
fore, S ,  cardiophyllum must be assigned 
an EBN of 1. This demonstrates that 
effective ploidy (EBN) differences can 
function as  a barrier to  hybridization 
between diploid species. 

Crosses 5 and 6 (Table 1) indicate that 
the non-tuber-bearing species S. fernan- 
dezianum can also be assigned an EBN 
of 1 (12). Crosses 7, 8, and 9 demonstrate 
that S. commersonii is also 1EBN. This 
is especially remarkable because S ,  com- 
mersonii is sympatric and considered 
closely related to  2x (2EBN) S .  cha- 
coense (6). 

T o  demonstrate the potential useful- 
ness of the EBN concept we applied the 
knowledge of the EBN assignments stat- 
ed above to create a new hybrid. Diploid 
(2n = 2x = 24) S. brevidens is a non- 
tuber-bearing species of Series Etuber- 
osa which crosses readily with S .  fernan- 
dezianum; therefore, it should also be 
1EBN. In crosses of 2x (IEBN) S ,  brevi- 
dens x 2x (2EBN) S. chacoense, the 
hybrid seeds were abortive and the em- 
bryos could not be rescued by embryo 
culture (cross 10, Table 1). However, 
when colchicine-induced 4x (2EBN) S .  
brevidens was crossed with 2x (2EBN) 
S .  chacoense the seeds were much better 
developed (cross 11, Table 1). Without 
special treatment, one hybrid seed ger- 
minated, producing a vigorous plant that 
was clearly hybrid (12) (Fig. 1). Since the 
hybrid seeds did not have completely 
normal endosperm development in the 
4x (2EBN) S. br-evidens x 2x (2EBN) S. 
chacoense cross, either the EBN as- 
signed S .  brevidens is not precisely 1 or 
there are other factors involved in endo- 
sperm development. Employing a meiot- 
ic mutant of 2x ( IEBN)  S. cominersonii, 
which produces 2n pollen and therefore 
delivers 2EBN to the egg and central 
cell, we have also produced hybrids be- 
tween 2x (1EBN) S .  commersonii and 2x 
(2EBN) S .  chacoense. 

We have demonstrated that effective 
ploidy (EBN) barriers exist between dip- 
loid Solanum species and that, with 
knowledge of EBN's ,  ploidies can be 
manipulated (13) to produce new and 
potentially useful hybrids. Since the 
EBN concept is probably applicable to  
many other angiosperm genera (2),  it 
could be employed to break crossing 
barriers between other crops and their 
wild relatives. 
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Changes in the Cell Membranes of the Bullfrog 

Gastric Mucosa with Acid Secretion 

Abstract. The effective area, resistance, and conjguration of the apical and 
basolateral cell membranes of the bullfrog gastric mucosa were studied as afitnction 
of acid secretion m te ,  by alternating-current impedance methods. The drop in 
transepithelial resistance with acid secretion is attributed to the great increase in 
apical membrane area (hence conductance) associated with tubulovesicles. There is 
no evidence of a change in basolateral membrane resistance or of apical metnbmne 
permeability per unit area. 

Acid secretion by the gastric mucosa 
is one of the more spectacular, complex, 
and less well understood epithelial trans- 
port systems. The large morphological 
and electrical changes that accompany 
acid secretion provide clues to its mech- 
anism. With the onset of secretion, there 
is an enormous increase of apical mem- 
brane area due probably (I)  to the fusion 
of intracellular vesicles and tubules into 
the apical membrane (so-called "tubulo- 
vesicles") (2, 3), and a drop in the trans- 
epithelial resistance (R,)  (4). Even in the 
resting mucosa, R,  has the surprisingly 
low value of a few hundred ohm-cm2, 
a value in the range of epithelia with 
leaky junctions, although in other re- 
spects the stomach resembles a tight 
epithelium (5). This low R,  (high trans- 
epithelial conductance) is especially sur- 
prising In view of the low permeability of 
the undamaged stomach to H+ (the so- 
called mucosal permeability barrier, 
whose breakdown is associated with pep- 
tic ulcers). 

Could this high conductance be due to 
large membrane area? Because of tissue 
folding and cell surface elaborations 
such as  microvilli, the true membrane 
area of an epithelium exceeds its nominal 
flat area, often by a large factor. This 
multiplication of area would tend to yield 
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a low R, value normalized to nominal 
area. 

A potentially relevant experimental 
technique is equivalent electrical circuit 
analysis by impedance methods, which 
can yield the apical and basolateral mem- 
brane resistances ( R ,  and Rb) and capac- 
itances (C, and Cb) of the epithelial cells. 
Capacitance values are useful as  an esti- 
mate of the true membrane area, since 
the capacitances of biological mem- 
branes cluster around 1 yF (6). In 
addition, infolded structures such as  lat- 
eral intercellular spaces (LIS) and tubu- 
lovesicles behave as  distributed resistors 
(9 whose electrical properties depend on 
their ratio of cross-sectional area to  
length, so that impedance analysis can 
yield information about ultrastructural 
geometry nondestructively in an unfixed 
preparation. We have developed meth- 
ods for alternating-current (a-c) imped- 
ance analysis of a tight epithelium, the 
rabbit urinary bladder, and found that 
the analysis yielded values of R,, Rb, Ca, 
Cb, and the areallength ratio of the L I S  
in agreement with independent measures 
(8). By extending this approach to the 
gastric mucosa, we hoped (i) to  monitor 
(as C, and Cb) the changes in apical and 
basolateral membrane areas with HCI 
secretion, (ii) to  establish whether the 
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apparently low value of R, just reflects 
the increase of membrane area due to 
gastric crypts, microvilli, and tubulove- 
sicles, and (iii) to examine whether the 
decrease in R, with secretion is due to 
the associated increase in apical mem- 
brane area (reflected in increased C,), or 
whether it implies in addition a mem- 
brane permeability change (reflected in 
decreased R, normalized to C,) or a 
change in basolateral membrane proper- 
ties. 

A 2-cm2 piece of bullfrog gastric mu- 
cosa from the fundic region of the stom- 
ach was stripped of its underlying mus- 
culature and mounted between cham- 
bers, each with a volume of 15 ml. The 
chamber design virtually eliminated edge 
damage (9). The serosal (nutrient) solu- 
tion had the composition 86 mM NaCI, 
5 mM KCI, 1 mM MgC12, 18 mM 
NaHC03, 1 mM NaH2P04, and 10 mM 
D-glucose at pH 7.3. The mucosal (secre- 
tory) solution was nominally buffer-free 
120 mM NaCl maintained at pH 5.0 by a 
pH-stat. Both solutions were gassed with 
a mixture of 95 percent O2 and 5 percent 
C02  and stirred with magnetic fleas. The 
HCI secretion was stimulated by 10-4M 
histamine or inhibited by ~ o - ~ M  cimeti- 
dine, and its rate was measured continu- 
ously by the pH-stat. 

For a-c impedance analysis we used 25 
frequencies of sinusoidal constant cur- 
rent in the range of l Hz to 10 kHz (10). 
The tissue's voltage response was mea- 
sured with a dual-phase phase lock am- 
plifier. Impedance measurements were 
corrected for small phase errors of the 
preamplifier and chamber and for the 
slight frequency dependence of pream- 
plifier gain. Data were represented as 
Bode plots, plots of phase angle and the 
logarithm of the magnitude versus the 
logarithm of the frequency [see (8) for a 
discussion of the advantages of this rep- 
resentation in epithelial impedance stud- 
ies]. A set of experimental measure- 
ments took 12 minutes and was made 
during a period when the acid secretion 
rate was at steady state. 

The following equivalent circuit mod- 
els were used to fit the data (Fig. 1). (i) In 
the simplest model, the lumped one-cell 
model, the apical and basolateral mem- 
branes of the epithelial cells are repre- 
sented as discrete (lumped) parallel RC 
circuit elements. In series with the two 
cell membranes is a series resistance (R,) 
arising from the adjacent unstirred lay- 
ers, connective tissues, and muscle. As 
the gastric mucosa has several cell types, 
in this model it is assumed that there is 
good lateral coupling among cells and 
each RC element represents the mean 
properties of different cell types. Junc- 

tional conductance is assumed negligible 
in this model as well as in the other two 
models (11). (ii) The lumped two-cell 
model differs in that the two major cell 
types, the oxyntic cells and surface epi- 
thelial cells, are considered electrically 
isolated from each other, and each has 
its own values of R,, C,, Rb, and Cb 
(differentiated by superscripts, such as R, 
and R',, for the two cell types). Although 
this model has nine circuit elements, four 
more than the lumped one-cell model, it 
reduces to a seven-element circuit in 
which each element is now a complicat- 
ed function of the original elements and 
no longer has a simple morphological 
counterpart. (iii) The distributed model 
is a one-cell model differing from the 
lumped one-cell model in that both the 
basolateral and apical membranes are 
represented as distributed impedances. 
We model the long and narrow LIS at the 
basolateral membrane and the gastric 
crypts at the apical surface as distributed 
resistors. This model also has seven pa- 
rameters (12). 

The results of 16 sets of impedance 
measurements were fitted to each of 
these three models, and the best-fit cir- 
cuit parameters were calculated by the 
methods described in (8, 13, 14). These 
experiments gave six main results: 

1) The impedance data yield two time 
constants (T = RC) differing by about an 
order of magnitude (about 2 and 20 
msec). The slow T has a higher capaci- 
tance than the fast T .  The capacitance 
values of the slow T and fast T increase, 
respectively, by factors of up to 100 and 
less than 2 with increasing HC1 secretion 
rate. We conclude that the slow and fast 
T values correspond, respectively, to the 
apical and basolateral membranes, be- 
cause electron microscopy shows that 
the apical membrane area exceeds the 
basolateral membrane area (2) and in- 
creases at least tenfold with HC1 secre- 
tion (2, 15), while the basolateral mem- 
brane area changes little with HC1 secre- 
tion [see (12), sentence 31. 

Fig. 1 .  Three alternative equivalent-circuit 
models for the gastric mucosa (see text): (a) 
lumped one-cell model, (b) lumped two-cell 
model, and (c) distributed model. 

2) The lumped one-cell and two-cell 
models give systematic misfits to the 
impedance data, which are eliminated if 
the distributed model is used, though it 
has no more parameters than the lumped 
two-cell model (Fig. 2). A modified F- 
test shows that the two additional param- 
eters that the distributed model pos- 
sesses over the lumped one-cell model 
are highly significant (P 4 The 
lumped models yield not only systematic 
misfits but also unreasonable values of 
the parameters (8). Our remaining dis- 
cussion of parameter values refers to 
those extracted by use of the distributed 
model (16). 

3) The values of Cb have a mean + 
the standard error of the mean of 
99 + 15 FF cm-2 (N = 16), implying 
about 100 cm2 of basolateral membrane 
area per square centimeter of exposed 
chamber area [see (lo), last sentence]. 
This value is in good agreement with the 
value obtained by morphometric analy- 
sis of the oxyntic cells alone, 89 cm2 per 
square centimeter of exposed chamber 
area (2). The origin of this large amplifi- 
cation of membrane area is threefold: (i) 
apical and basolateral membrane areas 
must exceed chamber area because the 
whole epithelium has infoldings, the gas- 
tric crypts; (ii) a smooth cuboidal cell 
would have five times as much basolat- 
eral area as apical area; (iii) the basolat- 
eral cell membranes themselves are ex- 
tensively folded. The extracted Cb is 
relatively independent of HCI secretion 
rate, in agreement with morphological 
findings that the basolateral membrane 
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does not change with acid secretion. 
4) Related to chamber area, Rh is 

41 + 5 ohm-cm2, which would be an 
absurdly low value for a flat epithelium 
without infolding (for example, frog skin 
and rabbit urinary bladder). However, 
when normalized to Cb as a measure of 
real basolateral membrane area, one ob- 
tains 3.5 + 0.6 kilohm-pF (that is, about 
3.5 kilohm for - 1-cm2 real area). This 
value is similar to that for frog skin and 
rabbit urinary bladder (17). The mean R ,  
related to  chamber area is 89 ohm-cm2, 
far lower than for almost any other tight 
epithelium. This value becomes 8.8 ki- 
lohm-pF (- 8.8 kilohm for 1-cm2 real 
area) when normalized to basolateral 
membrane area, a typical value for a flat, 
tight epithelium. Thus, the apparently 
low R,  of the stomach is misleading, 
because 1 cm2 of chamber area corre- 
sponds to 100 cm2 of basolateral mem- 
brane area. The Rh is independent of 
acid secretion rate. 

5) The value of C ,  increases dramati- 
cally with acid secretion rate, from 200 
p F  cm-2 at low rates (below 1 peq H+ 
cm-2 hour-') to over 8000 y F  cm-2 at 
high rates (above 4 peq H+ cm-2 
hour-'). In every individual experiment, 
C, increased when acid secretion was 
stimulated by histamine (four experi- 
ments) and decreased when it was inhib- 
ited by cimetidine (five experiments). 
This increase in C,  with secretion, by 40- 
fold or more, corresponds to  the great 
increase in membrane area with secre- 
tion observed in morphometric studies 
(2). [Quantitative comparison of the fac- 
tor is not possible, because in the mor- 
phometric studies there was no attempt 
to quantify the area of the tubulovesi- 
cles. Morphometric analysis surely un- 
derestimates the actual increase in apical 
membrane area observed during stimula- 
tion (2).] The high C,  value even at  low 
acid secretion rates, - 200 cm2 of apical 
membrane area per square centimeter of 
chamber area, reflects in part the infold- 
ed gastric crypts, in part the tubulovesi- 
cles, many of which are connected to  the 
apical membrane area in the nonsecret- 
ing state in the bullfrog stomach (18). 

6) The value of R ,  normalized to the 
chamber area decreases dramatically 
with acid secretion rate, from 150 ohm- 
cm2 at low rates to  4.6 ohm-cm2 at  high 
rates. But when R ,  is normalized to d i ' a s  
a measure of actual apical membrane 
area, the resulting mean R ,  value of 
25 -+ 4 kilohm-pF (N = 16) is indepen- 
dent of acid secretion rate. Thus, the 
decrease in R ,  with acid secretion is 
largely explained in terms of an increase 
in membrane area: we have no evidence 

Frequency (Hz) 

Fig. 2. Comparison of the fits of the lumped 
one-cell (- - - - - -) and distributed (--- 1 
models to impedance measurements in a gas- 
tric mucosa with acid secretion inhibited by 
cimetidine ( a )  and then stimulated by hista- 
mine (0). The measured values at low ( a )  and 
high (0) secretion rates are very different, the 
lumped one-cell model gives systematic mis- 
fits to the data (especially to the phase angle 
data), and the distributed model gives good 
fits. The same misfits are seen with the 
lumped model in all experiments. The lumped 
two-cell model also gives systematic misfits 
(not shown), somewhat less marked than 
those of the lumped one-cell model. 

for an actual change in conductance per 
unit area or in relative ionic permeability 
coefficients. Related to  actual membrane 
area, the apical membrane has a consid- 
erably higher resistance than the basola- 
teral membrane. 
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