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Genetics. In the article ‘‘Spontaneous mutations recovered as
mosaics in the mouse specific-locus test’’ by L. B. Russell and
W. L. Russell, which appeared in number 23, November 12,
1996, of Proc. Natl. Acad. Sci. USA (93, 13072–13077), the
authors request that the following correction be noted.
The line below should be added to Table 4:

The addition of a seventh cluster requires minor corrections
in some of the frequencies appearing elsewhere in the paper.
Thus, in Table 5 (last line), the frequency (with 95% confi-
dence limits) of masked mosaics becomes 13.3 (6.2, 26.1) 3
1026; this, like the original figure, 11.4 (4.9, 24.3)3 1026, is not
significantly different from the frequency of visible mosaics.
As regards the per-generation rate, the combined frequencies
of masked mosaics and heterozygotes (G1 information, see p.
13077, second paragraph) is now 1.6 times the rate derived
from singletons—changed from 1.4 and thus even closer to the
more reliable multiple of 1.7 calculated from the G2 informa-
tion. The fact that the previously omitted cluster is at the a
locus increases the significance of the difference between the
masked–mosaic locus spectrum and that for singletons (from
x2 5 27.53 to x2 5 31.97, with 7 degrees of freedom) (p. 13076,
third paragraph), further strengthening the conclusion about
the different nature of mutations arising spontaneously during
the perigametic interval and those arising in mitotic divisions.

Pharmacology. In the article “Reconstitution of stretch-
activated cation channels by expressin of the a-subunit of the
epithelial sodium channel cloned from osteoblasts” by Neil
Kizer, Xiao-Li Guo, and Keith Hruska, which appeared in
number 3, February 4, 1997, of Proc. Natl. Acad. Sci. USA (94,
1013–1018), the authors request a correction of five instances
throughout the paper where the unit of conductance “pico-
siemen” was incorrectly abbreviated as “psec” and “ps” instead
of “pS.” The locations of the five errors and the corrected
sentences are as follows: (i) p. 1013, line 20 of the Abstract:
Reconstitution of a-rENaC resulted in the expression of a 24.2
6 1.0 pS SA-CAT channel (PNa:PK 5 1.1 6 0.1). (ii) p. 1013,
first column, first paragraph of the Introduction, line 6: These
channels typically have a medium conductance of 20–40 pS,
are nonselective for monovalent cations, and undergo an
increase in channel open probability (Po) with increased
mechanical strain (for a complete review see ref. 17). (iii) p.
1017, second column, line 11: The heteromeric protein also
exhibits the slow gating kinetics with mean open and mean
closed times as long as several seconds and a low conductance
('4 pS) characteristic of the epithelium sodium channel
described in a number of epithelial tissues and cell lines (27).
(iv and v) p. 1017, second column, lines 38 and 39: Expressed
a-rENaC channels had a conductance of 24 pS compared with
28 pS for the swelling-activated osteoblast channel (16).

Genetics. In the article “Identification of genes induced by
factor deprivation in hematopoietic cells undergoing apoptosis
using gene-trap mutagenesis and site-specific recombination”
by Andreas P. Russ, Christina Friedel, Karin Ballas, Uwe
Kalina, Dirk Zahn, Klaus Strebhardt, and Harald von Melch-
ner, which appeared in number 26, December 24, 1996, of Proc.
Natl. Acad. Sci. USA (93, 15279–15284), an incorrect version
of Fig. 5 was printed that is missing lane labels andMr markers
due to a printer’s error. The figure and its legend are shown
below.
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FIG. 5. Analysis of cell-provirus fusion transcripts in clones recov-
ered after IL-3 withdrawal. (Upper) Predicted transcripts from U3Cre
integrations into expressed genes. (Lower) Northern blot anaylsis of
cell-provirus fusion transcripts before and after serum deprivation.
Polyadenylated RNAs (5 mg per lane) were fractionated on formal-
dehyde-agarose gels, blotted onto nylon filters, and hybridized to
32P-labeled Cre- or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific probes before (odd number lanes) and after (even
number lanes) 16 hr of serum deprivation. Lanes 5 and 6, clone with
a constitutively expressedU3Cre integration. Note that exposure times
for visualizing Cre-specific transcripts were 145 times longer than
those required for GAPDH.
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Reconstitution of stretch-activated cation channels by expression
of the a-subunit of the epithelial sodium channel cloned
from osteoblasts

NEIL KIZER*, XIAO-LI GUO*, AND KEITH HRUSKA†

Renal Division, Barnes–Jewish Hospital, Washington University Medical Center, 216 South Kingshighway Boulevard, St. Louis, MO 63110

Communicated by Philip Needleman, Monsanto Company, St. Louis, MO, December 4, 1996 (received for review May 29, 1996)

ABSTRACT Osteoblasts respond to repetitive strain by
activating stretch-activated, nonselective cation channels (SA-
CAT) and increasing matrix protein production. SA-CAT
channels are thought to be responsible for mechano-
transduction in osteoblasts, although the molecular identity of
the SA-CAT channel has previously been unknown. We have
demonstrated that both the UMR-106 osteoblast-like cell line
and human osteoblasts in primary culture express the a-sub-
unit of the epithelial sodium channel (a-ENaC). The ENaC
gene product is closely related to a class of proteins that confer
touch sensitivity to Caenorhabditis elegans and are referred to
as degenerins. A cDNA clone was obtained of the entire coding
region of rat a-ENaC (a-rENaC). Sequence analysis indicated
that the osteoblast clone’s sequence was identical to that
originally cloned from rat colon. The a-rENaC cDNA was
cloned into an expression plasmid and transfected into
LM(TK2) cells, a null cell for SA-CAT activity. Stable trans-
fectants expressed mRNA and the expected 74-kDa protein
corresponding to a-rENaC. Reconstitution of a-rENaC re-
sulted in the expression of a 24.2 6 1.0 psec SA-CAT channel
(PNa:PK 5 1.1 6 0.1). The channel is calcium permeable
(PNa:PCa 5 1.4 6 0.1) and highly selective for cations over
anions (PNa:PCl >> 20). The channel is only active after
negative pressure is applied to cell attached patches, cell
swelling, or patch excision. These results represent the first
heterologous expression of an SA-CAT channel in a mamma-
lian cell system and provide evidence that the ENaCy
degenerin family of proteins are capable of mediating both
transepithelial sodium transport and are involved in signal
transduction by mechano-sensitive cells such as osteoblasts.

Stretch-activated cation channels (SA-CAT) have been de-
scribed in a number of tissues including Xenopus oocyte (1),
Xenopus muscle (2), skeletal muscle (3), smooth muscle cells
(4), tumor cells (5, 6), various epithelial cells (7–12), endo-
thelial cells (13), and osteoblasts (14–16). These channels
typically have a medium conductance of 20–40 psec, are
nonselective for monovalent cations, and undergo an increase
in channel open probability (Po) with increased mechanical
strain (for a complete review see ref. 17). SA-CAT channels
mediate a variety of functions in mechanically sensitive cells.
However, the molecular identity of these SA-CAT has not
been elucidated.
Osteoblasts, the cells responsible for synthesizing new bone

matrix proteins, are mechano-sensitive cells and respond to
chronic intermittent mechanical strain by increasing their rate
of mitosis and reorienting themselves within the applied strain
field (18). Chronic intermittent mechanical strain causes os-

teoblasts to increase production of bone matrix proteins,
including type I collagen (19), and leads to increased SA-CAT
Po and increased sensitivity to activation by strain (15). The
SA-CAT of the osteoblast has been characterized previously
(14–16) and has been shown to be partially dependent on the
expression and function of the a1C-subunit of the L-type,
voltage-activated calcium channel (16).
We have been interested in determining the molecular

identity of the SA-CAT of the osteoblast and recently became
aware of the similarity in base pair sequence of the a-subunit
of the rat epithelial sodium channel (a-rENaC) cloned from
colon (20) and degenerins, a class of proteins that confer touch
sensitivity to Caenorhabditis elegans (21–23). Even more re-
cently the a-subunit of the bovine epithelial sodium channel
(a-bENaC) has been shown to exhibit a pressure-induced
increase in Po when inserted into lipid bilayers and subjected
to a hydrostatic pressure gradient (24). We have examined the
possibility that a similar genemay encode the SA-CAT channel
in osteoblast cells. We have determined that an mRNA
identical to a-rENaC is expressed by osteoblasts. This study
was done to determine if the gene product homologous to
a-rENaCwas capable of expressing functional SA-CAT similar
to those described previously in osteoblasts.

MATERIALS AND METHODS

Cell Culture. UMR-106.01 cells (passages 12–18) and
LM(TK2)cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO) with 10% fetal bovine serum
(FBS) in tissue culture flasks (Becton Dickinson). Cells were
fed twice weekly and maintained in a humidified atmosphere
of 95% airy5% CO2 at 378C.
Primary cultures of human bone marrow stromal cells

(HBMC) were prepared as described by Cheng et al. (25).
Briefly, bone marrow was harvested from surgical specimens
of human ribs within 1 hr of the surgical procedure. Mono-
nuclear cells were isolated from adipocytes, fat tissue, granu-
locytes, and red blood cells by centrifugation. Cells were
seeded in tissue culture flasks at a density of 4 3 105 cells per
cm2 in a-minimum essential medium containing 10% heat-
inactivated FBS and allowed to attach undisturbed at 378C in
an atmosphere of 95% airy5% CO2. At confluence, bone
marrow stromal cells were passed one time to increase cell
number and harvested for isolation of poly(A1) RNA.
Reverse Transcription (RT)–PCR of a-rENaC. Poly(A1)

RNA (1 mg) purified from UMR-106.01 cells or primary
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line transfected with the a-subunit of the rat epithelial sodium channel;
RT, reverse transcription.
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HBMC was reverse-transcribed with SUPERSCRIT II RT
(GIBCOyBRL) using oligo(dT) primer. The first-strand
cDNAs were amplified by PCR with primers specific for both
the a-rENaC cDNA (20) and the human a-subunit cDNA
(a-hENaC) (26). For the F1 fragment (see Results and Fig. 1),
the primers were 59-TGAGCCTGCCTTTATGGATGAT-39
(base pairs 1233–1254, sense) and 59-CACTGGCTGCCCAG-
GTTGGA-39 (base pairs 1807–1826, antisense). These primers
were also used to detect the human F1 fragment in HBMC. For
the PF fragment (see Results and Fig. 1), the primers were
59-ATGATGCTGGACCACACCAGA-39 (base pairs 79–99,
sense) and 59-GCGACAGGTGAAGATGAAGTTGCC-39
(base pairs 988-1011, antisense). PCR amplification was car-
ried out for 30 cycles at 948C, 568C, and 728C for 1 min during
each cycle. The products (PF and F1 fragments) of the PCR
reactions were cloned into the PCR II vector (Invitrogen)
(TAyPF and TAyF1) and sequenced.
RT-PCR of the b- and g-Subunits. Poly(A1) RNA (1 mg)

was reverse-transcribed with SUPERSCRIT II RT (GIBCOy
BRL) using oligo(dT) primer. The first-strand cDNAs were
amplified by PCR with primers specific for the rat and human
cDNAs (27, 28). For the b-subunit, the rat primers were
59-TCCTAGCCTGTCTGTTTTGGAACG-39 (base pairs
1803–1826, sense) and 59-CAGAGTCTGTTGGTCAGGGG-
TAGACCC-39 (base pairs 1872–1898, antisense) and the
human primers were 59-AACTGGGGCATGACAGAG-
AAGGCAC-39(base pairs 826–850, sense) and 59-CCCATC-
CAGAAGCCAAACTGGCCA-39 (base pairs 1569–1592, an-
tisense). For the g-subunit, the rat primers were 59-CTT-
CGATGGGATGTCCTGTGATGCC-39 (base pairs 884–908,
sense) and 59-CAGAGCTGGATTATCCTGGCCTTGCC-39
(base pairs 1864–1889, antisense) and the human primers were
59-GGAATCAATGCCATCCAGGAGTGGT-39 (base pairs
686–710, sense) and 59-CATCTCAATACTGTTGGCT-
GGGCTC-39 (base pairs 1576–1600, antisense). PCR ampli-
fication was carried out for 30 cycles at 948C and 568C for 1 min
and 728C for 2 min during each cycle. The products of the PCR
reactions were cloned into the PCR II vector (Invitrogen) and
sequenced.
cDNA Library Screening. A UMR-106.01 cDNA library

cloned into the ZAPII vector (Stratagene) was plated and 5 3
105 plaques were transferred to nitrocellulose filters (Schlei-
cher & Schuell). The filters were hybridized overnight with the
F1 fragment, which was labeled by random priming with
32P[dCTP] (3000 Ciymmol; 1 Ci5 37 GBq; Amersham) in the
hybridization buffer [23 pipes buffer (0.8 M NaCly20 mM
pipes, pH 6.5)y50% formamidey0.5% SDSy100 mg/ml soni-
cated salmon sperm DNA (Sigma)] at 428C. The filters were
washed 2 times for 15 min in 23 SSCy0.1% SDS at room
temperature and 2 times for 30 min in 0.23 SSCy0.5% SDS at
608C. The filters were exposed to Kodak Omat X-AR film at
2708C. Positive plaques on duplicate filters were picked and
rescreened resulting in the isolation of clone B (CB) from the
library. The pBluescript SKyCB (pSKyCB) was excised for
sequencing.
Preparation of Transfection Vector. TAyPF was digested

with NotI and XbaI to create 0.9- and 3.9-kb fragments. The
pSKyCB was digested with NotI and XbaI to make 0.4- and
4.4-kb fragments. The 0.9 kb of the TAyPF fragment and the
4.4-kb fragment of pSKyCB were ligated together by T4 DNA
ligase to form the pSKya-rENaC plasmid. The pSKya-rENaC
contained the full-length coding region of a-rENaC cDNA.
pSKya-rENaC was digested with EcoRV to cut the full-length
coding region of a-rENaC cDNA out of the pSK vector. The
EcoRV fragment encompassed the full-length coding region of
the a-rENaC cDNA and was cloned into the expression vector
pCEP4 (Invitrogen) usingXhoI site as a cloning site, which was
filled in by Klenow enzyme to create a blunt-end site. The
pCEP4ya-rENaC plasmid was sequenced.

Expression of a-rENaC in LM(TK2). LM(TK2) cells were
seeded at a density of about 30% confluence and were
transfected on following day with either the pCEP4 plasmid or
the pCEP4ya-rENaC plasmid using Transfectam (Promega)
according themanufacturer’s instructions. Cells that expressed
the transfected gene were selected with hygromycin B (Boehr-
inger Mannheim) at a final concentration of 600 mgyml in the
culture medium. Cells were seeded in 6-well culture plates
coated with type I collagen (Flexcell International, McKees-
port, PA) for patch-clamp experiments.
Northern Blot Analysis. Poly(A1) RNA was isolated from

LMya-rENaC cells and LMypCEP4 cells with themini-ribosep
mRNA isolation kit (Collaborative Biomedical Products, Bed-
ford, MA). RNA was electrophoresed on a 1% denaturing
formaldehyde agarose gel and transferred to a Nytran mem-
brane (Schleicher & Schuell). The RNA membrane was hy-
bridized with EcoRV fragment of a-rENaC cDNA (corre-
sponding to the full-length coding region of a-rENaC cDNA),
which was labeled by random priming with 32P[dCTP] (Am-
ersham) in hybridization buffer [50% formamidey63 SSPEy
103 Denhardt’s solutiony0.5% SDSy1 3 background
quencher (Tel-Test, Friendswood, TX)] overnight at 428C. The
membrane was washed 2 times for 15 min in 23 SSCy0.1%
SDS at room temperature and 23 for 30 min in 0.23 SSCy
0.1% SDS at 608C. The membrane was exposed to Kodak
Omat X-AR film at 2708C.
Western Blot Analysis. UMR-106.01, LMya-rENaC, and

LMypCEP4 cells were first washed twice with PBS and then
lysed in sample buffer [62.5 mM Tris, pH 6.8y10% glycerol
(wtyvol)y2% SDSy2.5 mM EDTAy2.5 mM EGTAy100 mM
DTTy0.001% bromophenol blue]. The cell lysates were boiled
for 10 min and pelleted in a microcentrifuge for 10 min at 48C.
The supernatants were collected. Protein concentrations were
determined with a Bio-Rad assay kit (Bio-Rad). Protein (100
mg) was loaded in each lane and separated on SDSy8% PAGE
gel. The gel was then electroblotted to a polyvinylidene
difluoride membrane (Millipore) by wet–dry transfer (Enpro-
tech, Natick, MA). Nonspecific protein binding was blocked
with 5% nonfat dry milk powder dissolved in PBS. The blot was
incubated for 3 hr with a 1:1000 dilution of a primary poly-
clonal antibody to a-rENaC, which was generously provided by
Peter Smith (29). Immunoreactivity was detected with perox-
idase-conjugated goat anti-rabbit IgG at a 1:1000 dilution
(Sigma). The immune complex was visualized by an enhanced
chemiluminescence detection kit (Amersham) following the
manufacturer’s instructions.
Patch-Clamp Protocols. Single-channel and whole-cell cur-

rent signals were amplified with a List EPC-7 patch-clamp
amplifier (Adams-List, Westbury, NY), filtered at 1 kHz with
an 8-pole Bessel filter (Frequency Devices, Haverhille, MA).
A Digidata 1200 interface (Axon Instruments, Foster City,
CA) was used to digitize the filtered signal at 2 kHz and data
were stored on the hard drive of a 386DX computer (Dell
Computers, Austin, TX). Data were acquired and analyzed
using the pClamp 6 software suite (Axon Instruments). All
experiments were done at room temperature.
The current–voltage analysis protocol consisted of holding

inside-out patches at a pipet potential of170 mV and stepping
from1100 to2100 mV in 10-mV steps. Each voltage was held
for 4 sec. During the first 2-sec period, no suction was applied
to the pipet and during the last 2-sec period of each voltage
step 240 mmHg suction was applied to the pipet. In between
voltage steps the patch was held at170 mVwithout suction for
2 sec. Current transitions were measured and plotted against
the concurrent holding voltage.
For whole-cell recordings the nystatin perforated patch

technique was used to measure whole cell currents under
voltage-clamp conditions. We added nystatin (400 mgyml) to
a pipette solution containing: 12 mM NaCl, 64 mM KCl, 28
mM K2SO4, 47 mM sucrose, 1 mM MgCl2, 0.5 mM EGTA, 20
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mMHepes (pH 7.3) during sonication to solubilize the nystatin
in aqueous solution. Pipets were frontfilled with nystatin-free
solution and backfilled with the nystatin mixture to perme-
abilize cell-attached patches. This concentration of nystatin
consistently provided access resistances of ,50 MV within
20–30 min of seal formation. We selected cells in confluent
colonies for patching. Negative cell polarization, the persis-
tence of a large capacitive current spike in response to a 20-mV
voltage pulse at the end of the experiment, and the ability to
reseal the patch in the outside-out configuration were used as
criteria to confirm that the perforated patch configuration
remained intact throughout the experimental period. Prior to
data collection the membrane capacitance and series pipet
resistance were compensated. The current–voltage analysis
protocol consisted of holding the nystatin perforated patches
at a pipet potential of 220 mV and stepping from 2100 to
1100 mV in 10-mV steps. Each voltage was held for 4 sec. In
between voltage steps the patch was held at220 mV for 2 sec.
Currents measured during the final 2 sec of each voltage step
were averaged and plotted against the concurrent holding
voltage. Data are expressed as mean 6 SEM.

RESULTS

We used the RT-PCR on poly(A1) RNA from UMR-106.01
cells and HBMC to determine if a-rENaC and a-hENaC
mRNA could be detected. A PCR fragment (Fig. 1A) of the
expected size (0.6 kb) was obtained for the a-subunit from
both rat and human osteoblast cells. Both rat and human PCR
fragments were subsequently sequenced and found to be
identical to previously cloned rat and human a-subunits,
respectively (20, 26). We further examined UMR-106.01 cells
and HBMC for the presence of the b- and g-subunits of rENaC
and hENaC. A PCR fragment was obtained for the b-subunit
from UMR-106.01 cells of the expected size (Fig. 1B, 1.1 kb)
and was subsequently sequenced and found to be identical to
the previously cloned rat b-subunit (20). However, no product
of the expected 0.91-kb size for the b-subunit was detected in
HBMC (data not shown). No evidence for expression of the
g-subunit was found in either UMR-106.01 cells (Fig. 1B) or
HBMC (data not shown). To confirm that the human b-sub-
unit primers were effective in producing PCR products, they

were tested on the UMR-106.01 cells. The human primer
sequences were chosen to be 100% homologous with both the
rat and human published sequences. With these primers we
also obtained bands of the expected molecular weight for
b-rENaC from the UMR-106.01 cells. We feel, therefore, that
species-specific sequence differences of the primers were
unlikely to have caused the negative result for b-ENaC in the
human cells. Based on these results, we decided to concentrate
our efforts on the cloning and expression of the a-subunit,
since it was expressed in both primary cultures of HBMC and
in UMR-106.01 cells.
The F1 PCR fragment (Fig. 2) was ligated into the PCR II

vector for sequencing. The sequence of the F1 fragment was
identical to the a-rENaC cDNA sequence (20). To obtain the
full-length coding region of a-rENaC cDNA, a UMR-106.01
cDNA library was screened using the F1 fragment as a probe.
A positive clone (Fig. 2, clone B) consisted of the sequence
from 566-2360 bp, but was missing the 59 end of the a-rENaC
cDNA. The clone of the 59 end of a-rENaC (Fig. 2, PF) was
obtained using RT-PCR from UMR-106.01 cells poly(A1)
RNA.
To obtain the full-length cDNA coding region, the cloned

PF and B fragments were digested by restriction enzymes and
ligated together. The a-rENaC cDNA was sequenced and
inserted into the pCEP4 expression vector to construct
pCEP4ya-rENaC plasmid. The entire a-rENaC cDNA coding
region from the UMR-106.01 cell line was identical to the
a-rENaC cDNA originally cloned from rat colon (20). Plas-
mids of pCEP4 and pCEP4ya-rENaC were transfected sepa-
rately into LM(TK2) cells. LM(TK2) is a mouse fibroblast cell
line in which no functional SA-CAT activity was observed in
any of 30 normal and pCEP4-transfected cells tested. Cells
transfected with pCEP4 only were designated LMypCEP4 and
those transfected with a-rENaC were designated LMya-
rENaC.
Expression of a-rENaC messenger RNA was verified by

Northern blotting of mRNA from LMya-rENaC cells and was
absent from the parent LM(TK2) cells or LMypCEP4 cells
(Fig. 3A). Expression of the a-rENaC protein was verified by
Western blot analysis, which indicated an '74-kDa protein
(Fig. 3B), consistent with predicted size of a-rENaC protein
previously cloned from rat taste cells and expressed in HEK-
293 cells (30). Both UMR-106.01 cells and LMya-rENaC cells
had a much higher expression of the 74-kDa protein than did
LMypCEP4 cells (Fig. 3B), although the latter did express
trace levels of an immunoreactive protein of similar molecular
weight.

FIG. 1. Analysis of RT-PCR products from UMR-106.01 cells and
primary cultures of HBMC indicating the presence or absence of
expression of a-, b-, or g-ENaC mRNA. (A) Lanes: 1, DNAmolecular
weight markers; 2, expected 0.6-kb a-rENaC product from UMR-
106.01 cell RNA; 3, expected 0.6-kb a-hENaC product from HBMC
RNA. (B) Lanes: 1, DNA molecular weight markers; 2, expected
1.1-kb b-rENaC product from UMR-106.01 cell RNA; 3, no RT
control for b-rENaC product from UMR-106.01 cell RNA; 4, negative
result for the expected 1.1-kb g-rENaC product from UMR-106.01; 5,
no RT control for g-rENaC product from UMR-106.01 cell RNA.

FIG. 2. Schematic maps of a-rENaC cDNA, cDNA cloned from a
UMR-106.01 cDNA library, and RT-PCR fragments from UMR-
106.01 poly(A) RNA. Numbering of bases is according to a-rENaC
cDNA (20). Thick lines indicate the coding region and thin lines
indicate the untranslated region. Restriction enzymes are illustrated by
the smaller text above the bars, with the site of cleavage indicated by
a base pair number in parentheses.

Pharmacology: Kizer et al. Proc. Natl. Acad. Sci. USA 94 (1997) 1015
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To characterize the biophysical properties of the expressed
protein, ion channels were studied in LMypCEP4 and LMya-
rENaC cells using patch clamp techniques. No SA-CAT ac-
tivity was observed in 30-cell attached patches of parent LM
cells or LMypCEP4 cells subjected to pulses of negative
pressure up to 290 mmHg (Fig. 4A). However, stretch-
activated channel activity was observed in 23 of 79 patches
(P , 0.0005) of LMya-rENaC cells (Fig. 4B). Po of the
reconstituted channels was increased in a graded manner with
increased negative pressure on the pipet (Fig. 5). Po was
increased by a maximum of 0.39 6 0.15 (n 5 5, P , 0.05) at
280 mmHg. After observing stretch-activated ion channels in
a cell attached patch, the patch was excised to the inside-out
configuration and subjected to asymmetrical solutions so
current–voltage (I–V) plots could be constructed to determine
the ion selectivity of the channels. Expressed a-rENaC chan-
nels had a conductance of 24.2 6 1.0 pS (n 5 10) when
activated in symmetrical NaCl Ringer’s solutions (Fig. 6A).
The permeability of expressed channels to Na1 when bathed
with symmetrical NaCl solutions was 4.8 3 1028 6 0.5 3 1028

cmysec (n 5 5). The permeability to Na1 decreased to 2.9 3
1028 6 0.2 3 1028 cmysec (P , 0.05, n 5 3) with 75 mM Ca21
bathing the cytosolic side of the membrane. Expressed
a-rENaC channels were nonselective with regard to Na1 and
K1 (PNa:PK of 1.16 0.1, n5 5) (Fig. 6A). The stretch-activated

FIG. 3. (A) Northern blot analysis of a-rENaC mRNA expression.
Each lane contained 2 mg of poly(A1) RNA. Lane 1, LMypCEP4
cells; lane 2, LMya-rENaC cells. Molecular mass markers are shown
on left. Membrane was first hybridized with a-rENaC cDNA probe
(Lower). The same membrane was stripped and reprobed with glyc-
eraldehyde phosphate dehydrogenase cDNA (Upper) to verify equal
mRNA loading. (B) Immunoblot analysis for a-rENaC protein in
UMR-106.01 cells (lane 1), LMypCEP4 cells (lane 2), and LMya-
rENaC cells (lane 3). Molecular mass markers are shown on right.

FIG. 4. (A) Single-channel current records from cell-attached
patches of LM(TK2) fibroblasts. In the parent cell line and LMy
pCEP4 transfected cells no SA-CAT activity was observed at negative
pressures from 0 mmHg to 290 mmHg. (B) LMya-rENaC cells
expressed SA-CAT channel activity at negative pipet pressures greater
than 230 mmHg. Records shown were recorded sequentially during a
2-sec ony2-sec off square wave pulse of regulated negative pressure
applied to the patch pipet through a computer-controlled solenoid
valve. Current level measured when channels were closed is indicated
by C and downward deflections indicate individual channel openings.
The patch was hyperpolarized by 50 mV relative to the cell.

FIG. 5. Increase in channel activity in cell-attached patches of
LMya-rENaC transfected cells plotted as a function of negative pipet
pressure. Data were calculated by comparing NPo before and after a
2-sec square wave pulse of regulated negative pressure applied to the
patch pipet through a computer-controlled solenoid valve. Patches
(n 5 15) were hyperpolarized by 50 mV relative to the cell. All
increases of NPo were significantly different from control (P , 0.05).

FIG. 6. Typical current–voltage (I–V) plots of single channels
observed in LMya-rENaC cells. Pipet solution was constant through-
out experiment and contained: 142 mM NaCl, 5.5 mM KCl, 1 mM
MgCl2, 2 mM EGTA, 8 mM Hepes (pH 7.4). Data were fit to a
modified GHK equation (34), which permitted calculation of PNa and
selectivity ratios for K1, Ca21, and Cl2. (A) Open circles represent
single-channel currents obtained with a bath solution containing: 144
mM KCl, 1 mMMgCl2, 10 mMHepes (pH 7.3). Note that the reversal
potential near 0 mV indicates a selectivity ratio, PNa:PK ' 1. Solid
circles represent single-channel currents obtained with a bath solution
containing: 65 mM NaCl, 5.5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 2
mM EGTA, 154 mM mannitol, 8 mM Hepes (pH 7.4). Note that the
reversal potential shift to more positive potentials was nearly equal to
the theoretical limit of 17 mV indicating a cation-selective channel,
PNa:PCl . 20. (B) I–V plot obtained with a bath solution containing:
75 mM CaCl2, 5.5 mM KCl, 1 mM MgCl2, 60 mM mannitol, 8 mM
Hepes (pH 7.4). The channel had a PNa 5 2.7 3 1028 cmysec and a
PNa:PCa 5 1.2.
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a-rENaC channel was highly selective for cations with a
PNa:PCl . 20 (Fig. 6A). We calculated a PNa:PCa of 1.4 6 0.1
(n 5 3) for expressed a-rENaC (Fig. 6B) indicating that the
channel is capable of conducting calcium currents.
The epithelial sodium channel is inhibited by submicromolar

concentrations of the diuretic amiloride (31, 32). To test for
amiloride-sensitive currents in LM ya-rENaC cells we swelled
cells while maintaining nystatin-perforated patches. When
plasma membrane conductance reached a steady-state subse-
quent to swelling, amiloride (10 mM) was added. In three of six
cells tested an apparent voltage-dependent amiloride block
was observed (Fig. 7), which represented 15 6 6% of total cell
conductance. In the remainder of the LM ya-rENaC cells and
all LMypCEP4 and LM(TK)2 control cells, no significant
amiloride-inhibitable current was observed. Amiloride was not
added prior to swelling because single-channel studies had
shown that SA-CAT does not contribute significantly to the
basal conductance of nonstretched cells. Furthermore, the
amiloride-sensitive component of whole cell conductance is
small enough to require paired measurements for detection
given the variability of whole-cell conductance between indi-
vidual cells.

DISCUSSION

These data show that osteoblast-like osteosarcoma cells
(UMR-106.01) and primary cultures of HBMC express a
protein with identical primary sequence to the a-subunit of the
epithelial sodium channel expressed in rats and humans,
respectively. Furthermore, we have demonstrated through

functional expression of the protein in fibroblasts, that it
manifests itself as a SA-CAT on the plasma membrane. The
epithelial sodium channel is normally expressed as a hetero-
multimer, presumably made up of three homologous subunits
a, b, and g (27). When these subunits have been coexpressed
in Xenopus oocytes they combine to form a plasma membrane
channel that is highly selective for sodium over potassium and
monovalent cations over anions (27). The heteromeric protein
also exhibits the slow gating kinetics with mean open and mean
closed times as long as several seconds and a low conductance
('4 ps) characteristic of the epithelial sodium channel de-
scribed in a number of epithelial tissues and cell lines (27).
However, when a-rENaC is expressed alone forming mono-
meric or homo-multimeric channels or is expressed with either
one but not both of the other subunits, the biophysical
properties are greatly different from those of the hetero-
multimeric sodium selective channel. When rENaC expression
is deficient in either or both of the b- or g-subunits, no
appreciable amiloride-sensitive current is observed (27).
Therefore, it is not surprising that we have not observed
channels resembling the phenotype of the epithelial sodium
channel in osteoblasts or the LMya-rENaC cells. The stoichi-
ometry of a-, b-, and g-subunit combination is unknown for
the hetero-multimeric channel. If heterogeneity exists among
channels with regard to the stoichiometry of subunit combi-
nation, it may be possible for a number of channel phenotypes
to be observed in tissues expressing one or more of the known
subunits including, but not limited, to the phenotype described
here for monomeric or homo-multimeric channels made up
entirely of the a-subunit.
When a-bENaC is inserted into artificial lipid bilayers

without the b- and g-subunits it exhibits characteristics very
similar to those of SA-CAT described in a number of tissues
(17, 24). Notably, there was a striking similarity between the
SA-CAT observed in LMya-rENaC cells and the stretch-
activated and swelling-activated channels found in the osteo-
blast-like cells of the UMR-106.01 cell line. Expressed
a-rENaC channels had a conductance of 24 psec compared
with 28 psec for the swelling-activated osteoblast channel (16).
A similar conductance was also reported for the SA-CAT in
osteoblasts subjected to chronic intermittent mechanical strain
(15). Both the a-rENaC channel and the stretch-activated
channel from osteoblasts were nonselective with regard to Na1

and K1 (14–16). The primary difference in ion selectivity was
that whereas the osteoblast swelling-activated channel had low
selectivity for cations over anions of '6:1 (16), the a-rENaC
channel was nearly ideally selective for cations with a PNa:PCl
. 20. The high selectivity for cations over anions is however
similar to that previously reported for the SA-CAT of osteo-
blasts (14, 16). Both the stretch-activated and swelling-
activated channels of osteoblasts are permeable to calcium as
were reconstituted a-rENaC channels, which had a PCa similar
to that reported for the swelling-activated channel of the
osteoblast (16). However, the permeability of a-rENaC chan-
nels to Na1 was reduced in the presence of high calcium
concentrations unlike that of the swelling-activated channel of
osteoblasts. While we recognize that the effects of 75 mMCa21
on sodium permeability may not be indicative of physiological
regulation, the data are presented to illustrate a biophysical
difference between the expressed channel and the swelling-
activated channel native to osteoblast cells.
To begin to examine the effects of multiple subunit coex-

pression we have cloned and coexpressed the a- and b-subunits
from UMR-106.01 cells in LM(TK2) fibroblasts and, in pre-
liminary experiments, found no differences in channel prop-
erties from those where the a-subunit was expressed alone.
Therefore, it appears that the b-subunit does not change the
ability of the a-subunit to stretch-activate. More work will be
required to determine exactly what role the b- and g-subunits
play in the determination of channel phenotype.

FIG. 7. Representative I–V plots of amiloride-sensitive, whole-cell
currents observed in LMya-rENaC cells. (A) I–V plots of whole-cell
currents prior to (open circles) and after (solid circles) exposure to
amiloride. (B) Plot of the difference in current at each voltage in A to
illustrate the voltage-dependent block observed. Cells were swollen by
exposure to a 185 mOsmykg bath solution containing: 65 mM NaCl,
5.5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 2 mM EGTA, 30 mM
mannitol, 8 mM Hepes (pH 7.4). After the swelling-induced increase
in cell conductance reached steady-state values and control I–V curves
were recorded, amiloride (10 mM) was added. I–V relations recorded
after addition of amiloride were subtracted from control curves and
the resulting difference plots are illustrated.
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The epithelial sodium channel is inhibited by sub-
micromolar concentrations of the diuretic amiloride (31, 32),
whereas mechano-sensitive channels are inhibited by amiloride
concentrations of from 50 mM to 1 mM (32). Preliminary
experiments indicated a small ('5%) amiloride-sensitive cur-
rent across the plasma membranes of osteoblasts subjected to
membrane strain by hypotonic swelling. When LMya-rENaC
cells were swelled, we observed that amiloride (10 mM)
produced a voltage-dependent decrease in plasma membrane
conductance in some but not all cells tested. We chose the
10-mM concentration because the native epithelial sodium
channel would be completely blocked at this concentration
with minimal effect on other cellular processes. However,
when a-bENaC was studied in lipid bilayers the concentration
of amiloride required for one-half maximal inhibition of the
channel was found to be 25 mM (24). The affinity of stretched
a-bENaC for amiloride is therefore much closer to that of the
mechano-sensitive channel of cochlear hair cells and Xenopus
oocytes than that of the epithelial sodium channel (22). If
a-rENaC has a similar sensitivity when expressed in LMya-
rENaC cells, we would expect only about 20% inhibition of
channel activity, producing minimal inhibition of total plasma
membrane conductance (24). We chose not to use a higher
concentration amiloride because it has been shown to enter
cells and have a multiplicity of effects (32, 33). Heterogeneous
expression of a-rENaC within the population of LMya-rENaC
cells may have contributed to the inconsistency of the amilo-
ride block since we could not correlate the a-rENaC expres-
sion level of individual cells with the cells amiloride-sensitive
current. We conclude that the SA-CAT channels observed in
LMya-rENaC cells are subject to a voltage-sensitive block by
amiloride, which is illustrated by the rectification of the
amiloride-sensitive currents illustrated in Fig. 7B. Amiloride
has been shown to block the epithelial sodium channel by
voltage-sensitive binding to the channel protein (31, 32). Note
that a similar rectification would occur under the conditions of
our experiment if the amiloride-sensitive conductance was
sodium selective. We interpret the rectification of the whole-
cell currents as due only to a voltage-dependent block by
amiloride, because we have observed no sodium selective
channels in single-channel patches of LM(TK2), LMypCEP4,
or LMya-rENaC cells. These data indicate that expression of
cloned a-rENaC channels from osteoblasts, like a-bENaC
channels observed in artificial lipid bilayers (24), reconstitute
functional stretch-activated ion channels.
We have demonstrated that the biophysical properties of

expressed osteoblast a-rENaC channels measured in LMya-
rENaC cells are indistinguishable from the SA-CAT channels
described in osteoblasts. These results represent the first
identification at the molecular level and reconstitution of a
SA-CAT from a mechano-sensitive mammalian cell, and they
provide evidence that the ENaCydegenerin family of proteins
are not only capable of mediating transepithelial sodium
transport but are involved in signal transduction by mechano-
sensitive cells such as osteoblasts. The SA-CAT of the osteo-
blast is regulated by membrane strain and participates in signal
transduction pathways leading to regulation of bone growth.
More generally, ENaC may be implicated as a multipurpose
channel, which not only mediates sodium transport in epithe-
lial tissues but may also transduce mechanical signals in other
cell types for such purposes as initiating volume regulatory
responses and sensing fluid flow-through transduction of
membrane strain created by fluid shear at the surfaces of
epithelial and nonepithelial cells. The molecular manipulation
of this channel may provide insight into the developmental and

disease processes of bone growth in humans as well as
mechano-sensitive mechanisms of nonosteogenic tissues.
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