]; = 211 + 24 m, n = 5) markedly diminished
but the plateau of the response to’Cavas abolished. the ability of CTAL to respond to neomycith[Ca®*]; =
Since L&*, GA®*, and NF* are all C&* channel blockers, 88 + 45 m, n = 5). Taken together, these data demon-

500
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400 4007 | Fig. 11. Effect of neomycin in calcium-free medium in rat CTAL.
[ Representative traces illustrating the pattern of[Gavariations elic-
Z 200 » 00! ' ! ited by: (&), a first stimulation with neomycin (30@m) followed by a
&'—'7 Mg-* ! : stimulation with angiotensin Il (10 nM) in G&free peritubular solu-
S (5 mM) : | tion; or, conversely:E), a preliminary stimulation with angiotensin I
~ 200 2001 | followed by a stimulation with neomycin. Note that intracellula”Ca
a3, ol stores were not replenished between the two stimulations. We checked
100 (100 aM) (. in a separate experimental series that a 10-min superfusion with Ca
— 100 ! free medium did not alter, on its own, the ability of CTAL to respond
e to neomycin and angiotensin 1.
} t + y 0 + {
0 5 10 15 20 0 5 10
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Fig. 10. Effect of C&* and C&"-receptor agonists on CTAL. Repre- CouDIed toPLCis functlonally expressed 'r_] CTAL and,
sentative traces given to compare the time course otfQeariations ~ although to a lesser extent, in MTAL. As judged from
induced by increasing @4 concentration from 2 to 5 m and by  the magnitude of the initial G4 peaks generated by €a
adding neomycin and Ri (A), G* (B), B&*, Mg®* and L&* (C)to  and its agonists, and from the cation concentrations nec-
peritubular superfusion mediunD): note that increasing [G4, from essary to achieve these peaks (Table 2), the foIIowing
0 to 3 mv in the presence of I (to blunt calcium influx) abolished approximate rank order of potency could be proposed:

the plateau but did not suppress the initial phase of the response, + . + o+ o
observation suggesting that extracellular’Caiggers C&* release a&ds and neomycin > CZJ’ Ba" and NF* > Mg~ The

from intracellular stores. relative ability of these cations to release intracellular
C&”" in CTAL is thus similar to that described in the

literature for parathyroid cells [6, 7, 23, 33] and for the
renal C&*-receptor RaKCaR expressed Xenopusoo-

strate that neomycin mobilized intracellular calcium as
tes [28].

angiotensin |l did, and that both compounds acted on thé&Y
same intracellular calcium store, a store sensitive to ino-
sitol phosphates. Conclusions
In MTAL superfused with standard medium, peritu-
bular addition of C&" and B&" (5 mm) also induced Data obtained in CTAL reinforce the conclusion that
biphasic [C4"]; increases but the magnitude of the ob-RaKCaR, if present in basolateral membranes of rat
served responses was significantly lower than that detel€CD, is not or poorly coupled to PLC. The presence of
mined in CTAL in paired experiments (peakCa?*]; = MRNA detected by RT-PCR in CCD cannot be ex-
146 +35m,n = 5and 98 + 14 m, n = 5, with C&"  plained by an apical expression of the*Caeceptor,
and B&", respectively;P < 0.001vs. CTAL for both  since we show that increasing [€% in tubular lumen
C&* and B&"). did not alter [C&"]; (Fig. 3). Assuming that the C4&
From these results we conclude that £ @@ceptor  receptor protein is synthesized, an attractive hypothesis
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Table 2. Effect of different activators of the calcium-receptor on
[C&a2"); in the rat cortical thick ascending limb (CTAL)

Agonist A[C&®"]; nm n
peak plateau

ca* (5 mu) 616+ 57 59+ 9 11
Ba?* (5 mm) 478+ 56 112+ 25 10
Mg?* (5 mm) 76+ 27* 16+ 7 6
Ni2* (5 mm) 600+ 85 9
La®* (100 um) 6
Gd®* (300 pm) 525+ 51 7
Neo. (300M) 453+ 74 56+ 17 6
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