
Activation of Apical Chloride Channels in the 
Gastric Oxyntic Cell 

Oxyntic cells that retain distinct morphological polarity between apical and basolateral 
membranes were isolated h m  the gastric mucosa of the amphibian Nectums. Patch- 
clamp techniques were applied to these cells to identify apical membrane ion channels 
associated with hydrochloric acid secretion. A single class of voltage-dependent, 
inwardly reaifying chloride channels was observed in the apical membranes of both 
resting and stimulated (acid-serrtting) oxyntic cells. Stimulation of the cells with 
dibutyryladenosine 3',Sf-monophosphate and isobutyImethyfxanthine increased chan- 
nel open probability and simultaneously increased apical membrane surface area. This 
chloride channel is probably responsible for elcctrogenic chloride secretion by the 
gastric mucosa and may also participate in the fluid- and enzyme-secretory functions of 
the oxyntic cell, analogous to the chloride channels found in the apical membranes of 
other exocrine cells. 

I N RESPONSE TO THE HORMONES HIS- 

tarnine, acetylcholine, and gastrin, ox- 
yntic cells of the gastric mucosa secrete 

a solution of hvdrochloric acid that has a vH 
of about 0.8 and is isotonic to plasma. 
Secretion is initiated by the fusion of intra- 
cellular membrane vesicles with the avical 
(secretory) membrane, resulting in up to a 
40-fold expansion of the apical membrane 
area in mammals (1). These vesicles contain 
H+- and K+-dependent adenosine 5'-m- 
phosphatase (H+,K+-ATPase), the H +  
pump that exchanges luminal K+ for cyto- 
solic H +  (2). Concurrentlv activated C1- , r 

and K+ transport pathways in the apical 
membrane supply C1- to accompany the 
actively transported H +  and K+ to replenish 

luminal K+ depleted by the ATPase. Al- 
though acid secretion characterizes the oxyn- 
tic cell, the activation of apical C1- permeabili- 
ty pathways is a common phenomenon dur- 
ing the stimulation of most exocrine cells. 

Ion permeability pathways in the apical 
membrane of oxyntic cells from the rabbit 
mucosa have been studied in isolated mem- 
brane vesicles and digitonin-permeabilized 
gasmc glands. Initial studies of vesicles from 
stimulated mucosa indicated that K+ and 
C1- were cotransported (3). However, later 
investigations found that there was a C1- 
conductance alone (4) or that C1- and K+ 
conductances were present in parallel (5). 
Studies of the acid-transporting compart- 
ment in permeabilized rabbit gasmc glands 

Flg. 1. Morphology of isolated ox- A 
yntic cells (A and B) and the activa- 
tion of apical ion channels (C). 
(A) Bright-field photomicrograph 
( ~ 4 0 0 )  of resting cells showing a 
partially dispersed gastric gland 
composed of a rosette of cells sur- 
rounding a lumen. (B) Two isolat- 
ed resting oxyntic cells (left); the 
same cells (right) after 30 rnin of 
stimulation with 1 mM dibutyryl 
CAMP and 0.1 mM IBMX. In both 
panels, the granular-appearing api- B Restlng 
cal membrane is indcated by the - -TI-vp-- 

arrows. (C) The left panel shows a 
single-channel current record (a- 
tered at 3 kHz) for a cell-attached 
patch (at V, = 20 mV) on the 
apical membrane of a resting cell. 
The dashed line indicates baseline. 
The right panel shows a current 1 

record for the same cell after 20 
min of stimulation with 1 mM di- 
butyryl CAMP and 0.1 mM IBMX. Vp=20 m" 
The pipette contained 110 mM 
KCI, 1 mM NaCI, 1 mM MgC12, 
6.01 mM CaCI2, 10 mM EGTA, 
and 10 mM Hepes-KOH @H 7.3). 
The Ca2+ concentration was caku- 
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60 ms 

lated to be 100 nM (9). The bath 
solution was NaCl Ringer. Experiments were performed at 20" to 23°C. 

were consistent with the Dresence of a C1- 
conductance but not of a K+ conductance 
(6). Vibrating probe studies of Nechrrus gas- 
tric mucosa have shown that oxyntic cells 
alone are responsible for electrogenic CI- 
secretion (7). 

We have found that Necturus oxyntic cells 
isolated by enzymatic digestion ii the pres- 
ence of the histamine type3 receptor 
blocker cimetidine retain distinct apical to 
basolateral membrane polarity (8). Stimula- 
tion of these cells results in an increase in 
apical membrane area similar to that ob- 
served in the intact mucosa. Access to the 
exposed apical membrane has enabled us to 
apply single-channel recording techniques 
to investigate the presence of C1- channels 
(9, 10). 

Light microscopy of the isolated oxyntic 
cells revealed clusters of cells surrounding 
the lumen of a partially dispersed gastric 
gland (Fig. 1A). These cells showed distinct 
membrane polarity similar to that found in 
oxyntic cells in situ (I), with a granular- 
appearing apical membrane bordering the 
lumen and with the basolateral membrane 
distant from the lumen being marked by a 
relativelv smooth surface. Concurrent stim- 
ulation bf the cells with dibutyryladenosine 
3',5'-monophosphate (dibutyryl W P )  
(11) and the phosphodiesterase inhibitor 
isobutylmethylxanthine (IBMX) increased 
the apical membrane area (Fig. 1B). The 
time course of this morphological change in 
the isolated cells was similar to that observed 
by microscopy in the intact, isolated am- 
phibian mucosa (1) and is also consistent 
k t h  that for the stimulation-induced in- 
crease in capacitance measured in the intact 
mucosa by impedance analysis (12). 

Recordmgs of currents were obtained for 
a cell-attached patch on the apical mem- 
brane of a resting cell (Fig. lC, left). The 
pipette potential ( Vp) of 20 mV with refer- 
ence to the bathing solution corresponds to 
hyperpolarization of the resting membrane 
potential. Downward deflections of the cur- 
rent trace indicate either the e n w  of cations 
from the pipette into the cell o; anion exit 
from the cell into the pipette. Stimulation of 
the resting oxyntic cei &th dibutyryl W P  
and IBMX progressively increased channel 
activity within 10 to 15 min, with activity 
reaching a plateau at 20 to 30 min (Fig. lC, 
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right). The open probability (Po) of the 
channel, estimated as the ratio of the sum of 
the durations of all the individual channel 
openings to the total time analyzed, for cell- 
attached patches held at a V p  of 20 mV 
increased from (0.2 i 0.1) x (mean 
+ SEM) in resting cells to (5.8 i 2.4) x 

(n = 4; P < 0.001) after stimulation. 
The channel conductance at a Vp between 
20 and 50 mV was 13 i 2 pS (n = 4). The 
time course of the increase in dibutyryl 
CAMP-stimulated channel activity as indi- 
cated bv P, was similar to that of  the onset , - 
of acid secretion in the intact mucosa after 
stimulation (13). 

In 40 cell-attached ~atches  formed on the 
apical membranes of resting cells, which 
were subsequently stimulated with dibutyryl 
CAMP and IBMX, this type of channel was 
the only one observed. Approximately 50% 
of the cell-attached patches on the apical 
membrane of resting cells showed channel 
activity, and 76% of the resting patches 
without channel activity showed activation 
of a channel after stimulation. In total, 88% 
of the patches with acceptable seal resis- 
tances 0 7  gigaohms) had channels, either 
before or after stimulation. 

In cell-attached patches inward currents 
were observed at h$perpolarizing potentials 
(Fig. 2A), and current became outward at 
large depolarizing potentials ( Vp = - 100 
mV). An increase in P, was observed with 
incrkasing hyperpolarization; Po increased 
by almost two orders of magnitude as V, 
was increased from 20 to 50 mV. 

The current-voltage relation (I- I/) for the 
channel was determined (Fig. 2B). We ob- 
tained the membrane potential shown on 
the abscissa by assuming a resting potential 
of -50 mV, a value we determined with 
intracellular microelectrodes and a value that 
is similar to those obtained previously (8). 
Currents through the channel rectified in- 
ward. Single-channel conductance was 10 
pS at depolarizing potentials between 20 
and 50 mV and increased to 46 DS at 
extreme hyperpolarizing potentials between 
-150 and -100 mV. Stimulation of acid 
secretion in the isolated intact e~ithelium 
results in a hyperpolarization of the apical 
membrane of the oxyntic cells (13). Such a 
hyperpolarization would increase the con- 
duct ice  and P, of these channels, both of 
which would contribute to the increase in 
macroscopic conductance of the apical 
membrane (13). The reversal potentiai for 
the channel is -20 mV, different from the 
value of -40 mV observed for K+ channels 
found in the basolateral membranes of these 
cells (9) but close to that expected for a C1- 
channel in a C1- secretory cell with a rela- 
tively high intracellular C1- activity (14). 

A current record was obtained for a cell- 

attached patch on a stimulated oxyntic cell 
with the pipette containing the presumably 
impermeant ions N-methyl-D-glucamine 
gluconate (NMDG glu) (Fig. 2C). At a V p  
of 20 mV, inward currents were again ob- 
served. This activity is only consistent with 
anions exiting from the cell. Similar results 

.2 

were observed when only K+ in the pipette 
solution was replaced with NMDG'. 

We also examined the effect of Ba2+. a 
K+-channel blocker, on excised inside-out 
patches. For a particular patch containing a 
single 19-pS channel and held at a V p  of 20 
mV before and after the addition of 1 rnM 
~ a ~ +  to the bath solution, the size of the 
current steps (0.85 i 0.01 PA), the mean 
open time-(1.5 + 0.1 ms),-and the mean 
closed time (56.4 i 13.6 ms) were all 

loo--- 0.180 
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unaffected by Ba2+. The Po was slightly 
increased in the presence of ~ a * +  from 1.69 
x lop2 to 2.42 x Similar data were 
obtained for two additional experiments. 
Thus, the channel did not exhibit any of the 
effects expected for Ba2+ block of a K+ 
channel. 

Our results indicate that the channels in 
the apical membranes of oxyntic cells are 
C1- channels. The characteristics of these 
channels would favor the efflux of C1- from 
the cytosol, and their activity is modulated 
by voltage and CAMP. Apart from their 
probable function in acid secretion, these 
channels may also be responsible for electro- 
genic C1- secretion and may play a role in 
fluid and pepsinogen secretion from oxyntic 
cells (7, 15). 

We found no evidence for an apical K+ 
channel in oxyntic cells. Such an absence of 
K+ channels is consistent with the observa- 
tions that increasing mucosal K+ concentra- 
tion or addition of 20 mM ~ a ~ +  to the 
mucosal solution did not affect C1- and H +  
secretion in the intact epithelium (16). The 
currently accepted model of HCI secretion 
across the apical membranes of oxyntic cells 
invokes both C1- and K+ conductances in 
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Fig. 2. (A) Single-channel current records (fil- 
tered at 3 kHz) for a channel in a cell-attached 
patch on the apical membrane. The pipette and 
bath solutions were as in Fig. 1C. The dashed line 
indicates baseline. (6 )  The I- V relation of the 
channel shown in (A).  membrane potential, 
shown on the abscissa, assumes an intracellular 
potential of -50 mV (see text). An additional 
point corresponding to a V, of 70 mV, not 
shown in (A), is included. (C) Current records 
(filtered at 500 Hz) of a cell-attached patch (at V, 
= 20 mV) formed on a stimulated cell with a 
pipette containing NLMDG glu. Single-channel 
conductance (G) was 14 pS. 

parallel with an active electroneutral ex- 
change of H +  for K+ by the H+,K+-ATP- 
ase ( 5 ) .  Our data are inconsistent with this 
model, supporting instead a C1- conductive 
channel alone. The absence of evidence for 
an apical K+ channel suggests that K+ exits 
the cell via a nonchannel mechanism. 

Our study also shows that the oxyntic cell 
is a useful model for studying stimulus- 
secretion coupling and membrane fusion. 
Because of the segregation of channel types, 
the oxyntic cell could also have potential 
uses for studies on protein sorting, lateral 
membrane diffusion, and maintenance of 
epithelial cell polarity. 
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The Location of DNA in RecA-DNA 
Helical Filaments 

The helical filament that the RecA protein of Escherichia coli forms around DNA is the 
active apparatus in protein-catalyzed homologous genetic recombination. The actual 
position of DNA within this complex has been unknown. Image analysis has been 
performed on electron micrographs of filaments of RecA on double-stranded DNA 
and on single-stranded DNA to visualize a difference that is consistent with one strand 
of the double-stranded DNA. This localization of the DNA gives additional infonna- 
tion about the unusual structure of  DNA in the complex with RecA protein. 

T HE KEcA PROTEIN OF Escherichia coli 
has been the most extensively studied 
enzyme of general (homologous) ge- 

netic recombination (1-3). In in vitro sys- 
tems this enzyme alone can mediate the 
recognition and strand exchange between 
two homologous DNA molecules, the cen- 
tral events in homologous recombination. 
The biologically active form of the RecA 
molecule, both in vivo (4) and in vitro (5, 
6), is a polymer, and all available evidence 
suggests that the structural framework for 
the strand exchange is a helical polymer of 
RecA that forms around one DNA molecule 
that is either single-stranded or has a single- 
stranded region. Homologous recognition 
and strand exchange then occur when a 
homologous DNA molecule is brought into 
this complex. We report a direct localization 
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of a significant feature that we interpret to 
be the DNA within the complex initially 
formed by R e d  around a DNA molecule. 
This observation, based on conventional 
negative-stain electron microscopy, was 
made possible by image processing that has 
revealed a feature (one strand of DNA) that 
accounts for about 2.5% of the total mass of 
the com~lex. The method we have used is 
both siLple and powerfd and can readily be 
applied to other polymeric protein-DNA 
structures. 

RecA filaments were prepared on both 
single-stranded DNA (ssDNA) and double- 
stranded DNA (dsDNA) in the presence of 
a relatively nonhydrolyzable adenosine tri- 
phosphate (ATP) analog, ATP-$3. Fila- 
ments were negatively stained with uranyl 
acetate, and electron micrographs were tak- 
en on film (Fig. 1).  Images of more than 
100 filament sections (where each filament 
section was typically from 1500 to 3000 A 
long) were scanned with a digital densitom- 
eter, corrected for curvature ( 7 ) ,  and Fouri- 

er-transformed. The Fourier transform of 
the projection of a helical object is nonzero 
everywhere except on layer lines, where the 
spacing of the layer lines is related to the 
pitch of the helices from which they arise 
(8). Three layer lines were extracted from 
each filament transform (Bessel function or- 
der 0, 1, and 2), all arising from the right- 
handed 95 A pitch helix in the RecA fila- 
ment. After filaments with marginal data 
were excluded, two average data sets were 
generated: a RecA-ssDNA set from 44 fila- 
ments and a RecA-dsDNA set from 39 
filaments. The up-down phase residuals (9)  
for each of the individual filaments against 
the average, which is a measure of both the 
polarity of the structure and the quality of 
the data, are shown in Fig. 2. The averaged 
layer line data were then used to generate 
the helically projected density distribution 
of the filament (Fig. 3), which corresponds 
to a cross section of the filament that has 
been averaged along the 95 A pitch helix. 

Because the difference between the two 
data sets has a component that is due entire- 
ly to noise (sample statistics) and a compo- 
nent that is physically meanin@ but small, 
we have generated a difference map that is 
expressed in units of standard errors. To do 
this, we have determined the standard error 
of the mean (SEM) at every pixel in each of 
the two average maps, 

SEM, = 
[(n - 1 ) n 1 ' / ~  

(1) 

where is the density at point iJ in the 
kth map. The standard error at every point 
in the difference map is then: 

The densities in the difference map can then 
be divided by the standard error at every 
point in the difference map to show the 
significance of features. The result is shown 
in Fig. 3, in which only one strong feature 
emerges, with a peak value of 4.8 standard 
errors. This feature is thus quite significant 
statistically, and we interpret it to be one 
strand of the dsDNA and not a conforma- 
tional change of the protein or the staining 
pattern, for-four reasons. 

1) Because the DNA in the RecA-DNA 
complex follows the RecA helix, stereo- 
chemical constraints dictate that the axis of 
the dsDNA cannot be more than 17  A 
radially from the RecA filament axis (10). 
The feature that we observed is centered at a 
radius of about 7 A, consistent with this 
constraint. 

2) The DNA within the Red-DNA 
complex must be accessible to external DNA 
molecules. Parts of DNA in the complex 
with RecA can be methylated by dimethyl 
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