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Abstract. Na*/H* exchangers (NHE) play a critical role Key words: NHE — IMCD — IMCD; — RT-PCR —

in many cellular and transport processes in the inneHyperosmolality — N&/H* exchanger

medullary collecting duct (IMCD). Morphologically,

the IMCD is divided into the outer (IMCD, middle )

(IMCD,), and inner (IMCR) segments. The inner, Introduction

IMCD4 segment contains only one cell type, the IMCD

cell, which is distinct in ultrastructure and in function The inner medullary collecting duct (IMCD) serves as
from the principal and intercalated cells that are presenthe final arbiter of urine composition. This nephron seg-
in other portions of the IMCD. NHEs constitute a gene ment regulates urinary concentration, acid secretion and
family containing several isoforms (NHE1, NHEZ2, the final electrolyte composition of urine and the N4
NHE3, NHE4 and NHE5) which possess distinct char-exchanger (NHE) plays a critical role in these processes.
acteristics and serve specialized functions. To underln addition, Sun and Hebert [9] have demonstrated that
stand the molecular basis of NHE-related processes iRasolateral NHE in the rat IMCD is involved in hyper-
the IMCD, it is critical to know the molecular identity of tonic cell volume regulation, which is critical for the
the NHEs in this tubule segment. The purpose of thesurvival and normal functioning of these cells in the
present study was to identify the NHE isoforms presenfiypertonic environment of the inner medulla. Morpho-
and their polar distribution in IMCR Applying the re-  logically, the IMCD has been divided arbitrarily into
verse transcription-polymerase chain reaction (RT-PCRjhree segments: the outer segment (IMEIniddle seg-
technique to IMCR (obtained from distal 50% of inner ment (IMCD,) and inner segment (IMC{). The IMCD,
medulla) of mouse and rat kidneys, we found that NHE1,and outer portion of the IMCPare similar in ultrastruc-
NHE2 and NHE4, but not NHE3 were expressed in bothture to the portion of outer medullary collecting duct
species. The polar localization of NHE in IMGDvas (OMCD,) contained within the inner stripe and are com-
examined in tubules isolated from rats and perfused irPosed primarily of principal and intercalated cells [22].
vitro with HEPES-buffered solutions under isotonic con- In contrast, the inner portion of the IMGIand the entire
ditions. pHi was measured by BCECF fluorescen-IMCD; contain a single distinct cell type, the IMCD cell,
ce. N&-dependent, amiloride-inhibitable pHi recovery Which is morphologically and functionally distinct from
from cell acidification (consistent with NHE) was de- Principal and intercalated cells [22].

tected in the basolateral, but not the apical, membrane of ~ To date, five NHE isoforms (NHE1, NHE2, NHE3,
IMCD5. We conclude that NHE1, NHE2 and NHE4, but NHE4 and NHES5) have been identified and all, except
not NHE3, are present in both the mouse and rat IMCD NHES5, are expressed in the kidney [13, 16, 25]. These
Functionally, NHE is limited to the basolateral mem- isoforms possess distinct kinetic, biochemical and phar-
brane. Additional studies are needed to determine th&acological characteristics and serve specialized func-

physiological roles and regulation of basolateral NHEtioNns [16, 25]. Knowledge of the molecular identity of
isoforms in this tubule segment. NHE in the IMCD is necessary to better understand the

molecular basis of NHE-related processes in this tubule

segment. As mentioned previously, principal and inter-
S calated cells present in the initial portion of the IMCD
Correspondence toA.M. Sun are similar in ultrastructure (and most likely in function)
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to cells in other portions of the collecting duct. To date,times in collagenase- and bicarbonate-free DMEM solution containing

NHE activity has been observed in the basolateral bu-1%-bovine serum albumin (Sigma) (dissection solution) and placed
not apical, membrane of principal ang- and - onice. IMCD were microdissected and then transferred to a wash dish

. . . containing fresh dissection solution, captured on polylysine-coated
!ntercalated Ce!ls [15, 23]. A recent ImmunomStOChem_glass microbeads (0.5-mm diameter, Thomas Scientific), and trans-
ical study by Biemesderfer et al. [2] showed that NHELferreqd 0 a 0.5-ml Eppendorf tube. Bead-tubules were rinsed three times
staining was present in the basolateral membrane of @ith 10l of dissection solution containing 2-W¥f RNase inhibitor
subpopulation of cells that were neither nor - (Boehringer-Mannheim) and solubilized with 10 of 2% Triton X-
intercalated cells in the rabbit cortical collecting duct. 100 containing 2-Uil RNase inhibitor.

Therefore, basolateral NHE in the principal cell is most

likely _encoded by NHEl while the molgcular identity of REVERSE TRANSCRIPTION (RT) AND POLYMERASE CHAIN
NHE in the a- and B-intercalated cells is not clear. In- ReacTioN (PCR)

terestingly, recent studies showed that NHE4 is present
in the collecting duct. Whether the basolateral NHE INpetection of NHE isoforms by RT-PCR in microdissected renal tubules

the eithera- and B'?ntercmated C_eHS is enCOded_ DY has been reported by us and other investigators [5, 21]. Samples were
NHE4 or other NHE isoforms remains to be determined.reversed transcribed situ by adding to each tube an RT mix to make
The molecular identity of NHE in IMCD cells is also not up a total volume of 2Qul. Each tube contained: 0.9 oligo (dT)
clear. Soleimani et al. [18] detected mRNA for NHE1 Primer, 200 U of Superscript MuMLV RT (GIBCO BRL), 0.54m

and NHE2, but not for NHE3 or NHE4, in a cell line dNTP mix, 10-nm dithiothreitol, 100-nw Tris-HCI (pH 8.4), 50-rm

developed from the IMCDseament from a simian virus KCI and 2.5-nm MgCl,. Tubes were incubated for 1 hr at 42°C and
p bseg then the reaction was terminated by heating to 95°C for 5 min. After

transgenic mouse which contains only IMCD cells. g7, each reaction tube was centrifuged briefly to pellet the beads and
These findings have yet to be confirmed in studies Ofthen the solution was transferred to a 0.2-ml thin-wall PCR tube.
native tissue. Bookstein et al. [4] provided conflicting For PCR, a PCR mix was added to the PCR tube to make up a
data reporting that NHE4 and mRNA was present in thetotal volume of 50ul. Each PCR reaction tube contained: 16rm
rat IMCD, including the IMCL} segment. These dis- 1'is-HCI (pH 8.4), 50-mi KCI, 2.5 mu-MgCl,, 0.5-mm dNTP, 2.5 U
crepant data might result from species differences of 29 PNA polymerase (Promegajit anti-Tag polymerase antibody

. (Clontech) mixture, 100 pmole of each NHE2 primer. Anti-Taq poly-
from loss of NHE, expression by transformed, cultured merase was used as an alternative to “hot start” PCR to optimize the

cells in vitro. To overcome these limitations, we usedpcr reaction. The tubes were placed in a DNA Thermal Cycler (Per-
the reverse transcription-polymerase chain reaction (RTkin Elmer GeneAmp PCR system 2400), which was programmed to
PCR) technique to examine NHE isoform mRNAs ex- execute the following protocol: 94°C 4 min (initial melt); 35 cycles of
pressed in IMCQ segments in the rat and mouse. Based®4°C 1 min, 60°C 1 min, 72°C 1.5 min; and then 72°C 7 min (final
on previous studies indicating that the terminal 50% of*tension). For the studies shown in Figs. 1-4, NHEL, NHE2, NHE3
IMCD contains only IMCD cells and represents |MgD and NHE4 primers for the PCR reactions were designed from the

. . ublished rat sequences specific for each NHE isoform as described
[22]’ segments were dissected from the inner 50% of th(greviously by Borensztein et al. [5]. These primers are (shoivo 5

inner medulla [17]. We also examined the functional3): NHE1 sense, TCTGCCGTCTCAACTGTCTCTA, NHEL anti-
polarity of NHE in IMCD; using the in vitro tubule sense, CCCTTCAACTCCTCATTCACCA; NHE2 sense, GCAGATG-
microperfusion technique. We found that both rat andGTAATAGCAGCGA, NHE2 antisense, CCTTGGTGGGGGCT-
mouse ||V|C|% contain NHE1, NHE2, and NHE4, but not TGGGTG; NHE3 sense, GGAACAGAGGCGGAGGAGCAT, NHE3
NHE3 mRNA. Functionally, in the rat, NHE activity antisense, GAAGTTGTGTGCCAGATTCTC; NHE4 sense, GGC-

- TGGGATTGA-AGATGTATGT, NHE4 antisense, GCTGGCTGAG-
was limited to the basolateral membrane of the IMCD  trectatan.

To confirm the identity of the PCR products, a nested PCR pro-
tocol was used in which the 35-cycle PCR products were diluted 50-
MATERIALS AND METHODS fold, and then 2ul of the diluted samples were reamplified in a second
50-ul reaction with a second set of primers internal to the first one.
The NHE isoform primers for the nested PCR are shown in the Table.
TuBULE MICRODISSECTION FORRT-PCR Nested PCR was performed under conditions of high stringency as
follows 94°C 4 min (initial melt); 28 cycles of 94°C 1 min, 65°C 1 min,
Experiments were performed in male Spraque-Dawley rats (70-160 gy2°C 1.5 min; and then 72°C 7 min (final extension).
and male CD mice (25- to 35-day-old) that had free access to waterand ~ For PCR product analysis, the PCR samples were fractionated on
standard laboratory chow. The distal 50% of IMCD tubules (IMED 2% agarose gels and stained with ethidium bromide.
were dissected for RT-PCR using a modified version of the protocol of
Sands et al. [17]. Briefly, animals were anesthetized with Nembutal
(50 mg/kg i.p.) and the left kidney was perfusiedsitu with 10-ml IN VITRO TUBULE PERFUSION
ice-cold bicarbonate-free Dulbecco’s modified Eagle’s medium
(DMEM: GIBCO) containing 1-mg/ml type | collagenase (digestion The basic techniques for dissecting and perfusing IMCD tubules have
solution). Coronal slices containing the entire corticomedullary axisbeen previously described [19]. Briefly, 75- to 125-g pathogen-free
were made and then inner medullary slices cut from the 50% of theSprague-Dawley rats were given furosemide (5-mg/100g body weight
papilla closest to tip. These slices were incubated in digestion solution.p.) for 30 min before the kidneys were harvested. The inner medulla
at 37°C, bubbled with 100% Hfor 45 min, and then washed three was freed from attached cortex and outer medulla and then IMCD
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Table. NHE isoforms primers designed from rat sequences for nested PCR

Sequence Position
NHE1 sense 5ATAACAGACACACGCTGGTGGC-3 2719-2740
antisense 5CGATGGTGATGACAGGCAGGTC-3 2910-2931
NHE2 sense 5CGGACATGGATGGAACCACT-3 2276-2295
antisense 5CCGTTGGTCTTTGGAGAGCA-3 2486-2505
NHE3 sense 5ACACGTTGCAGCAGTACCTC-3 1935-1954
antisense 5GCCGACTTAAAGGACTCCAG-3 2063-2082
NHE4 sense 5AGCCAAAGTCAAGCATTGTTTC-3 2079-2100
antisense 5TGGGGTTTGAGGTTGTATTTGT-3 2298-2319

tubule segments were obtained from the distal 50% region of the inner As shown in Fig. 2, amp|ificati0n products of the
medulla. The IMCL tubule segments were then perfused at rates Ofpredicted sizes for NHE1, NHE2 and NHE4 were de-
1?172}? i/ m]ifr.".The pe”“ﬁb“'ar bsthbﬂoﬁvﬁe; ata ratde 0f 15-20 ml/ mOiI”' tected in IMCD tubules dissected from distal 50% of rat
which is sufficient to exchange the bathi sec, and was maintaine .

at 37°C. Control solutions contained (invh 140 NacCl, 5.0 KCI, 10 IMCD (IMCD3)' NHE1 (422 bp), NHE2 (310 .bp) and
caCl, 1.2 MgCh, and 3.0 N-2-hydroxyethyl-piperzaone-N/-2- NHE4 (501 bp). No PCR products were obtained when
ethanesulfonic acid (HEPES). Solutions were adjusted to an osmolalitf€verse transcriptase was omitted from the RT reaction
of 290 mosom/kg KO and a pH of 7.4 after equilibrating with 100% (negative control). The identity of the PCR products as

O,. Na'-free solutions were made by replacing Neith N-methyl-o- specific for NHE1, NHE2 and NHE4 was assessed by

glucamine (NMDG). nested PCR. As shown in FigB2the reamplified PCR
products gave expected sizes for each of these three NHE
INTRACELLULAR PH (PHI) MEASUREMENT isoforms. NHE3 mRNA was not detected by PCR (Fig.

2A) or nested PCR (Fig.B). These results indicate that
The techniques for quantitative fluorescence measurement of pHi usinflHE1, NHE2 and NHE4, but not NHE3 are expressed in

the pH-sensitive dye BCECF (Molecular Probes, Eugene, OR) in inthe rat IMCD;.
vitro perfused tubules have been described previously [20]. In brief,
IMCD, tubules were loaded with BCECF by transient exposure (20

min) to the acetoxymethyl ester of BCECF (BCECF/AM) at 37°C. DETECTION OF NHE MRNAS IN THE MOUSE IMCD 4
Fluorescence was alternatively measured from the output of a photo-

multiplier tube at excitation wavelengths of 495 nm and 440 nm (emis- . . .
sion wavelength 530 nm) using a dual gating fluorometer (Deltascan,-l—0 assess the pattern of NHE expression in native mouse

Photon Technology International, South Brunswick, NJ) connected tdMCD 3, RT-PCR was performed on RNA extracted from
an inverted microscope (Diaphot 300, Nikon, Japan). Background fluoimouse kidney (as a positive control) and tubules ob-
rescence (1% of total) was subtracted from fluorescence intensity at tained from the distal 50% of the mouse IMCD. As
each excitation wavelength to ob.tain intensities of intrgcellular fluo- shown in Fig. 2, amplification products for NHE1,
rescence. The 495 nm/_440 nm ra_tlg was used as an indicator of pH anﬂlHEZ NHE3 and NHE4 were obtained from the mouse
was calibrated using high *Knigericin standards. . ’ L .
kidney that were similar in size to those found in the rat
(Fig. 1A). Shown in Fig. 8, each mouse NHE isoform
Results product reamplified by nested PCR was also similar in
size to those of the rat (FigB). To further characterize
and compare the PCR products from the mouse and the
DeTecTioN oF NHE MRNAs IN THE RAT IMCD4 rat, the product for each NHE isoform from both rat and
mouse were digested by restriction enzymes: Apal for
Shown in Fig. A, amplification products of the pre- NHEZL, Mobl for NHE2, BstEIll for NHE3 and Sau3A for
dicted size for NHE isoforms 1-4 were detected in ratNHE4. Not shown, the digested fragments for each
kidneys. The specificity of the PCR product for each NHE isoform were similar in size in the mouse and rat.
NHE isoform was assessed by nested PCR. As shown ifthese results are consistent with previous reports indi-
Fig. 1B, the reamplified PCR products have expectedcating that the sequences of the various NHE isoforms
sizes: 213 bp for NHE1, 230 bp for NHE2, 148 bp for are highly conserved across species [16, 25]. Further-
NHE3 and 241 bp for NHE4. These results confirm thatmore, these data strongly suggest that the mouse kidney
NHE1, NHE2, NHE3 and NHE4 mRNAs are present in like the rat kidney, expresses NHE1, NHE2, NHE3 and
the rat kidney, as previously shown by Borensztein et aINHE4.
[5]. The data in whole kidney serves as a positive con-  We also studies NHE mRNA levels in the mouse
trol demonstrating our ability to detect mRNA for all IMCD,. Shown in Fig. 4, amplification products for
four NHE isoforms by these techniques. NHE1, NHE2, and NHE4 were observed in IMGBeg-
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Fig. 1. RT-PCR demonstrating NHE isoform mRNA expression in rat kidney. PCR products were electrophoresed on 2% agarose gel and st:
with ethidium bromide. &) NHE1, NHE2, NHE3 and NHE4 RT-PCR products. Each reaction was performed withtétal RNA extracted from
whole rat kidney homogenateB)Nested PCR products of NHE1, NHE2, NHE3 and NHE4. Each reaction was performed in a final 1:1250 dilutio
of first round PCR products of NHE isoforms frofn Expected sizes of PCR products were marked. Molecular weight standards were 100-bp ladd
from GIBCO-BRL. Seetext for abbreviations.
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Fig. 2. RT-PCR demonstrating NHE isoform mRNA expression in rat IMCPCR products were electrophoresed on 2% agarose gel and stainec
with ethidium bromide. &) NHE1, NHE2, NHE3 and NHE4 PCR products amplified from microdissected rat IM@iules. Each reaction was
performed in the presence (+) and absence (=) of RT using total RNAs isolated from 1 to 1.5-mm of tl)uNesstéd PCR products of NHE1,
NHE2, NHE3 and NHE4. Each reaction was performed in a final 1:1250 dilution of first round PCR product (+ RT) of NHE isoforn#s. from
Expected sizes of PCR products were marked. Molecular weight standards were 100 bp ladder from GIBCI2@&it.for abbreviations.

ments dissected from the mouse and were similar in sizeecovery from NHCI-induced cell acidification in a
to those found in the rat (Fig.A) and mouse (Fig.®)  single perfused IMCBtubule dissected from the distal
kidney and the rat IMCE(Fig. 2A. In addition, the re- 50% of the rat IMCD. In HEPES-buffered solution (pH
amplified PCR products of all three NHE isoforms in the 7.4), the steady-state intracellular pH (pHi) was 7.36 +
mouse were similar in size to those obtained from rat0.17 (n = 4). Rapid addition of 20-m NH,CI to both
(Fig. 1B and mouse (Fig.B) kidney and rat IMCRY (Fig.  the apical (Ap) and peritubular (BI) bathing solutions
2B). As in the rat, NHE3 mRNA was not detected by induced cell alkalization followed by gradual cell acidi-
PCR (Fig. 4N or nested PCR (Fig.B) in the mouse fication (data not showp Fifteen to 20 min after inci-
IMCD,. Taken together, these results indicate thatpation in NH,Cl-containing solutions, NECI and N&
NHE1, NHE2 and NHE4, but not NHE3, are expressedwere rapidly removed from both the Ap and Bl solutions

in the mouse IMCR. (point a), which led to rapid cell acidification (seg-
ment ab) to a pH value of 6.33 + 0.21 ()&l prepulse).

FuncTiONAL LocALizATION oF NHE IN THE IN VITRO There was no Significant pHI recovery in the absence of

PERFUSEDRAT IMCD, external N& and CQ/HCO; (segment bc). When 140-

mm Na" was added to both the Ap and Bl solutions, pHi
Figure 5 presents data from a representative experimemromptly recovered to baseline (segment cd). Figure 6
assessing the effect of removal of external’da pHi  shows one of four experiments designed to assess the
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or + O+ O+ 1 i | + + + + Fig. 3. RT-PCR demonstrating NHE isoform

) mRNA expression in mouse whole kidney. PCR
products were electrophoresed on 2% agarose gel
and stained with ethidium bromideAY NHE1,

NHE2, NHE3 and NHE4 RT-PCR products. Each

00— 500 — reaction was performed from g total RNA

400 — 400 — extracted from whole mouse kidney homogenate.
o (B) Nested PCR products of NHE1, NHE2, NHE3

a0 — - and NHE4. Each reaction was performed in a final

1:1250 dilution of first round PCR product of
NHE isoforms fromA. Molecular weight standards
were 100-bp ladder from GIBCO-BRISeetext

for abbreviations.

. e e B
A MNHE1 MNHEZ2 MNHE3 MHEA4 B féﬁ'g ‘gv

U e Mo+ + + 4

500 —
400 —

o
-

=
o o
[}

. 200 —

Fig. 4. RT-PCR demonstrating NHE isoform mRNA expression in mouse IMGECR products were electrophoresed on 2% agarose gel and
stained with ethidium bromideAj NHE1, NHE2, NHE3 and NHE4 PCR products amplified from microdissected mouse M@idles. Each
reaction was performed in the presence (+) and absence (-) of RT using total RNAs isolated from 1 to 1.5 mm of B)iNdssed PCR products

of NHE1, NHE2, NHE3 and NHE4. Each reaction was performed in a final 1:1250 dilution of first round PCR product (+ RT) of NHE isoform
from A. Molecular weight standards were 100-bp ladder from GIBCO-B&¢etext for abbreviations.

effect of amiloride (N&H"* exchanger inhibitor) on pHi  Discussion

recovery from NHCI prepulse-induced cell acidification

in the absence of CZHCO;- in rat IMCD;. Na“ of 140  This study provides the first comprehensive examination
mm was present in both the Ap and BI solutions through-of the pattern of NHE isoform expression in native
out the experiments. After a 15-20-min incubation inIMCD5 segments. In the rat, rabbit, human, and, most
NH,CI containing solutions, rapid removal of external likely the mouse, this tubule segment contains only one
NH,Cl-induced cell acidification (NECI prepulse) (seg- cell type, the IMCD cell. IMCD cells are distinct in
ment ab) which was followed by spontaneous pHi recov-ultrastructure and function from the principal and inter-
ery (segment bc). This pHi recovery was not affected bycalated cells that are found in more proximal portions of
addition of 0.5-nw amiloride to the Ap solution at point the IMCD [22]. We demonstrate that NHE1, NHE2 and
¢ (segment cd). In contrast, addition of 0.s#mmilo-  NHE4, but not NHE3, mRNAs are present in the rat (Fig.
ride to the Bl solution at point d was associated with2) and the mouse (Fig. 4) IMCD The absence of NHE3
significant inhibition (85 + 3%n = 4) of pHi recovery mRNA in the present study is consistent with previous
(segment de). Thus, we show that in the absence of exeports that failed to detect NHE3 antigen in either rat [1]
ternal CQ/HCO;-, there is a Na-dependent F or rabbit [3] IMCD by immunohistochemistry. The pres-
extruding mechanism in the rat IMGOFig. 5) which is  ence of NHE1 and NHE2 mRNAs in native cells is also
inhibited by basolateral, but not apical, amiloride (Fig. consistent with previously described patterns of NHE
6). These results are consistent with presence of bas@xpression in a mouse IMG[xell line [18]. However,
lateral, but not apical, NHE in the rat IMGD although our data in native rat IMGxonfirm previous
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8 —
Ap+ BI 140 Na® 0Na' 140 Na*
Bl | NH.CI
a
d
pHi 7L
b ¢ Fig. 5. Representative experiment in an in vitro
perfused rat IMCD tubule showing the effect of
removal of external Naon pHi recovery
following NH,Cl-induced cell acidification. After
15-min incubation in NHCI-containing solution,
removal of NH,CI (point a) resulted in rapid cell
100 sec acidification (NH,+ prepulse), which recovered in
r’"l the presence (segment cd), but not absence
6 (segment bc) of external NaSimilar results were

obtained in 4 tubules.

findings using thein situ hybridization technique indi-
cating that NHE4 is expressed in the rat IMCDur data
in the mouse IMCR conflict with that of Soleimani et al.
[18] who reported that NHE4 mRNA was not present in Ap | 0.5 mM amiloride
a SVv40-transformed mouse IMGRzell line. One pos- By 0.5 mM amiloride
sible explanation for these divergent results is that NHE4
expression was lost in the cultured cells secondary to 8 -
SV40 transformation and/or other cell culture proce-
dures. Alternatively, it may be that stable expression of a
NHE4 only occurs in a hypertonic environment. Support
for this hypothesis was provided by Bookstein et al. [4]
who found that NHE4 mRNA expression in the rat kid-
ney was limited to the collecting duct and the IMCD, pHi
which are exposed to a hyperosmotic environment in
vivo. Furthermore, unlike other NHE isoforms, when
NHE4 was transfected into PS120 cells (an NHE-
deficient cell line), activity was found under hypertonic,
but not isotonic, conditions [4]. These findings suggest b
that long-term culture of IMCB cells under isotonic
conditions may lead to loss of NHE4 expression. 6 L
In the present study, we demonstrate in the rat that
functional expression of NHE in IMCDis limited to the 50 sec
basolateral membrane (Figs. 5 and 6). Our data are con- 1
sistent with studies performed in cultured rat [8] and
rabbit [11] IMCD cells grown on permeabilized mem- Fig. 6. Representative experiment in an in vitro perfused rat IMCDt
branes and with data from in vitro perfused hamstertubule showing the effect of apical (Apk. peritubular (Bl) amiloride
IMCD tubules [14] that also display NHE activity only in  ©n pHi recovery following NHCl-induced ceII' acidification. Sodi_um
the basolateral membrane. We did not examine the pgi-40 ™) was present throughout the experiment. Nprepulse in-
larity of NHE function in the mouse IMCP However duced cell auq!ﬂcatlon foIIoweq by spontaneou_s pHi recovery _(seg-
. ; . ’ ment bc). Addition of 0.5-m1 amiloride to the peritubular (BI) (point
as discussed above, NHE function in IMCD has beerh), but not the apical (Ap) (point c) bathing solution, inhibited pHi
limited to the basolateral membrane under all condi-recovery from cell acidification. Similar results were obtained in 4
tions studied to date. Given that mouse and rat IMCD tubules.
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express the same NHE isoforms, it is likely that thegests that NHE1 also accounts for the acute vasopressin
functional expression of NHE in the mouse native dependent RVI response in the IMCD.
IMCD4 tubule is also limited to the basolateral mem- Acutely, the cellular defense against hypertonicity
brane. depends on salt accumulation, however if sustained, in-
It should be pointed out that while the molecular creases in intracellular salt are toxic to cells [24]. In-
identity and functional polarity of NHE in IMCDwere  stead, chronic hyperosmolality induces compatible or-
demonstrated by the present study, the physiologicafjanic osmolyte accumulation in renal medullary cells
roles and relative levels of expression of the three NHE7]. Therefore, with prolonged hyperosmolality, it is hy-
isoforms (NHE1, NHE2 and NHE4) present in this tu- pothesized that NHE1-mediated salt uptake is inhibited
bule segment remain to be determined. However, it isand accumulated salt is replaced by nonperturbing or-
interesting to consider the possible physiological impli-ganic osmolytes to maintain cell volume. The data
cations of recent investigations examining the effects ofdemonstrating inhibition of NHE1 by chronic hyperos-
hypertonicity on the levels of expression of these NHEmolality in IMCD cells [18] is consistent with this hy-
isoforms, since the IMCR unlike most other tissues, pothesis.
exists in a hypertonic environment. Based on the discussion above, it seems likely that
In most other tubule segments, the majority of thetonic basolateral NHE activity in IMCBis encoded pre-
basolateral NHE activity is encoded by NHE1, however,dominantly by NHE2 and/or NHE4. However, the rela-
recent studies suggest that this may not be true fotive levels of expression and physiological roles of
IMCD3. In many cell types including renal medullary NHE2 and NHE4 in the IMCB are also unclear. As is
cells (see beloy, acute hyperosmolality stimulates the case for NHE1, acute hyperosmolality stimulates
NHE1 activity which then contributes to hypertonic cell functional expression of NHE4, however the effects of
volume regulation. However, Soleimani et al. [18] re- chronic hyperosmolality have not been assessed. Sole-
ported that chronic hyperosmolality suppressed NHEImani et al. [18] reported that chronic hyperosmolality
MRNA expression in cultured mouse IMGIxells. increases NHE2 mRNA expression in cultured IMCD
Therefore, because IMC[xells normally exist in a hy- cells concomitant with an increase in NHE activity. In
perosmolar environment, it is likely that basal NHE1 addition, NHE2 transfected into a NHE-deficient cell
expression in vivo in this tubule segment may be veryline is stimulated by acute hyperosmolality [12]. Taken
low. Consistent with this viewjn situ hybridization  together, these data suggest that NHE activity in IMCD
studies in rat kidney reveal that NHE1 expression is exds attributable to NHE2. However, weirfpublished ob-
tremely low in IMCD as compared to other tubule seg-servation$ and others [6] have failed to detect NHEZ2 in
ments (Booksteinpersonal communicatign In fact, as  IMCD4 by immunohistochemistry, suggesting that pro-
discussed below, this biphasic response of NHE1 expresein levels of this isoform may be very low. Finally, it is
sion to hyperosmolality (acute stimulation, chronic= interesting to note that while NHE is present only in the
suppression) may be a critical adaptive response of thbasolateral membrane of IMGDPwe and other investi-
IMCD4 to changes in osmolality in vivo. gators have shown that NHE?2 is localized to the apical
It is well known that medullary osmolality increases membrane of several other renal tubule segments, includ-
during the transition from water diuresis to antidiuresis.ing the thick ascending limb and the distal convoluted
High interstitial osmolality induces cell shrinkage, which tubule([6], and ourunpublished observation Thus, if
activates a salt uptake mechanism followed by osmoticNHE2 is present in IMCD, its polarity in this segment
water flow tending to restore cell volume. This phenom-would be opposite to other renal tubules. Although these
enon has been termed the acute hypertonic regulatorstudies do not rule out a significant contribution of
volume increase (RVI) response. Evidence suggestBIHE2 to total NHE activity in IMCD,, the question
that, in medullary thick ascending limb (MTAL) [10] and needs to be further examined.
IMCD [19] cells, NHE in the basolateral membrane me- In summary, NHE1, NHE2 and NHE4, but not
diates sodium uptake during the acute hypertonic RVINHE3 are expressed in both the mouse and the rat
response. Furthermore, although other cell types manitMCD;. Functional studies show that NHE is limited to
fest an acute RVI response, the response in the rendslhe basolateral membrane in this segment. These three
medullary cells is unique in that it is strictly vasopressinisoforms have distinct kinetic, biochemical and pharma-
(AVP)-dependent [9, 19]. In the renal medullary cells, it cological characteristics as well as different responses to
is likely that NHE1 accounts for basolateral NHE during external hyperosmolality. Basolateral NHE participates
the RVI response. This is supported by recent studien the acute hypertonic RVI response and it is likely that
showing that only NHE1 is present in the basolateral celldifferent NHE isoforms account for NHE activity in the
membrane of MTAL. In addition, Sun and Hebert [19] IMCD; depending on the level and duration of medullary
demonstrated that the acute hypertonic RVI response itonicity. Further studies are required to precisely deter-
the IMCD resembles that in the MTAL, with regard to mine the physiological roles and regulation of basolateral
basolateral NHE and vasopressin-dependence. This suHE isoforms in this tubule segment.
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