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Summary. Proton secretion in the urinary bladder of the fresh-
water turtle is mediated by proton pumps located in the apical
membrane of carbonic-anhydrase (CA)-rich cells. It has been
proposed that the rate of proton transport is regulated by endo-
cytotic and exocytotic fusion processes which alter the apical
membrane area, and hence number of exposed pumps. Three
techniques were used to study this process. Analyses of trans-
epithelial impedance provided estimates of transport-associated
changes in net membrane area, as well as other electrical param-
eters. Electron microscopy allowed visualization of the endocy-
totic vesicles thought to be involved in the process. Finally,
uptake of a fluorescent fluid-phase marker provided measure-
ments of the rates of endocytosis. We report the following: (i)
endocytotic and exocytotic processes occur primarily in the CA-
rich cells; (ii) inhibition of proton transport resulting from 0.5 mm
acetazolamide (AZ) results in a decrease in the apical membrane
area of approximately 0.47 cm¥cm? tissue; (iii) the apical mem-
brane specific conductance of the CA-rich cells is approximately
220 uS/uF, and possibly represents a Cl- conductance that may
function in counter-ion flow; (iv) the decline in transport follow-
ing AZ is not directly proportional to the decline in apical mem-
brane area, suggesting that changes in pump kinetics are also
involved in the regulation of transport; (v) the CA-rich cells ex-
hibit a high rate of constitutive pinocytosis, and hence membrane
shuttling, which appears to be independent of the rate of trans-
port; (vi) AZ induces a transient increase in the rates of endocy-
tosis and shuttling; and (vii) the transport-associated changes in
apical membrane area may reflect an effect of AZ on a regulated
endocytotic pathway which is distinct from the pinocytotic pro-
cess.
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Introduction

Many details of the process of urinary acidification
by the collecting tubule have been derived from
studies of proton secretion in the turtie urinary
bladder. In this epithelium, proton secretion is an
active process carried out by a proton pump located
in the apical membrane of the tissue [6, 10]. Several

lines of evidence suggest that proton transport is
mediated by carbonic-anhydrase (CA)-rich cells,
which account for approximately 10 to 20% of the
number of cells in the bladder [12, 18]. Although the
dependence of transport on the activity of CA has
previously been well documented [21, 23], the
mechanisms linking the activity of CA to proton
transport are not completely understood.

It has previously been shown from electron-mi-
croscopic studies that treatment of the bladder with
the CA inhibitor acetazolamide (AZ) is associated
with a morphological transformation characterized
by a reduction of prominent microplicae present on
the apical surface of the CA-rich cells [12]. More-
over, using transepithelial impedance-analysis tech-
niques, we have recently reported that AZ causes a
reduction of the ionic conductance of the apical
membrane of the bladder, which could be com-
pletely explained by a reduction in the apical sur-
face area as judged by a decrease in the apical mem-
brane capacitance [2]. These findings raise the
possibility that the inhibition of transport by AZ
involves changes in the surface area of the apical
membrane.

Investigators have recently shown that one
mechanism of regulating the rate of proton trans-
port in this epithelium involves changing the num-
ber of proton pumps present in the apical membrane
of the CA-rich cells [1, 9]. An increase in the num-
ber of pumps could be achieved by increasing ex-
ocytotic fusion of proton-pump-containing cytoso-
lic vesicles with the apical membrane, or by
decreasing the rate of endocytotic removal of apical
membrane. Hence, this raises the possibility that
the surface-area changes noted following AZ may
be indicative of an effect of this agent on the relative
rates of endocytosis or exocytosis in the turtle blad-
der.

The studies presented in this paper were done
to investigate further the relationship between
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changes in the rate of proton transport and apical
membrane electrical characteristics in the turtle
bladder in response to AZ. Moreover, we wished to
investigate endocytosis and exocytosis and their
potential involvement in the regulation of transport
in response to AZ.

Materials and Methods

DISSECTION AND SOLUTIONS

Freshwater turtles, Pseudymys scripta elegans, were double
pithed and the urinary bladder excised with a minimal amount
of handling. All experiments were carried out at room tempera-
ture.

The mucosa and serosa were both bathed in a modified
phosphate Ringer’s solution having the following composition (in
mMm): 110 NaCl, 3.5 KCl, 1.0 MgCl,, 1.0 CaCl,, 1.0 Na,HPO,, and
5.0 p-glucose. The pH was adjusted to 7.0 and the solutions were
bubbled with room air which had been passed through KOH
traps to remove CO,.

Proton transport was inhibited by adding 0.5 mM AZ
(Sigma, St. Louis, Mo.) to the serosal solution. In order to test
the notion that the effects of AZ result specifically from its inhibi-
tory action on CA, in some experiments we added 0.5 mM t-butyl
AZ [2-acetamido-1,3-4-thiadiazole-5-(N-t-butyl)] to the serosal
solution. This chemically allied analogue of AZ is inert in regard
to proton transport and CA activity [14]. The t-butyl AZ was
kindly provided by Dr. T. Maren (Dept. of Pharmacology and
Therapeutics, University of Florida College of Medicine,
Gainesville, Fla.).

In most experiments, 2% bovine serum albumin (Fraction
V, Sigma) was added to the serosal bathing solution [2]. The
albumin was omitted from our initial endocytosis experiments
since it was thought that it might interfere with the determination
of the epithelial protein content. In a subsequent series of experi-
ments, we found this not to be the case, and hence albumin was
included in the serosal solution.

MEASUREMENTS OF THE RATE
OF PROTON SECRETION

The turtle bladder possesses an active Na‘t transport process
which results in a mucosa-to-serosa short-circuit (I;). In all ex-
periments, this transport process was inhibited by the mucosal
addition of 0.1 mM amiloride (kindly provided as a gift from
Merck, Sharpe and Dohme, Rahway, N.J.). Addition of ami-
loride causes a reversal of the polarity of I, and is sometimes
referred to as the reversed short-circuit current, or RSCC. In the
presence of total inhibition of Na* transport, this current has
been shown to be equivalent to the rate of proton secretion [26].
Rates of proton transport will be referred to as positive values of
I, despite the fact that this current is directed from serosa to
mucosa. We should note that amiloride sometimes does not
result in complete inhibition of Na* transport, and hence one can
observe a small residual negative I, after complete inhibition of
proton transport.

TRANSEPITHELIAL IMPEDANCE MEASUREMENTS

Hemibladders were mounted in modified Ussing chambers spe-
cially designed to eliminate mounting damage [13]. The nomi-
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nal surface area of the chamber was 2.0 cm?, and each half-
chamber had a volume of 15 ml. The mucosal and serosal
solutions were bubbled continuously (see above) and gently
stirred using magnetic fleas. A small amount of silicon oil (Anti-
foam A, Dow Corning, Midland, Mich.) was sprayed atop the
serosal bath to control foam production resulting from bubbling
the albumin-containing solution.

Transepithelial voltage (V,) was measured differentially us-
ing a high-speed high-impedance amplifier (model 113, Princeton
Applied Research, Princeton, N.Y.), connected to a pair of Ag-
AgCl electrodes mounted close to the preparation. A second set
of Ag-AgCl electrodes was mounted at opposite ends of the
chamber and used to pass transepithelial current. Constant cur-
rent was generated using a calibrated I M{) carbon series resistor
connected to the mucosal current electrode; the serosal current
electrode was connected to ground. I,. was measured intermit-
tently by passing a 500-msec current pulse which depolarized V,
to zero.

Transepithelial impedance was measured using the method
of Clausen and Fernandez [3]. A detailed description of the tech-
nique can be found in Clausen, Reinach and Marcus [4], and the
details of its use in the turtle bladder can be found in Clausen and
Dixon [2].

MEASUREMENT OF THE RATE OF ENDOCYTOSIS

The rate of endocytosis was measured by a method described by
Reeves, Gluck and Al-Awqati [17]. In these experiments, FITC-
dextran was used as a fluid-phase marker, and its uptake by the
bladder was used to measure the rate of endocytosis. Paired
hemibladders were mounted in modified Ussing chambers with
an exposed surface area of 3 cm?, and mucosal and serosal vol-
umes of 6 ml.

The following experimental protocol was used:

1. The serosal solution was continuously perfused at a rate
of 5 ml/min with the phosphate Ringer’s solution, and the effluent
was collected. The mucosal solution initially contained phos-
phate Ringer’s solution, but was not perfused.

2. The hemibladder was then incubated with mucosal phos-
phate Ringer’s solution containing 50 mg/ml FITC-dextran
(70,000 molecular weight, Sigma). Incubation times of 15 min
were normally used, but in one series of experiments an incuba-
tion time of 45 min was used. The FITC-dextran was previously
dialyzed overnight against a phosphate Ringer’s solution at zero
degrees.

3. Following this incubation, the mucosal solution was re-
moved, and the apical surface of the bladder was washed with
100 ml of ice-cold saline (110 mm NaCl).

4. Following the wash, the apical surface of the bladder was
incubated in 2.5 ml of ice-cold 2 N HCI for one minute in order to
remove any adherent mucous [16]. The apical surface was again
washed with 100 ml of ice-cold saline.

5. The cells were subsequently lysed using 2.5 ml of 0.1%
SDS (Sigma) in 25 mM Tris-HCI (pH 8.0). After one minute in
this solution, the apical surface was lightly scraped with a metal
spatula.

6. The lysate was decanted and mixed by aspiration in a
glass pipette in order to ensure dissolution of any membranes
present. After allowing any remaining particulate matter to set-
tle, the supernatant was decanted. Its FITC-dextran content was
measured. using a fluorescence spectrophotometer (model LS-5,
Perkin-Elmer, Norwalk, Conn.) at an exciting wavelength of 495
nm and an emission wavelength of 520 nm.

In the majority of experiments, the FITC-dextran content
was also measured in a 2.5-ml aliquot of the serosal effluent (total
volume ca. 75 ml). In 46 out of 53 cases, the increase in serosal
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fluorescence was too low to measure. In seven cases, a small
increase was measured (0.6 = 1.1% compared to the apical ho-
mogenate) and suggested the presence of a serosal leak due to
epithelial mounting damage. To rule out the possibility that the
increase in serosal fluorescence was due to transcellular trans-
port of FITC-dextran, we performed a series of experiments
utilizing different chambers specifically designed to eliminate
edge damage [13]. We consistently observed no measurable in-
crease in serosal fluorescence in 20 experiments using these
chambers.

The fluorescent signal of the apical homogenate was con-
verted into a volume of endocytotic fluid by daily constructing
standard curves measuring the fluorescence of known volumes
of FITC-dextran incubation media in solutions containing Tris-
HCl and SDS (see above). Finally, after digestion of the
hemibladder in 1 N NaOH, its total protein was determined by a
protein assay (Bio-Rad Laboratories, Richmond, Calif.). The
rate of endocytosis is expressed as volume per unit time per
weight of protein, or volume per unit time per cm? of tissue.

VALIDATION OF THE FITC-DEXTRAN METHOD

Before using the above method for measurement of rates of en-
docytosis, one must verify that (i) FITC-dextran does not affect
proton transport, (ii) FITC-dextran is selectively endocytosed by
CA-rich cells, and (iii) the HCI and saline washing procedures
remove extracellular marker but do not result in loss of intracel-
lular FITC-dextran. In control experiments, we found that the
mucosal addition of 50 mg/ml of FITC-dextran did not affect I
when the bladder was bathed in phosphate Ringer’s solution. In
addition, we confirmed the findings of Gluck et al. [9] who
showed that FITC-dextran is selectively endocytosed by CA-
rich cells. As shown in Fig. 1, incubation of a hemibladder with
FITC-dextran led to distinctive staining of a group of cells in the
bladder. These same cells were also stained by the pH-sensitive
dye 4-methyl-umbelifferone (4MU) in a manner characteristic of
CA-rich cells [11]. In hemibladders which were initially bathed in
either AZ or t-butyl AZ, the cells which stained positively for
FITC-dextran also costained with 4MU in a manner distinctive
of CA-rich cells. We should note that following a 15-min incuba-
tion with luminal FITC-dextran, uptake of the marker by non-
CA-rich cells was routinely found to be negligible. Finally,
using fluorescent microscopy, we verified that following the HCI
and saline washes, FITC-dextran was retained by the bladder
cells whereas extracellular FITC-dextran was adequately re-
moved. Recall that the HCI and saline washes were performed at
0°C to prevent losses of intracellular marker resulting from ex-
ocytosis.

ELECTRON MICROSCOPY
AND MORPHOMETRIC ANALYSES

Transmission electron microscopy was performed in hemiblad-
ders in order to view endocytotic vesicles. The tissues were
incubated for one hour in a mucosal medium containing 0.3%
horseradish peroxidase (HRP). Fixation was subsequently per-
formed using a solution containing 1.2% glutaraldehyde and in a
67-mM cacodylate buffer (pH 7.2). The tissues were postfixed in
a similar cacodylate buffer solution containing 1.67% OsO,. Both
media also contained 0.05% ruthenium red as an electron-dense
extracellular marker. HRP reaction product was produced using
the diaminobenzidine technique. The preparations were not
stained prior to viewing in order to enhance the effective contrast
of HRP reaction product and ruthenium red. Further details of
the methodology can be found in ref. [15].
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Fig. 1. Fluorescence micrographs (magnification 2000x) of a
hemibladder preparation that was incubated with 50 mg/ml
FITC-dextran in the mucosal solution, and 0.25 mM 4MU in the
serosal solution. The pattern of fluorescence in the left panel
(exciting wavelength of 490 nm) shows that FITC-dextran is
taken up selectively by a population of cells. The right panel
(exciting wavelength of 365 nm) shows that these same cells stain
distinctively with the pH-sensitive dye 4MU in a manner that is
characteristic of CA-rich cells

The surface area-to-volume ratio of endocytotic vesicles
present in the cytoplasm of CA-rich cells was determined by
analyzing electron micrographs. Standard stereological point-
counting techniques were used and are described in detail in ref.
[29]. Briefly, we overlayed each micrograph (magnification of
25,000 to 62,500 diameters) with a 3-mm rectangular grid, and
then counted the number of grid intersections that were con-
tained within vesicle boundaries, and the number of grid line
intersections that crossed into and out of the vesicles. Using
standard formulas [29], we then computed ratios of vesicle vol-
ume (V,) and surface area (S,) normalized by the effective vol-
ume overlayed by the grid. Since in some cases the grid over-
layed extracellular space and/or granular cells (which are devoid
of endocytotic vesicles), V, and S, do not represent vesicle vol-
ume and surface densities normalized to the volume of CA-rich
cells, and hence these values alone are of limited usefulness.
However, their ratio (§,/V,) equals the vesicle surface area-to-
volume ratio which is useful for comparing rates of endocytosis
determined from FITC-dextran uptake with net changes in apical
membrane area determined from impedance analysis. We should
note that the stereological analysis results in area-to-volume ra-
tios which are independent of vesicle geometry.

Results

RESULTS FROM IMPEDANCE ANALYSES

Impedance-analysis techniques allow one to mea-
sure the apical and basolateral membrane conduc-
tances (G, and G,, respectively). These conduc-
tances are proportional to the membrane ionic
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Table 1. Results of inhibiting proton transport using 0.5 mM AZ in six hemibladders?

Isc Ga Ca Ga-norm Gb Cb Gb-norm Rp

(pAlcm?) (mS/cm?) (unF/cm?) (uS/pF)  (mS/cm?  (pF/lem?) (uS/uF) (Qcm?)
Control 6310 023002 30 =04 8=x6 38+0.7 7.7 =06 490 90 232 = 48
0.5mMAZ —-1.1x08 0.14=x001 25 =03 59=8 3607 74 =06 480 =100 245 = 58
A 7406 009=001 04701 22%x2 02+01 029=x0.3 10+ 20 1211
P 0.0001 0.0009 0.005 0.0003 0.1 0.2 0.4 0.2

a The first two rows show mean values (+ SEM) in the control state and after addition of AZ, respectively. The third row
shows the mean difference between the two conditions. The fourth row shows probabilities based on a paired r-test,

comparing the control with the AZ-treated state.

permeabilities, but they are also proportional to the
membrane areas. Measurements of the membrane
areas are needed in order to determine whether
changes in conductance result simply from area
changes (caused by exocytosis or endocytosis), or
whether they reflect changes in membrane specific
conductance (conductance per unit area) thereby
reflecting changes in ionic permeability.

Impedance-analysis techniques also allow one
to measure the apical and basolateral membrane ca-
pacitances (C, and C,, respectively). Membrane ca-
pacitance appears to be proportional solely to mem-
brane area, since nearly all biological membranes
exhibit a specific capacitance of approximately 1.0
wF/cm? [5]. Hence, these measurements not only
allow one to quantify membrane area changes re-
sulting from endocytosis and exocytosis, but they
also allow one to estimate the membrane specific
conductances by normalizing G, and G, to unit area
(i-e-’ Ga—norm = Ga/Ca and Gh—norm - Gb/Cb)

Finally, the turtle bladder possesses narrow lat-
eral space (ca. 10 nM) which result in a significant
resistance in series with the basolateral membrane
and distributed along the lateral spaces. We showed
previously that this resistance (R,) can be deter-
mined using the impedance analysis technique if
one uses a suitable equivalent-circuit model of the
epithelium [2]. R, is proportional to the resistivity
of the lateral-space bathing solution, and is in-
versely proportional to the width of the lateral
spaces. Procedures which cause cell swelling are
expected to result in narrowing of the lateral spaces
thereby increasing R,.

EFFECT OF AZ
ON MEMBRANE ELECTRICAL CHARACTERISTICS

We have previously reported that 50 um AZ results
in a significant decline in proton transport amount-
ing to a 71% reduction in I measured under control
(phosphate Ringer’s) conditions. This was accom-

panied by changes in the membrane electrical char-
acteristics measured using transepithelial impe-
dance-analysis techniques [2]. Namely, we found
that 50 uM AZ resulted in a decrease in G, which
could be fully explained by a concomitant decline in
C, (hence, apical membrane area), since it occurred
without a change in the G, .om. NoO significant
changes were observed in G, C, or R,,.

In these earlier studies, we also found that both
the decline in transport and the decline in C, result-
ing from 50 uM AZ could be readily reversed by
stimulating transport with serosal bicarbonate Ring-
er’s solutions. In these studies, use of a reversible
dose of AZ was important in the validation of the
impedance technique. In the present studies, we de-
cided to use a higher dose of AZ (0.5 mM) in order
to produce maximal changes in proton transport.
Although 0.5 mM AZ inhibits proton transport irre-
versibly, we anticipated that the changes in mem-
brane electrical parameters would be greater, thus
allowing better analysis of the details of the
changes.

As shown in Table 1, changing the serosal solu-
tion from a control phosphate Ringer’s to one con-
taining 0.5 mMm AZ caused a complete inhibition of
I from a control value of 6.3 to —1.1 wA/cm? (this
small negative current probably reflects residual
Na® transport). This amounted to a significantly
greater degree of inhibition (P = 0.02, unpaired ¢-
test) than was observed earlier with 50 um AZ. Sim-
ilar to the findings with the lower dose, we found
that 0.5 mm AZ resulted in a significant decline in
G, and in C,, but the decline in C, (16 £ 3%) was
significantly greater (P = (.02) that than observed
following 50 uM AZ. In contrast to our findings with
the lower dose, 0.5 mM AZ resulted in a significant
reduction in G, om thereby suggesting a reduction
in the apical membrane specific conductance and
hence ionic permeability. No significant changes
were observed in Gy, C), or R, resulting from 0.5 mm
AZ, indicating that its electrophysiological effects
are specific to the apical membrane. -
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TiME COURSE OF THE CHANGES IN
APICAL-MEMBRANE PARAMETERS

Our transport-related changes in C, are consistent
with electron-microscopic studies [12] which show
that AZ causes a decline in apical-membrane sur-
face area in the CA-rich cells. Given the recent data
of Gluck et al. [9] which suggest that the rate of
proton transport in the turtle can be regulated by the
exocytotic fusion of proton-pump-containing vesi-
cles with the apical membrane, or by the endocy-
totic removal of apical membrane, we thought it
possible that the decline in surface area noted fol-
lowing AZ treatment might reflect alterations of the
rates of these processes. If this were the case, then
comparison of the time courses of the decline in /.
and the decline in C, should support this notion.

Figure 2 shows Iy, C,, and G,qorm measured
from a single representative hemibladder and plot-
ted as a function of time. Changing the serosal solu-
tion to one containing 0.5 mM AZ results in a de-
cline in both I, and C, which begin simultaneously.
However, the decline in I is not found to be en-
tirely correlated with the decline in C,. I rapidly
declines over the first 24 min following AZ, corre-
sponding to an 18-uA decrease per uF decrease in
C,. Shortly thereafter, transport is abolished but C,
continues to decrease. We should note that washing
the serosal solution with AZ-free bicarbonate Ring-
er’s solution (see legend, Fig. 2) failed to restore I
and C, to control levels, verifying that 0.5 mm AZ
acts irreversibly.

ENDOCYTOSIS

The electrophysiological data just presented sug-
gest that the observed changes in C, with transport
are mediated by endocytosis and/or exocytosis of
apical membrane. In order to quantify endocytosis,
we measured intracellular uptake of FITC-dextran.
Under control conditions, we found a baseline rate
of endocytosis equal to 0.64 = 0.15 nl/min/mg pro-
tein (n = 7), or 0.46 + 0.05 nl/min/cm? tissue.! Both
these calculations assume that the concentration of
FITC-dextran in the endocytotic vesicles is the
same as that in the mucosal bulk solution. We have
previously shown that hemibladders bathed under

" This rate of endocytosis was measured from bladders in-
cubated with FITC-dextran for 45 min. In hemibladders incu-
bated for 15 min, we measure a mean baseline rate of endocyto-
sis of 0.66 = 0.06 nl/min/mg protein (n = 47), a value which is
indistinguishable from the rate measured using the longer incuba-
tion time (P = 0.5). This suggests that FITC-dextran uptake is
linear and does not saturate over a 45-min period.
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Fig. 2. I, C, and Gupom measured as a function of time in a
representative hemibladder. At the point marked AZ, 0.5 mM AZ
was added to the serosal solution. Note that C, continued to
decline following complete inhibition of transport. At the point
marked CO,/HCOj, the serosa was changed to an AZ-free Ring-
er’s solution that was modified to contain 100 mm NaCl and 10
mm NaHCOs, and was bubbled with air containing 5% CO,. This
maneuver failed to restore transport, and illustrates that 8.5 mm
AZ acts irreversibly

identical conditions exhibited a stable apical mem-
brane capacitance, implying a constant apical mem-
brane area. From these results, we conclude that
there is a continual recycling of apical membrane
involving a shuttling mechanism in which baseline
endocytosis and exocytosis proceed at equivalent
rates.

As a test of our assertion of a continual shut-
tling of apical membrane, we analyzed electron mi-
crographs of hemibladders in an attempt to observe
intracellular localization of HRP, a different fluid
phase marker. Figure 3 shows a micrograph of the
apical side of a hemibladder incubated with HRP for
one hour under control conditions. One clearly ob-
serves intracellular vesicles which have been la-
beled with HRP reaction product only in cells with
prominent microplicae, a morphological character-
istic of CA-rich cells [12, 28]. Hence these results
further support the notion of a continuous baseline
rate of endocytosis.



T.E. Dixon et al.: Transport in Turtle Bladder

Fig. 3. Electron micrograph showing a cell with prominent apical membrane microplicae characteristic of the a-type CA-rich cells.
Also seen are portions of bordering cells exhibiting more planar apical membranes (arrows), which are characteristic of granular cells.
Prior to fixation, the hemibladder was bathed with a solution containing HRP. During fixation, the solution contained ruthenium red.
Observe the intracellular vesicles that show electron-dense HRP reaction product. The micrograph is from an unstained preparation

For purposes of comparing our measured rates
of baseline shuttling with those reported in other
tissues, it is useful to normalize the rate of endocy-
tosis to cell volume and apical membrane area. It
has previously been reported that the hemibladder
cells contain approximately 4.2 ul cell water per mg
cell protein [7], and that the CA-rich cells account
for approximately 10 to 20% of the total cell number
[12]. If we assume that all cells contain approxi-
mately the same amount of cell water relative to
protein content, then we calculate that the uptake of
fluid amounts of approximately 0.08 to 0.2% of the
cell volume each minute.

In order to calculate the rate of membrane turn-
over requires estimates of the average arca-to-vol-
ume ratio of the vesicles in the CA-rich cells, and
this was determined using stereological point-
counting techniques. We analyzed five electron mi-
crographs obtained from a total of four different
hemibladders. Our analysis was restricted to 227
vesicles that were located within § um of the apical
membrane. The majority of these vesicles were
clearly labeled with HRP reaction product, but a
few (<10%) were unlabeled but in close proximity

to labeled vesicles. A statistical analysis (see ref.
29) allowed us to estimate the precision in our esti-
mates of S, and V, for each of the micrographs. The
mean accuracy in the determination of S, and V,
was 9.5% (range 8 to 13%) and 11% (range 6 to
17%), respectively.

We obtained a mean value of the vesicle surface
area-to-volume ratio of 2.8 = 0.2 X 10° cm?%cm?,
and from this we calculate a turnover of apical
membrane of 0.13 ¢cm¥min/cm? tissue. Finally, the
value for C, (Table 1) indicates that the total epithe-
lial surface area is approximately 3 ¢cm?*cm? tissue,
and micrographic estimates of relative cell number
and apical membrane amplification [27] indicate
that roughly 30% of this area is accounted for by the
CA-rich cells. Hence the amount of membrane that
is shuttled each minute is equivalent to nearly 15%
of the CA-rich cell apical membrane area.

EFFECT OF AZ oN RATES OF ENDOCYTOSIS

The rates of endocytosis were measured in paired
hemibladders after the addition of 0.5 mM AZ to
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Table 2. Endocytotic uptake of FITC-dextran following application of 0.5 mm serosal AZ?

Time period FITC-dextran uptake (nl/min/mg protein)
n Control Experimental P
0 to 15 min after AZ 6 0.67 + 0.21 0.86 = 0.25 0.24
15 to 30 min after AZ 12 0.65 = 0.09 1.11 = 0.23 0.03
75 to 90 min after AZ 7 0.90 = 0.20 0.88 = 0.15 0.43
15 to 30 min after t-butyl AZ 5 0.69 = 0.29 0.80 = 0.36 0.15

+ The column labeled Control is the mean uptake rate (= SEM) in the control hemibladder, and the
column labeled Experimental is the corresponding rate in the paired AZ-treated hemibladder. The
column labeled P is the probability, based on a paired ¢-test, comparing the two states. For the 0 to 15
min period, /. decreased from 11 = 1 to 3.3 = (.0 uF/cm?. For the 15 to 30 min period, /. decreased
from 3.9 + 0.6 to 0.83 =+ 0.44 pA/cm?. I was essentially zero throughout the 75 to 90 min period. The
last row shows that t-butyl AZ has no effect on the rate of endocytosis.

each experimental hemibladder?, and the results of
these experiments are shown in Table 2. In the first
15 min following application of AZ, the rate of
transport decreased by 69%, but no difference in the
rate of endocytosis was noted. In the 15- to 30-min
period, transport declined to near zero, and the rate
of endocytosis nearly doubled. Finally, after total
inhibition of transport (75 to 90 min after application
of AZ), the rate of endocytosis was found to be
indistinguishable from the control rate (P > 0.8,
unpaired z-test). A chemically allied AZ derivative,
t-butyl AZ, lacks the ability to inhibit CA and had
no effect (P > 0.8) on either proton transport or the
rate of endocytosis.

We conclude that inhibition of transport with
AZ produces a transient increase in the rate of en-
docytosis which is specifically related to the ability
to AZ to inhibit CA activity. Although in the first 15
min after application of AZ we find a significant
decline in transport and no significant change in the
rate of endocytosis, we do not believe that this truly
represents a dissociation between the processes.
We suspect that the inability to observe a change in
the rate of endocytosis during this initial time period
simply reflects poor time resolution of the method.
This most likely results from the time required for
FITC-dextran to cross the mucosal unstirred layer,
coupled to the time lag (ca. 5 min, or one-third the
FITC-dextran incubation period) between the sero-
sal addition of AZ and a noticeable decrease in I
and C,,.

2 Tn this series of experiments, the hemibladders were main-
tained in the short-circuited state, and the serosal solution did
not contain albumin. The control rates of endocytosis did not
differ significantly (P = 0.3, unpaired r-test) from hemibladders
bathed in a serosal solution containing albumin, and maintained
under open-circuit conditions.

EFFECTS OF AZ ON MEMBRANE SHUTTLING

The results presented so far show that the applica-
tion of AZ causes a transient increase in the rate of
endocytosis, as well as a net decrease in the apical
membrane area as reflected by a decrease in C,. In
the baseline state, we found a continual shuttling of
apical membrane in which the rates of endocytosis
and exocytosis were equivalent. In view of this,
we wanted to determine whether AZ solely af-
fects the rate of endocytosis, or whether the rate
of exocytosis (and hence shuttling) is altered as
well.

The application of AZ results in a 0.47 uF/cm?
decrease in C, (Table 1) that is complete within ca.
45 min. Assuming that the specific capacitance of
the apical membrane is 1 pF/cm?, then this would
indicate that AZ results in the internalization of api-
cal membrane amounting to 0.47 cm%cm? tissue. If
AZ results solely in an increase in the rate of endo-
cytosis, then the increase in volume uptake of
FITC-dextran should account for the decrease in
apical membrane area.

We measured FITC-dextran uptake over 45 min
in 7 paired hemibladders mounted under identical
conditions as the impedance studies. One member
of each pair was treated with 0.5 mm AZ, and the
other served as a control. AZ induced a significant
increase in FITC-dextran uptake of 9.4 = 4.0 nl/cm?
(P = 0.03) compared to the control level. Using the
vesicle surface area-to-volume ratio (see above),
this uptake corresponds to a membrane area uptake
of 2.6 cm?cm? tissue. Since this value is more than
fivefold higher than the net decrease in surface area
determined from C,, this result indicates that the
increase in endocytosis is also accompanied by a
transient increase in the rate of exocytosis, and
hence shuttling.
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Discussion

CELLULAR HETEROGENEITY

The turtle bladder possesses two major cell types,
granular cells which are thought to be responsible
for Na* transport, and CA-rich cells which are
thought to mediate proton transport. Recently,

Stetson and Steinmetz [28] presented evidence indi- -

cating that in fact the population of CA-rich cells
can be further subdivided into two distinct popula-
tions: « cells which mediate proton transport, and 3
cells which mediate HCO5 transport. Thus due to
this heterogeneity, one must be cautious that the
changes in the transport parameters noted in this
study truly represent changes occurring in the cell
type of intersect.

Clausen and Dixon [2] provided evidence that
the transepithelial impedance studies yielded elec-
trical parameters representative of the combined
properties of the different cells. Importantly, they
showed that maneuvers that are expected to affect
specifically the CA-rich cells and proton transport
resulted in changes of impedance-determined pa-
rameters which compared favorably to the expected
changes obtained from morphological studies.
Moreover, we verified that the endocytosis of
FITC-dextran was specific to CA-rich cells, as de-
termined by fluorescent microscopy. We also
showed that endocytosis per se was specific to CA-
rich cells, as determined by electron microscopic
studies involving HRP uptake. Finally, AZ has been
shown to affect only the CA-rich cells, since in iso-
lated cells, it reduces the rates of metabolism only
in CA-rich cells [22], and since it causes morpholog-
ical transformations only in cells with prominent
microplicae, a characteristic of the a-type CA-rich
cells [12, 28]. Therefore, we feel that the values
determined in this study regarding rates of endocy-
tosis and alterations of membrane area reflect prop-
erties specific to the CA-rich cells.

MEMBRANE ELECTRICAL PARAMETERS

In Table 1, we showed that inhibition of transport
with 0.5 mm AZ resulted in changes of the electrical
properties of only the apical membrane. The result-
ing decrease in C, is supported by morphological
data which show a decrease in the apical membrane
area of the CA-rich cells. Although a concomitant
decrease in G, would also be expected due to this
decrease in exposed membrane, the measured de-
crease in G, pom 1S Unexpected since this is a mea-
sure of the specific conductance of the apical mem-
brane. There are three possibilities to explain this
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apparent AZ-dependent decrease in G, porm: an AZ-
induced decrease in the apical membrane perme-
ability of the CA-rich cells, a change in the net elec-
trochemical gradients across the apical membrane
of the CA-rich cells, or different specific conduc-
tances of the apical membranes of the granular and
CA-rich cells.

We find no reported evidence in other tissues
that AZ decreases membrane ionic permeability, in-
dicating that it does not block conductive channels.
Furthermore, t-butyl AZ, a closely related deriva-
tive of AZ, has no effect on transport in turtle blad-
der, and this would not be expected if AZ-related
compounds blocked ionic channels. Finally, even
though AZ is known to reduce proton pump activ-
ity, either directly or indirectly, this would not be
expected to alter the measured specific conduc-
tance [2]. The impedance analysis only produces
small (ca. = S mV) membrane voltage perturbations
which are not expected to alter measurably the
pump currents.

We cannot discount the possibility that AZ
results in changes in the net electrochemical gradi-
ents across the apical membrane. AZ has been
shown to increase intracellular pH [24], and this is
expected to result in an increase in intracellular
HCOs . In addition, the basolateral membrane of the
CA-rich cells are known to possess a CI-HCO;3
exchange process [8], and hence an increase in in-
tracellular HCO; would also be expected to in-
crease intracellular Cl-. However, if the apical
membrane of the CA-rich celis exhibited a perme-
ability to HCO3 [19] and/or Cl-, then an increase in
the intracellular activities of these ions would be
expected to increase, not decrease, the membrane’s
specific conductance [20]. We therefore find it un-
likely that the decrease in G, ,orm can be explained
solely by alterations in intracellular ionic composi-
tion. AZ is expected to change the apical trans-
membrane potential resulting from changes in intra-
cellular composition, and/or from changes in elec-
trogenic pump activity. If the apical membrane pos-
sesscs a nonlinear //V relationship, then these
changes could alter G, 4orm, but it is difficult to pre-
dict whether G0 Would increase or decrease.

We suspect that the AZ-induced decrease in
G 4norm TesUlts from different specific conductances
of the apical membranes of the CA-rich and granu-
lar cells. In our studies, G, and C, reflect the com-
bined conductances and capacitances of the two
cell types [2], hence G, o represents a weighted
average of the apical specific conductances of the
two cell types. Given this information, it becomes
clear that a selective decrease in the amount of ex-
posed apical membrane of the CA-rich cells would
lead to a value of G,orm Which more closely ap-
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proximates the specific conductance of the granular
cells. Since G,.orm decreased from 82 to 59 uS/uF
after AZ, we conclude that specific conductance of
the CA-rich cells is higher than that of the granular
cells, and that the specific conductance of the gran-
ular cells must be less than 59 uS/uF. Moreover,
assuming that AZ does not alter the specific con-
ductances of either cell type (see above), the abso-
lute changes in G, and C, (AG, and AC,) following
AZ can be used to estimate the apical membrane
specific conductance of the CA-rich cells. This
value is calculated as AG,/AC, and equals 220 = 50
uS/uF. We should note that in these studies, the
granular cells are expected to exhibit a low apical
membrane conductance since Na* transport was in-
hibited with 0.1 mM mucosal amiloride.

It is interesting to note that the apical mem-
brane specific conductance of the CA-rich cells ap-
pears to be independent of the dose of AZ. The
above value of 220 uS/uF was determined from tis-
sues treated with 0.5 mMm AZ. In our earlier study
where transport was inhibited using 50 um AZ (2],
we reported decreases in G, and C, (AG, and AC,)
of 40 uS/cm? and 0.2 uF/cm?, respectively, and
from these values we calculate a specific conduc-
tance of 200 uS/uF. Note that in these earlier stud-
ies using 50 uM AZ, we found that the resulting
decrease in G,.norm Was not significant (P = 0.08).
We now suspect that the failure to observe a signifi-
cant decrease simply reflects smaller relative
changes of apical membrane area. We have no rea-
son to believe that the action of AZ is qualitatively
different at the different doses.

It is unclear at this time as to the significance of
the apparent apical membrane conductance of the
CA-rich cells. We suspect that it represents a Cl~-
conductance that might function in counter-ion
transport when the bladder is under open-circuit
(e.g., in vivo) conditions. The available reports on
the effect of C1~ on proton transport were done un-
der short-circuit conditions [8] and also did not ad-
dress the possible role of the apical membrane Cl~-
conductive pathway. Hence further studies are
required to investigate this issue.

TiME COURSE OF TRANSPORT INHIBITION

The regulation of proton transport in turtle bladder
is thought to involve, at least in part, alterations in
apical membrane area. However, studies to date
have been unable to follow the time course of this
process. We hoped to be able to correlate the de-
crease in apical membrane area, as reflected in C,,
with the decrease in I, following inhibition of trans-
port with AZ.
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We consistently observed that following treat-
ment with 0.5 mmMm AZ, the decline in proton trans-
port and the fall in C, begin at approximately the
same time, and this would be expected if the decline
in proton transport was regulated by removal of
proton-pump containing vesicles. However, we
found that after complete inhibition of transport, C,
continued to decline, indicating that the regulation
of the rate of transport may not be solely dependent
on changes of apical membrane area. In interpreting
these results, one can consider two basic factors
which may contribute to the regulation of transport
following AZ: the number of functioning pumps,
and the activity of each individual pump. We can
then speculate on at least two possibilities to ex-
plain the apparent dissociation between the declines
in /. and C,.

The decline in transport may involve removal of
membrane which contains varying densities of pro-
ton pumps. This leads one to postulate that during
the early phase of reduction of transport, regions of
apical membranes possessing a high density of
pumps are selectively endocytosed, and during the
later stages of inhibition, the membrane being re-
moved is relatively devoid of pumps. It has been
shown that all the endocytotic vesicles are acidic
[9], suggesting the presence of proton pumps, but
this alone does not provide evidence of a distribu-
tion of vesicles possessing different numbers of
pumps.

Alternatively, the rate of proton transport may
be influenced not only by changes in the number of
pumps, but also by changes in the kinetics of the
individual pumps. The early phase of inhibition may
involve a decrease in the activity of the pumps re-
sulting from changes in factors such as intracellular
pH. Concomitant with the reduction in activity,
there could occur an increase in endocytotic re-
moval of membrane containing the pumps. The in-
creased endocytosis could be triggered by the same
factor(s) which alter pump activity and merely ex-
hibit a different time course than the effect on trans-
port. Alternatively, factors that are related to the
activity of the pumps, such as the membrane poten-
tial, could provide the signal for increased endocy-
tosis.

EnpDOCYTOSIS AND EXOCYTOSIS

We measured a significant baseline rate of endocy-
tosis under control conditions that was localized in
the CA-rich cells. Under these conditions, C, re-
mained stable, indicating that the endocytotic pro-
cess must be coupled to an equivalent rate of exocy-
tosis. This describes an apical membrane shuttling
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process occurring under baseline conditions. We
should note that Gluck et al. [9] have previously
suggested the existence of membrane recycling, and
our results are consistent with their findings.

We suspect that this shuttling process repre-
sents continual pinocytotic activity of the CA-rich
cells. We came to this conclusion by considering
two sources of information. First, the size of the
vesicles in the CA-rich cells is similar to that of
pinocytotic vesicles found in other cells. For exam-
ple, we measure a mean vesicle area-to-volume ra-
tio of 2.8 X 10° cm¥cm?, and in macrophages [25]
we calculate a pinocytotic vesicle area-to-volume
ratio of 2.2 x 10° cm%*cm? (assuming spherical ge-
ometry). Second, the rate of cell volume turnover in
the Ca-rich cells amounts to 0.08 to 0.2%/min,
which is comparable to rates of 0.07 to 0.4%/min
measured in other cells exhibiting pinocytosis [25].
We should note that our estimates of the rates of
pinocytosis were determined solely from apical
membrane uptake of FITC-dextran, and amounts to
a recycling rate of about 15% of the apical mem-
brane area each minute. Although this rate of mem-
brane turnover appears to be significantly higher
than that measured in other cells exhibiting pinocy-
tosis (1 to 3%/min, ref. 25), those rates were calcu-
lated for the entire cell and in addition are not nor-
malized by cell size. Hence the absolute rates of
membrane turnover per cell may in fact be compa-
rable.

The question that now must be addressed is
whether or not this pinocytotic process in the CA-
rich cells is intimately involved in transport. We can
dismiss the possibility that proton transport is medi-
ated by mucosal release of acidic intravesicular
contents for two major reasons. First, proton trans-
port is known to be electrogenic. Second, although
the vesicles are known to be acidic (ca. pH 5, ref.
9), in order to account for the measured rates of
transport, the vesicle turnover rate would have to
be over six orders of magnitude greater than that
which is measured.

Following inhibition of transport with AZ, we
observe a decrease in C, and hence apical mem-
brane area. This is mediated by a transient increase
in endocytosis, peaking 15 to 30 min after AZ. The
increase in the rate of endocytosis amounted to a
membrane area uptake that far exceeded the mea-
sured decrease in apical membrane area. Therefore,
the increase in endocytosis must be accompanied
by an increase in exocytosis, and hence shuttling.
After complete inhibition of transport, apical mem-
brane area stabilizes at a lower value, and the rate
of endocytosis returns to the baseline value. Thus,
the net effect of inhibition of transport with AZ is a
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transient, not sustained, increase in the rates of en-
docytosis and shuttling.

Since the rates of shuttling in the baseline and
inhibited states were the same, we conclude that
this process is independent of the rate of transport,
and independent of the apical membrane surface
area. Given the current notion that transport is in
part regulated by changes in the apical membrane
area, and hence number of pumps, then the key
variable to consider is the AZ-induced change in
apical membrane area, regardiess of the rate of
shuttling. One of the hallmarks of pinocytosis is that
the process occurs without changes in surface area
[25], implying a near perfect coupling between the .
rates of endocytosis and exocytotis. Hence, the
transport-dependent decrease in apical membrane
area may reflect participation of a regulated endocy-
totic process that is different than the pinocytotic
pathway. If this is the case, the AZ must have ef-
fects not only on the regulated endocytotic process,
but also must result in stimulation of the rate of
pinocytosis, since the calculated rate of internaliza-
tion of apical membrane far exceeds the measured
decrease in apical membrane area. Note, however,
that we cannot rule out the possibility that the re-
sponse to AZ is mediated by uncoupling of the en-
docytotic and exocytotic components of the pinocy-
totic pathway.

CONCLUSIONS

This study utilized three different methods, analysis
of transepithelial impedance, electron microscopy,
and uptake of FITC-dextran, to investigate the as-
sociation of membrane fusion processes and proton
transport in turtle bladder. The impedance analyses
resulted in measurements of membrane electrical
parameters, notably net changes in membrane ca-
pacitances which reflect net changes in membrane
surface areas. Electron and fluorescence micros-
copy showed that the endocytotic processes
thought to be responsible for transport-associated
changes in apical membrane area were localized to
the CA-rich cells which are thought to be responsi-
ble for proton transport. Measurements of uptake of
FITC-dextran yielded the rates of volume uptake by
endocytosis. Finally, morphometric analyses of
electron micrographs provided the ability to corre-
late quantitatively the changes in membrane surface
area with the rate of endocytosis.

The results obtained are compatible with the
notion that the rate of proton transport may be regu-
lated by changes in membrane surface area, and
hence number of proton pumps. However, the
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results also show that changes in membrane area
are not the sole regulatory factor, and suggest that
changes in individual pump Kinetics contribute as
well. Finally, we demonstrate the presence of a
continual constitutive pinocytotic process whose
function in regard to proton transport is currently
unknown.
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