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Summary. LL.C-PK, cells (a continuous epithelioid cell line with
renal characteristics) are examined by microspectrofluorometry
as single cells, in order to determine the mechanism of intracellu-
lar pH (pH;) recovery from an acid load imposed by ammonium
preincubation and removal (NH, prepulse). Initial experiments
evaluate the intracellular K+ levels through a null point analysis
of total cellular K+ with flame photometry. The response of
BCECF (a pH-sensitive fluorescent dye) is then calibrated, using
saturating concentrations of nigericin to cause defined changes in
pH,. For experiments with the microspectrofluorometer, LLC-
PK, cells were grown on either glass coverslips or filters (the
latter attached to plastic coverslips with a hole under the filter).
The cells on glass coverslips demonstrate a Na*-dependent re-
covery from an (NH, prepulse) acid load which is sensitive to 1
M ethylisopropylamiloride. They also demonstrate a ‘set point’
of activation of Na*/H* exchange. When examined for changes

-in pH; due to changes in membrane potential, plasma membrane
proton conductance could not be detected at resting pH;. Cells
grown on filters also demonstrate a pH; recovery from an acid
load which is Na* dependent and ethylisopropylamiloride sensi-
tive, but in this configuration, the majority of cells (22/23 prepa-
rations) require Na* at the basolateral membrane for rapid pH;
recovery. The morphology and polarity of the cells grown on
permeable supports appears normal at the electron-microscopic
level. The results are not affected by changes in cell seeding
density or collagen treatment of the filters.

Key Words: Na*/H* exchange - intracellular pH - renal cell
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Introduction

Epithelial cells demonstrate a tissue-specific ex-
pression of membrane proteins. One form of cell
specialization which is important to epithelial func-
tion is the expression of specific membrane proteins
within a restricted domain of the plasma membrane
(i.e. the apical or basolateral membrane). The func-
tional asymmetry of epithelial cells is the basis for
the performance of net (transcellular) transepithe-
lial transport. In cases such as Nat*/glucose co-
transport, the form of specialization is clear. Except
for the brush-border membranes of the proximal tu-

bule and small intestine, this transport activity is
not detectable in the plasma membrane of mamma-
lian tissue cells (Murer & Kinne, 1980). In other
cases, the mechanism of specialization is less clear,
because the transport system is present in both po-
larized and nonpolarized cells, but has an adapted
use in epithelial cells (e.g. Na*/H" exchange, Na*-
K*-2Cl~ cotransport) (Saier & Boyden, 1984;
Mahnensmith & Aronson, 1985).

In both epithelial and nonepithelial cell types,
Na*/H* exchange is an important membrane trans-
port system for cell pH homeostasis in the defense
of intracellular pH (pH;) against metabolic acid pro-
duction (Roos & Boron, 1981). In some mammalian
epithelia (e.g. the renal proximal tubule, gallblad-
der, and small intestine), evidence suggests that
Nat*/H" exchange which is present in the brush-
border membrane is directly involved in trans-
epithelial Na*™ absorption and proton secretion
(Murer et al., 1976; Aronson, 1981; Weinman &
Reuss, 1984; Howlin et al., 1985; Knickelbein et al.,
1985), and indirectly in either bicarbonate or Cl-
absorption (Murer & Burckhardt, 1983; Reuss &
Costantin, 1984; Knickelbein et al., 1985).

Very little is known about the role of Nat/H*
exchange in pH homeostasis in epithelial cells, al-
though it has been demonstrated that intracellular
protons have a kinetic effect on the activity of the
Nat*/H™* exchange reaction in both epithelial and
nonepithelial cells (Aronson et al., 1982; Grinstein
& Rothstein, 1986; Montrose & Murer, 1986; Nord
et al., 1986). Until recently, information on the lo-
calization and activity of Na*/H" exchange was
based on measurements in intact tissue or isolated
membranes (Murer et al., 1976; Aronson et al.,
1982; Ives et al., 1983; Sabolic & Burckhardt, 1983;
Mircheff et al., 1984; Weinman & Reuss 1984;
Howlin et al., 1985; Knickelbein et al., 1985). It is
equally important to evaluate the function of the
Na*/H* exchange as it directly effects intracellular
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pH. With the advent of pH microelectrodes and flu-
orescent dyes which monitor intracellular pH, it has
become possible to follow intracellular pH more di-
rectly and at the single cell level (Rink et al., 1982;
Alpern, 1985; Chaillet & Boron, 1985; Chaillet et
al., 1985; Sasaki et al., 1985).

We have applied a microspectrofluorometry
system to examine the polarized distribution of a
transport system which controls pH; in epithelioid
tissue culture cells. The current work examines pH;
regulation in single LLC-PK cells (epithelioid cells
from pig kidney; Hull et al., 1976) grown on either
glass coverslips or permeable supports. Cells grown
on permeable supports are used with a separate per-
fusion of both the apical and basolateral aspects of
the cells. In these cells, an examination of the re-
quirements for pH; recovery from an intracellular
acid load defines the polarized distribution of Na*/
H* exchange with respect to its contribution to pH
homeostasis in the LLC-PK; cell.

ABBREVIATIONS

BCECF, 2',7'-bis-(2-carboxyethyl)-3,6-carboxyfluorescein;
HEPES, 4-(-2-hydroxyethyl)-1-piperazine ethansulfonate; pH;,
intracellular pH; TMA™, tetramethylammonium; FCCP, car-
bonylcyanide p-trifluoromethoxyphenylhydrazone; EIPA, 5-(N-
ethyl-N-isopropyl-amiloride; filterslip, a construction of a filter
attached to a plastic coverslip; K;, intracellular K+ concentra-
tion; E,,, membrane potential.

Materials and Methods

CeLL CULTURE

LLC-PK; cells (serial passage 148) were originally purchased
from Flow Laboratories (Irvine, Scotland) and experiments were
performed using cells between passage 156 and 166, Cells were
maintained in culture and subcultured as described previously
(Montrose & Murer, 1986). For experiments using microscopy,
cells were seeded onto either sterilized glass coverslips or
filterslips (filters attached to plastic coverslips, see below). After
seeding, cells were left at 37°C for 1.5 to 3 hr and then unattached
cells were removed and the coverslips returned to culture. Cells
on filterslips had access to culture medium from both sides of the
filter. When using glass coverslips, cells were seeded at a density
(3 x 104 cells/coverslip) which allowed formation of a confluent
monolayer.in the third day after seeding. When filterslips were
used, cells were seeded either at confluent density (2 X 10° cells/
filterslip) and used 1 to 3 days after seeding or were seeded at 30-
fold lower density (confluency in 4 to 6 days) and used 5 to 7 days
after seeding. For experiments using flame photometry, 1.3 X
10° cells in 2 ml of culture medium were seeded onto 35-mm
plastic dishes (Nunc, Denmark) and grown for two days prior to
use.

PREPARATION OF FILTERSLIPS

Plastic coverslips (22 x 22 mm, Fisher Scientific) with a 1.5-mm
hole punched in the center were used for attachment of polycar-
bonate filters (0.8 or 1.0 um pore size, Nucleopore). For attach-
ment, filters were placed over the hole and a second coverslip
was dipped in acetone and then drawn over the filter (similar to a
blood smear). The resulting construction is referred to as a
filterslip. Filterslips were sterilized by >2 hr in 70% ethanol and
then left to dry overnight. They were then either used directly for
cell seeding or were collagen treated. For collagen treatment, 40
pg/ml of rat tail collagen in 0.002% acetic acid (Serva) was
placed on the filterslip for 30 min at 37°C and the filterslips were
washed once in sterile distilled water and left to dry overnight.
This procedure should result in nonspecific absorption of colla-
gen fibrils to the plastic surface (Oebrink, 1982). We could not
produce a homogeneous coating of renatured collagen fibers in a
thickness which did not interfere with both the fluorescent mea-
surement (Robins, 1983) and the permeability of the filter (data
not shown).

CHAMBER AND PERFUSION

Cells either on glass coverslips or filterslips were mounted into
the stainless steel chamber which is diagrammed (not to scale) in
Fig. 1. The various components were held together by gently
heating the chamber, applying paraffin wax of low melting point
(50 to 52°C occluding point, Fluka) and then letting the chamber
cool. During mounting of cells in the chamber, the solution bath-
ing the cells does not rise above 39°C (data not shown). In Fig. 1,
the chamber is shown for use with filterslips and independent
perfusion of the ‘apical’ (~165 ul) and ‘basolateral’ (~300 ul)
compartments. In this configuration, cells are attached only on
the side of the piastic coverslip which faces the bottom glass
coverslip and the objective of the inverted microscope. This
results in a perfect epifluorescent image, but a poor transmitted
light image (under optimal conditions, only cell outlines are visi-
ble). If a glass coverslip with cells is used, it is mounted into the
‘apical’ compartment using two other glass coverslips to contain
it (the filterslip in Fig. 1 is replaced with a standard glass cov-
erslip). In this configuration, the compartment has a volume of
~110 wl.

Stocks of perfusion solutions were kept in polyethylene
bags (Semandeni, Switzerland) which were plugged with Lucite®
corks allowing entry of Teflon® tubing (1.0 mm inner diameter,
Kleiner AG, Switzerland) and purging of air in the system. All
the sealed bags were submerged in a single reservoir to equalize
hydrostatic pressure between solutions. The reservoir was situ-
ated about 10 cm above the microscope stage to allow gravity
feeding of solutions. The Teflon lines were connected to valves
which controlled the flow of solutions. At any time, a single
solution was selected to flow through a Lucite manifold and into
a common Teflon line which accessed a compartment of the
chamber. The effluent from each compartment was collected,
and measured at the end of an experiment to determine the aver-
age perfusion rate through a compartment. This value was used
to determine the arrival time of different solutions, in conjunc-
tion with (1) dead volume measurements in the common Teflon
lines and (2) times of valve switching. Perfusion was run at 500 to
900 wpl/min. The 2;, of mixing (in all utilized portions of the
chamber) was 6 to 7 sec in 165 ul at 500 ul/min, as measured by
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the appearance or disappearance of fluorescent dyes in solution.
Changes in the flow rate or compartment volume produced
roughly proportional changes in the #,, of mixing in the appropri-
ate direction (data not shown).

SOLUTIONS

For most of the presented experiments, cells were placed either
in a medium resembling culture medium in its ionic content
(‘Na* medium’, containing in mm: 152 Na*, 5 K*, 2 Ca**, |
Mg?*, 1 S0;i™, 1 POz, 149 Cl-, 25 glucose, 20 HEPES, pH 7.4 at
25°C) or in a medium with tetramethylammonium replacing Na*
(TMA* medium’). Also used was a ‘K*-clamp medium’ contain-
ing in mm: 95 K+, 27 Na*, 22 TMA*, 2 Ca?*, 1 Mg, 1 SOi, 1
PO;, 136 Cl-, 25 glucose, 20 HEPES, pH titrated from 6.0 to 8.0
at 25°C with TMA-OH. In order to evaluate the null point of K;',
a variety of solutions were used. They were based on a medium
with K* completely replacing Na* in ‘Na* medium’. This fully
K+*-substituted medium was blended with TMA* medium and/or
Na* medium to produce defined concentrations of K* using ei-
ther TMA* or Na* as the replacement ion. A series of media
(with varying K* and TMA*) was also mixed so that 149 mm Cl1~
was replaced with 75 mMm gluconate and 74 mm Cl-.

MICROSPECTROFLUOROMETRY

Routinely, cells were loaded with BCECF (a fluorescent dye
with a pH-sensitive spectrum; Rink et al., 1982) by exposure for
45 to 60 min to 1.25 uM (25 nmol total) of the acetoxymethyl ester
(Molecular Probes, Oregon) at room temperature in Na* me-
dium. After the dye-loading interval, cells were built into the
chamber, mounted on the microscope and left for 10 min to re-
equilibrate in Na* medium. This procedure resulted in levels of
intracellular dye which were similar to those observed previ-
ously in suspensions of LLC-PK; cells (roughly 30 uMm; Montrose
& Murer, 1986). All experiments were performed at room tem-
perature using solutions without added bicarbonate. Results
from cells were accepted based on a homogeneous distribution of
the dye in the cytosol both at the beginning and at the end of the
experiment. In general, cells were selected which held dye rela-
tively well during the re-equilibration period (prior to data collec-
tion). Cells in both the middle (14 cells) and the edge (19 cells) of
the monolayer were used in the studies on glass coverslips, but
cells in subconfluent patches were frequently disqualified be-
cause the dye was not distributed diffusely. Cells which were in
the middle of a dome (on glass coverslips) were not commonly
used because of apparent dye trapping beneath the dome. No
other selection criteria were consciously applied. For experi-
ments involving valinomycin, cells were dye-loaded in the pres-
ence of 9 uM valinomycin (Sigma) and subsequently perfused
with 0.9 uM valinomycin. For experiments using nigericin, cells
were dye-loaded in K*-clamp medium at pH 7.4 or 6.0 which
contained 3 uM nigericin (Calbiochem) and subsequently per-
fused with 0.3 uM nigericin. Under these conditions, exposing
cells to increases in nigericin concentration in the perfusion solu-
tion produced no additional change in the apparent pH; (data not
shown). These exceptions to the routine protocol were used be-
cause introduction of these two ionophores via the perfusion
system was slow without pre-exposure during dye loading.

|
I
|
v
BASOLATERAL TOP

| ! , glass coverslip
: |

1 ¢ +

|

plastic coverslip

1.3 mmI
filter

APICAL
chamber

perfusion ports

4

BOTTOM
- glass coverslip

Fig. 1. A diagram of the stainless steel chamber which was used
in the current studies. The system is shown for use with cells
attached to a filterslip (see text) which was mounted allowing
perfusion of the spaces both above (‘basolateral’) and below (‘ap-
ical’) the permeable support. Note that cells are attached to the
side of the filterslip facing the bottom coverslip (and the objec-
tive of the inverted microscope)

A Zeiss microspectrofluorometry system (Carl Zeiss, West
Germany) built around an IM35 (inverted) microscope was used
in these studies. All fluorescent measurements were made in
response to 7-msec pulses of light from a 100 W mercury lamp,
whose light was further modified by a heat filter (BG 38) and a 0.5
neutral density filter. Intracellular pH was measured by forming
aratio of BCECF fluorescence calculated after sequential excita-
tion of the dye using two bandpass filters: 390-440 nm and 475-
490 nm. These selected wavelengths permit a wide dynamic
range of observed ratios, since the sensitivity to pH in the
BCECF excitation spectrum has an isobestic point near 440 nm
(Tsien & Poenie, 1986). The excitation beam was reflected off a
510-nm dichroic mirror and directed through a 50X objective
(Leitz) to the chamber. Epifluorescent emission from a defined
section of the microscopic field was collected between 515 and
565 nm and quantified by a photomultiplier tube. The excitation
filters were supplied by Oplabs (Lyngby, Denmark) and all other
filters by Carl Zeiss. Under these conditions, fluorescein-labeled
beads (Flow Cytometry Standards, North Carolina) bleached
0.12% per excitation pair, and the ratio of fluorescence changed
very slightly (equivalent to 0.03 pH units) after 200 such pairs.
No correction was applied to the data for effects due to bleach-
ing.

The output from the photomultipler tube was amplified, dig-
itally displayed, and manually put into a calculator which printed
the time, raw data and calculated ratio (based on previously
inputted values of autofluorescence). Optimally, the time resolu-
tion was 6 sec per measurement for the entire procedure, includ-
ing time to manually position the filters, and to check position
and focus of the microscopic field for each measurement.

Cells loaded with BCECF had fluorescent signals which
were high compared to the background measured in cell-free
regions of the chamber. In 30 BCECF-loaded cells on glass cov-
erslips, the initial readings were 45 + 5 (390-440 nm) and 135 =
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Fig. 2. A null point analysis of total cellular K*. Cells remaining
in culture medium (100% = 602 = 36 nmol K*/mg protein) were
compared to cells incubated for 60 min at 37°C in isosmotic me-
dia containing the indicated concentrations of K*. Medium K*
concentrations were verified by flame photometry. Cellular K*
levels were also determined by flame photometry, as described
in Materials and Methods. The three curves present data with
different ionic constituents in the medium (see Materials and
Methods for details). In one curve (@), Na® was used as the
replacement ion for K*. In the other two curves, TMA* was
used as the replacement ion for K* and other ions were kept at
low and constant levels. In one case (A), medium Na* was con-
stant (27 mMm) throughout the series. In the other case (M), Na*
(27 mM), Cl- (74 mmM), and gluconate (75 mm) were constant in
the media series. Mean *+ sgMm of four experiments are presented

15 (475-490 nm)-fold over this background. In 29 cells which
were not loaded with BCECF, the cellular autofluorescence was
1.42 = 0.2 (390-440 nm) and 1.46 = 0.5 (475-490 nm)-fold over
the same background. Under these conditions, only a small error
is produced if the ratio is calculated using a cell-free background
compared to the formally correct procedure of using values of
cellular autofluorescence. In the 30 cells just described, a maxi-
mum error of 0.03 in the initial pH value is predicted based on the
average cellular autofluorescence values described above.
Therefore, when using cells on glass coverslips, working auto-
fluorescence values were always taken from the edge of the cov-
erslip in an area without cells. The autofluorescence of the (cell-
free) filters was significantly higher than that of glass coverslips
(roughly 10-fold higher with a 390-440 nm excitation) and elimi-

nated the possibility to detect cellular autofluorescence on the
substrate. For work with filterslips, two alternative techniques
were found to give similar values of autofluorescence. In one
technique, 100 uM digitonin (Calbiochem) were perfused into the
chamber at the end of the experiment to release intracellular
BCECF. In a second technique used rottinely, measurements
were taken prior to an experiment from a cell-free filterslip in a
second chamber, which was filled with perfusion solution and
mounted in the microscope (filter fluorescence was homoge-
neous and reproducible between filters).

FLAME PHOTOMETRY

The culture medium bathing cells on 35-mm dishes was replaced
by experimental solutions for 60 min at 37°C. Total cellular K+
was then determined as described previously (Montrose &
Murer, 1986). Briefly, after experimental treatment, cells on 35-
mm dishes were washed four times with ice-cold solution (con-
taining in mm: 155 TMA*, 3 Mg?*, 1 SO?", 154 Cl-, 1 EGTA, 10
HEPES, pH 7.4 when titrated at 25°C). Cells were then lysed in 1
ml 10% perchloric acid and the cell extract read directly in a
Corning 410 flame photometer against standards in 10% perchlo-
ric acid. Results are presented either as a relative value or on a
nmol/mg protein basis. Protein was determined by the Bradford
procedure (Biorad) using gamma-globulin as standard.

ELEcTRON MICROSCOPY

Cells on filterslips were prepared for electron microscopy by
sequential dehydration in ethanol, embedding in Epon 812, and
sectioning perpendicular to the plane of the filter. Sections were
examined in a Philips 300 transmission electron microscope.
Scanning electron microscopy was performed by critical point
drying and gold coating of a filter followed by examination in a
Philips SEMS05.

MISCELLANEOUS TECHNIQUES

Ethylisopropylamiloride (EIPA) was synthesized as described
previously (Cragoe et al., 1967). EIPA was added to solutions
from a 1-mM stock in DMSO, FCCP (Sigma) from a 1-mM stock
in 50% ethanol, and valinomycin from a 4.5-mM stock in ethanol.
All chemicals not specifically mentioned were purchased either
from Sigma (St. Louis) or Fluka (Switzerland). Unless men-
tioned, data are presented either as mean + SEM, or as a repre-
sentative experiment.

Results

METHOD FOR MEASUREMENT
OF pH; IN SINGLE CELLS

In order to use BCECF to measure the intracellular
pH (pH,) of single cells in a microspectrofluorome-
ter, it is first necessary to calibrate the fluorescent
dye in the system. The best established technique
for the intracellular calibration of dyes which sense
pH is the method of Thomas et al. (1979). This tech-
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nique uses nigericin (which catalyzes electroneutral
K*/H* exchange across cellular membranes) to
bring pH; to defined levels (a steady state between
K* and H* gradients such that K/ /K} = H/H/).
This allows calibration of dye response versus pH
without the release of dye from the cells. The use of
the technique requires (1) knowledge of K levels
and (2) use of a saturating concentration of the
ionophore (to assure that the condition of K; /K, =
H//H} is attained).

Flame photometry of total cellular K* has been
used to produce an estimate of K levels in LLC-
PK; cells via a null point analysis. In Fig. 2, cells
incubated in medium with valinomycin and differ-
ent K* concentrations are compared to (control)
cells left in culture medium. As shown in Fig. 2, in
the presence of valinomycin, the cellular K+ levels
detected by flame photometry are altered after ex-
posure to different concentrations of K* in the me-
dium. Valinomycin was used to produce a defined
K* permeability in the cell membrane, but increases
the problem of alterations in cellular K* levels due
to electrogenic movement of the other major ions in
the medium. For example, electrogenic flux of Na*
down its electrochemical gradient will cause com-
pensatory movement of the most permeant alter-
nate ion (K™ efflux from the cell). In order to evalu-
ate the magnitude of the effect of Na® and CI-
gradients on K* movement, null point measure-
ments were performed using either (1) a simple sub-
stitution of Na*t for K*, or (2) a substitution of
TMA* for K* where in addition, C1- and/or Na*
concentrations in the medium were held constant at
lower concentrations than in the former protocol
(75 and 27 mM, respectively; with gluconate replac-
ing CI7). As shown in Fig. 3, the measured null
point of cellular K* shifts between 80 and 95 mm
under these different conditions. Control experi-
ments indicated that the altered steady-state K*
levels were attained by 20 min and that the addition
of 100 uM ouabain had no effect on the new steady-
state level (data not shown). The value of 95 mm
was obtained in a protocol where electrogenic
fluxes of Nat and Cl~ should be reduced (low me-
dium Na* and C17), and therefore has been used in
further work as the best estimate of K/'. In order to
accept this value as an estimate of K;°, one must
assume that the flux of K* in the presence of valino-
mycin is larger than other routes of net K* flux, and
that with 95 mmM medium K*, the membrane poten-
tial (E,,) is near zero. These assumptions may be
reasonable since no effect of flux via the Na®,K™-
ATPase could be detected, and since similar con-
centrations of valinomycin produce a K* permeabil-
ity which is much higher relative to the intrinsic
permeabilities of other ions in an epithelial cell
(Kimmich et al., 1985).

Cell K+(percentage of control)

860

50}

T i
310 30 100
(uM) nmigericin

60 62 64 66 68 70 7.2 74 76 7.8 80

Medium pH

Fig. 3. Effect of nigericin on total cellular K* levels. Cells re-
maining in culture medium (100% = 628 = 28 nmol K*/mg
protein) were compared to cells incubated for 60 min at 37°C in
K*-clamp medium of varying pH (95 mMm K*, 27 mM Na*; see
Materials and Methods). In the results presented in the inset,
cells were placed in K*-clamp medium at pH 6.0 (60 min, 37°C)
with the indicated nigericin concentrations. The y-axis of the
inset is the same as the main Figure. Means = sEm of four
experiments are presented

It was determined whether the estimate of K;°
was reasonable by observing changes in total cellu-
lar K levels which were induced by nigericin and
alterations in medium pH. In Fig. 3, the experimen-
tal levels of cellular K™ are compared to (control)
cells left in growth medium. As shown in the Fig-
ure, in the presence of 10 wM nigericin and a con-
stant K* concentration (95 mM) in the medium, the
cellular K+ levels are significantly affected by alter-
ations in medium pH. This is predicted to occur due
to the net K* for proton exchange which is cata-
lyzed by nigericin in order to reach a steady state
such that K/ /K = H;}/H/. The results in the inset
of Fig. 3 indicate that with medium pH 6.0, 10 um
nigericin produces a saturated effect in the system.
Control experiments indicated that new steady-
state K+ levels were attained within 30 min in the
presence of 10 uM nigericin (data not shown).

If 95 mM is a correct value for K;, then the
crossover point in Fig. 3 is an estimate of resting
pH, in the cells at the time when they are exposed to
the nigericin-induced pH; clamp (i.e. cells in culture
medium). If a K*-clamp medium was used in which
CO, was maintained at the same level as in the cul-
ture medium (10%) throughout the experiment, then
at medium pH 7.0, cellular K* was 94 = 4 percent
of control in four experiments. This suggests that
removal of CO, has only a small effect on the deter-
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Fig. 4. Calibration curves of BCECF measured in the micro-
spectrofluorometer. In all presented data, a ratio of fluorescence
was calculated due to sequential excitation of the dye with light
of 390-440 nm, then 475-490 nm. In one curve (@), solutions
of unesterified BCECF (1 um) were placed on glass coverslips
and measured on the microscope stage. In the other curves (A,
A), intracellular dye was calibrated in single cells on glass cov-
erslips by exposure of the cells to saturating concentrations of
nigericin in K*-clamp medium of varying pH. One of these
curves (A) presents the data versus medium pH. The other (A)
presents the same data corrected for changes in intracellular K*
levels due to nigericin. Mean * Sem of 15 determinations (or 15
cells) are presented

mination of pH; in these results. In these experi-
ments, medium Na* was kept constant at 27 mM to
approximate intracellular Na* levels (Montrose &
Murer, 1986), and therefore also minimize shifting
of the crossover due to Na* transport by nigericin.
The crossover value which is observed (approxi-
mately pH 7.1) is similar to that observed previ-
ously in suspensions of LLC-PK, cells (resting pH;
= 7.05), which supports the assumption that 95 mm
is a reasonable estimate of K;.

Using this supporting information, the response
of intracellular BCECF to defined changes in pH;
could be evaluated. Two calibration curves are pre-
sented for comparison in Fig. 4. They both present
the sensitivity of the experimentally measured pa-
rameter on the microscope (a ratio of fluorescence
due to different excitation wavelengths) versus pH.
The upper curve was generated using solutions of (1

uM) unesterified BCECF placed on a coverslip on
the microscope stage. For this curve, the pH scale
of the x-axis refers to the solution pH. The lower
curves present results from cells on glass coverslips
which were loaded with BCECF and pH-clamped
using nigericin. Cells were exposed to saturating
concentrations of nigericin in the perfusion system
(see Materials and Methods) and then were progres-
sively exposed to media of different pH, from a
starting value of 7.4 (with time to achieve a new
steady state of ratio between steps). In the Figure,
the open triangles present ratio versus medium pH
for these experiments. The filled triangles are the
same data after correction for the alterations in K*
produced by nigericin. That is, with medium pH at
6.2, the cellular K* (see Fig. 3) is reduced to 70% of
the starting value, and therefore since K /KJ = 70/
100, nigericin should cause H;/H] = 0.7. As
shown, the correction is quite small unless pH; val-
ues are encountered which are extremely far away
from resting pH;. This was predicted by Chaillet
and Boron (1985). The values presented in the filled
triangles were considered the best available calibra-
tion for ratio versus pH; and were used in all subse-
quent experiments with that particular mercury
lamp. This seemed justified because the variation
between cells in the presence of the nigericin clamp
was very small (note the standard error bars in Fig.
4), indicating that the dye behaved similarly in all
measured cells. In addition, nonsystematic checks
of the unesterified dye calibration curve (data not
shown) indicated that the lamp remains stable
throughout its lifetime.

MecuaNIsM oF pH; REcovery: LLC-PK, CELLS
ON GLASS COVERSLIPS

LLC-PK, cells were grown on glass coverslips and
single cells were examined in the microspectro-
fluorometer for the mechanism of pH; recovery
from an acid load. Cells loaded with BCECF were
built into the chamber diagrammed in Fig. 1 and
described in Materials and Methods. After a period
of re-equilibration (also see Materials and Meth-
ods), a cell was selected and the experiment started.

When the LLC-PK; cells are first mounted in
the microscopy chamber, the observed fluorescence
ratio of most of the cells is quite high (correspond-
ing to pH 7.62 = 0.06, 18 cells). This is consistent
with the removal of cells from a medinm containing
CO, (a weak acid), but could have another basis as
well. As shown previously for LLC-PK, and other
cell types, a NH, prepulse (NH,Cl preincubation
and removal) results in an intracellular acid load
(Roos & Boron, 1981; Montrose & Murer, 1986).
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Fig. 5. Response of an LLC-PK; cell to progressively larger acid loads. Cells grown on a glass coverslip were mounted on the
microscope and allowed to re-equilibrate under perfusion (see Materials and Methods). A cell with homogeneous, diffuse fluorescence
was selected, and experiments started, after this interval. The cell under study was subjected to four repeated acid loads due to NH,-
prepulse (20 mM NH, in TMA* medium). When NH, was removed to initiate the acid load, the cell was maintained in TMA* medium
(TMA™*). The Figure presents the results after pH, has reached a minimum following NH, removal. Each set of data points represents
the results after an acid load, with the cell brought to more acidic pH; after every round of NH, pulsing. The results after each acid load
have been vertically aligned (with respect to the switch to Na* medium (Na*) as the perfusate), to allow a comparison of Na*-
independent and Na*-dependent pH; changes. The arrival time of solutions was calculated as described in Materials and Methods and
the observed ratio of fluorescence was converted to pH; values {in this and all subsequent Figures) using the calibration curve in the

previous Figure. Lines were fit to the data by eye

Several such NH, prepuises could be used in series
to produce a progressive acidification of the cell
under study, relative to the starting value. The pre-
sentation of results in Fig. 5 is the result of a series
of four NH, prepulses which resulted in a larger
acid load (lower pH,) after the completion of each
prepulse. Only the data after removal of NH, is
shown. The results have been ‘stacked’ {without a
continuous time base) to allow a visual comparison
of the results in each case before and after the addi-
tion of Na* to the perfusate. As shown in the Fig-
ure, the relative acidification due to the first NH,
prepulse (results at top of Figure) does not hold
constant, and this Na*-independent pH; change is
relatively insensitive to the substitution of Na* me-
dium as the perfusate. After reacidification to a
lower pH; by another NH, prepulse (second trace
from the top), a Na*-dependent component of pH;
recovery is observed. Notice that in this and the
two subsequent pH; recoveries (lower traces), the
Na*-dependent component (of pH; change/min) is
approximately constant, and the Na*-independent
component decreases at lower pH;. Qualitatively
similar results were observed in seven cells. The
constancy of the Na*-dependent pH; change/min is
similar to that observed previously in LLC-PK, cell
suspensions when BCECF was used to detect Na*/
H* exchange capacity at different pH; values (Mon-
_trose & Murer, 1986).

The results presented in Fig. 5 allow the identifi-
cation of a pH; ‘set point” at which the cell becomes
more sensitive to the readdition of Na* versus
TMA™*. The set point may be observed cither as a

pH; range over which the Na*-dependent pH; re-
covery ‘appears’ (pH; 6.9 to 7.2 in Fig. 5), or as the
steady-state pH; to which the cell recovers after an
acid load (pH 7.1 in Fig. 5). It is not known with
certainty that the Na*-independent pH; change is
altered after the addition of Na™, but the cells were
always observed to reach a steady-state pH; which
was more stable than predicted by the Na*-indepen-
dent component at that pH; (as shown in Fig. 5).
Despite the fact that all cells examined demonstrate
a Na'-dependent component of pH; recovery, it
was noted that it was impossible to predict the exact
steady-state pH; which the cells would reach or at
which the Na' dependence would appear. With
these two criteria, steady-state pH; values between
pH 6.83 and 7.38 were noted, with an average rest-
ing pH; of 7.09 + 0.05 (standard deviation = (.18) in
14 cells grown on glass coverslips. It is not known if
the variability relates to differences in cell status,
cell type (our cell line is not cloned), or system
artifacts. Applying a (least-squares fit) line to the
calibration curve between pH; 6.7 to 7.4, the appar-
ent variability of 15 cells which were pH clamped
with nigericin at pH 7.0 is smaller (pH; 7.03 =+ 0.02;
standard deviation = 0.07; range, pH 6.89 to 7.14).

The observation of a ‘set point’ for Na*t-depen-
dent pH, recovery from an acid load suggests that
Na*/H* exchange may be responsible for the pH;
change, since many laboratories have observed a
change in capacity of Na*/H* exchange with altera-
tions in pH; (Aronson et al., 1982; Grinstein & Roth-
stein, 1986; Montrose & Murer, 1986). Therefore
we have examined the amiloride (derivative) sensi-
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tivity of the pH; recovery. The presentation of
results in Fig. 6 starts at a time after a series of NH,4
prepulses have been imposed on the cell. As shown
in the Figure, the relative acidification after the first
(presented) NH, prepulse is only relieved after sub-
stituted of Na® medium as the perfusate. After
reacidification to the same level of acid load by an-
other NH, prepulse, the Na*-dependent pH; change
is shown to be decreased in the presence of 1 uM
ethylisopropylamiloride (EIPA) in the perfusate.
This decrease in the pH; recovery probably repre-
sents inhibition of the process since (as shown in
Figs. 5 and 11) repeated acid loads (in the absence
of EIPA) only affect the rate of recovery slightly.
This inhibition due to EIPA is poorly reversible, as
shown in the Figure after removal of the inhibitor.
The EIPA inhibition was observed in all six experi-
ments of this type which were performed and sug-
gests that Na*/H* exchange may be responsible for
the pH; recovery. A comparison of Figs. 5 and 6
reveals that the rate of pH; recovery is not constant
between individual cells. This variability was not
examined in detail, but could relate to individual
differences in cellular buffering capacity, cell sta-
tus, or expression of transport systems.

In order to more firmly define the mechanism of
Na*-dependent recovery from an acid load, LLC-
PK, cells were examined for the presence of proton
conductance. It has been shown previously that ad-
dition of FCCP to suspensions of LLC-PK; cells in
Na* medium causes a cellular acidification. This
was interpreted as an alignment of pH; with E,, due
to the presence of FCCP (and consequent proton
conductance). In the current work we have ob-
served the same phenomenon in single cells (data
not shown) and have devised an alternate protocol
in order to compare the sensitivity of the resting pH;
to changes in E,,, before and after FCCP addition.
In this experiment, we seek to change E,, by chang-
ing medium K* in the presence of valinomycin.
Thus the results presented in Fig. 7 were collected
from a preparation in which valinomycin was
present throughout the experiment (see Materials

Fig. 6. Cellular recovery from an acid load is
Na* dependent and sensitive to EIPA. A
single cell on a glass coverslip was perfused
with either TMA*™ medium (TMAT), Na*
medium (Na*), or one of these solutions plus
either 20 mm NH,Cl (NH,), or 1 uM EIPA as
indicated in the Figure. In all six cells which
were examined qualitatively similar EIPA
inhibition was observed. Na*-dependent
recovery was observed in a total of 16 cells

and Methods). Control experiments indicated that
cells on plastic petri dishes had only slightly altered
total cellular K+ and Na* levels after 2 hr of (25°C)
exposure to 9 uM valinomycin when compared to
control cells without valinomycin (103 = 9 and 155
+ 60 percent of control K* and Na™, respectively,
in three experiments; mean * sD). This suggests
that the cells in valinomycin could maintain an E,,
close to control values. The cell under study in Fig.
7 was first acidified such that it demonstrated a re-
covery from an (NH, prepulse) acid load, to indi-
cate that the cell had (at least temporarily) activated
the pH;recovery mechanism. When the cell was
then exposed to high K* medium (95 mm K*, 27
mM Na'), no significant alteration in pH; was ob-
served. This result is consistent with previous data
(Montrose & Murer, 1986) indicating negligible in-
trinsic proton conductance and an insensitivity of
Na*/H* exchange to the Na' gradient at resting
pH; (probably due to kinetic inactivation of net
transport via a pH; ‘set point’). In Fig. 7, the subse-
quent addition of FCCP to the high K* perfusate
also produced minimal changes in pH; (in two cells
out of eight, pH; rose at this stage in the experi-
ment). If pH; is not equal to medium pH (7.4) and
E,. is exactly zero, then pH; is predicted to always
go towards 7.4 in these circumstances. Our results
probably indicate that E,, is not exactly zero (e.g.,
due to a contribution of FCCP-induced proton
fluxes to E,,). The next step in the Figure is to main-
tain the FCCP concentration, but replace the high
K* perfusate with one which should make E,, more
negative (Na™ medium with 5 mm K*). As shown,
this transition causes a rapid acidification which
may be reversed by readdition of the high K* me-
dium. These last results are a sharp contrast to what
is observed in the absence of FCCP when medium
K+ is changed. The results suggest that (1) changes
in medium K* effectively change E,, (as evidenced
by the observed effects in the presence of FCCP)
and therefore (2) prior to FCCP addition, pH; is
unaffected by these alterations in E,, (low intrinsic
proton conductance).
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Fig. 7. Effect of changes in the membrane potential on resting pH; before and after the addition of FCCP. The entire experiment was
performed in the presence of valinomycin (0.9 uM in the perfusate solutions; see Materials and Methods). After the experimental cell
on the coverslip was acidified sufficiently to demonstrate a pH; recovery (as shown in the Figure), it was alternatively exposed to either
Na* medium or K*-clamp medium (pH 7.4 denoted K*). FCCP (0.5 uM) was added in the indicated perfusates. The break in the line
which is drawn through the data points represents a gap of 5 min. Qualitatively similar results were obtained in eight cells

MEcHANISM OF pH; REcovErYy: LLC-PK; CELLS
ON FILTERSLIPS

In order to determine whether the pH regulatory
Na*/H* exchange of LLC-PK, is expressed in a
restricted membrane domain, we developed proce-
dures whereby cells attached to a permeable sup-
port could be examined in the microspectrofluoro-
meter. The procedure used to attach Nucleopore
filters to a plastic coverslip (a construction referred
to as a filterslip) requires exposure to acetone.
However, the scanning electron micrograph in Fig.
8C shows that while the diameters of the pores in
the filter are increased by this procedure, the filter is
still intact. As shown in Figs. 84 and 8B, cells on
(collagen-treated) filterslips have normal morphol-
ogy and polarity (note the brush-border and tight
junctions) as viewed in the transmission electron
microscope. The collagen treatment probably pro-
duces a single layer of adhered monomers which are
not well visualized in the microscope.

Cells on filterslips were mounted in a dually
perfused chamber, as shown in Fig. 1, and exam-
ined for the requirements for recovery from an acid
load. Several criteria were used to determine the
membrane location of the pH-regulatory Na*/H*
exchange. In all protocols, it was first determined
that both apical and basolateral addition of NH,
were capable of independently alkalinizing the cell
under study. This comprised a ‘local accessibility’
control which had to be satisfied prior to conti-
nuence of the experiment on that cell. A similar
control for ‘local tightness’ was not performed, but
was not crucial since most experiments demon-
strated a sidedness of pH, recovery from the apical
versus basolateral solutions.

The results in Fig. 9 show that in one protocol,
the addition of basolateral Na® is required to initiate
a rapid recovery from an acid load. As described
above, the subsequent application of apical NH,
was a convenient way to indicate that there were no
problems in the perfusion system or with accessibil-
ity of apical solutions to the particular cell under
investigation. In 16 cells, Na® in the basolateral per-
fusate caused at least a 10-fold increase of pH;
change per minute. The results suggest that basola-
teral Na*/H™* exchange is responsible for pH regu-
lation under these conditions.

The results in Fig. 10 present another protocol
which examines the effect of removal of basolateral
Nat after initiation of a pH; recovery. As shown in
the Figure, despite the continued presence of apical
Nat, the removal of basolateral Na* causes rever-
sal of the pH; recovery. This could represent rever-
sal of the Na"/H* exchange reaction in the basola-
teral membrane if intracellular Na* levels are high
enough so that the outwardly directed Na*t gradient
is greater than the proton gradient. The observation
of a reversal of pH; recovery is not easily explained
in the presence of significant Na™/H™ exchange in
the apical membrane, as compared to that in the
basolateral membrane. Note that while the time of
arrival of basolateral Na* coincides with initiation
of the pH; recovery, the removal of Na' takes
longer to initiate the reversal phase. This was noted
in six experiments. The difference probably relates
to the perfusion system, which (with a #y;; of mixing
of 6 sec) can introduce Na™ quickly at an effective
concentration (75 mM in 6 sec), but can only remove
it to low concentrations more slowly (15 mm in 30
sec).

A third protocol could also be used to suggest
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that Na* was required at the basolateral membrane
for pH; recovery, even when the monolayer was not
ideally tight. In some preparations (as shown in Fig.
11), the addition of apical Na* clearly initiated a pH;
recovery which was further increased by adding ba-
solateral Na*. However, when the cell was reacidi-
fied, a reversal of the order of addition demon-
strated that addition of basolateral Na* evoked the

full rate of recovery without any significant increase
due to subsequent addition of apical Na*. The data
suggest that limited cross contamination of the api-
cal and basolateral solutions is occurring, but that
only Nat spillover into the basolateral compartment
is important in altering the pH; recovery. Assuming
a single type of Na*/H™" exchanger and a symmetri-
cal cross contamination (at the cell surface), the

Fig. 8. Electron microscopy of a filterslip and the cells grown on filterslips. (A) Transmission electron micrograph of LLC-PK, celis
seeded at confluent density onto a colllagen-treated filterslip, then prepared for electron microscopy the following day. The bar is a 1-
uM scale. These cells were in the section of the filter which was over the hole in the plastic coverslip. Note the filter which is still visible
beneath the cells and the presence of apical micovilli on the cells. (B) A high magnification micrograph of a tight junction between cells
grown as in (A). The bar is a 0.1-um scale. (C) Scanning electron micrograph of 0.8-um pore Nucleopore filter that was constructed for
use as a filterslip. The section of the filter which is shown was the portion over the hole in the plastic coverslip. The bar is a 10 um scale



M.H. Montrose et al.: pH Regulation via Basolateral Na*/H* Exchange 73

data imply that basolateral Na*/H* exchange is re-
sponsible for the pH; recovery which is observed.
Data was compiled using the three different cri-
teria described above to define the results observed
in LL.C-PK, cells. As shown in the Table, the over-
whelming number of cells in monolayers which
demonstrate sidedness (defined as some observable
difference in the rate of recovery due to apical ver-

7.4

7.2

7.1

7.0
pH;

6.9

6.8

6.7
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Fig. 9. Effect of apical versus basolateral addition of Na* on the
initiation of pH; recovery from an acid load. Cells were seeded
below confluent density (see Materials and Methods) onto a col-
lagen-treated filterslip. The filterslip was built into a dually per-
fused chamber to allow independent access of the perfusates to
the apical (A) and basolateral (BL) membranes of the cells. The
cell under study was perfused with either Na* medium (Na*, in
black sections) or TMA™ medium (white sections). This graphi-
cal procedure for highlighting the addition of Na™ is followed in
all the remaining Figures. NH,CI (20 mm) was present in (apical)
TMA* medium at the indicated times. Similar results were ob-
served in 16 cells

pH.

—_——
3 minutes

sus basolateral Na™) also demonstrate basolateral
Nat/H* exchange as the major mechanism of re-
covery from an acid load. The data in the Table also
present values for a series of experiments using two
different conditions of cell seeding density and col-
lagen pretreatment of filterslips. The results pre-
sented in Figs. 9 to 12 present examples of the
results obtained with collagen treatment and differ-
ent seeding density. As shown in the Table, neither
of these parameters affected the results. In 13 cells
on filterslips which fully recovered from an acid
load, the average value of resting pH; was 7.11 =
0.06.

In order to present evidence that the Na*-de-
pendent pH; recovery observed in cells on filterslips
was due to Na*/H* exchange, the EIPA-sensitivity
of the pH; recovery was examined. Figure 12
presents data from cells grown on a filterslip and
perfused with TMA® medium continuously in the
apical compartment. The NH, prepulses which

Table. Effect of seeding density and collagen treatment on the
number of cells with a certain polarized status for Na/H ex-
change®

Number of cells in polarized status

Apical Basolateral Not determined

Seeding density:

confluent 1 17 4

subconfluent 0 5 0
Filterslip pretreatment:

none 0 5 1

collagen 1 17 3
Total cells studied 1 22 4

2 The criteria described in the text were used to evaluate the
membrane location the Na/H exchanger using 27 cells. Condi-
tions which are outlined above are described in detail in Mate-
rials and Methods. When cells did not demonstrate any sided-
ness in the preparation (judged by Na addition), then they were
placed in the ‘not determined’ category.

Fig. 10. Demonstration of reversibility of pH;
recovery due to basolateral Na*. In this
experiment, the cells were seeded at confluent
density onto collagen-treated filterslips. As
shown, the removal of Na* from the
basolateral compartment causes the cell under
study to halt, and then reverse, the pH;
recovery which had been previously initiated
by the addition of Na™ to the basolateral
compartment. Similar results were observed
in six cells
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were used to produce the cellular acid load were
omitted from the Figure. As shown in the Figure,
addition of 0.1 uM EIPA to the basolateral perfusate
caused a significant decrease in the rate of pH; re-
covery due to Nat, Similar results were obtained in
five preparations. The results in Fig. 12 also indi-
cate that the inhibition is weakly reversible after
removal of the inhibitor, as shown previously in
Fig. 3. We conclude that in most LLC-PK; cells
which were examined on filterslips basolateral Na*/
H* exchange is the major mechanism responsible
for pH; recovery from an acid load.

Discussion

The current work introduces a microspectrofluoro-
metry system and uses the system with LLC-PK,
cells to evaluate the recovery of pH; from an intra-
cellular acid load. These cultured cells were chosen
because of previous results which have shown that
the cells express both enzymatic and membrane
transport proteins in restricted membrane domains
(apical or basolateral membranes) (Rabito, 1981;
Rabito & Karlish, 1983; Gstraunthaler et al., 1985).
In addition, the cells show morphological polariza-
tion with respect to the development of tight junc-
tions and microvilli. These features are all consis-
tent with a renal epithelial origin of the cells. In
addition, several laboratories have observed Na*/
H* exchange in the LLC-PK, cell membrane either
in cell monolayers (Haggerty et al., 1985; Canticllo
et al., 1986; Chaillet et al., 1986), isolated mem-
branes from the cells (Moran et al., 1986), or in
suspensions of cells. In suspensions of LLC-PK;
cells, Na*/H* exchange was found to be a major
regulator of resting pH; (Montrose & Murer, 1986).

The introduction of the microspectrofluorome-

on pH; recovery from an acid load. In this
experiment, the cells weré seeded below
confluent density onto collagen-treated
filterslips. As shown, the addition of apical
Na* alone is sufficient to initiate a pH;
recovery from an acid load. This recovery is
stimulated by further addition of basolateral
Na*. When the cell is reacidified, and the
order of Na* addition is reversed, the
basolateral Na* initiates a pH; recovery
similar in rate to the maximal rate observed
previously. Further addition of apical Na*
causes no detectable increase in the pH;
recovery. Similar results were observed in six
cells. The gap in the data represents 7 min

try system mandated a calibration of the fluores-
cence of intracellular BCECF versus pH;. In these
experiments, a ratio of fluorescence at two different
excitation wavelengths was used to characterize the
response of the dye to changes in pH. Similar pro-
cedures have been used successfully in other sys-
tems to provide a value virtually independent of dye
concentration and dye bleaching (Chaillet et al.,
1985; 1986). When pH; was drawn far from resting
pH; by saturating concentrations of nigericin, alter-
ations in K;' were taken into account in the calibra-
tion of dye response versus pH;. This correction
was only slight, as predicted by Chaillet et al.
(1985). The intracellular calibration curve was sig-
nificantly different from that of unesterified BCECF
in solution (also measured on the microscope
stage). This can relate to many factors including
differences in optical geometry, alterations in the
pK, of BCECF in the intracellular compartment, or
the fluorescence ratio scaling factor which is intro-
duced in the use of the ratio technique (Gry-
nkiewicz et al., 1985).

Assuming that the estimate of (95 mM) K/ is
reasonable, the data in Fig. 3 give an initial estimate
of average resting pH; levels in the LLC-PK; cells
attached to a substrate (pH 7.1). This estimate is
valid for the cells remaining in culture medium at
37°C, since this is the condition the cells were in
directly before exposure to the pH clamp with ni-
gericin. Despite the increase in pH; which is ob-
served in cells (without a pH clamp) after removal
from medium containing CO,, the pH-clamped cells
seem to be relatively insensitive to the net proton
loss induced by CO, removal. The pH; estimate
from the K crossover was similar to that observed
previously in suspensions of the same cells (pH
7.05; Montrose & Murer, 1986). The similarity sug-
gests that the same mechanism of pH; regulation
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may be in effect in both suspended cells and sub-
strate-attached cells in culture. This suggestion is
supported by the current evidence which identifies
Nat/H*' exchange as an important pH-regulatory
transport system in substrate-attached cells. In ad-
dition, a similar average resting pH; has been ob-
served for cells on glass coverslips or filterslips us-
ing BCECF. This information is supportive of the
measurements in single cells being representative of
the general population, although it is not known
with certainty whether the selected cells represent a
functionally distinct subpopulation in this uncloned
cell line. Some variability and/or bias might result
from the selection procedure which we have em-
ployed (as described in Materials and Methods).
The results obtained with cells on both glass
coverslips and filterslips support the results ob-
tained previously from suspended cells, with re-
spect to a Na'-dependent recovery from an acid
load and the amiloride (derivative) sensitivity of this
process. EIPA has been shown previously to be a
potent inhibitor of Nat/H™* exchange in the LLC-
PK, cell (Haggerty et al., 1985). EIPA (versus the
parent compound, amiloride) was used in the cur-
rent work because amiloride caused a significant
alteration in the fluorescence ratio of cells which
were pH clamped with nigericin (data not shown).
Alterations in fluorescence ratio due to EIPA were
negligible as long as BCECF fluorescence was not
very low. The results in Fig. 12 indicate directly
that addition of EIPA (added prior to Na* perfu-
sion) had no detectable effect on the apparent pH..
The results from cells on glass coverslips also
support the previous conjecture (Montrose &
Murer, 1986) that sustained proton conductance in
the plasma membrane is not responsible for setting
the resting pH; of the cells. In the current work
changes in the K* gradient (with valinomycin) only
altered the resting pH; of the cells after addition of
FCCP. Assuming that the changes in the K* gradi-
ent affect pH; via changes in E,,, this implies that at
resting pH;, the cells have no detectable proton con-
ductance (or other membrane potential-sensitive
proton transport systems) active in the membrane.
It is worth noting that any alterations in the mem-
brane potential which were produced (due to

nm Fig. 12. Effect of EIPA on the pH; recovery

observed in cells on a filterslip. Cells were
seeded onto collagen-treated filterslips at
confluent density. TMA* medium was

ot perfused continuously in the apical
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information collected during pH; transients
due to NH, prepulsing are not presented.
Similar results were observed in five cells

changes in the K* gradient) may be smaller after the
addition of FCCP since high proton permeability
may act to partially clamp the membrane potential.
The results suggest that transport events which sim-
ply bring protons to electrochemical equilibrium are
not responsible for establishing the observed resting
pH.. Because of the 1:1 stoichiometry of Na*:H*
net fluxes which have been observed previously
(Montrose & Murer, 1986), and the amiloride (de-
rivative) sensitivity of the pH; recovery, our work-
ing hypothesis is that electroneutral Na*/H* ex-
change is responsible for the pH; recovery from an
acid load.

The criteria which were used to evaluate the
location of the Na*/H* exchanger are based on the
ability to define the arrival time, and the rapid ef-
fects, of additions to either the apical or basolateral
compartments. The most conclusive results were
obtained from preparations which demonstrated ei-
ther small (or undetectable) rates of pH; recovery
due to apical Na*, or reversible pH; recovery upon
removal of basolateral Na*. However, by ordered
additions, it was still possible to suggest that Na*
was required at the basolateral membrane for the
pH; recovery in some less ‘“‘tight’” monolayers that
nonetheless demonstrated some sidedness. In other
preparations which appeared suitable in epifluores-
cent images, no sidedness was observed and these
must represent cases where the perfusion solutions
were not well separated. In these latter prepara-
tions, no conclusions regarding the cells could be
made. The reasons for the occasional failure of the
preparation may be a poorly built chamber or an
incomplete {or damaged) monolayer.

The observed lack of Na*/H* exchange in the
apical membrane of the LLC-PK, cells is contrary
to two previous reports. In previous experiments
from our laboratory, membrane vesicles enriched in
the enzyme marker trehalase were shown to cata-
lyze Na*/H™ exchange (Moran et al., 1986). It has
also been observed that in cells grown on collagen
(fiber) coated Nucleopore filters, exposure to ami-
loride inhibited Na™ influx from the apical solution
(Cantiello et al., 1986). The explanation for these
differences is not clear, but could relate to differ-
ences in the experimental assay conditions, hormo-
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nal status of the cells, and/or substrate attachment
conditions. Similar explanations are necessary to
explain how it is possible to measure significant
Na*/H* exchange in the cells grown on glass cov-
erslips in the current experiments. While many ex-
periments used cells on the edge of the monolayer
(they load better with dye), cells in the middle of the
monolayer also recovered from an acid load (at the
predicted time) following addition of Na*t perfusate
(e.g. the cell of Fig. 6). No control has been made to
evaluate either the tightness of the monolayer or
accessibility of the basolateral membranes of LLC-
PK; cells on glass coverslips. In addition, it is not
known if a biased group of cells was selected for
analysis on glass coverslips compared to the
filterslip work, although the average resting pH; of
the cells is similar in both cases.

Much evidence supports the presence of a Na*/
H* exchange in the brush-border membrane of the
proximal tubular cell which mediates Na* absorp-
tion and proton secretion (Murer et al., 1976; Aron-
son, 1981; Murer & Burkhardt, 1983; Sabolic &
Burckhardt, 1983; Howlin et al., 1985). In addition,
two studies were unable to detect Na*/H™ ex-
change in renal cortical basolateral membrane vesi-
cles (Ives et al., 1983; Sabolic & Burckhardt, 1983).
The results in LLC-PK; are therefore in apparent
contradiction to an interpretation of the LLLC-PK,
cells as a model cell system for the proximal tubular
epithelial cell. The homology of the LLC-PK, cell
line to the proximal tubular epithelia is significant,
but not absolute. The homology is based on the ex-
pression of Na*/PO; cotransport, Na*/glucose co-
transport, a variety of amino-acid transport sys-
tems, and other membranous and cytosolic en-
zymes (Rabito, 1981; Biber et al., 1983; Rabito &
Karlish, 1983; Gstraunthaler et al., 1985). However,
some hormonal receptors (for calcitonin and vaso-
pressin) and levels of cytosolic enzymes in the
LLC-PK| cells are more appropriate for distal sec-
tions of the renal tubule, as is the demonstration of
Na*, K* 2CI--cotransport (Dayer et al., 1981;
Brown & Murer, 1985; Gstraunthaler et al., 1985).
The basis for the expression of assorted renal func-
tions may relate to adaptations to culture or cellular
heterogeneity.

There are two broad categories which allow for
an explanation of the current data. One is to assume
that the cells are expressing the Na*/H™* exchanger
in the wrong membrane. In this interpretation, ei-
ther the intracellular signals have gone wrong (the
route of membrane traffic is disturbed) and/or the
extracellular signals are incorrect (inappropriate
hormonal signals or extracellular matrix). Since the
cells demonstrate normal polarized morphology,
some trivial explanations requiring gross morpho-

logical changes may be excluded, but more subtle
errors by the cells are possible, and the cells on
filterslips were not evaluated for other membrane
functions. It is known that the polarized morphol-
ogy of cloned LLC-PK; cells (D+Sc¢) reverses
when they are imbedded in collagen I gels
(Wohlwend et al., 1985). This indicates that mor-
phology is a parameter sensitive to changes in envi-
ronment, and may therefore be a reasonable marker
of the polarization state of some cellular proteins
which are not directly visualized in the electron mi-
Croscope.

The alternative broad explanation of the current
data is that the cells are expressing the Na*/H*
exchanger in the correct membrane. In this inter-
pretation, it is interesting that a polarized distribu-
tion of Nat/H™* exchange has been experimentally
supported for the renal epithelial cells of both the
proximal tubule and the cortical collecting tubule,
but in opposing membranes (Ives et al., 1983; Sabo-
lic & Burckhardt, 1983; Alpern et al., 1985; Chaillet
et al., 1985; Sasaki et al., 1985; Yoshitomi et al.,
1985). Thus, the LLC-PK, cells may be similar to
the cortical collecting tubule cell which displays ba-
solateral Na*/H* exchange (Chaillet et al., 1985). It
is also possible that the examined cells originated
from the pig proximal tubule, but (under these cul-
ture conditions) are not expressing the Na™/H* ex-
changer that is responsible for transepithelial trans-
port, only an exchanger for pH; regulation. The
existence of multiple exchangers is possible and it
has been demonstrated previously that the counter-
current distribution of Na*/H™ exchange is com-
plex in a renal membrane vesicle population (Mir-
cheff et al., 1984). Finally, it should be noted that
the apical membrane of LLC-PK, cells contains rel-
atively few microvilli compared to the proximal tu-
bule cell (Nord et al., 1986). The ratio of membrane
areas between the apical and basolateral membrane
is therefore low compared to the proximal tubule
cell. A polarized distribution of Na*/H* exchange
proteins in the proximal tubule cell may be due in
part to the amplification of the apical membrane
area by the microvilli. There are limits to this latter
possibility because of the observed absence, in
some LLC-PK, cells in this study, of any measur-
able pH; recovery due to addition of Na* in the
apical solutions. It is not possible currently to select
between these possibilities, but using the capability
to specifically evaluate the functional polarity of H*
transport systems in tissue culture model systems,
it is hoped that the answers may be attainable.

We thank Corinne Burlet for excellent secretarial assistance. We
also acknowledge gratefully the electron micrographs produced
by Gunthild Krey and Dr. Mathias Hochli. The chamber and



M.H. Montrose et al.: pH Regulation via Basolateral Na=/H* Exchange 77

perfusion system were skillfully built by Mr. G. Méader. This
work was supported by the Swiss Nationalfonds (grant no.
3.881.085), a grant from the Stiftung fuer Wissenschaftliche
Forschung of the University of Zurich, and a Fogarty interna-
tional postdoctoral fellowship to MHM.

References

Alpern, R.J. 1985. Mechanism of basolateral membrane H*/
OH~/HCOjs transport in the rat proximal convoluted tubule.
J. Gen. Physiol. 86:613-636
Aronson, P.S. 1981. Identifying secondary active solute trans-
port in epithelia. Am. J. Physiol. 240:F1-F11
Aronson, P.S., Nee, J., Suhm, M.A. 1982. Modifier role of inter-
nal H* in activating the Na*-H* exchanger in renal microvil-
lus membrane vesicles. Nature (London) 299:161-163
Biber, J., Brown, C.D.A., Murer, H. 1983. Sodium-dependent
transport of phosphate in LLC-PK; cells. Biochim. Biophys.
Acta 735:325-330
Brown, C.D.A., Murer, H. 1985. Characterization of a
Na: K :2Cl cotransport system in the apical membrane of a
renal epithelial cell line (LLC-PK,). J. Membrane Biol.
87:131-139
Cantiello, H.F., Scott, J.A., Rabito, C.A. 1986. Polarized distri-
bution of the Na*/H* exchange system in a renal cell line
(LLC-PK,) with characteristics of proximal tubular celis. J.
Biol. Chem. 261:3252-3258
Chaillet, J.R., Amsler, K., Boron, W.F. 1986. Optical measure-
ments of intracellular pH in single LLC-PK; cells: Demon-
stration of CI-HCO,; exchange. Proc. Natl. Acad. Sci. USA
83:522-526
Chaillet, J.R., Boron, W.F. 1985. Intracellular calibration of a
pH-sensitive dye in isolated perfused salamander proximal
tubules. J. Gen. Physiol. 86:765-794
Chaillet, J.R., Lopes, A.G., Boron, W.F. 1985. Basolateral Na-
H exchange in the rabbit cortical collecting tubule. J. Gen.
Physiol. 86:795-812
Cragoe, E.J., Jr., Woltersdorf, O.W., Bicking, J.B., Kwong,
S.F., Jones, J.H. 1967. Pyrazene diuretics. II. N-amidino-3-
amino-5-substituted 6-halopyrazine carboxamides. J. Med.
Chem. 10:66-75
Dayer, J.M., Vassali, J.D., Bobbitt, J.L., Hull, R.N., Reich, E.,
Krane, S.M. 1981. Calcitonin stimulates plasminogen activa-
tor in porcine renal tubular cells: LLLC-PK,. J. Cell Biol.
91:195-200
Grinstein, S., Rothstein, A. 1986. Mechanisms of regulation of
the Na*/H* exchanger. J. Membrane Biol. 90:1-12
Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new genera-
- tion of Ca?* indicators with greatly improved fluorescence
properties. J. Biol. Chem. 260:3440-3450
Gstraunthaler, G., Pfaller, W., Kotanko, P. 1985. Biochemical
characterization of renal epithelial cell cultures (LLC-PK,
and MDCK). Am. J. Physiol. 248:F536-F544
Haggerty, J.G., Cragoe, E.J., Jr., Slayman, C.W., Adelberg,
E.A. 1985. Na*/H* exchanger activity in the pig kidney epi-
thelial cell line, LI.C-PK;: Inhibition by amiloride and its
derivatives. Biochem. Biophys. Res. Commun. 127:759-767
Howlin, K.J., Alpern, R.J., Rector, F.C., Jr. 1985. Amiloride
inhibition of proximal tubular acidification. Am. J. Physiol.
248:F773-F778
Hull, R.N., Cherry, W.R., Weaver, G.W. 1976. The origin and
characteristics of a pig kidney cell strain, LLC-PK ;. In Vitro
12:670-677

Ives, H.E., Yee, V.J., Warnock, D.G. 1983. Asymmetric distri-
bution of the Na*/H* antiporter in the renal proximal tubule
epithelial cell. J. Biol. Chem. 258:13513~13516

Kimmich, G.A., Randles, J., Restrepo, D., Montrose, M. 1985.
A new method for determination of relative ion permeabilities
in isolated cells. Am. J. Physiol. 248:C399-C405

Knickelbein, R., Aronson, P.S., Schron, C.M., Seifter, J., Dob-
bins, J.W. 1985. Sodium and chloride transport across rabbit
ileal brush border. II. Evidence for CI-HCO, exchange and
mechanism of coupling. Am. J. Physiol. 249:G236-G245

Mahnensmith, R.L., Aronson, P.S. 1985. The plasma membrane
sodium-hydrogen exchanger and its role in physiological and
pathophysiological processes. Circ. Res. 56:773-788

Mircheff, A.K., Ives, H.E., Yee, V.J., Warnock, D.G. 1984.
Na*/H* antiporter in membrane populations resolved from a
renal brush border vesicle preparation. Am. J. Physiol.
246:F853-F858

Montrose, M.H., Murer, H. 1986. Regulation of intracellular pH
in LLC-PK; cells by Na*/H" exchange. J. Membrane Biol.
93:33-42

Moran, A., Biber, J., Murer, H. 1986. A sodium/proton ex-
change system for LLC-PK, epithelia. Am. J. Physiol.
251:F1003-F1008

Murer, H., Burckhardt, G. 1983. Membrane transport of anions
across epithelia of mammalian small intestine and kidney
proximal tubule. Rev. Physiol. Biochem. Pharmacol. 96:1-51

Murer, H., Hopfer, U., Kinne, R. 1976. Sodium/proton antiport
in brush border membrane vesicles isolated from rat small
intestine and Kidney. Biochem. J. 154:597-604

Murer, H., Kinne, R. 1980. The use of isolated membrane vesi-
cles to study epithelial transport processes. J. Membrane
Biol. 55:81-95

Nord, E.P., Goldfarb, D., Mikhail, N., Moradeshagi, P., Hafezi,
A., Vaystub, S., Cragoe, E.J., Jr., Fine, L.G. 1986. Charac-
teristics of the Na*/H* antiporter in the intact renal proximal
tubular cell. Am. J. Physiol. 250:F539-F550

Oebrink, B. 1982. Hepatocyte-collagen adhesion. Methods Enzy-
mol. 82:513-535

Rabito, C.A. 1981. Localization of the Na*-sugar cotransport
system in a kidney epithelial cell line (LLC-PK,). Biochim.
Biophys. Acta 649:286-296

Rabito, C.A., Karlish, M.V. 1983. Polarized amino acid trans-
port by an epithelial cell line of renal origin (LLC-PK;) J.
Biol. Chem. 258:2543-2547

Reuss, L., Costantin, J.L. 1984. Cl-/HCOj; exchange at the api-
cal membrane of Necturus gallbladder. J. Gen. Physiol.
83:801-818

Rink, T.J., Tsien, R.Y., Pozzan, T. 1982. Cytoplasmic pH and
free Mg?* in lymophocytes. J. Cell Biol. 95:189-196

Robins, S.P. 1983. Cross-linking of collagen. Isolation, structural
characterization and glycosylation of pyridinoline. Biochem.
J. 215:167-173

Roos, A., Boron, W.F. 1981. Intracellular pH. Physiol. Rev.
61:296-434

Sabolic, I., Burckhardt, G. 1983, Proton pathways in rat renal
brush border and basolateral membranes. Biochim. Biophys.
Acta 734:210-220

Saier, M.H., Boyden, D.A. 1984. Mechanisms, regulation and
physiological significance of the loop diuretic sensitive NaCl/
KCI symport system in animal cells. Mol. Cell. Biochem.
59:11-32

Sasaki, S., Shiigal, T., Takeuchi, J. 1985. Intracellular pH in the
isolated perfused rabbit proximal straight tubule. Am. J. Phy-
siol. 249:F417-F423



78 M.H. Montrose et al.: pH Regulation via Basolateral Na*/H* Exchange

Thomas, J.A., Buchsbaum, R.N., Zimniak, A., Racker, E. 1979. Wohlwend, A., Montesano, R., Vassalli, J.D., Orci, L. 1985.

Intracellular pH measurements in Ehrlich ascites tumor cells LLC-PK, cysts: A model for the study of epithelial polarity.

utilizing spectroscopic probes-generated in situ. Biochemistry J. Cell. Physiol. 125:533-539

18:2210-2218 Yoshitomi, K., Burckhardt, B.C., Frémter, E. 1985. Rheogenic
Tsien, R.Y., Poenie, M. 1986. Fluorescence ratio imaging: A sodium-bicarbonate cotransport in the peritubular cell mem-

new window into intracellular ionic signalling. Trends Bio- brane of rat renal proximal tubule. Pfluegers Arch. 405:360~

chem. Sci. 11:450-455 366

Weinman, S.A., Reuss, L. 1984. Na*-H* exchange and Na*

entry across the apical membrane of Necturus gallbladder.
J. Gen. Physiol. 83:57-74 Received 10 December 1986; revised 4 March 1987



