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Abstract. Na'/H* exchanger isoforms NHE-2 and LLC-PK, cells and functional expression of NHE-2 is
NHE-3 demonstrate distinct tissue expression patterns ipreceded by inhibition of endogenous NHE-3 activity.
renal epithelial cells. NHE-2 is predominantly expressedThe NHE-2 is stimulated by hypertonicity, indicating a
in the inner medulla whereas NHE-3 is highly expressedikely role for this isoform in cell volume regulation.

in the proximal tubule cells. The purpose of the current

experiments was to study the characteristics of NHE-Xey words: Na'/H* exchange — NHE-2 — NHE-3 —
upon its own expression in cultured proximal tubule Transfection — Hypertonicity

cells, LLC-PK;. Toward this end, LLC-PKcells were

subjected to six cycles of proton suicide. The mutant

cells, when grown to confluence and assayed fot/Na  Introduction

exchanger by?Na" influx, showed significant reduction

in NHE activity as compared to the parent cells (10.4The N&/H" exchanger isoforms NHE-2 and NHE-3
nmole/mg prot/4 min in parent celles. 1.8 in mutant  display distinct cell distribution patterns in mammalian
cells,P < 0.001,n = 4). This remaining exchanger ac- kidneys. In the medulla, NHE-2 mRNA expression is
tivity was mostly mediated via NHE-3 as shown by in- significantly higher than NHE-3 (Tse, 1992, 1293 In
hibition of the Na influx following PKC stimulation the cortex, however, the expression of NHE-2 mRNA
(65% with PMAvs.100% without PMA.P < 0.05,n = is much less than NHE-3 mRNA (Tse, 1992, 18p3
4). The mutant cells were transiently transfected with alhe cells which express NHE-2 mRNA in the medulla
pPCMV/NHE-2 expression vector using calcium phos-are epithelial cells of the inner medullary collecting duct
phate precipitation method. Northern blot analysis(IMCD) (Soleimani, 1994). Northern hybridization
showed the expression of a 3.4 kb transcript only in thestudies in IMCD cells have revealed lack of NHE-3
transfected cells. The expression peaked at 48 hr an@Xpression (Soleimani, 1984 The majority of NHE-3
diminished by 96 hr. The exchanger activity at 48 hrexpressed in the cortex is found in proximal tubule
after transfection was mostly due to NHE-3 (as shown byepithelial cells (Biemesderfer, 1993; Soleimani,
inhibition in the presence of PMA) but was significantly 1994,c). Recent experiments indicate that NHE-2 in in-
lower than in sham transfected cells (1.2 nmoles/mg prother medullary collecting duct cells is localized to the
in NHE-2-transfected and 2.1 in sham-transfecteds basolateral membranes, whereas NHE-3 in proximal tu-
0.05,n = 4). At 60 hr after transfection, the cells ex- bules cells is targeted to the luminal membranes (Bi-
hibited PMA-stimulated Na influx (>28%) indicating emesderfer, 1993; Soleimani, 1804. The distinct dis-
functional expression of NHE-2. Increasing the osmo-tribution and localization of NHE-2 and NHE-3 in renal
lality of the media to 510 mOsm/I stimulated the’a*  epithelial cells suggests that the two isoforms perform
exchanger in NHE-2 transfected cells but inhibited thedifferent functions. NHE-3, based on its location in the
exchanger activity in sham transfected cells. In concluduminal membranes of proximal tubule cells, is likely to

sion, NHE-2 appears as a 3.4 kb transcript in transfecte@e involved with vectorial transport of Naand bicar-
bonate. NHE-2, based on its location in the basolateral

membranes of medullary collecting duct cells (Sole-
- imani, 1994), is likely involved in cell volume rectifi-
Correspondence tayl. Soleimani cation. Indeed, studies in cultured inner medullary col-
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lecting duct cells indicate that long term hypertonicity with phosphate buffered saline, grown in regular medium to conflu-
increases NHE-2 activity and mRNA expression (So|e_ence, trypsinized, and centrifl_Jg_ed at room temperatgre. The cells were
imani, 199&). NHE-3, however, shows inhibition in re- then subjecteq to a proton suicide protocol as descrlbgd _(Pouysse_gur et
sponse to hypertonicity (Soleimani, 1994=(apus etal., al., 1984)_. Briefly, _the c_eIIs were incubated for 90 min in a solution
. ; ' that consisted of (in m): 130 Li-Cl, 5 KCI, 1 MgSQ, 2 CaCl, 5
1994). In addition, NHE-3 and NHE-2 show differential gycose, 20 HEPES-Tris, pH 7.4. This procedure results in lithium
regulation with respect to PKC stimulation (Tse, 1893 |oading of the cells. Thereatter, the cells were pelleted, washed, incu-
Soleimani, 199b). bated for 120 min at 37°C in a solution that consisted of (im)ni30
A recent study in a rabbit proximal tubule cell line choline chloride, 5 KCI, 1 MgSQ 2 CaC}, and 20 of MES (2-N-
showed that NHE-2 in the proximal tubule cells is Iikely morpholino-ethane sulfonic acigi) at' pH 5.5. This step results in acid
localized to the luminal membranes (Mrkic et al., 1993),'02ding secondary to exchanging internal lfor external H. The
. . . extreme intracellular acidosis results in death of a majority of the cells.
Whet.h.er membrane targeting .Of NHE-2 is cell or tlssueThe cells were then centrifuged, recovered, and seeded to culture-grade
SpECIfI? has not bee.n examined. M(_)reover, 'Whetheblastic dishes in DMEM/F12 medium (pH 7.6) for 10 days. Cells
regulation of NHE-2 is cell-type specific remains un- underexpressing or deficient in the Md* exchanger survive the pro-
known. Several investigations, utilizing transfection ap-ton suicide procedure. Cells were trypsinized and subjected while in
proaches, have examined the regulation of NHE-2 anguspension to five more suic_ide gyc!es. The cells were thgn s'u'bcul-
NHE-3 isoforms in N&/H- exchanger deficiemonepi- B0 PR S o 0o were fsolated it cloning
thelial cells (OHOWSkI’ 1993; Tse_’ 1993; LeV|'ne, 1993,; cylinders and finally collected and subcultured. The/Hd exchanger ’
g;?#eslvi a:lligcgeﬁrl)s ::;r\:\lsef\elggé(;e\?vlftlf?tlﬁggf (TDENSZSIS?W?S”?WSO tmactivli(ty was analyzed following each suicide cycle by measuffvg’
uptake.
been examined. It is likely that NHE-3 regulation may P
be cell-type specific since NHE-3 is an epithelial specific
isoform which is not expressed in nonepithelial cells
(NHE-2 is also highly expressed in epithelial cells) (Or- Mutant LLC-PK; cells were transfected with a full length rat NHE-2
lowski, 1992; Tse, 1992, 1983Wang, 1993). As such, cpNA vector by the calcium phosphate-DNA coprecipitate method
post transcriptional or translational regulation of these(Graham & Van der Eb, 1973). In brief, cells were grown in 100 mm
exchangers may vary when expressed in nonepitheliajishes and then transfected with pPCMV/NHE-2 (1$) plasmid by the
cell lines. Moreover, the interaction of NHE-2 and calcium phosphate-DNA precipitate technigue. Cells were subjected to
NHE-3 remains unknown as no studies have identified15% glycerol shock 18 hr after transfection as des_cnbed (Parker_&
these two isoforms in the same cell line. The purpose o tar_k, 1979). T_ransfected cells were then grown in normal media.
. or influx experiments, the cells were grown in 24-well plates follow-
the current experiments was to study th_e effect of NHE-Zg giycerol shock. For RNA preparation, the cells were grown in 100
when expressed in LLC-Pkeells, a proximal tubule cell  mm dishes. For sham control, cells were incubated with calcium phos-
line. Toward this end, LLC-PKcells were subjected to phate (no DNA) and subjected to 15% glycerol shock.
proton suicide and utilized for transient transfection with
NHE-2 cDNA. The results indicated that NHE-2 ap- MEASUREMENT OF THENE"
pears as a 3.4 kb transcript in transfected LLCleKlls
and that increasing the osmolality stimulated the activity,,
of NHE-2. The results further demonstrated that func-

tional expression of NHE-2 is preceded by inhibition of Uptake of radiolabeled sodium, by both parent LLC;Ri#td by mutant
endogenous NHE-3 activity. LLC-PK, cells, was measured as previously described (Orlowski,
1993; Soleimani, 1993). Cells were washed three times with a Na-
free buffer consisting of (in m): 140 chloride salt of NMDG (N-
Materials and Methods methylp-glucamine), 4 KCI, 2 MgCJ, 1 CaCl, 7 HEPES, pH 7.4
(solution A). The cells were then incubated in an ammonium-
containing solution consisting of (inm): 110 chloride salt of NMDG,
CeLL CULTURE 30 NH,CI, 4 KCI, 2 MgCl, 1 CaC}, 7 HEPES, pH 7.4 (solution B) for
10 mins. Thereafter, the ammonium-containing solution was replaced
LLC-PK, cells were grown in a 1:1 mixture of Dulbecco’s modified With uptake solution (solution A) containing 2wt?NaCl. The*’Na"
Eagle’s medium and Ham's F12 medium (DMEM/F12) supplementeduptake reaction was stopped after 4 min using four rapid washes with
with 10% fetal bovine serum, 50 U/ml penicillin, and f@/ml strep- ice-cold saline. Cell-associated radioactivity was extracted with 1 ml
tomycin. Cultured cells were incubated at 37°C in a humidified atmo-0f 1 N sodium hydroxide and counted by scintillation spectroscopy.
sphere of 5% CQin air. The medium was replaced every other day.

Na-Dependent Acid Extrusion

TRANSIENT TRANSFECTION WITH NHE-2 cDNA

/H™ EXCHANGER ACTIVITY

Na" Influx

SELECTION OF MUTANTS UNDEREXPRESSING The intracellular pH in parent or mutant LLC-RKeells grown on
NA™/H* EXCHANGER coverslips was measured with the use of pH-sensitive dy@-2
biscarboxyethyl-5 (and -6) carboxyfluorescein (BCECF) as employed
Subconfluent cultures of LLC-PKcells were treated for 16 hr with  before (Soleimani, 19% Kapus, 1994; Soleimani, 198p cells were
ethylmethylsulfonic acid (EMS) at 50Qg/ml. The cells were rinsed incubated in the presence ofygv BCECF for 15 min in a solution
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consisting of (in nw): 140 NacCl, 4 KCI, 2 MgC]J, 1 CaCl, 7 HEPES, 12 7
pH 7.4 (solution C). The fluorescence of BCECF was monitored in a
thermoregulated (37°C) double excitation beam spectrofluorometer
(PTI double-beam fluorometer, Delta Scan |, Photon Tech, South
Brunswick, NJ). A calibration curve was generated using KCI/
nigericin and solutions of vary pH. The fluorescence ratio at excitation%
wavelengths of 500 and 450 nm was utilized to determine intracellularg
pH values in the experimental groups by comparison to the calibration:
curve. Acid loading of cells grown on coverslips was achieved via % 6 -
NH, pulse using an NEtcontaining solution (solution B). Cell acidi-
fication was induced by replacing the NEI solution with a sodium-
free solution (solution A). Following intracellular acidosis, the initial
rate of pH recovery was monitored in a sodium-containing solution
(solution C).

10 1

Na Influx (nmole
»H
1

ISOLATION OF TOTAL AND PoLY(A)*" RNA :
parent S4 S5 S6

Total cellular RNA was extracted from the cells by the method of
Chomczynski and Sacchi. Cells were scraped off the plates with ho- mutants

mogenizing buffer consisting of ¥ guanidinium thiocyanate, 25w ) o B ]

sodium citrate (pH 7.0), 0.5% sarcosyl, and 0. 2-mercapto-ethanol. Fig. 1. Acid-stimulated, DMA-sensitivé®Na" influx. Parent cells (I_ef_t
Protein was extracted by phenol:chloroform (1:1) and RNA was pre_Iane) or mutant LLC-PKcells from the 4th, 5th, and 6th proton suicide
cipitated by isopropanol (Chomczynski & Sacchi, 1987). Poly(A) cycles (S4, S5 and S6, respectively) were group to confluence on
RNA was extracted by passing total cellular RNA twice through oligo plastic dishes. Aud-stlmulate%fNa*_ influx was m_easured at 4 min in

dT cellulose spin columns (Brime-3Prime, Boulder, CO). Total and the presence or absence of 0.5 mimethylamiloride (DMA). Values
poly(A)* RNA were quantitated spectrophotometrically at 260 nm. represent mean st for four experiments performed in quadruplicate.

NORTHERN HYBRIDIZATION OR). Oligo dT cellulose spin columns and Random Primed DNA la-

) beling kit were purchased from' Brime-3Prime.
Poly(A)" RNA samples, 10-1p.g/lane, were loaded and fractionated

on 1% agarose-formaldehyde gels and transferred to nylon membranes
by capillary diffusion (Thomas). The membranes were baked at 80°CorATISTICAL ANALYSIS
for 2 hr. The integrity of RNA preparations and the extent of RNA

transfer was estimated by viewing the ethidium bromide stained ge%h dat d + SE. Statistical vsi det
and membranes. The membranes were prehybridized for 6 hr at 42° 1€ dala are expressed as mean * St. Statisical analysis was deter-
mined using analysis of variance or ANOVA where approprides

in 50% formamide5 x SSPES5 x Denhart’s solution, 0.5% SDS, and ) . L

200 pg of denatured salmon sperm DNA/mI. The hybridization was 0.05 was considered statistically significant.
carried out overnight at 42°C in the presence of 30-50 % cfiin
32P-labeled DNA probe for NHE-2 oB-actin. The cDNAs were la-
beled with32P-labeled deoxynucleotides using a random primed DNA Results
labeling kit (5 Prime-3 Prime). Following hybridization, the mem-

branes were washed twice 2 x SSC, 0.5% SDS for 30 min at room

temperature, and once for 30 min at 60°C in 0.1 x SSC, 0.5% SDS??Na’ INFLUX
For NHE2 the membranes were given an additional wash at 50°C for

30 min in 2 x SSC, 0.5% SDS. Membranes were exposed to Kodal . . .
X-Omat film at —=70°C with intensifying screens for 72-120 hr. For ﬁn the first series of experiments we measured the/Na

NHE-2, the Aval-Aval fragment (nucleotides 174-2032) was used forH+ eXChfzng? _aCtiVity in parent and mutant LLC-PK
hybridization. cells by ““Na” influx. Cells from the 4th, 5th, and 6th

cycles of proton suicide were grown in 24-well plastic
dishes, acid loaded by ammonium prepulse, and influx of
22Na* was assayed at 4 min in the presence or absence of
Protein concentration was determined by the bicinchoninic acid (BCA)O'5 mv' d'_methylamllonde (DMA) AS+|IIUStrated In F_Ig.
method according to the manufacturer's protocol (Pierce Company,lv acid-stimulated, DMA-sensitivéNa" uptake was sig-
Rockford, IL). nificantly decreased in cells subjected to proton suicide.
The activity of the exchanger in cells from the 6th proton
suicide cycle was only 13% of the activity in parent
MATERIALS LLC-PK, cells. The results further indicated that the
22\a and®? were purchased from New England Nuclear (Boston, bulk of exchanger a(_:tivity was diminished in the firsF 3
MA). Dimethylamiloride (DMA), Nitrocellulose filters, and other CYcles. Uptake studies demonstrated that proton suicide
chemicals were purchased from Sigma Chemical (St. Louis, MO).cycles beyond the 6th cycle did not diminish the ex-
BCECF and nigericin were purchased from Molecular Probes (Eugenechanger activity furtherdata not showh We therefore

PROTEIN MEASUREMENTS
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Fig. 2. Sodium-dependent pHecovery. Parent Cells or mutant cells . o
from the 6th suicide cycle were grown on coverslips, pulsed with Fig. 3. Effect of PMA on N&/H" exchanger activity. Mutant (S6) cells
ammonium, and assayed for Ma* exchanger activity as sodium- from the 6th suicide cycle were grown to confluence in plastic dishes,

dependent Hextrusion. Values represent measefor five coverslips. ~ Pulsed with ammonium, and incubated with a Na-free, PMA-
containing media??Na" influx was measured at 4 min = 0.5utDMA.

Values represent meanse for three experiments in quadruplicate.

used the cells from the 6th proton suicide cycle (called

S6 cells) for the rest of the experiments. ) , i )
monium, and incubated with a Na-free medium that con-

tained PMA (phorbol 12-myristate 13-acetate), at"1o.
Na-DEPENDENT ACID EXTRUSION After 5 min, the solution was replaced with an identical

medium that contained 2m?Na" and the uptake was
The pH-sensitive dye, BCECF, was used to compargneasured at 4 min = 0.5MDMA. As demonstrated in
Na‘/H* exchanger activities in parent and mutant LLC- Fig. 3, acid-stimulated, DMA-sensiti/@Na" uptake was
PK, cells. Cells from the 6th cycle of proton suicide (S6 sjgnificantly decreased in mutant cells incubated with
cells) were grown to confluence on coverslips and aspMA. These results indicate that the residual exchanger

sayed for Na-dependent pkecovery from an acid load. activity in mutant LLC-PK cells is to a large extent
As shown in Fig. 2, Na-dependent plecovery was mediated via NHE-3.

significantly decreased in mutant cells as compared to

parent cells. As shown, the initial pifecovery from an

acid load (dpHdt) was 0.65 + 0.09 pH/min in parent and LMTED DMA D 0SERESPONSE NHIBITION

0.13 + 0.03 pH/min in mutant LLC-PKcells,P < 0.01.

Steady state pHvas 7.44 + 0.06 in parent cells and 7.37 NHE-3 is relatively resistant whereas NHE-1 is highly
+ 0.05 in mutant cells® > 0.05,n = 5 coverslips for ~ Sensitive to inhibition by potent amiloride analogues
each group). Following acid loading with NgI, in-  (Haggerty et al., 1988; Orlowski, 1993; Soleimani,

tracellular pH decreased to 6.47 + 0.07 in parent cellsl99%). To further characterize the Ni&i™ exchanger in
and 6.41 + 0.06 in mutant cell®(> 0.05,n = 5 cov- Mmutant cells, a limited dose-response inhibition of the
erslips for each group). exchanger activity by DMA was performed. S6 Cells
were grown to confluence in plastic dishes, pulsed with
ammonium, and assayed f&Na" influx in the presence
EFFecT oF PKC STIMULATION ON EXCHANGER ACTIVITY of 0.5 and 5pum DMA. As shown Fig. 4, acid-

_ stimulated, DMA-sensitivé®Na" uptake was relatively
LLC-PK, cells express NHE-3 and NHE-1 on their lu- rggjstant to DMA, further indicating that mutant cells
minal and basolateral membrane domains, reSpeCt'Velkﬁredominantly express NHE-3.

(Haggerty et al., 1988; Casavolo et al., 1992; Reilly,

1991; Soleimani, 1993). NHE-3 and NHE-1 are shown

to be differentially regulated by PKC; NHE-3 is inhibited TRANSIENT EXPRESSION OFNHE-2

whereas NHE-1 is stimulated by PKC (Tse, 1B930-

leimani, 199%). In the next series of experiments, we The purpose of the next series of experiments was to
examined whether proton suicide had depleted the muexpress NHE-2 in mutant LLC-PKcells. Accordingly,
tant cells of their NHE-3. Toward this end, S6 cells wereS6 mutant cells were grown in 100-mm dishes and trans-
grown to confluence in plastic dishes, pulsed with am-fected with a full length rat NHE-2 cDNA vector using a
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Fig. 4. Limited dose response inhibition of N#&™ exchanger by ] ) ) )
DMA. Mutant (S6) cells from the 6th suicide cycle were grown to Fig. 5. Transient expression of NHE-2 in mutant LLC-Peells. Rep-

confluence in plastic dishes, pulsed with ammonium, and assayed fofesentative Northern blot of poly’ARNA isolated from mutant LLC-
22Na* influx in the presence of 0.5, andiv DMA. Values represent ~ PKj cells (lane 1) and mutant cells transfected with NHE-2 cDNA at 48

mean #se for three experiments performed in quadruplicate. hr and 96 hr.B-actin transcript levels are shown for comparison.
NHE-1 transcript size was 3.4 kb. 2@ Poly-A" RNA were loaded on

each lane.

calcium phosphate method (Graham et al., 1973). Cells

were subjected to 15% glycerol shock 18 hr after trans.,, . N
fection. The cells were then grown in normal media in Na" influx at 48 hr after transfection was significantly

100-mm dishes. For sham control, cells were incubatedecreased in NHE-2-transfected cells compared to sham-
with calcium phosphate (no DNA) and subjected to 1594transfected cells. The exchanger activity in control and

glycerol shock. Sham and NHE-2 transfected mutanfVHE-2-transfected cells were comparably inhibited in
cells were then assessed for expression of NHE-3n€ presence of PMA (38% in control and 32% in NHE-

mRNA. Poly(A)" RNA was isolated from mutant con- 2-transfected cellsglata not shownp These results are
trol (lane 1), and NHE-2 transfected cells at 48 h (lane 2)consistent with decreased endogenous NHE-3 exchanger
and 96 hr (lane 3) after transfection. Poly{AJNA was  activity in NHE-2-transfected cells. In the next series of
size fractionated, transferred to a nylon membrane, an§XPeriments, we assessed functional expression of
probed with radiolabeled NHE-2 cDNA. A representa- NHE-2 in mutant cells at 60 hr after transfection. As
tive Northern hybridization is shown in Fig. 5. As Shown in Fig. 6, right two bars, the DMA-sensitiv@a"
shown, a 3.4 kb transcript was only present in NHE-2influx at 60 hr after transfection was significantly in-
transfected cells (lanes 2 and 3), indicating expression offéased in NHE-2-transfected cells compared to sham-
NHE-2 in mutant LLC-PK cells. The sham-transfected transfected cellsR < 0.05). The intracellular pHfol-
cells did not express NHE-2 mRNA, consistent with ab-!0Wing acid loading was comparable in sham- and NHE-
sence of endogenous NHE-2 in these cells. Northern hy2-transfected cells at 48 and 60 hr (6.38 + 0v@46.41
bridization in parent LLC-PK cells also did not reveal + 005 in sham transfectants at 48 and 60 hr, and 6.41 +
any NHE-2 mRNA @lata not showp The expression of 0-05Vs.6.44 £ 0.04 in NHE-2 transfectant at 48 and 60
NHE-2 mRNA peaked at 48 hr and was significantly N, respectivelyn = 4 coverslips for each group).
diminished at 96 hr (lanes 2 and 3).

EFFecT oFPMA oN EXCHANGER AcCTIVITY IN NHE-2

22Na’ INFLUX IN CONTROL AND NHE-2 TRANSFECTED TRANSFECTEDCELLS
MutanT CELLS

To characterize the NHE-2 exchanger further, the effect
To assess functional expression of NHE-2, sham- anaf PKC activation on the exchanger activity was assessed
NHE-2-transfected cells were grown in 24-well platesin mutant cells at 60 hr after transfection. NHE-2-
and assayed for exchanger activity #iNa" influx. As  transfected cells were grown to confluence in plastic
indicated in Fig. 6, left two bars, the DMA-sensitive dishes and assayed féfNa" influx in the presence of
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Fig. 7. Effect of PMA on N&/H™ exchanger activity in NHE-2 trans-

Fig. 6. Acid-stimulated, DMA-sensitivé?Na* influx in NHE-2 trans- fected cells. Cells were subjected to transfection protocol, grown to
fected mutant cells. Mutant LLC-Pkcells from the 6th proton suicide ~ confluence in plastic dishes, pulsed with ammonium, and incubated
cycle were transiently transfected and assayed either at 48 hr (leftvith a Na-free, PMA-containing media (at 60 hr after transfection).

panel, sham transfected or transfected with NHE-2 cDNA) or at 60 hr>°Na" influx was measured at 4 min + 0.5MDMA. Left lane: NHE-2

(right panel, sham transfected or transfected with NHE-2 cDNA). Acid- transfected cells at 60 hr after transfection with no PMA. Right lane:
stimulated?®Na* influx was measured at 4 min + 0.5MrDMA. Values NHE-2 transfected cells at 60 hr after transfection with PMA. Values

represent mean s for three experiments performed in quadruplicate. 'epresent mean £ for three experiments performed in quadruplicate.

PMA (107 m) in a manner similar to Fig. 3. As dem- 3). These results indicate that inhibition of NHE-3 ac-
onstrated in Fig. 7, acid-stimulated, DMA-sensitive tivity following NHE-2 transfection is not limited to mu-
22Na* uptake was significantly increased in the presencédant cells.

of PMA in NHE-2-transfected cells at 60 hr after trans-
fection (P < 0.05).

Discussion
EFFECT OFHYPERTONICITY ON EXCHANGER ACTIVITY IN All Na™/H" exchanger isoforms subserve the same basic
NHE-2-TRANSFECTEDCELLS function, that is, they extrude acid in exchange for so-

dium. However, N&H* exchanger isoforms display

To examine regulation of the NHE-2 exchanger by hy-distinct functional features that distinguish these iso-
pertonicity, acid-stimulate@®Na" influx was assessed in forms. The NHE-1 isoform is ubiquitous in its expres-
the presence of isotonic (310 mOsm) or hypertonic mesion and is present in both polar and nonpolar cells (Or-
dium (510 mOsm) at 60 hr after transfection. Cells werelowski, 1992). NHE-2 is expressed in polar cells with
equilibrated at pH6.3 and were then exposed to either limited expression in nonpolar cells (Wang, Orlowski &
isotonic medium (310 mOsm/l) or hypertonic medium Shull, 1993; Tse, 1993). NHE-3 is exclusively expressed
(510 mOsm/l) as described (Soleimani, 18P4As in-  in polar cells (Orlowski, 1992; Tse, 1992). NHE iso-
dicated in Fig. 8, high osmolality significantly increased forms display differences with respect to regulation by
the acid-stimulated, DMA-sensitivé’Na* uptake in  protein kinase C, calmodulin-dependent kinase, and hy-
NHE-2-transfected cells as compared to sham-pertonicity (Tse, 1993, Soleimani, 1998; Kapus et al.,
transfected cellsR < 0.05). When compared t&Na"™  1994). Recent investigations have characterized certain
uptake in isotonic medium, NHE-2 transfectants in hy-aspects of NHE isoforms by transfecting NHE-deficient
pertonic medium showed increased exchanger actiRity ( nonpolar cells with corresponding NHE cDNAs. In the
< 0.05). present studies, we have transfected renal epithelial cells

Parent LLC-PK cells subjected to transient trans- LLC-PK; with NHE-2 cDNA. We chose an epithelial
fection protocol also showed reduction in endogenousgell line as a host for transfection experiments since
NHE-3 activity at 48 hr after transfection (9.6 + 0.83 in NHE-2 shows high level of expression in epithelial cells
sham-transfected parent cells. 6.4 + 0.73 nmoles/mg (Wang et al., 1993). Itis likely that NHE-2 regulation in
protein in NHE-2-transfected parent cels< 0.05,n = polar cells may vary compared to nonpolar cells. More-
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isotonic medium hypertonic medium NHE-3 in LLC-PK; cells (Soleimani, 1994 or NHE-
. 3-transfected nonepithelial cells (Kapus et al., 1994) is
39 p<0.05 inhibited in response to hypertonicity. Indeed, the sham-
1 transfected cells, which express NHE-3, showed de-

1

creased exchanger activity in hypertonic medium, further
confirming the inhibitory effect of hypertonicity on this
isoform (Fig. 8). NHE-2, however, has been shown to be
stimulated by hypertonicity (Kapus et al., 1994). The
hypertonicity-induced exchanger stimulation in NHE-2-
transfected cells in the current experiments (Fig. 8) sug-
gest that NHE-2 may play a role in cell volume regula-
tion.

Another intriguing feature of these studies was in-
hibition of NHE-3 activity prior to functional expression
of NHE-2. The molecular mechanism of this inhibition
remains unknown at the present. Whether expression of
NHE-2 inhibited transcriptional, translational, or post-
translational processing of endogenous NHE-3 is not
clear. Northern hybridization and immunoblot analysis
in mutant cells did not reveal any NHE-3 mRNA or
Fig. 8. Effect of hypertonicity on N&H* exchanger activity in NHE-2 ~ protein, likely due to significant reduction in NHE-3
or sham-transfected cells. Transfected cells (NHE-2 or sham) werenRNA and protein data not showp Northern hybrid-
gr_owntoconflu_ence ir_1 plastic dishes for 60 hr, aciQified,andincubatedization experiments in parent LLC-RKcells (sham
with a Na-free isotonic (310 mOsm) or hypertonic (510 mOsm) me- transfectedss. NHE-2 cDNA transfected), however, did

dium for 5 min. Thereafter, the 4 min influx fNa" influx + 0.5 mm L . .
DMA was measured in isotonic or hypertonic medium. Left two lanes: not show any significant differences in NHE-3 mRNA

sham or NHE-2 transfected cells in isotonic medium. Right two Lanes:levels @ata not showy Another possibility with regard
sham or NHE-2-transfected cells in hypertonic medium. Values repreto NHE-3 inhibition might be alterations at post-
sent mean ise for four experiments performed in quadruplicate. translational level. It is not clear whether NHE-2 and

NHE-3 utilize the same intracellular processing pathway.

over, these studies may allow for studying the interaction’VN€ther NHE-2 and NHE-3 are targeted to the same
of NHE-2 with NHE-3. This latter issue is very impor- memb_rane domain (Iummgl m_embrane) or directed to
tant as these two isoforms are coexpressed in a variety @PPoSite membrane domains (i.e., NHE-3 to the lumen
polar tissues including stomach, kidney and brain. How-2nd NHE-2 to the basolateral membranes) is not clear.
ever, no study is available regarding the interaction of!© answer this question, NHE-2 transfected cells were
these two isoforms. LLC-PKcells, a cell line with renal  grown on permeable Millicell-HA filters, and assayed for
proximal tubule properties, express NHE-3 on their Iu-luminal or basolateral exchanger activity usifigNa"
minal membranes (So|eimani, 1934 The experiments influx method. PMA-activated, acid-stimulat@&Na+
shown in Figs. 1-4 demonstrate that subjecting the LLCinflux was observed from both membrane surfackstd
PK, cells to proton suicide resulted in significant reduc- not showy, indicating that NHE-2 was targeted to both
tion in the exchanger activity. The remaining exchangermembrane domains. These results, however, have to be
activity was predominantly mediated via NHE- interpreted with caution, as these experiments were per-
3. Transient transfection of LLC-Pkcells with NHE-2 ~ formed only 60-80 hr after transfection and therefore,
cDNA resulted in the expression of a 3.4 kb transcript, athe cells did not attain polarity at the time of experi-
size appropriate for NHE-2 (Fig. 5). The expression ofments. The answer to membrane localization of NHE-2
NHE-2 peaked at 48 hr and significantly diminished atshould come from stable transfection of LLC-P&ells
96 hr. Studies in transfected cells (Fig. 6) demonstrateavith NHE-2 cDNA. The targeting of NHE-2 to the lu-
that functional expression of NHE-2 was preceded byminal or basolateral membrane domain is an intriguing
inhibition of endogenous NHE-3 activity. NHE-2 func- question. Studies in cultured inner medullary collecting
tional activity was apparent at 60 hr after transfectionduct (Soleimani, 199%) and intestine (Tse, 1983indi-
(Fig. 6). The NHE-2 activity increased in response tocate that NHE-2 is targeted to the basolateral or luminal
PKC activation (Fig. 7), further indicating that the trans- membranes, respectively. Whether membrane domain
fected NHE-2 is functionally operational. targeting of NHE-2 is cell type or tissue specific remains
One interesting feature of the NHE-2 transfectedunknown. Those questions could be answered by immu-
cells was their increased exchanger activity in responsaohistochemical staining of renal cells using NHE-2 spe-
to high osmolality (Fig. 8). It has been shown that cific antibodies.

Na Influx (nmoles / mg protein)

sham
NHE-2
sham
NHE-2

Transfectants
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In conclusion, transient expression of NHE-2 re- putative members of the Na/H exchanger gene famllyBiol.
sulted in appearance of a 3.4 kb transcript in transfected Chem.267:9331-9339
LLC-PK. cells. The expression of NHE-2 peaked at 48Parker, B.A., Stark, G.R. 1979. Regulation of simian virus 40 tran-
hr and dliminished at 96 hr. The NHE-2 transfected cells scription: sensitive analysis of RNA species present early in infec-

. . L ;i tion by virus or viral DNA.J. Virol. 31:360-364
increased their eXChanger activity in response to h'ghDouyssegur, J., Sardet, C., Franchi, A., L'Allemain, Paris, S. 1984. A

osmolality. Functional expression of NHE-2 was pre-  gpecific mutation abolishing N&H* antiporter activity in hamster
ceded by inhibition of endogenous NHE-3 activity. Fur- fibroblasts precludes growth at neutral and acidic ptrbc. Natl.
ther studies are needed to examine the characteristics of Acad. Sci. US/81:4833-4837

NHE-2 and the molecular mechanism of interaction ofReilly, R.F., Hilderbrandt, F., Biemesderfer, D., Sardet, C., Pouysse-

NHE-2 and NHE-3 in LLC-PK cells. gur, J., Aronson, P.S., Slayman, C.N., Igarashi, P. 1991. cDNA
cloning and immunolocalization of a Niéd* exchange in LLC-PK

. . . . renal epithelial cellsAm. J. Physiol261:F1088-F1094
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