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ABSTRACT

The cortical thick ascending limb of Henle’s loop (¢cTAL) plays a fundamental role in
salt reabsorption and concentration-dilution processes within the nephron. This study was
performed to characterize the role of intracellular free Ca’** ([Ca**]) in hormone-mediated
signal transduction and to describe the function of Na*/Ca’** exchange in control of [Ca’*];
in isolated cTAL cells from porcine kidney. Parathyroid hormone, arginine vasopressin, and
atrial natriuretic peptide transiently increased [Ca’*]; in a dose-dependent manner. The
increment in [Ca*], induced by these hormones was by intracellular release and entry
through plasma membrane Ca’ channels. These hormone-induced Ca’* transients were
modulated by cAMP, cGMP, and PKC activation. In order for intracellular Ca** to play
a role in signal transduction mechanisms it is necessary to have regulated processes which
maintain [Ca®*];, at submicromolar levels. We evaluated the functional role of Na*/Ca**
exchange in cTAL cells. cTAL cells treated with ouabain had basal [Ca’*], 86+2 nM.
Removal of external Na* or voltage depolarization with KCl resulted in rapid and
reversible maximal elevation of [Ca’*],, 1023472 nM (n=28), which was dependent on the
presence of external Ca’ and elevated [Na*]. The activity of Na*/Ca> exchange was
modulated by protein phosphorylation as calmodulin inhibition decreased and phosphatase
inhibition increased the apparent exchange activity. The presence of a Na*/Ca’* exchanger
was confirmed with northern hybridization techniques. A gene transcript which encodes
a portion of the intracellular loop of the renal Na*/Ca’* exchanger was amplified from
cortical tissue and cTAL cells by polymerase chain reaction (PCR) using primers flanking
the alternative splicing site. Southern hybridization and DNA sequencing demonstrated

the isoform contained exons B and D characteristic of one isoform (NACA3) of the renal



iii
Na*/Ca** exchanger. The results provide both functional and molecular evidence for a
Na*/Ca** exchanger in cTAL cells of the porcine kidney. It is likely that Na*/Ca**
exchange plays an important role in [Ca’*]; control and thus hormonal regulation of

electrolyte reabsorption within the cTAL cells.
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GENERAL INTRODUCTION

Calcium is an important cation in the body, representing about 2% of total body
weight. It is also the most important structural element, occurring not only in combination
with phosphate in bone and teeth but also with phospholipids and proteins in cell
membranes where it plays a vital role in the maintenance of membrane integrity and in
controlling the permeability of the membrane to many ions including calcium itself. It is
widely involved in many physiological and biochemical processes throughout the body
including the coagulation of blood, the coupling of muscle excitation and contraction, the
regulation of nerve excitability, cell reproduction, the control of many enzyme reactions.
More recently, intracellular calcium has been determined to be an important second

messenger involved in hormonally-mediated signal transduction processes.

I. Calcium Distribution and Metabolism

An average adult human contains 1,300 gm of calcium. Most of the body calcium
(99%) is located in the bone; the remainder is in the cell of which only a small fraction is
in the jonized form, Ca**. Total calcium concentration in extracellular fluid of adult humans
is 2.5mM, or 10 mg/dl. In plasma, 60% is ultrafilterable across the glomerular capillaries.
The rest (40%) is bound to plasma proteins, primarily albumin. Of the ultrafilterable
component, 10% of the total calcium is complexed to polyvalent anions such as phosphate,
citrate, bicarbonate, and sulfate. The remaining unbound fraction is free, ionized Ca**,
which has a concentration of about 1.25 mM or 5 mg/dl in the ultrafiltrate (1). Precise

homeostatic control of Ca’* level in plasma and extracellular fluid is dependent on sensitive
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negative feedback control of the secretion of PTH and calcitonin which in turn acts upon
bone, kidney and gut to restore normal calcium levels.
II. Renal Handling of Calcium

The kidney is a major regulator of calcium homeostasis. Renal handling of calcium
is normally a filtration-reabsorption process. Following its ultrafiltration across the
glomerular capillaries, calcium is reabsorbed throughout the length of the nephron.
Segmental calcium transport has been described with the aid of micropuncture techniques
in a large number of animal species (2,3,4). In all mammals studied to date, calcium is
handled in different ways along the nephron segments.

II.1. Proximal tubule. The majority of the filtered calcium (65%) is reabsorbed in
the proximal convoluted tubule. The ratio of the calcium concentration in tubule fluid
relative to that in plasma ultrafiltrate, TF./UF,, is reportedly between 1.0 and 1.2 in all
species studied to date (2,3,4). The consistent observation that TF./UF. remains close to
unity along the proximal tubule suggests that calcium reabsorption parallels sodium and fluid
reabsorption in this segment. Calcium reabsorption in the proximal tubule is predominantly
passive through the paracellular pathway. A small amount of calcium reabsorption may be
transcellular (2,3,4).

II.2. Thick ascending limb of Henle’s loop. The thick ascending limb of the loop
(TAL) corresponds to the last segment of the loop of Henle. It extends from the boundary
between inner and outer medulla up to or just beyond the macula densa in the cortex. The
thick ascending limb, therefore, includes a medullary portion (mTAL) and a cortical portion

(cTAL). The general cell organization and ultrastructure as well as the main transport
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properties are similar in TAL from all species studied to present. There is a single type of
cell in each TAL portion. These cells are of a relatively small size but contain, on the
peritubular cell border, many deep membrane infoldings, surrounded by a large number of
adjacent mitochondria. Junctional complexes are highly permeable to salt but relatively
impermeable to water. Apical membranes form only few and short microvilli; they contain
a particular protein, the Tamm-Horsfall protein, which is characteristic of mTAL and cTAL
cells (5). This protein was employed as a specific marker to isolate cTAL cells in the
present study.

The TAL has been called the "diluting segment" in view of its ability to reabsorb
solutes in excess of water. The fluid delivered by this segment to the distal convolution is
hypotonic and contains concentrations of NaCl that usually range between 30% and 40% of
that present in plasma ultrafiltrate. Other ion species have also been observed to be
preferentially reabsorbed in TAL. This is the case for potassium and for the divalent cations
Ca’ and Mg**. Actually, TAL is the major site for Mg?* reabsorption in the kidney (6,7).
TAL may also constitute an important site of fluid acidification and ammonia transport (8).

Approximately 25% of the filtered calcium is reabsorbed in TAL. Significant
quantities of calcium are reabsorbed in cTAL but not in mTAL (6). The lumen-positive
voltage that normally exists across the epithelial cells of the TAL is an important driving
force for passive calcium reabsorption in this segment.

TAL is one of the nephron segments where some hormones, such as PTH, glucagon,
ADH, calcitonin, and isoproterenol, regulate NaCl and divalent cation reabsorption (9,10,11).

The increase in basolateral CI conductance and the activity of the apical Na*-2CI-K*
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cotransporter is thought to be the cellular mechanism accounting for the hormone-mediated
increase in NaCl and divalent cation transport (12).

II.3. Distal tubule and collecting duct. About 8% of the filtered calcium is
reabsorbed in distal convoluted tubule and less than 2% in collecting duct. TF./UF, falls
along the length of the distal tubule, to about 0.3. This concentration profile, taken together
with the lumen-negative transepithelial potential difference, provides direct evidence for an
active Ca’* reabsorptive mechanism that proceeds against both chemical and electrical
gradients. Both Ca’*-ATPase and Na*/Ca’* exchange transport processes are involved in the

active Ca’* reabsorption in these nephron segments (13,14).

III. Ca** as an Intracellular Messenger

[Ca**]; of any cell is extremely low (~107 M), whereas its concentration in the
extracellular fluid is high (>10°M). Thus there is a large chemical gradient tending to drive
Ca’ into the cytosol across the plasma membrane. Intracellular Ca’* is sequestered in
endoplasmic reticulum (ER) and other compartments. When a signal transiently opens Ca**
channels in either the plasma membrane or ER membrane, Ca’>* rushes into the cytosol,
dramatically increasing the local Ca’* concentration and activating Ca’*-sensitive response
mechanisms in the cell. For this signaling mechanism to work, the intracellular free Ca**
concentration ([Ca’*];) must be kept at a low concentration. This is achieved by the calcium
pump, Ca**-ATPase, and by Na*/Ca’* exchangers in their plasma membrane (15,16). A Ca**
pump in the membrane of the specialized intracellular compartment also plays an important

role in maintaining low [Ca**], (17).



5

In recent years it has become clear that Ca’ acts as an intracellular messenger in a
wide variety of cellular responses. Two pathways of Ca’* signaling have been defined, one
used mainly by electrically active cells and the other used by almost all eucaryotic cells. The
first of these pathways has been particularly well studied in nerve cells, in which
depolarization of the plasma membrane causes an influx of Ca** into the cell through
voltage-gated Ca’* channels. In the second, ubiquitous pathway the binding of extracellular
signaling molecules to cell surface receptors cause the release of Ca’* from the calcium-
sequestering compartment; the events at the cell surface are coupled to the opening of Ca**
channels in the internal membrane through yet another intracellular messenger molecule,
inositol triphosphate (IP,). Production of this messenger results from the breakdown and
subsequent resynthesis of inositol phospholipids triggered by a receptor protein that activates
an enzyme called phosphoinositide-specific phospholipase C (PLC) in the plasma membrane.
PLC cleaves phosphoinositide 4,5-bisphosphate (PIP,) to generate two products: IP, and
diacylglycerol (DAG). IP,releases Ca** from the calcium-sequestering compartment through
IP, receptors. DAG has two potential signaling roles. It can be further cleaved to release
arachidonic acid, which can be used in the synthesis of prostaglandins and related lipid
signaling molecules; or , more important, it can activate a specific protein kinase, protein
kinase C (PKC), which can then phosphorylate a number of proteins with different functions
in the target cell.

Fig.1summarizes the induction and function of Ca®* transients within a polarized cell.
A Ca’ transient is a short burst of elevated [Ca’*], induced by an extracellular signal. Two

mechanisms operate to attenuate the Ca’* transient: 1) some of the IP, is rapidly dephospho-
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rylated (and thereby inactivated) by a specific phosphatase, or further phosphorylated to
form IP,; and 2) the Ca® that enters the cytosol is rapidly removed out of the cell, by both

Ca’*-ATPase and Na'/Ca®* exchange.

IV. Objectives of the Present Studies

The hypotheses of the present study are as follows: Intracellular Ca®* is a part of
PTH-, AVP-, and ANP-induced signal transduction; and Na*/Ca** exchanger is present and
plays an important role in maintaining basal intracellular Ca®* level in cortical thick
ascending limb (cTAL) cells. It was decided to concentrate on the cTAL segment in this
study because of its important role in NaCl and divalent cation conservation.

A number of hormones through their respective receptors control cellular function
within cTAL (11,19,20). These receptors generate cAMP (11,19), but to date no evidence
has been given to indicate that other signaling pathways, including PKC, IP,, and [Ca**],, play
a role in the hormone-mediated signal transduction mechanisms in cTAL cells. The first
objective of this study was to determine the presence of Ca’** transients or signals in cTAL
cells. Second, we wanted to explore some of the interactions of the various hormone
processes to find out how the various hormones interact to orchestrate regulatory controls
in these cells. Finally, if [Ca**], is significant in regulating function it was thought important
to determine how cTAL cells control [Ca**],. The evidence to date suggested that Na*/Ca**
exchange is not present in cTAL cells. Accordingly, we determined that cTAL cells contain
a Na*/Ca** exchange and that this exchange could be regulated by phosphorylation events.

These studies indicated that Ca®* plays an important role in hormone signals.



CHAPTER 1. HORMONE-MEDIATED Ca** SIGNALING IN cTAL CELLS
I. Background
To serve as intracellular messenger, a compound must meet several requirements.

Most important, its intracellular concentration must be very low and precisely controlled, so
that short-lived transmembrane fluxes of the messenger would be able to change significantly
its intracellular level and thus modulate the messenger-sensitive cellular processes. In
addition, it must bind its substrates selectively. Ca** meets these requirements because of
the high coordination number and irregular coordination geometry that considerably enhance
the specifity of its binding to biological molecules. It is now established that Ca®* plays an
important role as a messenger and modulator of intracellular processes. It is worth noting
that, when Ca®* is the intracellular messenger of an external stimulus, the actual signal that
initiates the response is not Ca’* itself, but a member of Ca**-binding proteins. These
proteins, functionally inert in the absence of bound Ca’*, become active upon binding Ca**.
An increase in intracellular free Ca’* ([Ca**]) caused by hormonal or electrical signals can
trigger responses such as contraction, secretion, cellular proliferation, metabolic adjustments,
and changes in gene expression in addition to the control of electrolyte transport (21,22).

The induction, propagation, and termination of the Ca** signal is highly controlled
by various mechanisms. The major entry of cytosolic Ca’* seems to be via calcium channels
located in both plasma and intracellular organelle membranes. Mechanisms must also exist
for the extrusion of Ca’** from cell interior, to avoid the accumulation of cytosolic calcium.
The two main mechanisms are efflux of Ca** through Na*/Ca’ exchange and ATP-

dependent calcium pump in the membrane. In addition, intracellular release, buffering, and
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sequestration of intracellular calcium stores are also involved in the dynamic processes of
[Ca**], balance. To understand completely the extent of Ca’’srole as a second messenger,
we need to elucidate how cytosolic Ca®* levels are regulated. This requires an understanding
of how influxes from and effluxes to the extracellular space cross the plasma membrane.
It also entails knowledge of how Ca** is sequestered and released from both membrane-
bound and nonmembranous intracellular organelles.

The cortical thick ascending limb (cTAL) of Henle’s loop plays a fundamental role
in salt reabsorption within the nephron (23,24). Electrolyte transport within the cTAL cells
is sensitively controlled by many regulatory hormones including parathyroid hormone (PTH),
arginine vasopressin (AVP), atrial natriuretic peptidle (ANP), calcitonin, and glucagon,
among others (12,25-27). The physiological concentration of these peptide hormones is less
than 10° M. Morel et al (19) have shown that PTH, calcitonin, and glucagon stimulate cyclic
adenosine monophosphate (cAMP) release in rabbit cTAL cells; accordingly, appropriate
receptors are present for these peptide hormones. In turn, these peptides acting through
cAMP and protein kinase A activation are responsible for control of electrolyte transport
in the cTAL (12,23,24). In addition, these hormones may act through alternative pathways.
In many cells, hormone binding to receptors activate phospholipase C with the generation
of diacylglycerol (DAG) and IP, (28). DAG activates protein kinase C leading to specific
effects on receptor and transport function. IP; is a second messenger that controls many
cellular processes by generating internal Ca®* signals (28). In turn, intracellular Ca**
transients often activate various kinases, modify enzyme responses, and alter channel activity

(29,30,31). These responses may be involved in control of epithelial NaCl transport (23,24).



10

The objective of the initial studies was to establish and characterize hormone-
mediated responses of intracellular Ca’* signals in isolated cTAL cells. In addition, the

possible interactions between Ca’* and other second messengers were also explored.

II. Materials and Methods
I1.1. Materials

Dulbecco’s modified Eagles’ medium (DMEM) and Ham’s medium containing D-
glucose (5.0 g/L), L-glutamine (5 mM), 10% FCS was from GIBCO (Grand Island, NY).
Goat anti-buman uromucoid (Tamm-Horsfall glycoprotein) serum was purchased from
Organon Teknika (Rockville, MD), and affinity-purified rabbit anti-goat immunoglobulin
G (IgG) were obtained from Sigma (St. Louis, MO); and fura-2/AM was obtained from
Molecular Probes (Eugene, OR). Parathyroid hormone, arginine vasopressin, calcitonin,
glucagon, bradykinin, angiotensin II, atrial natriuretic peptide, and 8-bromo-adenosine-3’,5’-
cyclic monophosphate (8-BrcAMP) were from Sigma. Collagenase Type V-S and 12-O-
tetradecanoylphorbol 13-acetate (TPA) were also from Sigma. All other chemicals were
acquired from Sigma or Fisher Scientific (Mississauga, Ont.).
I1.2. Methods

II1.2.1. Isolation of cTAL cells from porcine kidneys

Cortical thick ascending limb cells were isolated by a double antibody technique
according to previously published methods (7). This method is based on the unique
distribution of Tamm-Horsfall protein along the surface membrane of thick ascending limb

of Henle’s loop (5).
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I1.2.1.1. Culture dishes coated with rabbit anti-goat IgG antibody. All procedures
were performed under sterile conditions. 5 ml of phosphate-buffered saline (PBS;
composition in mM: 137 NaCl, 2.7KCl, 8.1 Na,HPO,, pH 7.4) containing 80 ug of affinity-
purified rabbit anti-goat IgG antibody was added to each of four culture dishes (Corning, 80
mm), and the dishes were incubated overnight at 4°C. Immediately before the antibody-
coated dishes were to be used for immunoadsorption, the antibody solution was aspirated
and the dishes were washed four times with 3 ml of 1% bovine serum albumin in PBS.
Finally, the dishes were tilted near upright for three minutes and excess liquid was removed
by aspiration.

I1.2.1.2. Dispersion of inner cortex tissue. Young pigs (30 ~50days old) were killed
with a lethal dose pentobarbital sodium administered through cardiac puncture. The kidneys
were removed and placed in the ice cold Hepes-buffered Krebs solution (HBK; composition
in mM: 5 KCl, 145 NaCl, 1 Na,HPO,, 5 glucose, 1 CaCl,, 0.5 MgCl,, and 10 Hepes; pH 7.4
). Tissue from the innermost third stripe of the cortex was dissected and washed three times
with ice cold HBK. Approximately 40 ml of 0.1% collagenase in HBK with 1% BSA was
added to the cortical tissue (about 6 gm from two kidneys). The tissue was incubated at
37°C for about 10 min in a shaker. An appropriate degree of cell dispersion was evidenced
by the appearance of numerous large tubule fragments. The digestion was stopped by
adding appropriate amount of ice cold HBK. Cell suspension was collected through a tea
strainer and centrifuged at 700 rpm for 2 min.

I1.2.1.3. Isolation of cTAL cells. The cell pellet was washed three times with HBK,

then, resuspended in 10 ml of DMEM/NF12 medium containing 100 ul of primary antibody,
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goat anti-human uromucoid serum (50 mg protein/ml). The incubation was continued for
30 min on ice with occasional swirling. The cells were then collected by centrifugation,
washed twice with PBS, and resuspended in 4 ml of PBS. One ml of cell suspension was
applied to each of four antibody-coated dishes in four successive equal aliquots. Each
aliquot was allowed to stand on the plates for 5 min; nonadherent cells were removed with
one wash with 5 ml of PBS. The dishes were washed six times with 5 ml of PBS following
the fourth incubation. To dislodge freshly isolated cTAL cells from the dishes, 5 ml of PBS
was added to each dish and the dish was tapped sharply on the side several times with a
scalpel handle. The suspended cells were then pipetted into a sterile tube and collected by
centrifugation. The cell pellet was resuspended in 3 ml of DMEM/NF12 containing 10%
fetal calf serum, 5 mM L-glutamine, 50 units/ml penicillin, and 50 ug/ml streptomycin. The
cTAL cell suspension was plated on glass coverslips or plastic multiwell dishes. The cTAL
cells grew on the appropriate support in 95-5%, air-CO,. About one week after seeding, the
subconfluent cTAL cells were used for the experiments.

I1.2.2. Determination of cytosolic free Ca**

The fluorescent Ca’* indicator, fura-2, is widely used for direct measurement of
intracellular free Ca®* concentration ([Ca**])) based on its fluorescent property (32,33).
When fura-2 is loaded into the cell, the dye has only two molecular forms, free and Ca®*-
bound. Both fura-2 and its Ca® complex fluorescence strongly, but their excitation peaks
differ in wavelength. Fura-2 shifts its excitation peak from about 385 nm to 335 nm upon
binding Ca**. The extent of the shift between the two wavelengths depends on the amount

of intracellular Ca** concentration. Measurements at two wavelengths suffice in principle
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to indicate the ratio of bound to free dye and hence the [Ca*']..

I1.2.2.1. Cell loading with fura-2. Isolated cTAL cells were loaded with 10 uM fura-
2/AM according to previously described techniques (34). The fluorescent dye, dissolved in
dimethylsulfoxide (DMSO), was added directly to the medium with the aid of Pluronic F-127
(0.05%) and incubated for 30 min at 23°C. The final concentration of DMSO in the medium
did not exceed 0.2%.

I1.2.2.2. De-esterification. Fura-2/AM is hydrophobic and thus it passes easily into
cells across the plasma membrane. Once inside cells, cytosolic esterases cleave the
acetoxymethyl groups from fura-2 molecule rendering a compound which is highly charged
and which cannot cross cellular membranes. Thus, it is theoretically trapped in the cytosol.
Since the incomplete de-esterification of the dye in cytoplasm will interfere with the [Ca®*];
measurement cells loaded with fura-2 should be de-esterified completely. Loaded cells were
washed 2X with a buffered salt solution (in mM): 145 NaCl, 4 KCl, 1 CaCl,, 1 KH,PO,, 18
glucose, and 20 HEPES/Tris (pH 7.4) with or without Ca** depending on the different
purpose of the experiments. The cells were incubated a further 20 min to ensure complete
de-esterification and finally washed with fresh buffer solution.

I1.2.2.3. Determination of [Ca’"],. Glass coverslips, with cTAL cells loaded with fura-
2, were mounted in a plexiglass chamber containing 250 ul buffer and placed on the
mechanical stage of a Nikon inverted microscope with a Fluor x100 objective, and
fluorescence was monitored under oil immersion within a single cell over the course of study.
The fluorescence signal was recorded at 505 nm with excitation wavelengths alternating

between 335 and 385 nm using a spectrofluorometer (Deltascan; Photon Technologies,
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Santa Clara, CA). Averaged light intensities over excitation periods at each of the two
wavelengths were used to calculate 338/385 ratios after background substraction. At the end,
[Ca®*]; was calculated as described by Grynkyewicz ef al (35) and Malgaroli et al (36) based
on the equation:
[Ca’*]; = Kp(R-Ryu/Rou-R)So/S,,

Where K, is the association constant; R is the fluorescence ratio at the excitation
wavelengths 335/385 nm for uncomplexed fura-2 (zero calcium); R, is the ratio of
fluorescence at the wavelengths 335/385 nm for fura-2 saturated with Ca®**; S, and S,, are
the fluorescence intensities at 385 nm with zero Ca’™ and excess Ca**, respectively; R is the
ratio of fluorescence at wavelength ratio 335/385 nm of the sample to be measured. Using
ratios, dye content and instrumental sensitivity are free to change between one ratio and
another since they cancel out in each ratio. Of course, stability is required within each
individual ratio measurement; also R, R,;, and R, should all be measured on the same
instrumentation so that any wavelength biases influence all of them equally.

The bothing solution was changed by a superfusion-suction system. The given
hormone concentrations were added to the bathing solution without changing buffer.

All results are expressed as mean + S.E. where indicated. Significance was
determined by one-way analysis of variance. A probability of p < 0.05 was taken to be

statistically significant.

III. Results

The isolated cTAL cells when grown to confluence have a morphological appearance
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of epithelial cells. They had cuboidal structure when grown on filters and developed small
domes, five to six cells in diameter, when cultured on solid supports for an extended period
of time. The morphological appearance is consistent with the observations of Allen et al
(37). The cTAL cells possessed Na/K/Cl cotransport as indicated by bumetamide sensitive
“Rb uptake, amounting to 40% of control uptake pmol.mg protein’.min’ (n = 3). These
cells also possessed sodium-dependent phosphate transport function demonstrated by *P
uptake. *P uptake in the presence of Na* was significantly greater than that in the absence
of Na*, 73.7 + 2.0 and 38.52 + 3.5 pmol.mg protein’.min" respectively (n = 6,p < 0.01).
The above assayed characteristics indicate that the cultured cells have retained many of the
functions typical of thick ascending limb cells.

Porcine cTAL cells possess a large number of receptors as illustrated by hormone-
induced Ca’* transients (Fig.2). Parathyroid hormone (PTH, basal [Ca’'], 86+5 nM, to
stimulated peak concentrations of 608+99nM, n=7), glucagon (74 + 8 to 690+257 nM, n=4),
arginine vasopressin (AVP, 78+3 to 7661162 nM, n=6), calcitonin (9743 to 973179 nM,
n=3), bradykinin (8318 to 843 +89 nM, n=3), angiotensin II (Ang.II, 80+6to 9231187 nM,
n=3), atrial natriuretic peptide (ANP, 104 +6to 6531112 nM, n=4), the truncated analogue
of ANP, C-ANP-(4-23) (82+1 to 427+41 nM, n=5), and its analogue, C-type natriuretic
peptide (CNP, 8414 to 209118 nM, n=5) elicited Ca’* transients when applied at maximal
hormone concentrations (107 M). The hormones were added where indicated (Fig.2) and
not removed throughout the study. These studies confirm that numerous hormonal
receptors are present in porcine cTAL cells and show for the first time that activation of the

receptors are associated with an increase in [Ca®*],. It is likely that these transient increases
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Fig.2. Hormone-mediated Ca’* signals in isolated porcine cortical thick
ascending limb (cTAL) cells of Henle’s loop. Parathyroid hormone (PTH),
glucagon, arginine vasopressin (AVP), calcitonin, bradykinin, angiotensin II
(Ang.II), atrial natriuretic peptide (ANP), C-type natriuretic peptide (CNP)
and the truncated analogue of ANP (C-ANP-(4-23)) were added, where
indicated, at concentrations of 107 M. Intracellular free Ca®* concentration
([Ca’*]) was determined by microfluorescence on single subconfluent cTAL
cells using fura-2. Illustrations are representative of 3-7 cells for each
hormone.
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in [Ca’*], are part of the intracellular signaling processes which may play an important role
in cell function. It would seem important to characterize these Ca’* transients to better
understand hormonal controls and interactions among the hormone-mediated signal
transduction processes. In the present study, PTH-, AVP- and ANP-induced Ca** transients

were further characterized with fluorescent techniques.

III.1. PTH-induced Ca** transients

PTH resulted in a dose-dependent increase in [Ca’*], with a half-maximal Ca®*
response using about 10° M hormone concentration (Fig.3). As shown in Fig.2, PTH-
induced Ca®* transient was composed of two phases. The first phase was very fast and
maintained only about 50 sec.; the second phase was slow and sustained for more than 200
sec. These two phases might derive from different sources and controlled by different
mechanisms.

To verify the contribution of Ca’* entry across the plasma membrane to the PTH-
mediated Ca’* transient, nifedipine (a Ca** channel blocker), nominal Ca’*-free solution, and
calcium analogue, Mn**, were applied to cTAL cells before or during PTH administration.
In normal cTAL cells, 10’ M PTH induced elevation of [Ca?*], from basal 86+6 nM to
607+99 nM, n=7. Pretreatment of the cells with nifedipine diminished the increment in
[Ca’*]; (Fig.4). Basal [Ca’*]; was 86+4 nM which rose to 218+111 nM following 10" M PTH
and rapidly returned to basal levels of 95+9 nM, n=4, within 95 sec. In the absence of
external Ca’* (Ca’ ) and with the addition of 0.5 mM EGTA to the bathing solution, Ca**
transient was mitigated (Fig.4,basal 85+5 to 472+121 nM, n=3, P<0.05). Next, we used

Mn** to define the component of calcium entry versus intracellular Ca®* release. Mn** is
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Fig.3. Dose-dependent increases in [Ca’*], with PTH. PTH was added to the
perfusion solution bathing the porcine cTAL cells at the concentrations
indicated. a[Ca*];is the difference between maximal [Ca®*], concentration and
the basal levels of [Ca’], measured in resting cells. Values are mean + SE
and represent responses in 3-7 individual cells.
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Fig.4. Characterization of PTH-induced Ca’* transients in porcine cTAL cells.
Nifedipine, 10 uM, was added with 10’ M PTH where indicated. Also shown
is the effect of removal of external Ca’* from bath buffer solution with the
addition of 0.5 mM EGTA 5 min before treatment with PHT. Fluorescence
tracings are representative of 3-4 cells for each manipulation from different
cell preparations.
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able to enter the cell through Ca** channels and quenches fura-2 fluorescence. As shown
in Fig.5, M’ quenched the dye during the stimulation with PTH, indicating that Ca*
channels in the plasma membranes are involved in the PTH-induced Ca’* transients.

The above results suggest that PTH releases intracellular Ca®* and initiates Ca®* entry
across the plasma membrane of the cTAL cell. To assess the source of PTH-induced Ca®*
release, we used thapsigargin, a specific inhibitor of microsomal Ca’>* adenosine-
triphosphatase (ATPase) which depletes endoplasmic reticulum Ca®* stores (38,39).
Thapsigargin (1.5 pM) did not by itself alter resting [Ca®*], levels in the cTAL cells.
Thapsigargin added to the buffer solution 30 min, prior to the addition of 10’ M PTH,
diminished the hormone-mediated increment in [Ca®*'], (basal 86+3 to 220+44 nM, n=7,
P<0.05)(Fig.6). These data suggest that endoplasmic reticulum Ca’** stores are important
in PTH-mediated Ca’** signaling.

In summary, PTH administration leads to concentration-dependent transient
increments in [Ca**]; which results, in part, from intracellular release from endoplasmic

reticulum and, in part, from entry of Ca’ across the plasma membrane.
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Fig.5. Changes in fluorescence emission at 335 and 385 nm excitation
wavelengths with MnCl,. 0.5 mM MnCl, was added into bath solution with
10" M PTH where indicated. Fluorescence tracings are representative of 3
cells.
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Fig.6. The effect of thapsigargin on PTH-induced Ca** transients. 1.5 mM
thapsigargin (TG) was added 30 min prior to the addition of 10" M PTH.
Fluorescence tracing is representative of 3 cells.
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II1.2. AVP-induced Ca®* transients

AVP induces an increase in [Ca**],in a dose-dependent fashion (Fig.7). The hormone
concentration necessary for half-maximal response is in order of 5.0x10°M. Next, we used
various approaches given above to determine the source of Ca’* in the signaling process.
Nifedipine, Ca**-free bath buffer solutions (Fig.8), Mn?* (Fig.9), and thapsigargin (Fig.10)
were used to determine the source of Ca’* transients mediated by AVP. The AVP-mediated
Ca’* signal appears to be mainly composed of intracellular Ca’* release followed by Ca®*
entry into the cytosol. This conclusion is based on the observation that the removal of Ca**,
from the bath buffer solution and the addition of 0.5 mM EGTA inhibited AVP-induced
Ca’ increase by a small amount (395162 nM, n=3,P <0.05 compared to stimulated control
values) (Fig.8). Nifedipine did not significantly diminish the maximal [Ca**]; increase (basal,
89+4 to stimulated, 538+203 nM, n=4,P>0.05)(Fig.8). Thapsigargin completely abolished
the Ca** signal ([Ca’*]; changes: 8317 to 83+7 nM, n=3) (Fig.10).

In summary, AVP-mediated Ca** transients are dose-dependent and result from both
intracellular Ca** release and Ca’* entry across the plasma membrane. Compared with
PTH-mediated Ca’* transients, intracellular Ca®* release contributes a major part to the

AVP-mediated Ca’* signal.
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Fig.7. Dose-dependent initiation of Ca** transients with AVP in cTAL cells.
AVP was added at the concentrations indicated and a([Ca**]) represents the
change from basal to peak [Ca’*], concentrations. Values are mean + SE for
4-7 cells per concentration.
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Fig.8. Characterization of AVP-induced Ca’* transients in cTAL cells. 10 uM
nifedipine was applied to the cell prior to application of 10" M AVP
(representative of 4 cells from different preparations). Also shown is a
representative experiment, one of three, in which external Ca?* was removed
from the bath and 0.5 mM EGTA added 5 min before treatment with 10" M
AVP.



26

120 ~ AVP & Mn*
100 l

385 nm

COUNTS PER SECOND
( Thousands }
3
]

40

20 _%
335 nm

TIME seconds

Fig.9. The effect of Mn** on fluorescence emission. 0.5 mM MnCl, was
added to external buffer solution with 10" M AVP. The fluorescence emission
was recorded at 335 and 385 nm excitation wavelengths (representative of 3
separate experiments).
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Fig.10. Effect of thapsigargin on AVP-induced Ca®* transients. Thapsigargin
(TG, 1.5 uM) was added 30 min prior to the application of 10’ M AVP. This
tracing is representative of 3 individual cells.
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II.3. cAMP-mediated Ca’* transients

We have previously reported that many of the peptide hormones used here
stimulated cAMP generation in primary porcine cTAL cells grown in culture (7,20). cAMP
is known to elicit elevation in [Ca**]; which may be involved with intracellular signaling (18).
Accordingly, we tested the effect of cCAMP on [Ca®™], in the porcine cTAL cells. Fig.11
illustrates a representative experiment which shows that 8-BrcAMP induces an increase in
[Ca®*); (basal, 8343 to stimulated 427 +48 nM, n=3). In all of the cells studied, the increase
in [Ca**]; with 8-BrcAMP returned to basal levels within 60-120 sec following initiation. The
rapid return to basal levels suggests that the second phase, in which Ca’* entry is normally
observed, is absent, i.e. CAMP releases intracellular Ca** but does not activate Ca’* entry.
8-BrcAMP-induced Ca** transients were not affected by either addition of nifedipine ([Ca®'],
changes: 8614 to 390+30 nM, n=4) or the removal of external Ca** ([Ca**], changes: 84 +6
to 517+142 nM, n=4) (Fig.11). Mn** did not significantly quench fluorescence during 8-
BrcAMP administration (Fig.12) and thapsigargin completely inhibited the cAMP-induced
Ca’* signal ([Ca’*]; changes: 81+1 to 87+4 nM, n=4) (Fig.13).

We next determined the effect of cCAMP on hormone-mediated Ca’* signalling. We
postulated that pretreatment with cCAMP would deplete intracellular Ca** stores and diminish
or abolish the PTH- and AVP-mediated [Ca’*], transients. cTAL cells were pretreated with
8-BrcAMP for 30 min prior to the addition of maximal concentration of PTH or AVP
(Fig.14A, Fig.14B). Pretreatment of cTAL cells with 8-BrcAMP abolished the PTH-
mediated response ([Ca’*]; changes: 8741 to 94+8 nM, n=5) and diminished the AVP-

mediated response ([Ca**]; changes: 8712 to 300186 nM, n=3). As PTH and AVP induce
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Fig.11. Cyclic adenosine monophosphate (cAMP) induces Ca’* transients in
porcine CTAL cells. Where indicated 10* M 8-bromo-adenosine-3’,5’-cyclic
monophosphate  (8-BrcAMP) was added to cell bath solution. A
representative Ca’* transient is shown, as well as the effect on 8-BrcAMP-
induced Ca®* transients of 10 uM nifedipine prior to 8-BrcAMP application
and the removal of external Ca** and addition of 0.5 mM EGTA.
Fluorescence tracings are representative of 3-5 cells of each manipulation.
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Fig.12. The effect of Mn’* on fluorescence emission. 0.5 mM MnCl, was
added to external buffer solution with 10* M 8-BrcAMP. The fluorescence
emission was recorded at 335 nm and 385 nm excitation wavelengths
(representative of 3 separate experiments).
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Fig.13. The effect of pretreatment of thapsigargin on the effect of 8-BrcAMP.
Thapsigargin (TG, 1.5 uM) was added 30 min prior to the application of 10*
M 8-BrcAMP. This tracing is representative of 3 individual cells.
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Fig.14. Effect of cAMP-induced depletion of intracellular Ca®* stores on
agonist-induced Ca’* transients. cTAL cells were pretreated with 8-BrcAMP
(10* M) for 30 min prior to addition of A.PTH (107 M), or B. AVP (107 M).
C. Illustration of the results following pretreatment of cTAL cells with PTH
(10" M) followed 20 min later by an AVP (107 M) challenge. D. The effect
of pretreating cTAL cells with 107 M AVP followed by the addition of 10" M
PTH where indicated. Traces are representative of 3-5 cells for each
experimental manoeuvre.
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receptor-mediated cAMP generation in cTAL cells (7), we tested the effect of PTH and
AVP pretreatment on the ability of these agonists to induce changes in [Ca’*}; (Fig.14C,
Fig.14D). Pretreatment of cells with maximal concentrations of PTH for 5~20 min prior
to addition of AVP diminished the AVP response ([Ca**], changes: 8844 nM prior to AVP
and 319439 nM post-AVP treatment, n=35, P<0.05,compared with control-stimulated
levels). Pretreatment with AVP for 5~20min prior to the addition of PTH inhibited the
PTH-induced [Ca®'], response ([Ca’*]; changes: 85+4 to 127+28 nM, n=5, P<0.01). These
studies suggest that receptor-mediated generation of cAMP depletes intracellular Ca®* stores
resulting in a refractory cell, which does not respond to a subsequent application of
hormone. Furthermore, these data suggest that PTH and AVP access similar intracellular
Ca’* stores probably through cAMP mediation. Hormone stimulation of adenylate cyclase
and cCAMP generation diminishes intracellular Ca’* pools in the presence of enhanced Ca**
entry from extracellular sources. Further studies are warranted to define the specific
intracellular Ca** stores and mechanisms whereby these two hormones access these stores.
III.4. The effect of protein kinase C on hormone-mediated Ca’** transients
Hormone-receptor coupling generates IP, and DAG which activate PKC, and cAMP
which activates protein kinase A (PKA) (18,20). Accordingly, it was considered essential to
determine the interaction of these two signaling pathways for each of the prototypic
hormones, PTH and AVP. Activation of protein kinase C with phorbol esters did not
initiate any changes in basal [Ca®*], in cTAL cells (data not shown). However, pretreatment
of cTAL cells with the phorbol ester, 12-O-tetradecanoyl-phorbol 13--acetate (TPA), led to

an inhibition of PTH-induced rise in [Ca**], (85+3 to 854+3 nM, n=5). Similar pre-treatment
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abolished AVP-induced and cAMP-induced increases in [Ca’*]; respectively (Fig.15). To
determine whether the inhibition with TPA was related in turn to protein kinase C
activation, we treated cTAL cells for a prolonged period with phorbol esters to down-
regulate this enzyme and then challenged the cells with agonists (40). If protein kinase C
activation inhibited hormone-dependent Ca’* transient, then in the absence of this enzyme,
PTH and AVP would be effective. Following treatment of cells for 16 hours with TPA, we
applied maximal concentrations of PTH (107 M), AVP (10" M) and cAMP (10* M). In
down-regulated cells, PTH resulted in an increase in [Ca®]; from 91+6nM to 111+11nM,
n=4 (Fig.15A) and AVP, 8112 nM to 206115 nM, n=5 (Fig.15B) and cAMP, 95+8 nM to
239150 nM, n=3 (Fig.15C).

These data indicate a partial return of agonist-mediated responses following down-
regulation of PKC activity with prolonged phorbol ester treatment. These results further
support the notion that PKC interacts in a specific way with agonist-mediated changes in
Ca’** signaling which may play a physiological role in modulating receptor-mediated
IESpOnSes.

III.5. ANP-induced Ca** transients

Cortical thick ascending limb plays an important role in salt reabsorption within the
nephron. Electrolyte transport within the ¢TAL cells is sensitively controlled by many
regulatory hormones (11,19,20,41). There is some controversy as to whether ANP is one of
these regulatory hormones. ANP acts through receptors to cause vasodilation, an increase
in urinary flow and sodium excretion, and a reduction in blood volume (42,43,44). The

principal renal actions of ANP are localized in the glomerulus and collecting tubule (42,43)
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Fig.15. Effect of protein kinase C activation on agonist-induced Ca**
transients in cTAL cells. Where indicated, cTAL cells were pretreated with
12-O-tetradecanoylphorbol  13-acetate (TPA, 107 M) for 30 min prior to
experimentation. A.PTH (107 M); B. AVP (107 M); or C. 8-BrcAMP (10* M)
were added where indicated. Fluorescence tracings are representative of 3 ~35
cells for each experiment. In a separate series of experiments the effect of
prolonged phorbol ester treatment on agonist-induced Ca** transients in cTAL
cells were determined. Where indicated, cTAL cells were treated with TPA,
107 M, for 16 hrs to down-regulate protein kinase C activity. Ca’* transients
were determined with microfluorometry following: A. PTH (107 M); B. AVP
(10" M); and C. 8-BrcAMP (10* M) treatment. Fluorescent tracings are
representative of 3-5 cells.
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but some reports suggest that ANP may have other actions within the kidney (44,45). First
is the observation that ANP administration results in an increase in urinary magnesium
excretion in addition to sodium excretion (43). As magnesium is reabsorbed principally in
the thick ascending limb, it would suggest an action for ANP at this site (41). Another
possible role for ANP is related to Cl transport. Bailly et al (46) have provided direct
evidence for cGMP action on chloride transport in the thick ascending limb. However, as
ANP probably does not stimulate cGMP in rat or rabbit thick ascending limb segments, the
link between ANP and Cl-transport is tenuous (47,48). Thus, there is some controversy
concerning the presence of ANP receptors, the intracellular signals generated, and the
function of ANP in the cTAL on the loop of Henle.

The natriuretic peptide family includes the 28-amino acid peptide, called atrial
natriuretic peptide, ANP, which is the major circulatory form of atrial peptide (49) and two
analogues, C-type natriuretic peptide (CNP) and brain natriuretic peptide (BNP). CNP is
the most abundant natriuretic peptide in the brain and is not present in peripheral tissues
(50,51). BNP is found in high concentrations in the heart (52). ANP and BNP are thought
to recognize a common ANP, receptor that possesses guanylyl cyclase activity (53). CNP
recognizes a different receptor subtype called ANP; that is structurally distinct from the
ANP, receptor, but also possesses a guanylyl cyclase domain (54). The ANP, receptor binds
ANP, CNP, and BNP, and is not coupled to guanylyl cyclase (45,55). This receptor was
originally proposed to only function in clearing its ligands from the extracellular fluid, since
it did not mediate the known renal functions of the natriuretic peptides (56). However,

ANP, may also mediate biological effects such as inhibition of the adenylyl cyclase system
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(44,45,57).

Various ANP analogues were used to elicit changes in [Ca®]; in isolated porcine
cTAL cells (Fig.2). Addition of vehicle alone to the perfusion solution did not alter [Ca®]..
These data suggest the presence of ANP receptors in porcine cTAL cells. The effect of
ANP on the change in [Ca’]; was dose dependent with a half-maximal response in the order
of 5x10°* M ANP concentration (Fig.16).

The profile of the Ca** transient suggested that it may be composed of intracellular
Ca’ release as well as entry across the plasma membrane (Fig.2). The following studies
demonstrate that ANP-induced Ca’* transients include intracellular Ca®* release , likely from
endoplasmic reticulum, and entry of extracellular Ca** into the cell through activation of Ca**
channels. First, we performed studies in the absence of external Ca’*. Fig.17 summarizes
these results. Removal of Ca**, and the addition of 0.5 mM EGTA to the bathing solution
mitigated the rise in [Ca**]; ([Ca®*]; changes: 80+6to 345+120nM, n=3,P <0.05 compared
with control Ca’* transients) which was induced by 10’ M ANP. Second, we used nifedipine,
a Ca’* channel blocker, to determine the role of Ca** channels in the ANP-induced Ca
signaling (Fig.17). Addition of nifedipine, 10 uM, 30 min before the addition of 10’ M ANP
also diminished the [Ca®™); response ([Ca®*], changes: 9143 to 167+25 nM, n=5, P<0.05
compared with control Ca’* transients). Finally, by using other divalent cations, such as
Mn™, that interact with Ca**-sensitive fluorescent dyes, it is possible to determine the relative
importance of Ca®* release from intracellular stores and Ca’** entry across the plasma
membrane in the signaling system (38). In the presence of extracellular Mn’*, agonist-

induced intracellular Ca** release may cause an initial increase (from intracellular
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Fig.16. Dose-dependent initiation of Ca’* transients with ANP in cTAL cells.
A([Ca’]) is the change from basal-to-peak [Ca’*],, Values are means + SE
for 3-5 cells.
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Fig.17. Characterization of ANP-induced Ca’* transients in cTAL cells. A
representative experiment (1 of 3) in which Ca** was removed from bath and
0.5 mM EGTA added 5 min before treatment with 107 M ANP; also shown
is effect of 10 uM nifedipine applied to cell 30 min before application of 107
M ANP (representative of 5 cells from different preparations).
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compartments) in fura-2 fluorescence that is followed by quench of fluorescence as Mn**
crosses the plasma membrane into the cell. Fig.18 illustrates a representative experiment
in which 10" M ANP lead to an initial increase in 335 nm and decrease in 385 nm
fluorescence, which we interpret to be intracellular Ca** release followed by a quench of
fluorescence in both channels due to Mn’* entry. Note that the quench of fluorescence by
Mn* entry continues even the [Ca®*], has returned to control levels, indicating that the Ca**
channels are still activated when the Ca’ signal has been terminated (Fig.18).

Next, thapsigargin was used to assess the source of ANP-induced Ca’* release. 1.5
pM thapsigargin added to the buffer solution 30 min before the addition of 107 M ANP
diminished the hormone-mediated increment in [Ca®*]; ([Ca®*], changes: 88+ 5to 147+37nM,
n=6, P<0.05 compared with control Ca’* transients) (Fig.19). These data suggest that
endoplasmic reticulum Ca®* stores are important in ANP-mediated Ca’* signaling.

One of the second messengers of ANP following binding to ANP, receptors is cGMP.
8-Bromo-cGMP (8-BrcGMP), 10* M, does not alter [Ca**}, (9046 to 82+5 nM, n=4) in
porcine cTAL cells. Moreover, as shown in Fig.20, when the cTAL cells were pretreated
with 8-BrcGMP, they became refractory to ANP (basal [Ca’**],, 8345 nM, and following 107
M ANP, 8849 nM; n=6). These data indicate that ANP-induced Ca’** changes may be

inhibited by prior treatment with cGMP.
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Fig.18. Changes in fluorescence emission at 335 nm and 385 nm excitation
wavelengths with 0.5 mM MnCl, in external buffer solution. ANP (107 M) was
added where indicated (representative of 3 separate experiments).
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Fig.19. Effect of thapsigargin on ANP-induced Ca’* transient. Thapsigargin
(TG, 1.5 puM) was added 30 min before application of 107 M ANP
(representative of 6 cells).
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Fig.20. Effect of 8-BrcGMP pretreatment on ANP-mediated Ca’* transients.
Primary cTAL cells were pretreated with 8-BrcGMP (10* M) for 20-30 min
before addition of ANP (107 M). Fluorescent tracing is representative of 6
cTAL cells.



IV. Discussion

Many hormones interact to orchestrate the regulation of salt transport in the cTAL
of the loop of Henle (23,24,25,58,59). It is clear that many of these hormones act through
receptor-activation of adenylate cyclase and the increase in cAMP (22,23). Morel and
colleagues (18,19,60) have shown that the adenylate cyclase is sensitive to PTH, AVP,
calcitonin, and glucagon in cTAL segments of rat and rabbit. These hormones also stimulate
cAMP elevation in isolated porcine cTAL cells (7). An additional signaling pathway for
these hormones involves receptor-mediated increase in [Ca®*]; either through stimulation of
membrane-bound phospholipase C and the formation of IP,, or activation of receptor-
operated Ca’** channels (28,29). There is also growing evidence that inositol phosphates may
have direct effects on Ca** channels within the plasma membrane (28). In turn, the
intracellular Ca’ transients may alter transport directly through modification of channel
function or indirectly through activation of Ca**-dependent kinases (29,61,62). The present
studies show that a number of hormones, including PTH, AVP, calcitonin, glucagon,
bradykinin, angiotensin II, and ANP, initiate Ca’** transients in isolated porcine cTAL cells
(Fig.2). In order to understand the hormonal control of salt transport in the cTAL, it is

important to know the sources and interaction of these Ca** signals.

IV.1. PTH- and AVP-induced Ca’* transients
The present data indicate that Ca’* transients induced by PTH and AVP are
composed, in part, by intracellular Ca’* release and, in part, by movement of Ca** into the

cell across the plasma membrane. The evidence includes the mitigation of hormone-induced
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Ca’ transients by removal of external Ca’*, and the inhibition of Ca’* release by thapsigargin
(Fig4, Fig.6,Fig.8,Fig.10). Interestingly, nifedipine inhibited the Ca’** entry following PTH,
but was not effective in the AVP-induced [Ca’*], elevation (Fig.4, Fig.8). The Ilatter
observation was also the conclusion of Nitschke ef al (63) in perfused rabbit cTAL segments
in which these investigators reported that AVP-induced Ca’* transients were partly due to
intracellular Ca’* release and partly from Ca** influx. They were unable to block Ca’* entry
with nifedipine. These studies suggest that PTH and AVP lead to entry of Ca** into the
cytosol by different mechanisms, such as nifedipine-insensitive calcium channels.

Our studies indicate that the secondary messenger, cAMP, may release intracellular
Ca’ which may be important in the receptor-mediated Ca’* transient. This was not detected
in the perfused rabbit cTAL segment (27). The reason for the difference in these findings
is not apparent at the present time. The second messenger, cAMP, has been shown to
release intracellular Ca** leading to the initiation of Ca’* signals in many different cell types
including renal epithelium (17,40,64,65,66).In the present studies, we consistently observed
an increase in [Ca’*], with 8-BrcAMP (Fig.11). Interestingly, the increments in cytosolic Ca**
appear to be from internal sources rather than entry through activation of Ca’>* channels.
There is no evidence for the presence of cAMP-activated Ca’** channels in this cell type
(29,63). However, the present data do not rule them out as the PTH and AVP signals may
be due, in part, to receptor-mediated or IP,-mediated Ca’* entry (28,29). The present data
would suggest that cytosolic Ca’* activity may be mediated by cAMP and/or IP, release of
Ca’ and Ca’* entry across Ca® channels. Furthermore, our evidence suggest that cAMP

elevates [Ca’*], through an IP,-sensitive pool. Thapsigargin depletes Ca** from IP;-sensitive
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pool in a variety of cell types by specific inhibition of nonmitochondrial microsomal Ca**-
ATPase activity without affecting inositol phosphate levels (67). Thapsigargin inhibited the
cAMP-induced increase in [Ca**]; (Fig.13). Thapsigargin also inhibited the Ca’* transients
associated with PTH and AVP treatments. It is unknown if PTH or AVP release
intracellular Ca**, possibly by an IP,-dependent mechanism (40), directly or through the
stimulation of cAMP.

Treatment of porcine cTAL cells with TPA resulted in diminished PTH-. AVP-, and
cAMP-mediated Ca’* signals (Fig.15). Other studies have reported that activation of protein
kinase C with phorbol esters inhibits agonist-induced Ca’* mobilization in many different cell
types (68-72). The result obtained with phorbol ester treatment suggests that the inhibitory
effect of hormonal induction of Ca’* release from an internal store is, at least in part,
mediated by protein kinase C which may provide a negative feedback control on receptor-
mediated Ca** mobilization. Because phorbol esters also diminish the cAMP response, it
is likely that protein kinase C activation inhibits internal Ca’* release. Although these
observations demonstrate that protein kinase C is responsible for the negative feedback on
agonist-induced Ca’* transients, it is not clear if this enzyme is also involved with receptor
desensitization as has been shown for other cells (73,74).

PTH and AVP, as well as glucagon and calcitonin are thought to act on the same
pool of adenylate cyclase (20). Elalouf and colleagues (73,74) have shown that
administration of AVP to hormone-depleted rats rapidly desensitizes or down-regulates
receptor density in the TAL. They also report that AVP desensitization is specific as

glucagon and calcitonin were not affected by the prolonged presence of pharmacological
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doses of AVP. The present studies, using Ca’* signals, suggest that AVP desensitization in
porcine cTAL cells may be non-specific with PTH as treatment with large amount of either
AVP or PTH led to inhibition of both AVP- and PTH-mediated Ca’* signals (Fig.14).
Additionally, the present data suggest that cAMP and DAG, the second messengers, likely
through protein kinase A and protein kinase C activation, may mediate desensitization.
Further studies are required to determine if these second messengers cause desensitization
through diminished receptor density or inhibition of intracellular Ca’* release.

Based on our experimental results, we propose the following mechanisms whereby
PTH and AVP induce Ca** signals in cTAL cells. PTH and AVP act on their respective
receptors to activate a receptor-coupled G-protein. The G-protein transduces the signal to
phospholipase C and results in generation of IP, and DAG. IP, liberates Ca’* from the IP;-
sensitive Ca** store, which by some unknown mechanism activates Ca®* influx through Ca*
channels in order to refill the Ca** store (31). PTH and AVP, through IP, access the same
intracellular Ca** pool to elevate [Ca**],. The elevated [Ca®*], together with DAG, activates
protein kinase C to reduce the elevated [Ca®*], and limit hormonal action. Activation of
protein kinase C may also play a role in desensitization or down-regulation of specific
receptors (75). This system is also regulated by cAMP. Again, through hormone-receptor
mediation, adenylate cyclase is activated and increases cAMP generation which in turn
releases intracellular Ca** and depletes Ca** stores. Since TPA also inhibits cAMP-induced
Ca’ release, it is likely that cCAMP works on the same signal cascade leading to the IP,
receptor of the endoplasmic reticulum, thus initiating Ca’* release or re-uptake. The IP;-

dependent and cAMP-dependent Ca’* pools would appear to be the same in these cells.
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However, cAMP does not increase Ca** entry as do the receptor agonists, PTH and AVP;
it is likely that IP, somehow leads to the increase in Ca?* influx, probably through IP,-

mediated responses, whereas cAMP only works on intracellular Ca’* release.

IV.2. ANP-induced Ca™ transients

Atrial natriuretic peptide is involved in the endocrine regulation of fluid and
electrolyte balance. It links the heart and other organs involved in the control of
cardiovascular function and body water homeostasis through specific receptors on the target
organs (76). Three distinct receptors have been identified for ANP-derived agonists. The
receptor ANP, binds ANP and BNP, leading to the stimulation of guanylyl cyclase and
cGMP generation (53). The second receptor, ANPy, responds to CNP, again resulting in an
increase in cGMP (54). Finally, ANP and CNP bind the ANP. receptor, which is not
associated with an increase in cGMP (45). This receptor is thought to function as a
clearance receptor (56). The evidence for this involves receptor binding of ANP and rapid
internalization into the cell where the ligand is hydrolysed and the receptor is recycled back
to the membrane (56). This receptor is responsible for the rapid clearance rate of ANP and
its analogues (56). The evidence provided here suggests that porcine cTAL cells possess
these ANP, receptors, since ANP, CNP, and C-ANP-(4-23) elicit Ca** signals (Fig.2). Our
studies would support the hypothesis that the ANP receptors in cTAL cells are clearance
receptors that are not directly associated with cGMP stimulation. In earlier studies, Butlen
et al (77) failed to detect “'I-labeled ANP binding in the loop, and Chabardés et al (47)

failed to show an increase in cell cGMP with ANP in rat and rabbit thick ascending limb
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segments. These observations are consonant with those of Nonoguchi et al (48) using
microdissected thick ascending segments from rats. However, another study from the same
laboratory localized mRNA to guanylyl cyclase-coupled ANP receptor in ascending segments
using reverse transcription and polymerase chain reaction (78). These workers concluded
that specific mRNAs encoding ANP receptors are broadly expressed along the nephron,
raising the possibility that multiple sites of ANP action are present (78). Further studies are
warranted to define receptor-mediated interaction of salt reabsorption within the loop of
Henle.

Similar to PTH and AVP, atrial natriuretic peptides (ANP, CNP, and C-ANP-(4-23))
induce receptor-mediated Ca’* transients in porcine cTAL cells (Fig.2). The ANP-induced
Ca’* signals are due, in part, to intracellular Ca’* release, likely from endoplasmic reticulum,
and in part, to influx of Ca’** into the cytosol across the plasma membrane (Fig.17, Fig.18,
Fig.19). As cGMP does not alter [Ca™]; in these cells, it is probable that the Ca’* signals
involve receptor-mediated IP, generation leading to Ca’ release from intracellular stores.
Hirate et al (79) reported that ANP binding to ANP, receptors may lead to phosphoinositide
hydrolysis, which would inferentially lead to IP,-mediated Ca’** release and diacylglycerol
activation of protein kinase C. Studies are needed to determine whether ANP mediates IP,
release in epithelial cells. The above observations are consonant with the earlier findings
of Isales ef al (80) in adrenal glomerulosa cells. These workers reported that a truncated
ANP analogue, ANP-(7-23), which is specific for the ANP, receptor, increased cytosolic Ca**
in adrenal glomerulosa cells through a cGMP-independent mechanism. They speculated that

this increase in Ca’*, which was inhibited by nitrendipine, was through activation of Ca**
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channels by the ANP. receptor (80).

The present studies demonstrate the presence of ANP-responsive receptors, likely
clearance receptors, in the porcine cTAL that initiate Ca’* signals. The function of these
Ca’* signals is not apparent at this time, but they may be involved with initiating receptor-
mediated endocytosis. A similar function has been postulated for low-density lipoprotein
(LDL) receptor-mediated Ca’ signals in MDCK epithelial cells, vascular smooth muscle
cells, and cardiomyocytes (81-83). LDL receptor binding rapidly initiates Ca’* transients,
membrane endocytosis, and ligand-receptor internalization (81,82,83). Further studies are
required to test this hypothesis. Other cell functions may be altered with ANP in these cells
(44,45,84). 1t is not clear whether the ANP, receptor has biological functions in addition to
its role in peptide clearance (45,79). A number of studies have indicated that ANP through
the ANP,. receptor may inhibit cCAMP increments either through enhanced cyclic nucleotide
hydrolysis or inhibition of adenylate cyclase (45,57,84,85). These data have lead Levin (45)
to speculate that the clearance receptor, ANP., may modulate the actions of receptor-
modulated increases in the second messengers, cGMP and cAMP. In addition, ANP inhibits
the mobilization of intracellular Ca®** most likely through the guanylate cyclase receptor,
either ANP, or ANP, (45,86). Accordingly, the two ANP receptor subtypes appear to
interact to modify hormone signal transduction pathways. The functional responses of ANP
in the loop of Henle are unknown. Administration of pharmacological amounts of ANP
results in an increase in urinary magnesium excretion (43). Magnesium is principally
reabsorbed in the cTAL, and urinary magnesium excretion has been used as marker for loop

function (7,41); accordingly, it is inferred that ANP may alter salt transport in this segment.
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However, other studies have shown little effect of ANP on salt transport in the loop
(42,43,87,88). More recently, Bailly ef al (46) have shown that cGMP diminishes chloride
transport in perfused mouse cTAL. Further studies are required to determine the role, if
any, of ANP within the loop of Henle.

Our experiments showed that pretreatment with cGMP abolished the ANP-induced
Ca** transients (Fig.20). Kato and coworkers (89,90) reported that cGMP selectively down-
regulates the clearance receptor, ANP., in cultured pulmonary artery endothelial cells.
These workers concluded that cGMP regulates the circulating levels of ANP by controlling
the density of clearance receptors of vascular endothelial cells. Other studies have further
established that ANP. receptor expression on endothelial cells can be down-regulated by
activation of the guanylyl cyclase receptor resulting from ANP-mediated cGMP generation
(91). Although it is clear from the present data that pretreatment of cTAL cells with cGMP
inhibits ANP-mediated Ca®* response, it is not known if this involves down-regulation of the
ANP. receptors or direct inhibition of intracellular Ca®* release. Further studies are
required to determine at which site along the receptor-mediated signal transduction pathway
that cGMP acts to mitigate the ANP-induced Ca’* signals in cTAL cells.

In summary, we show that the atrial natriuretic peptides, ANP, CNP, and the
analogue, C-ANP-(4-23), elicit Ca® signals in porcine cTAL cells likely through receptor-
mediated responses. The Ca** transients are composed of intracellular Ca** release followed
by Ca** entry across the plasma membrane. Finally. ANP-mediated Ca’* transients are
modulated by cGMP, which may play a regulatory role in these signals. The role of the

ANP-induced Ca’* signals may have significant physiological actions within this segment.
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CHAPTER 2. Na*/Ca** EXCHANGE IN cTAL CELLS

I. Background

Cells composing the cortical segment of the thick ascending limb of Henle’s loop
possess a large number of peptide hormone receptors, many of which induce large
intracellular Ca’* transients which may be involved with receptor-mediated signal
transduction processes (92). In order for intracellular Ca** to play a role in signal
transduction mechanisms it is necessary to have regulated processes which maintain
intracellular Ca®>* concentrations at submicromolar levels. Na*/Ca’* exchange across the
plasma membrane is an important determinant on intracellular Ca’* levels. The primary role
of Na*/Ca’* exchange is Ca** extrusion. The net direction of the Ca’* movement mediated
by this exchanger depends on the Na* electrochemical gradient, the Ca®* electrochemical
gradient, and the stoichiometry. Net efflux of Ca’* is accomplished using the energy of the
Na* gradient set up by the ATP-dependent Na* pump. The Na*/Ca’* exchangers are
important Ca’* transporting proteins present in many different species and cell types (93).
The Na*/Ca’* exchanger is a high capacity, low Ca** affinity carrier which transports large
quantities of Ca’* at high intracellular Ca** levels such as occurs following agonist-stimulated
increase in [Ca*']; (92).

The Na*/Ca® exchanger was first cloned from canine heart (94) and subsequently
from other species and tissues (95-100). Two kinds of Na*/Ca** exchangers have been
identified so far, the cardiac type with stoichiometry of 3 Na* to 1 Ca** and the rod outer
segment (ROS) type with coupling ratio of 4 Na* to 1 Ca®* + 1 K*. Both types of the

exchanger have similar structure but totally different amino acid composition and potential
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amino-linked glycosylation sites (101). The exchanger cDNA encodes a protein with 970
amino acids. Hydropathy analysis has indicated that the exchanger fits into the general class
of ion transporters, which contain 11 or 12 transmembrane segments and a relatively large
hydrophilic domain. The mature exchanger has 11 potential transmembrane segments, with
a 520-residue hydrophilic domain between membrane-spanning segments 5 and 6.

Recent cloning studies by Kofuji ef al (102) and Lee ef al (103) showed that the
sodium-calcium exchanger is encoded by a single gene. Different isoforms, differing in the
carboxyl end of intracellular loop 5-6, are generated by alternative splicing of exons in a
tissue-specific manner. Fig.21 shows the location of alternatively spliced site. The unusual
intron-exon arrangement of the sodium-calcium exchanger gene encoding this area of the
intracellular loop potentially leads to as many as 32 isoforms. Splice variation at this site
could provide a basis for differences in tissue-specific expression (103). Restriction enzyme
analysis and sequencing data have revealed seven major isoforms specific for different
species and tissues (103). Two distinct isoforms have been identified in the rabbit kidney,
NACA2 (99) and NACA3 (104); and two in the rat kidney, NACA3 (103,104) and NACA7
(103). These transcripts are principally been found in the distal tubule (100). No evidence
to date, either functional or molecular, has been given for Na*/Ca’* exchange in thick
ascending limb cells (12,100). To explain this contradiction, Reilly et al (12) proposed
following possibilities: 1) the absence of expression of the Na*/Ca** exchanger in these
segments; 2) the expression of the exchanger in levels below the threshold of the detection,
or 3) the exchanger in these segments is represented by a different isoform.

Remarkably little is known about physiological modulation of Na*/Ca®* exchange,
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Fig.21. A model of cardiac type Na*/Ca** exchanger. The exchanger is
composed of 11 transmembrane segments and a intracellular loop. The
location of the alternative splicing site is indicated. [ Abstracted from Philipson
et al (101) with slight modification]
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except as a result of changes of cytosolic Ca’* and Na* concentrations (105). The kinetics
and stoichiometry of Na*/Ca’* exchange have been well studied but its regulation has
received less attention (93,105,106). Some studies have shown that Na*/Ca** exchange may
be regulated in renal cells by various factors, such as parathyroid hormone and vitamin D
(107-109) which increase Ca™ transport, and by phorbol esters which have been reputed to
decrease exchange activity (110). The mechanisms underlying these effects are not
understood.

The specific aims of the present study include: 1) functional demonstration of
Na*/Ca™ exchange in isolated cTAL cells; 2) determination of the modulating effects of

phosphorylation on Na*/Ca** exchange activity; and finally 3) the molecular identification of

Na*/Ca** exchanger.

II. Materials and Methods
II.1. Materials

Tag DNA polymerase, SP6 RNA polymerase, restriction enzymes (Eco RI, Eco RV,
and Tag I) and dsDNA Cycle Sequencing System were purchased from GIBCO/BRL.
Original TA Cloning Kit was from Invitrogen (San Diego, CA). UTP-a-?P and ATP-Y-7P
were obtained from ICN Pharmaceuticals Inc. (Irvine, CA). All other chemicals were those
given in Chapter 1.
II.2. Methods

The isolation of cTAL cells from porcine kidneys and the determination of cytosolic

free Ca® were performed by the same methods as described in Chapter 1. In all
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experiments involving Ca’* analysis, single traces are shown but similar results were obtained
in at least five separate experiments from independent cell preparations.

I1.2.1. Cytoplasmic Na* measurements

Cytosolic free Na* concentration, [Na*};,, was determined with SBFI/AM (Molecular
Probes Inc) according to previously described techmiques (111). cTAL cells were loaded
with SBFI by adding equal volumes 10 uM (final concentration) SBFI/AM dissolved in
dimethyl sulfoxide (DMSO) and the nonionic detergent Pluronic F-127 (20% wt/vol in
DMSO). The cells were incubated for 60 min at 23°C and subsequently washed 3x with
buffer to remove extracellular dye. Fluorescence was measured using a spectrofluorometer
at alternately excited wavelengths of 345 and 385 nm and emission intensities recorded at
505 nm were calculated. All measurements were performed at room temperature.
Calibration of SBFI fluorescence in terms of [Na*], was performed by addition of known
extracellular Na* concentrations made up in Na*-HEPES/K*-HEPES buffer. The 345-to-385
nm intensity ratio was determined before and 3 min after the addition of the Na* ionophore
gramicidin D (1 pM, final concentration). The changes in fluorescence ratio were then
plotted as a function of Na* concentration. As in a previous report, a linear relationship was
observed that was then used to calibrate the individual experimental ratios (111).

I1.2.2. Isolation of total RNA from kidney tissues

Modified TRIzol technique was used to isolate total RNA from tissues (112,113).
About 0.1 gm of tissue was obtained and frozen in liquid nitrogen. Frozen tissue was ground
in a mortar and pestle under liquid nitrogen. Ground tissue was transferred into a 1.5 ml

tube. 1 ml of TRIzol solution was added into the tube to lyse the cells. Lysed tissue was



57

incubated at room temperature for 5 min. To extract RNA, 0.2 ml of chloroform was added
into the tube and it was then mixed by vortexing for 1 min prior to centrifugation at 14,000
xg for 15 min at 4°C. The aqueous phase was collected into a fresh tube and an equal
volume of isopropanol was added. The mixture was incubated at room temperature for 1
hour. The RNA was obtained by centrifugation, 14,000 xg for 15 min at 4°C. The RNA
pellet was then washed with 1 ml of 75% ethanol and dissolved in 40 ul of formamide.

I1.2.3. Preparation of riboprobe

The NCE.F1 clone in the pcDNAII vector was from Dr. Jonathan Lytton (Harvard
Medical School). The cDNA of this clone was derived from rat kidney transcripts (103).
To make a probe, the NCE.F1 containing plasmid was transformed into host cells for the
purpose of obtaining large quantities of plasmid DNA.

I1.2.3.1. Fresh competent E.coli prepared using the calcium chloride method. A
single colony of XLI Blue bacteria was inoculated into a 25 ml LB broth medium culture
with tetracycline. The culture was incubated for 2.5-4 hours at 37°C with vigorous shaking
(225 rpm) until OD, was about 0.4. The culture was chilled to 0°C by placing the tubes on
ice for 10 min. The cells were then harvested by centrifugation at 3000 rpm for 10 min at
4°C. Pellets were resuspended in half the original volume of ice-cold 0.1 M CaCl,, and then
incubated on ice for 15 min. After centrifugation at 3,000 rpm for 10 min at 4°C, the pellets
were resuspended in 1/12.50f the original volume of ice-cold 0.1 M CaCl,. Competent cells
were stored at -70°C following addition of glycerol/DMSO (50/50) to 15% final concentration
V/IV).

I1.2.3.2. Transformation. 10 ng of pcDNAIL.RtKcNCE1.F1 was added to 0.2 ml of
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competent cells and held on ice for 30 min. Cells were then heat-shocked at 42°C.
Following addition of LB and 1 hour incubation at 37°C, bacteria were plated on LB plates
(0.15% agar) with 60 pg/ml ampicillin and 50 ug/ml tetracycline and incubated overnight at
37°C.

I1.2.3.3. Isolation of plasmid DNA from transformed E.coli. Plasmid Midi Kit
(QIAGEN) was used to isolate pcDNAII.RtKcNCE1.F1 plasmid. This method is based on
a modified alkaline lysis procedure. Purified plasmid DNA was quantitated by
spectrophotometer. To confirm the identity of the plasmid, restriction enzyme analysis was
then performed.

I1.2.3.4. Preparation of riboprobe from pcDNAII.RtKcNCE1L.F1. Prior to synthesis
of the riboprobe, pcDNAII.RtKcNCE1.F1 was digested with Not 1 for 30 min at 37°C and
then washed with phenol/chloroform. 1 ug of Not 1 digested plasmid and DNA-dependent
RNA polymerase SP6 were used for RNA synthesis in the presence of 0.4mM ATP, 0.4mM
CTP, 0.4 mM GTP, 0.01 mM UTP, and UTP-o-*P. The riboprobe was purified using 1 ml
G50 resin column. Columns were spun at 2000 rpm for 3 min. The column was washed
once with 100 ul of TE (pH 7.5) and then loaded with 100 ul of labelling mixture. *P
labelled probe was eluted into an eppendorf by centrifugation.

I1.2.4. Northern blotting and hybridization.

I1.2.4.1. Northern blotting. RNA samples were loaded into 1% agarose-
formaldehyde (0.4 M) gel. To prepare sample for loading, 20 ug RNA was mixed with 5 ul
5X formaldehyde gel-running buffer and 1 pl EtBr (1 mg/ml), and then added to 3.5 ul

formaldehyde and 10 ul formamide. The mixture was incubated at 65°C waterbath for 15
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min. RNA samples were loaded after the gel was pre-run for 5 min at 100 V. The gel was
run at 100 V for 10 min and then 40 V for 6-8 hours. Running buffer was replaced during
the middle of the run.

Downward alkaline-transfer setup was prepared according to the method described
by Chomczynski (114), with a minor modification. The bottom base was formed by a 4-5
cm-high stack of paper towels. The towels were sequentially covered with five sheets of
blotting paper (Whatman), hybridization membrane (Nytran), followed by the agarose gel.
The membrane was 2-3 mm larger than the gel. The gel was covered with three sheets of
blotting paper (of the same size as the gel) and two sheets of blotting paper forming a
connection (bridge) across the gel stack and two trays containing the transfer solution
(composition: 3 M NaCl, 2 mM sarkosyl and 8 mM NaOH, pH 11.40-11.45). After the
transfer the membrane was incubated in neutralization buffer (0.2 M NaH,PO,, pH 6.7-6.8)
for 10 min and then fixed by UV cross-linking.

I1.2.4.2. Hybridization. The membrane was pre-hybridized for 1 hr at 42°C. The
components of pre-hybridization solution were: 8 ml of deionized formamide, 4 ml of 20%
SDS, and 4 ml of 2 M NaH,PO, in 4 mM EDTA (pH 7.2), the total volume was 16 ml with
1 mg/ml BSA and 100 pg/ml denatured salmon sperm DNA. Hybridization was made by
adding riboprobe and incubated overnight at 42°C in the hybridization oven. After
hybridization the membrane was washed six times at 55°C with 2x SSPE/0.3% SDS 2x 20
min, 1x SSPE/0.5% SDS 2x 20 min, and 0.3x SSPE/1% SDS 2x 20 min respectively. The
Nytran membrane was exposed a X-ray film for 10 hr at -70°C.

I1.2.5. Identification of Na*/Ca’* exchanger isoform with PCR technique.



60
I1.2.5.1. cDNA synthesis. Total RNA extracted from cTAL and inner cortex tissue

using TRIzol method as described above was utilized as starting material. Both random
hexamer (20 ng/ul) and oligo dT (20 ng/ul) were used as primers for cDNA synthesis in the
presence of ~1ug RNA, NTP (1 mM), DTT (10 mM), Reverse Transcriptase (4 U/ul), and
RNasin (0.5 U/pl).

I1.2.5.2. PCR primer design. Based on the sequence of NCE.F1 and a comparison
between different species, including rat (96,98,103),rabbit (102), dog (94), bovine (95) and
human (104), the most conserved regions flanking the alternatively spliced site were used
in primer design. The sequence of sense primer selected was CTCGAA(G)TTCCAGAAT
(COGATGAAAT (nt 2207-2229 of NCE.F1) (103); the antisense primer was CTCTTGAATT
CG(A)TAA(G)AAT(C)TCTTC (nt 2533-2555).

I1.2.5.3. Polymerase chain reaction (PCR). The composition (final concentration in
50 ul volume ) of the reaction was: 2.5 mM MgCl,, 0.4 mM dNTP, 1 mM sense primer, 1
mM antisense primer, and 1.5 unit of Taq DNA polymerase. cDNA template was also
included. pcDNAII.RtKcNCE1.F1 DNA was used as a positive control. Distilled water and
the reaction buffer of cDNA synthesis were used as negative controls. The first 3 cycles
were 94°C 2 min, 44°C 1.5 min and 72°C 2 min, and the next 35 cycles were taken at 94°C
1 min, 44°C 50 sec and 72°C 1 min. PCR products were analyzed by agarose gel
electrophoresis.

I1.2.5.4. Southern blotting and hybridization. To prepare cDNA probe, the
amplified PCR product from the positive control was isolated and purified with

GENECLEAN Kit (BIO 101). Random primer method was used to construct probes. In
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a screw-cap vial, dH,0 was added to 20-100 ng of probe DNA to obtain a final volume of
9 ul. The sample was boiled for 5 min. The following were then added: 2.0 ul 10X Klenow
buffer, 2.0 ul 10X ATG (2.5 mM), 1.0 ul random hexamer (100 pmol/ul), 1.0 ul Klenow, and
5.0 pul P-dCTP, and incubated at 37°C for 50 min. A G50 column was used for probe
purification. The probe was boiled before use in the hybridization reaction.

PCR products were separated on 1% agarose gel and transferred onto Nytran
membrane using downward alkaline blotting technique. The membrane was hybridized with
cDNA probe as the same way as in the northern hybridization.

I1.2.5.5. Sequencing PCR product. dsDNA Cycle Sequencing System was used to
sequence PCR product. Cycle sequencing permits direct sequencing of dsDNA. dsDNA is
introduced into a set of dideoxy sequencing reactions, and is then subjected to thermal
cycling. The first 20 cycles consist of a denaturation step at 95°C for 30 sec, an annealing
step at 52°C for 30 sec, and an extension/termination step at 70°C for 60 sec. The next 10
cycles contained only two steps; denaturation at 95°C for 30 sec and extension/termination
at 70°C for 60 sec. The sequencing reactions were analyzed on 6% acrylamide sequencing

gel.

III. Results
III.1. Demonstration of Na*/Ca® exchange in porcine cTAL cells

III.1.1. Effect of external Na* removal on [Ca?*], in ouabain-treated cTAL cells.
Basal [Ca’*]; is maintained in the range of 74-102 nM with a mean concentration of 8643

oM, n = 183, in normal cTAL cells. The abrupt removal of external Na* by replacement
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of NaCl in the bathing solution with equivalent amounts of either choline Cl or NMDG (N-
methyl-D-glucamine) Cldid not alter basal [Ca**], in normal cells (Fig.22). When cTAL cells
were pretreated with ouabain, 10° M, for 60 min followed by rapid replacement of external
Na* in the bathing solution with either NMDG or choline, a marked increase in [Ca®*], was
observed in the presence of external Ca** (Fig.22). During incubation with ouabain, mean
basal [Ca**]; was 86 + 2 nM, n = 22, which was similar to control cells over the period of
experimentation. The increment in [Ca®*]; was dependent on the presence of external Ca®*
as no changes were observed in ouabain-treated cells in Ca’*-free solutions (Fig.22).
Following removal of external Na* in ouabain-treated cells the mean increase in [Ca’*], was
1023 + 74 nM, n = 22. In the absence of external Ca®*, the [Ca®*], remained at basal levels,
8213 vs 85+9 nM, n=S5, during the period of external Na* removal in ouabain-treated cells
(Fig.22). We interpret these changes to indicate that the removal of external Na* allows
internal Na* to move out coupled to external Ca’* moving from the bath into the cytosol.
These studies suggest that there is a sodium-dependent Ca** entry into cTAL cells which was
observed only in ouabain-treated cells, i.e. those cells which we infer have elevated [Na']..
In the absence of external Na* but presence of external Ca®**, [Ca’*], increased
transiently in ouabain-treated cells (Fig.22). [Ca**]; returned to near basal levels despite the
absence of external Na*. These results suggest the presence of Na*-independent
mechanisms of Ca** fluxes, either by cytosolic Ca** sequestration or by Ca* extrusion across
the plasma membrane. This removal may involve Ca’**-ATPases, therefore to determine
the role of the Ca’*-ATPase pumps in this phenomenon we treated the cTAL cells with

vanadate, a general P-type ATPase inhibitor. Vanadate is not a specific inhibitor but proved
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Fig.22. Effects of external Na* removal on [Ca*), in ouabain-treated cTAL
cells. cTAL cells were pretreated for 60 min with ouabain, 10° M, in normal
buffer solution containing (in mM): NaCl 145, KCl 4.0, Na,HPO, 0.8,KH,PO,
0.2, CaCl, 1.0, MgCl, 0.6, glucose 10, and HEPES-Tris 20, pH 7.4. For the
sodium-free solution the composition was the same but sodium was replaced
by NMDG-C1 145 mM or choline Cl 145 mM (results were the same with
either substitution). In the experiments indicated, CaCl, was deleted from the
bathing solution and 0.5 mM EGTA was added to the bathing solution to
provide a calcium-free solution. These fluorescent tracings are representative
of 5 (0 mM Ca,) and 22 (1 mM Ca,) different experiments.
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to be useful in isolating Na*-dependent effects in the porcine cTAL cells. Fig.23 illustrates
a representative experiment. Vanadate added with the Na*-free solutions markedly
attenuated the rate of decrease in [Ca®*], so that [Ca**], levels (607190 nM, n=5) were
sustained for 60-180 sec. Fig.23 also showed that if S0 mM NaCl was added to the cTAL
cells during this sustained period of elevated [Ca™];, the cytosolic [Ca**] rapidly returned to
basal levels, 86+9 nM, n=5. Note that with the addition of external Na*, the [Ca®*], fell to
basal levels whereas it did not in the absence of external sodium. These studies suggest that
both a vanadate-sensitive sodium-independent Ca** pump, probably Ca’>*-ATPase, and a
sodium-dependent process are important in maintaining [Ca**]; levels in cultured cTAL cells.

Addition of external Na* to vanadate-treated cells consistently resulted in a rapid fall
in cytosolic Ca**. Addition of another monovalent cation, Li*, during the sustained phase
was without effect on [Ca®**], (data not shown). The removal of intracellular Ca’* was
selective and dependent on external Na*; likely by Na*/Ca®** exchange.

III.1.2. Effect of the putative inhibitors on Na*/Ca’* exchange. A number of putative
inhibitors were employed to determine if [Ca**]; changes were due to influx or efflux across
the plasma membrane. First, we applied inorganic inhibitors, LaCl, and MgCl, , at the time
of removal of external Na® to determine the effects on the increase in [Ca®*); i.e. the
movement of Ca** into the cell in exchange for Na* moving out of the cell, and with the
readdition of external Na* to assess their effects on Ca’* efflux (Fig.24). La’* and Mg™*
mitigated the increase in [Ca’*], following external Na* removal, 810 + 148 nM, n = 4, and
592 4+ 157 nM, n = 4, versus control maximal levels of 1023 + 72 oM, n = 22. La’** and

Mg’* also inhibited the movement of Ca?* out of the cell when external Na* was readded to
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Fig.23. Effect of vanadate on Na* removal-induced [Ca’*], changes in ouabain-
treated cTAL cells. Ouabain-treated cTAL cells were exposed to sodium-free
solutions with and without the presence of vanadate, 1 mM. Where indicated
sodium-containing buffer was added, containing (in mM): NaCl 50, NMDG-CI
95, KCl 4.0, Na,HPO, 0.8,KH,PO, 0.2, CaCl, 1.0, MgCl, 0.6, glucose 10, and
HEPES-Tris 20, pH 7.4. Fluorescence tracing is representative of 25 separate
experiments.
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Fig.24. Effect of inorganic inhibitors on Na*-dependent change in [Ca**]; in
ouabain-treated cTAL cells. cTAL cells were pretreated with ouabain, 10° M,
and Na*, was removed as given in legend to Fig.22. LaCl,, 5.0 mM or MgCl,,
5.0 mM, was added to the sodium-free buffer solution and with addition of
buffer solution containing 50 mM NaCl. Vanadate, 10° M, was present in the
Na*-free solutions. Figures are representative of 4 different cells for each
inhibitor.
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the bathing solution (Fig.24). We did not attempt to quantitate the rate of Ca® influx and
efflux as the changes in [Ca**]; are likely composed of different transport and sequestration
processes. Nevertheless, the qualitative data suggested that the increment in [Ca®*], with
external Na* removal and subsequent decrease in [Ca’*], following readdition of external Na*
resulted from Ca** moving across the plasma membrane, likely through Na*/Ca?* exchange.
Next, we tested the effect of organic inhibitors, amiloride and its analogue bepridil which
are thought to inhibit Na*/Ca®* exchange in addition to other sodium-dependent transport
processes (115). In this case, the cTAL cells were pretreated with these agents for 10 min
prior to removal of external Na*. The Ca’* influx on removal of external Na*, and Ca*
efflux following readdition of external Na* were significantly inhibited by the presence of

amiloride and bepridil (Fig.25).

III.2. Transmembrane depolarization induces Na*-dependent Ca’* influx

III.2.1. The effect of transmembrane depolarization on [Ca®*], in ouabain-treated cTAL
cells. The changes of [Ca®*], resulting from the removal of external Na* in ouabain-treated
cells are likely due to Na*/Ca’ exchange functioning in reverse, i.e. Na* moving out coupled
with Ca’* moving into the cell. In all cells studied to date, the coupling has been reported
to be 3Na* for 1Ca’* resulting in a stoichiometrical imbalance in electrical charge (116).
Accordingly, depolarization (as with replacement of external Na* with K* in the presence
of a large outside-to inside Ca’* gradient) would be expected to drive Ca** in and Na* out
via the exchanger. This approach has been used by others (117-120) to investigate Na*/Ca**

exchange. In the present study the membrane potential was altered by the substitution of
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Fig.25. Effect of organic inhibitors on Na*-dependent change in [Ca’]; in
ouabain-treated cTAL cells. cTAL cells were pretreated with ouabain, 10> M,
and Na*, was removed as given in legend to Fig.22. Bepridil, 0.25 mM, or
amiloride, 1.0mM was added 10 min prior to and with the sodium-free buffer
solutions as indicated. Vanadate, 10° M, was present in the Na*-free
solutions. Figures are representative of 4 different cells for each inhibitors.
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50 mM KCl in the external buffer solution in lieu of 50 mM NaCl. Depolarization with high

KCl solutions did not have any effect on basal [Ca’*], in normal cTAL cells (Fig.26).
However, membrane depolarization of ouabain-treated cells (10° M ouabain for 60 min)
resulted in a rapid increase in [Ca’*]; which was dependent on the concentration of Ca** in
the external buffer solution (Fig.26). In the absence of external Ca** (and presence of 1.0
mM EGTA) there was no detectable change in [Ca’*];,, whereas the presence of 0.5-to-2.0
mM external Ca’ resulted in graded increases in [Ca®*]; dependent on the Ca**
concentration in the buffer solution (Fig.27). We interpret these findings to indicate that a
decrease in transmembrane voltage induces internal Na* to move out of the cell coupled to
external Ca** moving into the cell. The increments in [Ca®*], following a change in
transmembrane voltage occurred in the presence of external Na* suggesting that the putative
Na*/Ca** exchange is electrogenic.

II.2.2. The effects of inhibitors on voltage-stimulated Na*/Ca’* exchange. The next
series of studies examined the effect of inorganic and organic inhibitors on voltage-stimulated
Ca’* influx. First, we tested the effects of a number of multivalent cations. The inhibitor
was added with the KCI depolarization solution. La’* and Mg** significantly inhibited the
increase in [Ca**]; following depolarization, 63 +6% and 60+6% of control respectively, n=3-
6 (Fig.28). Fig.29illustrates the effects of the organic inhibitors, amiloride and bepridil, on
voltage-dependent increase in [Ca®**],. Amiloride inhibited the increase in [Ca*'];to 29+8%,
n = 3, of control and bepridil 84+4%, n = 5, of control values. Unlike the inorganic
inhibitors, both drugs were added into the bathing solution 10 min prior to depolarization.

The data from these functional studies support the notion that there is coupling of Na*
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Fig.26. Effect of transmembrane voltage on sodium-dependent Ca®* influx.
Cultured cTAL cells were pretreated with and without ouabain, 10° M, for 60
min prior to experimentation. The normal buffer solution contained (in mM):
NaCl 145, KCl1 4.0, Na,HPO, 0.8, KH,PO, 0.2, CaCl, 1.0, MgCl, 0.6, glucose
10, and HEPES-Tris 20, pH 7.4. The depolarization solution contained (in
mM): NaCl 95, KCI 50, Na,HPO, 0.8, KH,PO, 0.2, CaCl, 1.0, MgCl, 0.6,
glucose 10, and HEPES-Tris 20, pH 7.4. 1.0 mM CaCl, was added to
depolarization solution. Fluorescent tracings are representative of 5 different
cTAL cells.
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Fig.27. Dose-dependent response of depolarization-induced change in [Ca®']..
cTAL cells were pretreated with ouabain, 10 M, for 60 min prior to

experimentation.

The composition of normal buffer solution (N) and

depolarization solution (50K) was same as given in Fig.26. Various amounts
of CaCl, (0, 0.5,1.0 and 2.0 mM) were added as indicated. Fluorescent
tracing is representative of 5 different cTAL cells.
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Fig.28. Effect of inorganic inhibitors on voltage-dependent Ca’* influx in
ouabain-treated cTAL cells. Cultured cTAL cells were pretreated with
ouabain, 10° M, for 60 min prior to experimentation. The composition of
normal buffer solution (N) was the same as indicated in Fig.26. The
depolarization solution contained LaCl,, 5.0 mM, or MgCl,, 5.0 mM.
Fluorescent tracings are representative of 3-6 different cells.
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Fig.29. Effect of organic inhibitors on voltage-dependent Ca’** influx in
ouabain-treated cTAL cells. cTAL cells were pretreated with ouabain, 10> M,
for 60 min prior to experimentation. The composition of normal buffer
solution (N) was the same as indicated in Fig.26. Amiloride, 10° M, or
bepridil, 25 uM, were added 10 min prior to depolarization. Fluorescent
tracings are representative of 3-6 different cTAL cells.
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for Ca** in the plasma membrane of cTAL cells which is reversible and dependent on the
transmembrane sodium concentration and voltage gradients.

IM1.2.3. Dependence of Na*/Ca’ exchange on intracellular [Na*]. The observation that
changes in [Ca®*]; with the removal of external Na* or the addition of KCI required
pretreatment of cTAL cells with ouabain suggested that an elevation of intracellular sodium
concentration ([Na*],) was necessary to demonstrate Na*/Ca’** exchange. To determine the
association of Na*/Ca’* exchange with [Na*],, we varied the [Na*]; by treating cells with
ouabain in the presence of variable external Na* concentrations (Fig.30). [Na'], was
determined by fluorescence with SBFI and calibrated as previously reported (111). Basal
[Na'],, 10+2 mM, in normal cells and increased with time following treatment with ouabain.
The increase in [Na*]; was dependent on the Na* concentration in the bathing
solution. [Na*], increased 2.5 fold over 60 min of ouabain treatment with normal bathing
solutions containing 145 mM NaCl whereas there was little rise in [Na*], when external Na*
removed from the bath. Using this approach we were able to reproducibly alter the [Na*],
in cTAL cells.

With this method, we varied [Na*]; and determined the changes in [Ca**], following KCl
depolarization at various [Na*],. The changes in [Ca’*],, a([Ca**]), was associated with basal
[Na*]; levels in a sigmoidal fashion, with a maximal change at [Na'], of 22 mM and a half-
maximal a([Ca’*]) at about 16 mM [Na*], (Fig.31). The changes in [Ca®**]; with [Na*], are
in keeping with a model of an imbalance of Na*-Ca?*, coupling.

III.2.4. Modulation of Na*/Ca’* exchange by calmidazolium and okadaic acid. Our

studies provide evidence for a Na*/Ca** exchange located on the plasma membrane which
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Fig.30. Changes of intracellular [Na*] in ouabain-treated cTAL cells.
Subconfluent cTAL cells were treated with ouabain, 10° M, for the time
periods indicated in the presence of buffer solutions (as given in legend to
Fig.25) but with variable [Na*],. NaCl was replaced with equivalent amounts
of NMDG-CI to attain the indicated [Na*],. Illustrated tracings are the means
of 3 different determinations for each external sodium concentration in the
buffer solution.
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Fig.31. Association of [Ca**], with [Na*], following depolarization. cTAL cells
were treated with ouabain, 10® M, for variable times and with variable
amounts of Na*, to produce the given [Na*],. Depolarization was performed
as given in Fig.26 and the changes in [Ca®'],, a([Ca’*],), were plotted as a
function of [Na*],. The depolarization solution contained (in mM): NaCl 95,
KCl 50, Na,HPO, 0.2, CaCl, 1.0,MgCl, 0.6, glucose 10, and HEPES-Tris 20,
pH 7.4.
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is demonstrable either through alteration in transmembrane Na* gradient or by decrease in
membrane voltage, but only in cells with elevated [Na*],. In order for this exchange to be
physiologically meaningful, it should be regulated in the range of normal external and
internal Na* and Ca** concentrations. In the next series of experiments, we provide data to
indicate that the Na*/Ca’* exchange activity isaltered through Ca**-calmodulin complex likely
through phosphorylation events.

First, we treated cTAL cells with the compound R24571, a calmodulin inhibitor
(calmidazolium, Sigma). Compound R24571 did not alter levels in normal or ouabain-
treated cells over the duration of the study. We next determined the effect of compound
R24571 on the control of [Ca*"]; following KCl depolarization (Fig.32). The maximal change
in [Ca®]; from basal levels, a([Ca®*]), following KCI depolarization were determined at
various [Na*],. The association of a([Ca**])) with [Na*]; following depolarization was shifted
to the right of normal maximal Ca** changes, occurring at about 25 mM and half-maximal
concentration at 20 mM [Na*]; (Fig.31). The maximal a([Ca**],) was similar in both control
and compound R24571-treated cells, however, it required greater increments in [Na'*]; in the
treated cells. The shift of the a([Ca**]) vs [Na*], curve to the right following depolarization
suggested that the inhibitor R24571 decreased the affinity of the Na*/Ca’* exchange for
[Na*]; with little effect on the maximal transport rate. Thus, these data suggest that Ca**-
calmodulin complex may activate the Na*/Ca** exchange process by increasing Na* affinity
leading to exchange within the normal [Na*]; of the cTAL cells. To test this postulate, we
used okadaic acid, an inhibitor of types 1 and 2a protein phosphatases, to test whether

phosphorylation may be involved in controlling exchange activity. Pretreatment of cTAL
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Fig.32. Alteration of Na*/Ca** exchange with compound R24571 and okadaic
acid. cTAL cells were pretreated with ouabain, 10® M, and variable [Na'], to
produce the given [Na'],. cTAL cells were pretreated with R24571 (10* M),
a calmodulin inhibitor, or okadaic acid (10° M), a phosphatase enzyme
inhibitor, for 10 min prior to depolarization with 50 mM KCI (as given in
legend to Fig.26. a([Ca’*]) was determined in the presence of depolarization
solution at various [Na']; as given in legend to Fig.30. Values represent mean
+ SE with n = 3-6 experiments (cells) at each [Na‘],.

78



79

cells with okadaic acid did not have any effect on basal [Ca®**], in ouabain-treated cTAL cells.
Depolarization of okadaic acid-treated cells resulted in a shift of the a([Ca**]) vs [Na*];

curve to the left again without notable change in maximal transport rates (Fig.32). On
inspection of the relationship of a([Ca’*]) with [Na*), it appeared that changes in [Ca®*],
occurred at near basal [Na*]; concentrations of 8-12 mM following depolarization. If this
were the case, then treatment of cTAL cells with ouabain and rise in [Na*], would not be
necessary to elicit a voltage-dependent increase in a([Ca’*]) in the presence of okadaic acid.
Accordingly, we performed studies on normal cTAL cells which were not treated with
ouabain but pretreated with the phosphatase inhibitor. Okadaic acid resulted in similar
increase in [Ca*]; in normal cells as with those treated with ouabain but possessing
comparable [Na'], (Fig.33). We conclude from these studies that phosphorylation may

increase Na*/Ca®* exchange activity at physiological [Na*],.
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Fig.33. Sodium-dependent increase in [Ca?*], in okadaic acid-treated cTAL
cells. Porcine cTAL cells were not pretreated with ouabain but treated with
okadaic acid, 10° M, prior to depolarization. The increase in [Ca’*], was
determined with fluorescence according to methods given in legend to Fig.26.
Values are mean + SE for 5 cells.
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II1.3. Identification of Na*/Ca’>* exchanger by molecular biology techniques

II.3.1. The distribution of Na*/Ca** exchanger in porcine tissues. Total RNA was
extracted from various porcine organs including brain, heart, liver, muscle, and kidney.
Kidney samples were taken from four different parts, outer cortex, inner cortex, outer
medulla and inner medulla.

For northern blotting, a riboprobe was made from the NCE.F1 cDNA clone contained
within pcDNAII.RtKcNCE1.F1 plasmid. As shown in Fig.34, Na*/Ca’ exchanger transcripts
were recognized by NCE.F1 riboprobe in northern hybridization. 7.5-Kb hybridizing
transcripts were seen in all tested kidney tissues, including outer cortex, inner cortex, outer
medulla and inner medulla. Hybridizing transcripts were also seen in heart and muscle. On
this total RNA blot, no transcripts were detected in brain and liver.

III.3.2. Identification of Na*/Ca** exchanger in isolated cTAL cells. To demonstrate the
presence of Na*/Ca’* exchanger in cTAL cells, subconfluent cTAL cells were collected from
glass cover slips. These cells were of the same age as the cells used in the functional assays.
Total RNA was extracted from cTAL cells and used for cDNA synthesis. This cDNA was
used as a template with primers designed from NCE.F1 clone in a PCR reaction. As shown
in Fig.35,0ne prominent band (~290bp) was obtained from cTAL cell cDNA. This PCR
product was smaller than the comparable sequence within NCE.F1 (~350bp). Southern
blot analysis (Fig.36) also suggested that the amplified cDNA from cTAL cells was a
fragment of Na*/Ca®** exchanger gene which differed from the NCE.F1 cDNA. There were
a number of amplified fragments seen in inner cortex tissue cDNA, but only one fragment

(~290bp) hybridized to the NCE.F1 probe (Fig.35, Fig.36).
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Fig.34. Northern blot analysis of Na*/Ca’** exchanger. 20 ug of total RNA
from each of the indicated tissues was run on 1% agarose-formaldehyde gels
as detailed in the text. The total RNA was hybridized to UTP-a-P labelled
riboprobe from NCE F1. The locations of 28S and 18S are indicated. Arrow
points the location of 7.5 Kb.
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Fig.35. PCR amplification of the variable region of the exchanger mRNA
from inner cortex and cTAL cells. cDNAs synthesized from total RNA
extracted from inner cortex and isolated cTAL cells were used as templates
for PCR amplification. The NCE.F1 clone and the reaction buffer for cDNA
synthesis were employed as positive and negative controls, respectively. The

PCR products were separated by acrylamide gel (7%) and stained with
ethidium bromide.
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Fig.36. Southern blot analysis of PCR products from inner cortical tissue and
isolated cTAL cells. PCR products from inner cortex and cTAL cells were
separated by 1% agarose gel and transferred onto Nytran membrane. The
membrane was hybridized with ¥P labelled cDNA probe made from PCR
product of positive controls. The molecular size markers are indicated.
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Fig.37 shows the nucleotide sequence of the PCR product obtained from cTAL cell
cDNA. Based on the genomic DNA sequence data of Kofuji et al (102), this sequence
lacked the A,C,E,Fexons but contained exon B and exon D in the alternative splicing region
of the cytoplasmic segment of the exchanger. The sequence obtained was the same as that
of the NACA3 isoform reported by Lee and colleagues (103). Although there were a
number of nucleotide differences between porcine cDNA and those of the rat and rabbit,
the encoded amino acid sequences are identical except for n.t.1210 which encodes a serine

instead of a threonine (Fig.37).
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IV. Discussion

Porcine cTAL cells possess a large number of peptide hormone receptors which
stimulate intracellular Ca** release and extracellular entry (92). The present studies show
that control of [Ca®]; is, in part, through Ca** extrusion via a Na*/Ca** exchange process.
The latter can move Ca** out of the cytosol across the plasma membrane in exchange for
entry of Na*. The evidence indicates that the Na*/Ca** exchange is reversible so that Ca**
can move into or out of the cytosol across the plasma membrane, the direction depending
on the transmembrane Na* chemical and voltage gradients (121).
IV.1. Functional demonstration of Na*/Ca** exchange

The evidence for a functional and reversible Na*/Ca** exchange system in porcine cTAL
cells is persuasive. The removal of external Na* or depolarization of the plasma membrane
in ouabain-treated cTAL cells results in marked increase in [Ca®*], which is dependent on
the presence of external Ca®* (Fig.22, Fig.26). This is interpreted as a favourable
electrochemical gradient for Na* such that cytosolic Na* moves out coupled to entry of
external Ca’®. The entry may be inhibited by multivalent cations such as La** and Mg*
(Fig.24, Fig.28). Agents like amiloride and bepridil which are known to inhibit Na*/Ca*
exchange in other cells are also effective (Fig.25, Fig.29) (115). Although amiloride and
bepridil are not specific inhibitors of Na*/Ca®* exchange, their actions are supportive of the
observations with the inorganic blockers. The Na*/Ca’* exchange is specific for Na* as Li*
is unable to drive the exchanger in the forward direction (93,117). The apparent
characteristics of the Na*/Ca’ exchanger in porcine cTAL cells are similar to those reported

for many other cell-types, i.e. it is altered by the transmembrane voltage suggesting an
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electrogenic process (93,106). However, it is of interest that in order to demonstrate the
exchange in unstimulated cTAL cells, the intracellular [Na*] must be elevated above basal
levels. Elevation of intracellular Na* is also required to demonstrate Na*/Ca** exchange in
intact cells isolated from rat collecting tubules (122), but not rat proximal tubules (123,124),
nor rabbit connecting tubules (125). To our knowledge, only one other study has looked at
this exchange in thick ascending limb cells. Nitschke ef al were unable to detect changes in
[Ca**], following removal of bath external Na* in perfused rabbit cTAL segments (126).
However, these investigators did not pretreat the perfused segments with ouabain and thus
probably did not elevate intracellular [Na'] prior to experimentation. Our data indicate that
Na*/Ca’ exchange is present in porcine cTAL cells.
IV.2. The effect of phosphorylation on Na*/Ca* exchange activity

Although the Na*/Ca’ exchanger appears to be widespread, little is known about the
regulation of this transport. Intracellular ligands may regulate activity of the exchanger (such
as Ca’*, Mg**, or H*). The levels of cytosolic ATP appear to modulate Na*/Ca®* exchange
in squid axons, barnacle muscles, erythrocytes, and cardiac cells (106,121). There is also
physiological and biochemical evidence that Na*/Ca’* exchange is regulated by receptor-
mediated mechanisms. First, parathyroid hormone and cAMP have been reported to
increase exchange in basolateral membranes isolated from renal cortex (108,109) and the
distal tubule (108). These recent studies are confirmatory of earlier ones by Hanai er al
(108). Scoble, Hruska, and coworkers demonstrated a Na*/Ca’* exchange in basolateral
membrane vesicles, probably proximal in origin, from dog cortical tissue (109). PTH, but

not cAMP, increases exchange activity in these studies. The discrepancy in these reports
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from rabbit and dog remains to be explained. Calcitonin also increases Na*/Ca’" exchange
in membrane vesicles isolated from the rabbit distal tubule, but vitamin D, which increases
calcium reabsorption in the distal nephron does not have any effect on Na*/Ca’* exchange
(127). Other factors have been reported to increase Na*/Ca®* exchange in various cell types.
Recently, Zhu et al have shown that angiotensin I increases Na*/Ca** exchange in vascular
smooth muscle perhaps through alteration in [Na*], or phosphorylation (128). The second
messenger, cGMP, has also been reported to stimulate Na*/Ca’®* exchange in vascular
smooth muscle cells (129). By contrast, phorbol esters, perhaps through activation of protein
kinase C, decrease Na*/Ca** exchange in human mesangial cells (130) and cotransport in
rabbit collecting tubules (110). However, others have shown that phorbol esters increase
Na*/Ca** exchange activity in aortic smooth muscle cells (120). Finally, biochemical evidence
supports the notion that Na*/Ca’* exchange may be regulated. Caroni and Carafoli reported
that kinase-mediated phosphorylation activates Na*/Ca** exchange in cardiac plasma
membranes (131). This activation was dependent on Ca’*, inhibited by anticalmodulin
agents and was not affected by CAMP. The present studies indicate that phosphorylation
may be involved, either directly to the exchange protein or indirectly through some other
steps in regulation.

Our results with the calmodulin-inhibitor, R24571, or the phosphatase-inhibitor, okadaic
acid, suggest that Na* interaction with the Na*/Ca’* exchanger may be altered by
phosphorylation events. Pretreatment of cTAL cells with calmodulin-inhibitor shifted the
Na*-dependence curve to the right to a higher half-maximal [Na*], whereas the phosphatase

inhibitor shifted it to a lower half-maximal [Na'], (Fig.32). Indeed, the latter resulted in
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activation of exchange in normal Na*; concentrations so that elevation of [Ca®*]; could be
observed in normal cTAL cells in the absence of ouabain and elevation of [Na'], (Fig.33).
We postulate that the acute elevation of [Ca®], for instance by receptor-mediated
mechanisms, results in the formation of Ca**-calmodulin coupling which in turn stimulates
the Na*/Ca’* exchanger at normal [Na'], This would mitigate the increase in [Ca’*], and
return it to normal levels. Our studies with okadaic acid indicate that Ca®*-calmodulin acts
through phosphorylation events possibly by stimulation of Ca**-calmodulin kinases. Ca’*-
calmodulin may also modulate the Na*/Ca** exchange protein through allosteric effects. It
is unlikely that these phosphorylative actions directly involve the exchanger as deletion of
almost all of the intracellular loop had little effect on exchange activity (93). How these
observations fit into our understanding of physiological controls remains unknown.
IV.3. Identification of Na*/Ca’* exchanger transcripts in cTAL cell RNA

The results of many different studies have suggested that a Na*/Ca** exchanger may
operate in proximal (93,123,124)and distal convoluted tubules (122,132), connecting tubules
(125,133), and collecting tubules (122). There is some controversy as to the segmental
location of Na*/Ca’* exchanger. Ramachadran and Brunette have reported that Na*/Ca**
exchanger is located in the distal tubule (convoluted connecting tubule) and not in the
proximal tubule (132). More recently, cDNA and antibody probes have been used to
determine the presence of Na*/Ca** exchanger transcripts and protein expression,
respectively, along the nephron (12). With the exception of ref. 134, these studies have
failed to detect the presence of exchanger transcripts in cells other than the distal tubule and

connecting tubule (99,100,133). The distribution of the Na*/Ca** exchanger, by
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immunolocalization, was confined to basolateral membranes of connecting tubules, with little
or no exchanger being found in other parts of the nephron (12,133). It should be noted that
the Na*/Ca’** exchanger is a high capacity system, thus it is possible that only small amounts
of the protein are sufficient to account for the present functional results.

The Na*/Ca’* exchanger is composed of five amino-terminal membrane-spanning
segments, a large intracellular loop, and a carboxy-terminal region containing six additional
membrane-spanning segments. There appears to be a high degree of similarity (greater than
90%) at the amino acid level among the homologs of various species studied so far: dog
(94), rat (100), cow (95), rabbit (104), and human (104). The differences among the various
Na*/Ca** exchanger clones appear in the coding sequence for the carboxyl end of the large
putative intracellular loop. Alternative splicing within this sequence region could potentially
result in 32 different mRNAs, and therefore in the production of as many isoforms of the
expressed Na*/Ca’ exchanger protein perhaps having different functions (102).

The cytoplasmic domain of the Na*/Ca’* exchanger is encoded by combinations of exons
designated A, B, C, D, E, and F. Cardiac tissue contains the exons ACDEF, the brain
contains ADF or AD, skeletal muscle BDF, and kidney and intestine BDF and BD exons
(102,103). Two splice variants have been found in the rat kidney (NACA3, with exons BD,
and NACA7, exons BDF) (103); and two in the rabbit kidney (NACA2, exons BCD, and
NACA3, exons BD) (102,104). The NACA3 isoform appears to be the most abundant in
the kidney and principally localized in the connecting segment of the distal tubule (100).
Although there is some controversy as to whether Na*/Ca®* exchanger is present in proximal

tubules, no reports have been given to date for exchanger in the thick ascending limb
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(12,122). The fluorescent studies described herein suggest that Na*/Ca** exchange occurs
in porcine cTAL cells. In this regard, RNA isolated from cTAL tissue and isolated cells
confirmed the presence of exchanger expression and also demonstrated the alternative
splicing variant present in porcine cTAL cells.

Northern hybridization of total RNA from porcine kidney, brain, liver, heart and skeletal
muscle and Southern hybridization of the PCR product from porcine single cTAL cells were
used to determine the presence of these Na*/Ca** exchanger transcripts. The size of the
transcript of kidney and heart is about 7.5 Kb (Fig.34), which is consistent with the
observation of Lee et al (103) and Komuro et al (104). The failure to detect the transcripts
in brain and liver indicates the possibility that different isoforms of Na*/Ca’* exchanger may
exist in these organs which is in keeping with the notions of Kofuji et al (102) and Lee et al
(103). Further studies are required to show that this is another isoform of the Na*/Ca**
exchanger.

Several cDNA fragments from inner cortex tissue were amplified by PCR, but only one
clear PCR product (~290 bp) was found in the cTAL reaction (Fig.35). Southern blot
analysis exhibited that only the 290 bp product is a part of Na*/Ca®* exchanger (Fig.36).
Since the primers used in PCR were designed from the regions flanking the alternative
splicing site, 350 bp cDNA was obtained from NCE.F1 positive control which was composed
of three exons, B, D, and F. 290 bp PCR products from inner cortex and cTAL cells are
shorter than the positive control, suggesting that less than three exons are involved in this
region. Sequencing of the 290 bp PCR product revealed that the alternative splicing

segment of the Na*/Ca** exchanger in the cTAL cells is composed of exons B and D
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(Fig.37). This isoform conforms to NACA3 which is the major Na*/Ca®* exchanger found
in rat and rabbit kidneys (102,103).

In summary, we have demonstrated functional Na*/Ca’** exchange in single cTAL cells
through microspectrophotometry. The exchange activity is sensitive to some inorganic and
organic inhibitors. The present data also suggests that this exchange may be altered through
changes including calmodulin-dependent and okadaic acid-inhibitable phosphatases. Further,
we have shown through biochemical approaches that the Na*/Ca** exchanger message is
expressed in the cTAL cells and that this is the same isoform as that reported for distal
connecting tubules. Under normal conditions, transepithelial calcium reabsorption isthought
to be passive and through the paracellular pathway in the cTAL (135,136) but active and
transcellular in the distal tubule (97). It is thus of interest to note that the isoform of the
Na*/Ca’ exchanger reported here in porcine cTAL cells is the same isoform identified in
rat connecting tubule cells (100). It would appear that the same isoform may perform
different functions; maintenance of [Ca’], in cTAL cells and calcium reabsorption in distal

connecting cells. The functional cell-specific differences have yet to be explained.

GENERAL CONCLUSIONS
The present studies show that a number of peptide hormones elicit Ca’** signals in
porcine cTAL cells likely through receptor-mediated responses. The Ca’* transients elicited
by the prototypical hormones, PTH, AVP, and ANP, are composed of intracellular release
followed by Ca’* entry across the plasma membrane. These signals are likely due to IPs-

mediated Ca’* release from the endoplasmic reticulum. PTH- and AVP-mediated Ca**
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Ca’ transients are modulated by cAMP and protein kinase C activation, which may play a
role in regulating the responses to these hormones. ANP-mediated Ca’** transients are
modulated by cGMP, which may play a regulatory role in these signals. Accordingly, the
signaling pathways interact in a complicated way to orchestrate hormonal controls in cTAL.

Na*/Ca®™ exchange was functionally demonstrated by both removal of external Na* and
voltage depolarization in ouabain-treated cTAL cells. The activity of this exchange may be
altered through changes including calmodulin-dependent and okadaic acid-inhibitable
phosphatases. = The presence of a Na*/Ca’ exchanger was confirmed with northern
hybridization techniques. Total RNA from inner cortex was probed using a riboprobe made
from NCE.F1 clone. A gene transcript which encodes a portion of the intracellular loop of
the renal Na*/Ca’* exchanger was amplified from cortical tissue and cTAL cells by PCR
using primers flanking the alternative splicing site. Southern hybridization and DNA
sequencing demonstrated the isoform contained exons B and D characteristic of one isoform
of the renal Na*/Ca® exchanger in cTAL cells of the porcine kidney. Under physiological
conditions, it is likely that Na*/Ca** exchange plays an important role in [Ca”*]; control and
thus hormonal regulation of electrolyte reabsorption within the cTAL cells of the loop of

Henle in the kidney.
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