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Summary. Transepithelial impedance-analysis studies were per- 
formed in turtle bladder epithelium in order to measure changes 
in the different epithelial membranes resulting from stimulation 
of electrogenic bicarbonate secretion. Changes in membrane 
conductance relate to changes in ionic permeability, whereas 
changes in membrane capacitance relate to changes in membrane 
area, since most biological membranes exhibit a specific capaci- 
tance o f -  1/xF/cmL The results of this investigation are summa- 
rized as follows: (i) cAMP and carbachol, agents which have 
been shown previously to stimulate electrogenic bicarbonate se- 
cretion, result in increases in apical-membrane conductance and 
capacitance; (ii) these changes occur concomitantly with the ob- 
served change in transport (measured using the short-circuit- 
current technique), thereby suggesting that bicarbonate secretion 
may be regulated in part by changes in the chloride conductance 
of the apical membrane; (iii) the increase in conductance does 
not reflect an increase in the membrane's  specific conductance, 
thereby indicating that it results from the addition of membrane 
possessing similar ionic permeability as the existing apical mem- 
brane; (iv) the magnitude of the changes in capacitance indicate 
that a minor cell population (B-type carbonic-anhydrase-rich 
cells) increase their apical-membrane area by several-fold; (v) a 
lack of transport-associated changes in the basolateral-mem- 
brane parameters suggest that transport is not regulated by alter- 
ations in basolateral-membrane ionic conductance or area; (vi) a 
lack of colchicine sensitivity, coupled with the magnitude of the 
changes in apical-membrane capacitance, indicate that the mem- 
brane remodeling processes are different from those involved in 
the regulation of proton secretion in a different cell population 
(c~-type carbonic-anhydrase-rich cells). 
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Introduction 

Many of the details regarding acid and base trans- 
port by the kidney have been determined from stud- 
ies performed in the urinary bladder of the fresh- 
water turtle. This epithelium possesses transport 
processes for the secretion of protons and bicarbon- 

ate. Electrogenic proton secretion can be stimu- 
lated specifically with CO2 (Gluck, Cannon & A1- 
Awqati, 1982). Bicarbonate secretion is composed 
of two components: one electroneutral and one 
electrogenic (Stetson et al., 1985). Electrogenic 
bicarbonate secretion is stimulated by cAMP, car- 
bachol, and other agents, all of which do not ap- 
parently affect electrogenic proton secretion 
(Schneider et al., 1988). The different sensitivities 
to these agents led to the proposal that the two 
transport processes are functionally distinct. 

Further evidence for this assertion arose from 
morphological studies of the epithelium. The pre- 
dominant cell type observed has a distinct granular 
appearance (Rosen, 1970), but possesses low car- 
bonic-anhydrase (CA) activity. These granular 
cells, which comprise -80% of the cell number, 
have been found to mediate electrogenic sodium re- 
absorption in the epithelium (Schwartz, Bethen- 
court & Rosen, 1982). The remaining -20% of the 
cells were found to be characteristically rich in CA 
and are currently thought to mediate the acid and 
base transport processes. High-resolution electron- 
micrographic studies of these cells resulted in a fur- 
ther subdivision into two morphologically distinct 
cell types (Stetson & Steinmetz, 1985). Alpha-type 
CA-rich cells (~ cells), the major CA-rich cell type, 
possess apical microplicae and a dense population 
of rod-shaped intramembrane particles associated 
with the apical membrane. The o~ cells also exhibit 
morphological changes that are dependent on the 
CO2 tension. The remaining CA-rich cell popula- 
tion, termed/~-type CA-rich cells (/3 cells), do not 
exhibit apical microplicae, possess rod-shaped par- 
ticles within the basolateral membrane, and exhibit 
a morphology that appears independent of CO2 ten- 
sion. Furthermore, stimulation of electrogenic bi- 
carbonate secretion results in morphological altera- 
tions of the B-cells; no effects are observed in the 



212 A. Rich et al.: Bicarbonate Transport in Turtle Bladder 

other cell types (Stetson, 1988). Hence, it has been 
proposed that the o~ cells mediate electrogenic pro- 
ton secretion and that the/3 cells mediate electro- 
genic bicarbonate secretion. 

Impedance-analysis techniques have been used 
to examine the association between electrogenic 
proton secretion and membrane electrical parame- 
ters in the turtle bladder (Clausen & Dixon, 1986; 
Dixon et al., 1986). These techniques allow the de- 
termination of the conductance and the capacitance 
of each of the membranes that comprise the epithe- 
lium. Membrane conductance is proportional to 
membrane ionic permeability, and capacitance is 
proportional to membrane area. Analysis of impe- 
dance, coupled with the simultaneous measurement 
of transport rate using the short-circuit-current 
technique, showed that apical-membrane endocy- 
totic processes were requisite for the inhibition of 
proton transport (Dixon, Clausen & Coachman, 
1988). This confirmed the notion, originally pro- 
posed by Gluck et al. (1982), that regulation of elec- 
trogenic proton secretion involves altering the num- 
ber of apical-membrane proton pumps, via the 
insertion and removal of pump-containing vesicles. 

The purpose of this study was to investigate the 
relationship between changes in electrogenic bicar- 
bonate secretion and changes in the electrical char- 
acteristics of the different epithelial membranes. 
We wished to investigate whether changes in mem- 
brane ionic permeability properties and/or recently 
observed changes in membrane morphology (Stet- 
son, 1988) are involved in the regulation of the rate 
of bicarbonate secretion. Membrane electrical pa- 
rameters were measured by analyzing transepithe- 
lial impedance. Changes in the rates of electrogenic 
bicarbonate secretion were measured using the 
short-circuit-current technique. 

Materials and Methods 

DISSECTION, CHAMBER, AND SOLUTIONS 

Freshwater turtles, Pseudmys scripta elegans, were double 
pithed and the urinary bladders were excised with a minimal 
amount of handling. Hemibladders were mounted in modified 
Ussing chambers designed to minimize edge damage (Lewis et 
al., 1977). The surface area of the chamber was 2.0 cm 2 and each 
half-chamber had a volume of 15 ml. All experiments were per- 
formed at room temperature. 

In all experiments, the mucosa and serosa were bathed in a 
modified Ringer's solution with the following composition (in 
mM): 90 NaC1, 20 NaHCO3, 1.0 NaHzPO4, 0.5 NazHPO4, 3.5 
KCI, 1.0 MgClz, and 1.0 CaCI2. In addition, 2% bovine serum 
albumin (Fraction V, Sigma) and 5 mM D-glucose were added to 
the serosal solution. The mucosal and serosal solutions were 
continuously bubbled with 5% CO2 and gently stirred with mag- 

netic fleas. A small amount of silicon oil (Antifoam A, Dow 
Corning, Midland, MI) was sprayed on the serosal solution to 
control the foam resulting from bubbling the albumin-containing 
solution. Electrogenic bicarbonate secretion was stimulated with 
the cholinergic agonist carbachol, or the membrane-permeable 
cAMP analog 8-bromo-cAMP in the presence of the phospho- 
diesterase inhibitor isobutylmethylxanthine (IBMX). The doses 
of these agents (obtained from Sigma, St. Louis, MO) are de- 
scribed in the text. In a separate series of experiments, colchi- 
cine (Sigma), in doses described in the text, was used to inhibit 
microtubular function. 

ELECTRICAL MEASUREMENTS 

Transepithelial voltage (Vt) was measured differentially using a 
high-speed, high-impedance amplifier (Model 113, Princeton Ap- 
plied Research, Princeton, NJ), connected to a pair of Ag/AgCI 
electrodes mounted close to the preparation. A second set of Ag/ 
AgC1 electrodes mounted at opposite ends of the chamber was 
used to pass transepithelial current. Constant current was gener- 
ated using a calibrated 1-Mf~ carbon series resistor connected to 
the mucosal electrode; the serosal electrode was connected to 
ground. The bladder was held under open-circuit conditions, and 
short-circuit current (I~c) was measured intermittently by passing 
a 500-msec pulse which depolarized Vt to zero. A positive cur- 
rent is defined as one flowing from mucosa to serosa. 

MEASUREMENT OF THE RATE 

OF BICARBONATE SECRETION 

In addition to electrogenic proton and bicarbonate transport pro- 
cesses, the turtle bladder actively reabsorbs sodium via an elec- 
trogenic process. This process was inhibited in all experiments 
by the mucosal addition of 0.1 mM amiloride (Merck, Sharp & 
Dohme, Rahway, N J). Prior to the application of amiloride, V~ is 
mucosal-side negative, thereby reflecting active sodium reab- 
sorption. Application of amiloride rapidly reduces this potential 
which usually reverses in polarity, thereby unmasking electro- 
genic proton and bicarbonate secretion. Eight-bromo cAMP, 
IBMX and carbachol result in an increase in I~c, which has been 
shown to be equivalent to bicarbonate secretion by pH-stat tech- 
niques. In addition, these agents are not thought to affect proton 
secretion (Satake et al., 1983). Hence this increase in I~c was 
used as a measure of the resulting increase in electrogenic bicar- 
bonate secretion. 

IMPEDANCE ANALYSIS 

Transepithelial impedance was measured using the method of 
Clausen and Fernandez (1981). A complete description of the 
technique can be found in Clausen, Reinach and Marcus (1986), 
and its application to the turtle bladder may be found in Clausen 
and Dixon (1986). Briefly, a small-amplitude, constant-current, 
wide-band signal was applied transepithelially. The resulting 
voltage response was filtered, digitized, and recorded by com- 
puter, and the impedance, as a function of frequency, was calcu- 
lated using standard Fourier-analysis techniques. The different 
membrane electrical parameters were determined by fitting the 
data by a morphologically-based equivalent circuit model using a 
nonlinear least-squares curve fitting algorithm. This method has 
previously been shown to result in reliable estimates of apical 
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and basolateral capacitance (Ca and Q) ,  apical and basolateral 
conductance ((7, and Gb), and lateral space distributed resistance 
(Rp) in the turtle bladder (Clausen & Dixon, 1986). 

Membrane capacitance can be used as an indirect measure- 
ment of membrane area since the specific capacitance of nearly 
all biological membranes is remarkably constant at approxi- 
mately 1 ~F/cm z (Cole, 1972). In addition, measurement of mem- 
brane capacitance allows estimation of the specific conductance 
of the membranes by normalizing Go and Gb to unit area (i.e., 
Ga_.o,.~. = G./C~ and Gb ..... = Gb/Cb). Finally, the path resistance 
of the lateral space, Rp, provides an indirect measure of lateral 
space geometry; Rp is directly proportional to lateral-space 
length and indirectly proportional to lateral-space width. 
Changes in Rp are expected to also reflect changes in cell volume 
(e.g., an increase in cell volume might be expected to reduce the 
width of the lateral spaces, thereby increasing R;). 

STATISTICS 

Except where specifically noted, results presented in tabular 
form and in text are reported as mean _+ SEM. Paired and un- 
paired t tests were used to determine the statistical significance 
of observed changes in membrane parameters, where P > 0.05 
was interpreted as indicating "not  significant" (NS). Differences 
or changes in parameters are indicated in the tables and text as A. 

Results 

IMPEDANCE DATA 

Impedance-analysis techniques have been success- 
fully used in the study of electrogenic proton trans- 
port in turtle-bladder epithelium (cf., Clausen & 
Dixon, 1986; Dixon et al., 1986), but it is possible 
that stimulation of electrogenic bicarbonate secre- 
tion might result in data that could not be readily 
analyzed using these same techniques. This was not 
found to be the case. Figure 1 shows representative 
transepithelial impedance measured from a single 
hemibladder stimulated to secrete bicarbonate by 
the serosal and mucosal application of 50/XM IBMX 
(Isc increased by 1.6/xA/cm2). The symbols are the 
measured impedance, and the solid line is the best 
fit by the equivalent-circuit model used in the pre- 
vious impedance studies of electrogenic proton 
transport. 

For each curve fit to the measured data, we 
calculated the Hamilton R-factor (Hamilton, 1964), 
which is an objective measure of the quality of the 
fits. The R-factor is the relative discrepancy be- 

1 Also evident in the data are effects resulting from a small 
series resistance ( -100 l')cm2), which reduces the phase angle at 
high frequencies and causes a high-frequency asymptote in the 
impedance magnitude. This resistance is caused simply by the 
finite resistance of the unstirred layers between the voltage elec- 
trodes and,,ifi~rriembrane surfaces. 
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Fig. 1. A single representative impedance run from a hemiblad- 
der after addition of 50 /zM IBMX to the serosal and mucosal 
bathing solutions. The upper panel shows phase angle and the 
lower panel shows impedance magnitude, both plotted as a func- 
tion of frequency. The line drawn through the points shows the 
resulting fit by the equivalent-circuit model. The agreement be- 
tween the model and the data is typical (see text) 

tween the data and the model-predicted impedance. 
In 206 randomly-selected impedance runs measured 
from 12 different hemibladders, the average R-fac- 
tor was 0.9 _+ 0.3% (mean -+ SD); the R-factor calcu- 
lated for the analysis shown in Fig. 1 was 1.0%. The 
low R-factors indicate that the equivalent-circuit 
model accurately represents the measured impe- 
dance of the tissue. Nevertheless, occasionally we 
observed data that could not be accurately fit by the 
model. These runs were discarded if they resulted 
in R-factors that exceeded 1.5%, a value two stan- 
dard deviations above the overall mean R-factor. 
We should emphasize, however, that this occurred 
rarely; only seven out of the above-mentioned 206 
runs exhibited R-factors greater than 1.5%. 

Other statistical techniques were also used to 
insure that the equivalent-circuit electrical parame- 
ters were well determined by the measured impe- 
dance; these methods are described in Clausen et 
al. (1986). 

MEMBRANE PARAMETERS 

UNDER CONTROL CONDITIONS 

Control values from Tables 1 and 2 were pooled (15 
hemibladders) and compared with values previ- 
ously published. Ga (0.22 -+ 0.03 mS/cruZ), Ga-norm 
(0.10 -+ 0.01 mS//xF), Cb (6.1 + 0.6 /zF/cm2), Gb 
(5.3 + 0.04 mS/cm2), and Rp (225 + 24 f~cm 2) were 
found to be statistically indistinguishable from pre- 
viously reported values (Clausen & Dixon, 1986), as 
judged by unpaired t tests (P > 0.05). However, Ca 
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Fig. 2. /~c (upper panel), Co (middle panel), and Go (lower panel) 
plotted as a function of time from a single representative 
hemibladder. At the point marked IBMX, 50 /~M IBMX was 
added to both the mucosal and serosal solutions. At the point 
marked cAMP, 1 mM 8-bromo-cAMP was added to the serosal 
solution 

(2.1 +- 0.2/zF/cm 2) was lower (P = 0.02) than the 
earlier reported value (3.2 _+ 0.4/~F/cm 2, n = 17), 
which may simply reflect a slightly higher degree of 
mounting stretch of the epithelium. Gb-norm (0.94 -+ 
0.10 mS//~F) is somewhat larger (P = 0.02) than 
previously reported (0.64 -+ 0.07 mS//zF, n = 17), 
but this is not surprising since the composition of 
the bathing solutions is different in the two studies 
(e.g., the earlier study was done using bicarbonate- 
free solutions). 

RESPONSE TO c A M P  AND I B M X  

Cyclic AMP is a known stimulator of electrogenic 
bicarbonate secretion; a representative response to 
an increase in intracellular cAMP is shown in Fig. 2. 
Mucosal and serosal addition of 50 /~M IBMX 
results in an increase i n / ~  (upper panel). Subse- 
quent addition of 1 mM 8-bromo-cAMP to the sero- 
sal solution results in an additional increase in is~. 
Both of these responses are consistent with an in- 
crease in bicarbonate secretion. Two items should 
be addressed regarding the change in Isc shown in 
Fig. 2. First, recall that the increase in I~c is inter- 
preted as an increase in electrogenic bicarbonate 
secretion, but the absolute baseline rate of bicar- 
bonate secretion is unknown. Second, we observed 
variability in the relative response to IBMX and 8- 
bromo-cAMP. In some cases, as is shown in Fig. 2, 
IBMX resulted in a larger increase in Isc than the 
subsequent addition of 8-bromo-cAMP; in other 

cases, IBMX resulted in a relatively smaller in- 
crease in Isc than observed after the subsequent ad- 
dition of 8-bromo-cAMP. In all cases, however, 
both agents resulted in an increase in Isc. 

Concomitant with the observed increase in I~c, 
we also observed an increase in Ca and Ga, and this 
is illustrated in the middle and lower panels, respec- 
tively, of Fig. 2. The increase in Ca and Ga follow 
similar time courses as the increase in Is~. We inter- 
pret these data as indicating a transport-related in- 
crease in apical-membrane area and ionic conduc- 
tance. 

A series of experiments were performed using 
1 mM 8-bromo-cAMP in the presence of 50 /~M 
IBMX. Henceforth, when we refer to results of 
cAMP, we are referring to this experimental condi- 
tion. 

The steady-state response to cAMP in eight 
hemibladders is shown in Table 1. The increase in 
transport was accompanied by a 0.9 + 0.2/zF/cm 2 
increase in Ca, and a 0.13 -+ 0.04 mS/cm 2 increase in 
Ga. However, the increase in Ga did not indicate an 
increase in the specific conductance (hence ionic 
permeability) of the apical membrane, since Ga-,o~m 
failed to increase significantly. These results indi- 
cate that cAMP stimulation results in an increase in 
apical-membrane area caused by the addition of 
membrane possessing similar specific conductance. 
Note that the specific conductance of the added 
membrane can be estimated directly by normalizing 
the increase in Ga (AGa) by the increase in Ca (z~Ca) 
(see Dixon et al., 1986). z~G~/~Ca equals 0.12 +- 0.04 
mS//zF, a value statistically indistinguishable from 
the apical-membrane specific conductance. 

The basolateral-membrane parameters, as well 
as  Rp, did not change significantly after stimulation 
with cAMP, and this is also shown in Table 1. This 
indicates that cAMP-induced stimulation of trans- 
port results in changes in the electrical parameters 
that are predominantly limited to the apical mem- 
brane. In addition, the results also indicate that 
stimulation does not result in a significant change in 
lateral-space morphology, that might otherwise 
result from transport-associated changes in cell vol- 
ume. Recall that changes in lateral-space geometry 
are reflected in changes in Rp. 

RESPONSE TO CARBACHOL 

Carbachol has been reported to stimulate electro- 
genic bicarbonate secretion in the turtle bladder via 
a mechanism involving the phospho-inositol cas- 
cade (Schneider et al., 1988). This process is not 
thought to involve cAMP. The effects of serosal 
application of I0 /ZM carbachol in a representative 
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Table 1. Effect of  cAM P  on electrical parameters  ~ 
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1~ C~ G,~ G . . . . . .  Cb G~, Gb ...... Rp 
(/xA/cm z) (/xF/cm 2) (mS/cm 2) (mS/tzF) (t~F/cm 2) (mS/cm 2) (mS/txF) ( ~ c m  2) 

Control - 4 . 2  _+ 3.1 2.0 _+ 0.2 0.19 _+ 0.03 0.10 • 0.01 6.0 _+ 0.9 5.2 ~ 0.6 0.98 • 0.16 229 -+ 32 
cAMP - 0 , 2  • 2.4 2.8 • 0.3 0.32 _+ 0.05 0.11 + 0.01 4.4 • 0.5 4.2 • 0.4 0.97 • 0.05 220 -+ 35 
A 4,0 • 1.0 0.9 • 0.2 0.13 • 0.04 0.01 + 0.01 - 1 . 6  • 0.9 - 1 . 0  • 0.4 - 0 . 0 2  -+ 0.13 - 9  + 22 
P 0.003 <0.0001 0.008 NS NS NS NS NS 

Data  are f rom eight hemibladders .  The first row shows control values.  The second row shows parameter  values  after cAMP- induced  
st imulation of  bicarbonate  secretion.  The third row shows the difference between control and cAMP states.  The last row shows  
probabilities comparing the two states (paired t test). 

Table 2. Effect of  carbachol  on electrical parameters  ~ 

1~ C~ G~ Ga-~o,m Cb Gb Gb . . . . .  Rp 
(/xA/cm 2) (/~F/cm 2) (mS/cm z) (mS/~F)  (p.F/cm 2) (mS/cm 2) (mS/p.F) (12cm z) 

Control - 8 . 3  _+ 2.1 2.3 _+ 0.2 0.26 _+ 0.05 0.11 + 0.02 6.3 +- 0.6 5.4 -+ 0.6 0.90 • 0.12 220 + 39 
Carb. - 3 . 1  • 2.4 2.8 + 0.3 0.37 • 0.06 0.13 - 0.01 6.6 • 0.9 5.2 -+ 0.6 0.84 • 0.11 165 • 44 
dx 5.2 _+ 0.8 0.5 _+ 0.1 0.11 _+ 0.02 0.02 • 0.01 0.3 -+ 0.7 - 0 . 2  -+ 0.7 - 0 . 0 6  • 0.16 - 5 5  • 33 
P 0.003 0.002 0.001 NS NS NS NS NS 

a Data  are f rom seven  hemibladders .  The first row shows control values.  The  second row shows parameter  values  after carbachol-  
induced st imulat ion of bicarbonate  secretion. The third row shows the difference between control and carbachol  states.  The last  row 
shows probabilities comparing the two states (paired t test). 

experiment are shown in Fig. 3. Application of car- 
bachol produces a rapid rise in Is~ (upper panel), 
with time of onset similar to that observed with 
cAMP stimulation. However, in contrast to cAMP, 
the effects of carbachol on Isc are transient; within 
one hour, Is~ returns to control levels (paired t test). 
Concomitant with the rise in Is~, one also observes a 
similar transient increase in Ca (middle panel) as 
well as Ga (lower panel), and both these responses 
follow a nearly identical time course as I~. It is 
interesting to note, however, that both Ca and Ga do 
not return completely to control levels. Seven 
hemibladders exhibited a control value for Ca of 
2.3 + 0.2 txF/cm 2, which, after carbachol, attained a 
steady-state value of 2.6 + 0.2/xF/cm 2 (P < 0.025 
by paired analysis). Similarly, G~ started at a con- 
trol value of 0.26 + 0.05 mS/cm 2 and attained a 
steady-state value of 0.35 -+ 0.07 mS/cm 2 (P < 
0.02). 

Table 2 summarizes the reponses of the mem- 
brane electrical parameters measured at the peak of 
the transient increase in I~ following the serosal 
application of 10 tXM carbachol; the data are from 
seven hemibladders. Carbachol stimulation results 
in increases in Ca and Ga, but the rise in G~ does not 
appear to be caused by an increase in the apical 
membrane's ionic permeability since G~-,o~m showed 
no statistically significant increase. In addition, the 
basolateral-membrane parameters, as well as Rp, 
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Fig. 3. I~c (upper panel), Ca (middle panel), and Go (lower panel) 
plotted as a funct ion of t ime from a single representat ive 
hemibladder.  At  the  point  marked  CARB, 10/xM carbachol was 
added to the serosal  solution. Carbachol  produces  a t ransient  
increase in I~c and the membrane  parameters ,  which differs f rom 
the response  to cAMP which produces  a sustained increase 

showed no transport-associated changes. It is inter- 
esting to note that the peak changes in Iso, Ca, and 
Ga were statistically indistinguishable (unpaired 
analysis) with the sustained increases observed af- 
ter stimulation of transport resulting from cAMP. 
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Isc Ca G ~ G . . . . . .  C b Gb Gb-norm R p 
(tzA/cm 2) (/xF/cm 2) (mS/cm 2) (mS//xF) (b~F/cm 2) (mS/cm 2) (mS/tzF) ( l )cm 2) 

Colch. -11 .1  -+ 2.7 2.0 -+ 0.2 0.23 + 0.03 0.11 -+ 0.01 6.2 -+ 1.7 4.3 -+ 0.6 0.89 -+ 0.20 164 -+ 19 
cAMP - 7 . 9  • 2.8 2.6 -+ 0.2 0.34 -+ 0.04 0.14 _+ 0.01 5.2 -+ 0.7 4.2 -+ 0.4 0.85 -+ 0.08 128 -+ 18 
A 3.3 • 1.3 0.6 • 0.2 0.12 + 0.02 0.02 +_ 0.01 - 1 . 0  +- 1.1 -0 .1  • 0.6 - 0 . 0 4  -+ 0.16 - 3 6  • 10 
P 0.02 0.01 0.001 0.04 NS NS NS 0.01 

a Data  are f rom seven  hemibladders .  The first row shows values after incubation for 2 hr  in 0.1 mM colchicine. The  second row shows 
parameter  values after cAMP-induced  st imulation of bicarbonate secretion in the cont inued presence of  colchicine. The third row 
shows the difference between these  two states.  The last row shows probabilities comparing the two states (paired t test). 

Again, these data are consistent with the notion that 
stimulation of bicarbonate transport is associated 
with increases in apical-membrane area resulting 
from the addition of membrane possessing similar 
specific ionic conductance, and hence ionic permea- 
bility. 

E F F E C T S  OF C O L C H I C I N E  

Colchicine, a microtubule destabilizer, has been 
shown previously to block exocytotic processes in- 
volved in the regulation of proton secretion in the o~ 
cells in the turtle bladder (Gluck et al., 1982). In 
order to investigate whether the observed changes 
in Ca noted above involved microtubular function, 
we performed a series of experiments in hemi- 
bladders pretreated with colchicine. The results 
obtained from seven hemibladders are shown in 
Table 3. 

The hemibladders were incubated with 0.1 mM 
serosal colchicine for two hours. This treatment re- 
sulted in no statistically significant changes in the 
membrane parameters as compared to control 
hemibladders (unpaired analysis comparing Tables 
1 and 3). Colchicine failed to prevent the cAMP- 
induced stimulation in Is~, and the associated in- 
crease in Ca and Ga. Furthermore, the changes in 
the parameters were found to be statistically indis- 
tinguishable from the earlier experiments in 
hemibladders not exposed to colchicine (unpaired 
analysis comparing the changes shown in Table 3 
with those in Table 1). The colchicine-treated 
hemibladders exhibited a small transport-associated 
decrease in Rp after a cAMP stimulation, and a 
small increase in Ga-norm, both of which were not 
observed in the earlier results. These data show that 
0.1 mM colchicine is not effective in blocking the 
transport-associated change in the apical membrane 
parameters, thereby indicating that microtubular 
function is not requisite. The small decrease in R p  

might reflect a slight increase (-20%) in the width 
of the lateral spaces, which is not unexpected since 
colchicine might disrupt the cytoskeleton. 

The effects of other agents which alter the cyto- 
skeleton were not investigated in this study. Note 
that transepithelial conductance is increased by cy- 
tochalasin B (Stetson & Steinmetz, 1983), as well as 
cytochalasin D (unpublished observation), presum- 
ably resulting from disruption of the integrity of the 
tight junctions. The impedance-analysis technique 
requires low paracellular conductance (see Clausen 
& Dixon, 1986). 

Discussion 

The purpose of this study was to investigate the 
relationship between changes in the rate of electro- 
genic bicarbonate secretion and the associated 
changes in the epithelial membrane electrical pa- 
rameters. Transepithelial impedance measurements 
were analyzed to obtain estimates of membrane ca- 
pacitance, which is proportional to membrane area, 
and membrane conductance, which is proportional 
to membrane ionic permeability. Changes in Isc re- 
sulting from either cAMP or carbachol were used as 
an indirect measure of bicarbonate secretion. Recall 
that cAMP and carbachol are thought to stimulate 
transport via different regulatory pathways. 

M E M B R A N E  E L E C T R I C A L  P A R A M E T E R S  

The addition of cAMP results in an increase in Isc 
reflecting an increased rate of bicarbonate secretion 
(Fig. 2), and this increase is temporally associated 
with an increase in Ca and Ga. These findings sug- 
gest that an increase in apical-membrane area may 
be requisite for an increase in transport, hence al- 
teration of apical-membrane area may be the mech- 
anism for cellular regulation of transport. 

Further support for this notion arises from the 
results obtained using a different transport-stimulat- 
ing agent, which causes a different response in Isc. 
Serosal addition of carbachol causes a transient in- 
crease in Isc (Fig. 3), and this response is also ac- 
companied by transient changes in Ca and Ga. Fur- 
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thermore, these changes in the apical-membrane 
electrical properties closely follow the time course 
of the changes in I~c. 

It is interesting to note that the peak increases 
in Is~, Ca and Ga following the application of carba- 
chol are each statistically indistinguishable from the 
sustained increases observed after application-of 
cAMP. Carbachol is thought to bind to a surface 
receptor which ultimately activates the phospho- 
inositol pathway, and cAMP is thought to exert 
its effects via the activation of protein kinase-A 
(Schneider et al., 1988). Hence, the two distinct sig- 
naling pathways appear to stimulate a common dis- 
tal mechanism that regulates electrogenic alkali se- 
cretion. The data are consistent with the notion that 
this mechanism involves altering the number of 
transport elements in the apical membrane, via the 
insertion and/or removal of apical membrane. 

The basolateral-membrane parameters did not 
change significantly after stimulation of bicarbonate 
secretion with cAMP or carbachol. This indicates 
that this transport process is not closely regulated 
by changes in basolateral ionic conductance. A 
plausible means for regulation of transport would be 
by altering the number of proton pumps thought to 
be located within the membrane (see below), via 
endo- and exocytotic processes. We found no evi- 
dence for this, since basolateral capacitance also 
did not change significantly. 

APICAL MEMBRANE IONIC CONDUCTANCE 

The current working hypothesis for bicarbonate se- 
cretion incorporates an apical-membrane C1-- 
HCO3 exchange process in parallel with a chloride- 
conductive leak pathway (Stetson et al., 1985). Bi- 
carbonate is secreted in exchange for chloride, a 
process thought to be electrically silent, whereas 
chloride is recycled across the apical membrane via 
chloride-permeable channels. Active proton reab- 
sorption across the basolateral membrane by a pro- 
ton ATPase is thought to drive the process. The 
observed increase in Ga with increased transport is 
consistent with this proposed model of bicarbonate 
transport; alterations in the apical-membrane chlo- 
ride conductance might be an important regulator of 
transport rate. Our results are consistent with the 
notion that the putative increase in chloride conduc- 
tance results from addition of apical membrane pos- 
sessing ionic channels. The estimated specific con- 
ductance of the added membrane is AGa/ACa and is 
indistinguishable from Ga-norm, the existing mem- 
brane specific conductance. Note, however, that 
we cannot rule out the possibility that the increase 
in Go involves the activation of existing apical- 
membrane channels, coupled with the simultaneous 
addition of membrane which lacks conductive chan- 

nels. Addition or removal of membrane containing 
an electrically-silent C1--HCO~- exchange process 
would not be expected to alter the conductance of 
the membrane. 

EFFECTS OF COLCHICINE 

Stimulation of proton transport in the turtle bladder 
involves the exocytosis of proton-pump-containing 
vesicles with the apical membrane (Gluck et al., 
1982). This process is inhibited by colchicine, 
thereby indicating that microtubular function is in- 
volved. In regards to electrogenic bicarbonate se- 
cretion, colchicine was not effective in blocking 
cAMP-induced increases in Isr These results indi- 
cate that electrogenic bicarbonate secretion is not 
dependent on normal microtubular function. If reg- 
ulation of this process truly involves alterations in 
apical membrane area, then the membrane remodel- 
ing processes appear to be different from those in- 
volved in the regulation of proton secretion. 

CELLULAR HETEROGENEITY 

Recall that the turtle bladder epithelium may be di- 
vided into two major cell types, granular and CA- 
rich cells, which account for approximately 80 and 
20% of the total cell number, respectively. Avail- 
able micrographic evidence indicates that the /3 
cells, which account for roughly 20% of the CA-rich 
cell type, mediate bicarbonate secretion (Stetson & 
Steinmetz, 1985). Hence a small portion of the epi- 
thelial cells, about 5% of the total, are thought to 
mediate bicarbonate secretion. 

Stimulation of bicarbonate secretion with 
cAMP results in a 45 -+ 7% increase in Ca, and the 
peak response observed after stimulation with car- 
bachol results in a 23 - 5% increase in Ca (recall 
that the absolute increases in Ca were not statisti- 
cally different). Clausen and Dixon (1986) showed 
that impedance analysis results in estimates of Ca 
which reflect the capacitance of all the cells in the 
epithelium. It is therefore quite surprising that stim- 
ulation of bicarbonate secretion would result in 
such a large change in Ca, considering that the 
changes are thought to occur in a minor cell popula- 
tion comprising roughly 5% of the cell population. 

This apparent paradox can be investigated by 
consideration of the hypothesis for electrogenic bi- 
carbonate transport mentioned above. Bicarbonate 
is thought to be transported in an electroneutral 
fashion across the apical membrane, and the cur- 
rent measured under short-circuit conditions is 
thought to be carried via a conductive pathway per- 
meable to chloride. Hence this current may be de- 
scribed by 
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I~c = gcl(Ecl - Va) 

where gc~ is the apical-membrane chloride conduc- 
tance, Va is the apical-membrane potential under 
short-circuit conditions, and Ecl is the chloride 
equilibrium potential. The difference Ea - Va can 
be thought of as the net electrochemical driving 
force for chloride exit under these conditions. 

If we suppose for the moment that the trans- 
port-associated increase in Ca is completely unre- 
lated to electrogenic bicarbonate secretion, and if 
we assume that 5% of the apical-membrane area is 
involved in the transport, then we can compute the 
effective driving force, z The estimated apical-mem- 
brane capacitance of the transporting cells (see Ta- 
ble 1) would be 5% of Ca and would equal 0.10/zF/ 
cm 2 of epithelium, gcl could then be estimated as the 
product of this capacitance and Ga-norm and would 
equal 10 / z S / c m  2 of epithelium. The observed 
change in Isc (4.0/xA/cm 2) would therefore require a 
net driving force for chloride exit of 400 inV. 
Hence, electrogenic bicarbonate secretion would 
require an apical-membrane potential estimated at 
close to -450 mV, a nonphysiological value. The 
only resolution to this problem is additional mem- 
brane area, or a significantly higher apical-mem- 
brane specific conductance. 

The question of additional membrane area can 
be addresssed if we assume that the measured in- 
crease in Ca, added to the 5% nominal capacitance 
accounted for by the minor cell type, reflects the 
effective area of transporting membrane. A similar 
calculation can then be used to estimate the driving 
force. In this case, the apical capacitance of the 
transporting ceils is estimated as 1.0/xF/cm 2 of epi- 
thelium (see Table 1). gcl would then equal the prod- 
uct of this capacitance and the specific conductance 
of the inserted membrane (2XGa/ACa, see results 
above), and would equal 120/xS/cm 2 of epithelium. 
Therefore, the predicted net driving force for chlo- 
ride exit would be 33 mV, a physiologically reason- 
able value (cf., Clausen et al., 1986). 

We cannot rule out the possibility that the 
transporting cells exhibit a substantially higher spe- 
cific conductance than Ga-norm, but this conductance 
would have to be at least an order of magnitude 
greater. Since our results show no evidence for a 
dramatic increase in Ga .... m with transport, we be- 
lieve that a far more plausible conclusion is that 
electrogenic bicarbonate secretion is mediated by 
an effective membrane area far greater than that 

2 We also assume that the apical membrane is essentially 
chloride permselective and that the membrane exhibits a linear 
current-voltage relationship. 

accounted for by 5% of the measured apical-mem- 
brane capacitance. If the secretion is mediated by 
the/3 cells, then this would indicate that stimulation 
of transport results in fourfold (carbachol-induced) 
to ninefold (cAMP-induced) increase in the apical- 
membrane area of these cells. 

Substantial transport-related changes in apical- 
membrane area are observed in a number of epithe- 
lia. For example, quantitative microscopy has 
shown that stimulation of proton secretion in turtle 
bladder results in a twofold increase in apical-mem- 
brane area (Stetson & Steinmetz, 1983), and in gas- 
tric mucosa, histamine-induced stimulation of pro- 
ton transport results in a 6- to 10-fold increase in 
area (Forte & Machen, 1986). Note also that in both 
of these preparations the area changes compared 
quantitatively to estimates of Ca derived from impe- 
dance-analysis studies (Clausen, Machen & Dia- 
mond, 1983; Diamond & Machen, 1983; Clausen & 
Dixon, 1986). The question remains whether the 
measured increase in Ca can be accounted for by 
changes in the /3 cells, or whether cAMP and/or 
carbachol result in morphological changes in other 
cell types as well. 

Morphological studies which would permit 
quantitative comparison with our electrical mea- 
surements are currently unavailable. Although Stet- 
son and Steinmetz (1985) did not observe numerous 
intracellular vesicles in the apical regions of the/3 
cells, Stetson (1988) reported that stimulation of 
transport with cAMP resulted in the formation of a 
network of tubular invaginations which extended 5 
/xm into the cytoplasm from the apical membrane. 
This finding is similar to that observed in gastric 
mucosa, which possesses tubulovesicles that fuse 
with the apical membrane upon stimulation of acid 
secretion (Forte & Machen, 1986). Stetson (1988) 
also reported that in turtle bladder the observed 
changes were found only in the/3 cells; cAMP stim- 
ulation produced no observable changes in the other 
cell types. Hence these morphological studies sug- 
gest that the transport-associated increase in capac- 
itance results from an increase in apical-membrane 
area due to the formation of the tubular invagina- 
tions in the/3 cells. In contrast, the transport-asso- 
ciated changes in the ~ cells results from the endo- 
and exocytosis of discrete vesicles (Dixon et al., 
1986). 

Note also that Durham and Nagel (1986) pro- 
vided physiological evidence that stimulation with 
cAMP does not affect the granular cells. In their 
microelectrode study, cAMP had no effect on the 
resistance ratio measured in these ceils. Hence, 
their results also indicate that cAMP-induced stimu- 
lation of bicarbonate secretion is specific to CA-rich 
cells. 
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CONCLUSIONS 

Stetson and Steinmetz (1985) and Stetson et al. 
(1985) suggest that the possibility that proton and 
bicarbonate transport in turtle bladder are both me- 
diated by similar cells that differ in the polarity of 
the specific transport elements; namely, the proton- 
secreting o~ cells possess an apical-membrane pro- 
ton pump, and a Cl--HCO3-exchange process and 
chloride conductance located in the basolateral 
membrane. The bicarbonate-secreting/3 cells have, 
in essence, reversed polarity, with the proton pump 
located in the basolateral membrane and bicarbon- 
ate and chloride membrane transport processes lo- 
cated in the apical membrane. Our results, which 
are consistent with this proposal, provide additional 
information regarding the regulatory processes in- 
volved in electrogenic proton and bicarbonate 
transport. 

In both cases, the limiting membrane conduc- 
tance appears to reside in the apical membrane, 
which possesses a conductance that is several-fold 
lower than that of the basolateral membrane and 
which appears to be the site of regulation of the 
transport processes. Regulation of electrogenic pro- 
ton transport involves alterations in the number of 
proton pumps, whereas regulation of bicarbonate 
secretion appears to involve alterations in chloride 
conductance (and possibly the number of C1-- 
HCO3 exchangers). Some notable differences exist 
between these two membrane remodeling pro- 
cesses. In proton secretion, the magnitude of the 
transport-associated changes in Ca can be ac- 
counted for by a twofold change in area, involving 
endo- and exocytosis and discrete membrane vesi- 
cles. In bicarbonate secretion, the magnitude of the 
changes in Ca appear to result from significantly 
larger alterations in membrane area involving a net- 
work of tubular structures. In addition, the ~ and/3 
cells appear to possess different pharmacology re- 
garding the membrane remodeling processes: o~ 
cells are colchicine sensitive;/3 cells apparently are 
not. 
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