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SUMMARY

A volumetric method has been developed which permits continuous registra-
tion of volume flows across epithelial tissues. The method was applied to vilume
flow measuremenis across rabbit gall bladder epithelium. The rate of fluid reabsorp-
tion measured in this way was twice as high as previously observed in sac prepara-
tions of the gall bladder. This is probably due to better aeration and stirring >f the
mucosal solution. It was demonstrated that electrical gradients across the gall bladder
induced volume flows towards the negative electrode. In non-transporting bladders
volume flows were linearly related with current between 300 and 900 pA in both
directions. However, volume flow rates were three times higher from mucosa to
serosa than in the opposite direction. From the magnitude of polarization potentials,
observed after switching off the current, the conclusion was reached that all of the
current-induced volume flow is an osmotic flow due to salt polarization in the
unstirred layers of the tissue. By implication, sc-called streaming potentials observed
during osmotic flows reflect solely polarization effects. In actively transporting gall
bladders a 200 pA current increased or decreased the flow rate twice as much as
expected from polarization effects alone. Therefore piassage of current interfered
directly with the active transport mechanism of zall bladder epithelium.

INTRODUCTION

In studying volume flows across gall bladder epithelium gravimetric methods
have been used thus far [i, 2]. In essence, they consisted in weighing gall bladder sacs
at intervals of at least 5 min. Disadvantages of this approach are a poor time reso-
lution and that the solution on one side of the epithelial cells is essentially unstirred.
The importance of a good time resolution in flow measurements is stressed by Wright
et al. [3] who showed that flow rates drop to one-fifth of the initial rate within 5 min
of applying an osmotic gradient to the mu<cosal side of the epithelium. Good stirring
of mucosal solutions is equally important as has been shown by Bindslev et al. [4].
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These authors observed that frog gall biadders, mounted as flat sheets between lucite
half chambezrs, developed spontaneous transmural potentials under good stirring
conditions, while switching off stirring caused the potentials to fall to near zero.

In sac preparations of gall bladders it has been shown that passage of current
induced water flow towards the negative electrode [5]). However, a flat preparation
would be morr desirable in studying effects of electrical gradients, since the eleciric
field will be mere homogeneous.

For these reasons we have developed a volumetric method which permits
continuous registration of water flow across fiat epithelial tissues. This paper reports
application of the volumetric method while studying effects of electrical gradients
across non-transporting and actively transporting gall bladders.

METHODS AND MATERIALS

Volume flow measurement

Rabbit gall bladders were prepared as described previously [6]. Ringer so-
lutions of the following composition were used (mM): NaCl, 125; NaHCO,;, 25;
K, 3.8; CaCl,, 1.0; MgCl,, 1.0; KH,PQ,, 1.2; pH, 7.4. Solutions were gassed with
water-saturated gas mixtures (9594 0./5 9% CO,). Isolated gall bladders were cut
open and mounted as a flat sheet between two lucite half-chambers, designed as
shown in Fig. 1. Leakproof seals were ensured by rubbsar O-rings. The areas of the
opening between the two halves was 0.78 cm? and each reservoir contained approxi-
mately 3 ml Ringer solution. The solution in the mucosal raservoir was recirculated
by means of an oxygen gas lift. The temperature of the circulating solution was
thermostatically controlled such that the temperature of the mucosal solution was
38+0.5 °C. The serosal solution, the volume of which is monitored, was not thermo-
statically controlled. Sirce the epithelial cells on the mucoral side constitute only 10%
of the thickness cf the bladder wall, the temperature gradient across the epithelial
cells is negligible. A giass capillary (0.5 mm internal diameter) was mounted verti-
caliy on the serosal compartment. The fluid Jevel in the capillary was monitored by a
photocell, the cutput of which was conuected to a relay (Visolux-Electronik, Type
ML). The relay was also connected to an electric motor which drove a microburette
mounted into the serosal compartment (Fig. 1). Volume changes in the serosal com-
partment were monitored by the photocell, and compensated by forward or back-
ward movement of the motor-driven microburette. The displacement of the micro-
burette was measured by means of a displacement transducer (Hewlett-Packard 7
DCDT-1000). The output of the transducer was connected to onc channel of a two-
channel pen recorder (Servogor RE 520). A block diagram of the automatic volume
registration is shown in Fig. 2. In this system a 1-mV change in the output voltage of
the transducer corresponded to 0.206 ul. The minimal volume change detected by the
photocell and compensated by means of the microburette was about 0.05 ul. A
typical example of an automatic volume registration is shown in Fig. 3. In order to
measure volume changes in the serosal compartnient a small mucosal positive pressure
(of about 2 cm H,0) is required to keep the tissue pressed against an appropriate
support (nylon mesh with pores of 0.2 mm). During flow measurzments both com-
partments were stirred by means of teflon-coated magnetic stirrers which were in-
serted through the chamber wall and were each rotated by a motor-driven external
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Fig. 1. Lucite chamber used for volume flow nieasurements across gall-bladder epithelium. The
cha mber is shiown in horizontal and vertical cross-section.

VISOLUX ELECTRONIC POWER
TYPE ML SUPPLY

| [ FRECB’RDER
—

LAMP FOVO MULTIPLIER T
GLASSCAPILLARY DISPLACEMENT TRANSDUCER
[ e re———— d
— 2 | VYO ELECMOTOR
— — I v 220%
MICRD BURRETTE =" i

PEISPEX CHAMBER

Fig. 2. Schematic representution of the device for continuous registration of volume flows. For
detiils see Methods and Materials.
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Fig. 3. Typical example of a record of volume fiow registration with the device described under
Methods and Materials. In this record 5 mV corresponds to 4.12 1.

magnet (Fig. 1). In this chamber the thickness of the unstirred layers on the mucosal
and serosal side was 13911 (8 observations) and 593+4-32 (8 observations) um
respectively. (These values have been calculated from the half-times for the build-up
of diffusion potentials as described by Smulders and Wright [71).

Electrical measurements

The electrical potential ditference across the gall bladder was mcasured be-
tween two calomel half-cells connecied to the mucosal and serosal solution via
Ringer/agar bridges. The half-cells were fed into a Keithley electrometer (Model
610 C) whose output was connected to the second chaunel of the pen recorder.
Current could be passed through the tissue via Ag/AgCl wires. The current was
drawn from a 24 V battery by means of a potentiometer. Gall bladders were selected
on the magnitude of the diffusion potential when the Na concentration in the mucosal
solution was reduced to half the normal value (Na replaced by choline). Gall bladders
with a 2 : 1 sodium dilution potential of less than 8 mV were discarded (permeability
coefficient ratio, Pg)/Py, > 0.35) [8].

Throughout this paper errors are expressed as the standard error of the mean
with the number of observations in parentheses.

RESULTS

Spontaneous fluid transport rates
The rates of active fluid transport* across rabbit gall bladders, measured both

* Throughout the paper “active fluid transport” means the volume flow coupled to active
transport of salt.
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TABLE I
ACTIVE FLUID TRANSPORT IN RABBIT GALL BLADDER EPITHELIUM

Comparison of active fluid transport rates in rabbit gall bladders measured in chamber and in sac

preparations (#= 0 is the time when the volume flow recording is started;. Number of observations in
parentheses.

Jyingl-h~t-cm-2

t=10 r = 60 min
Chamber preparation 181.0114.3 (15) 92.24+16.3 (7
Sac preparation [6] 89.34+ 5.5 (10) 71.44 4.5 (10)

gravimetrically and volumetrically, are listed in Table I. The results obtained with.
the two methods were different, i.e. the initial flow rates were higher in chamber
preparations than in sac preparations. Better stirring and oxygenation in the chamber
preparation may have been responsible for this observatior.. Higher low rates have
also been observed across frog gall bladders mounted in chambers as compared tc
sac preparations (Wright, E. M., personal communication). Hence the flow rates
observed in chamber preparations provide a better estimate of the transport capacity
of the gall bladder. Another difference between the techniques is that active flows
decay much faster in chamber preparations than in sac preparations. Addition of
glucosz to the bathing sclutions did not abolish the rapid decay of active transport,
which suggests that the decay is not due to exhaustion of endogenous substrates.
Smulders et al. {2] have reported that volume flows from mucosa to serosa across
gall bladders mounted in chambers induced a large increase in the volume of the
submucosal spaces within the tissue. This implied an increase in hydrostatic pressure
in the submucosa. It is well known that serosal positive pressures impede aclive
volume flows in intestinal epithelium [9] and in kidney tubwmles [10). Therefore the
decay in active flows in chamber preparations might be due o a build-up of pressure
underi:eath the epithelial layer. In sac preparations this phenomenon is known to be
less pronounced {11). Despite the rapid decay in active transport the chamber tech-
nigue ir useful in studying factors which influence active transport. Table II shows the
effect of thiocyanate ions on active volume flow. In four gall bladders mounted in

TABLE I’

INHIBITION OF ACTIVE FLUID TRANSPORT WITH SCN~ 10NS

25 mM SCN~ was added after 10 min to both bathing solutions; the volume fiow observed 25 min
after addition of SCN~ is rabulated. 20-25 min atter SCN - has been washed out fluid transport
rates are bzck to control levels (Table I). Number of ohservations in parentheses.

Jeingl-h~?!-cm~2

Riuger Ringer+-25 mM SCN-
r=0 t = 60 min ¢t == 35 min

179.01+23.7 94.7:£9.2 36.04+79 4
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the chamber, addition of 25 mM SCN™ inhibits 69 %, of the fluid transport. The
effect was reversible within 20 min of washing away the thiocyanate. This result is

comparable to observations of Sullivan and Berndt [12] with sac preparations of
gall bladders.

Current-induced volume flows across non-transporting gall bladders

In this study we have used currents (I) up to 1.15 mA - ecm™2, These currents
did not alter the magnitude of dilution potentials, implying no damage to the selec-
tivily properties of the gall bladder. Similar currents have been used by Bindslev et al.
[4], also without damage to frog gall-bladder selectivities.

Applying electrical gradients across the gall bladder led to volume flows (Jy)
towards the negative electrode (Fig. 4). Passage of current across ouabain-inhibited
gall biadders (1072 M ouabain in the serosal solution) at 38 °C produced flow rates
of the same magnitude as gradients across non-transporting bladders at 18 °C. This
implies no significan: contribution of temperature gradients acrcss the tissue to
volume flows, hence absence of thermo-osmosis. Between 300 and 900 pA, volume
flows were linearly related to current densities in both directions. However, the slope
of Jy vs. I was 3 times greater for currents to the serosa than for currents in the
opposite direction (Fig. 4). This rectification phenomenon closely resembles the dif-
ference between osmotic flows to the serosa and those to the mucosa as reported by
Smulders et al. [2]. Concomitantly, current from serosa to mucosa (I > 300 uA)
caused the resistance to increase to a new value 4.6 times greater than the control
value of 36.4+6.4 Q cm? (n = 10 at 18 °C). Similar current-induced resistance
changes have been reported by Bindslev et al. [4] in frog gall bladders.

When current was switched on, the steady-state flow was reached within 3-5
min. Switching off a current of 900 uA unmasked so-called polarization potentials of

Jy pi/htem?
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Fig. 4. Relation between imposed electrical gradients and resulting volume flows across non-trans-
portizg gall bladders. The line is drawn by eye.
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at Jeast 12 mV. These potentials decayed back to zero within 5 min. Similar polar-
ization potentials have been reported by Wedner and Diamond [5] and the authors
demonstrated current-induced volume flows across sac preparations of gall-bladder
epithelium.

Current-induced volume flows across actively transporting gall bledders
Since the rate of fluid transport across gall bladders decreased rapidly during
the first hour, we switched on current about 60 min after the tladder had been

pifhtem 2
200uA 200uA
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Fig. 5. Effects of 15 min current pulses of 200 #A on fluid transport rates across gall-bladder epi-
thelium (bar 11). Mean values of volume flows before and after current pulses are shown as control
values (I and II?). I, _ ., cuirent from mucosa to serosa. I, ,,, current from serosa to mucosa.

TABLE HI1

COMPARISON OF VOLUME FLOWS INDUCED BY 200 uA IN ACTIVELY TRANSPORT-
ING AND IN NON-TRAMNSPORTING GALL BLADDERS

Increase and decrease in fluicl reabsorption rates induced by a 200 A current from mucosa to serosa
(Ip-y) and from scrosa to mucosa (Ig_,,) respectively. The average transport rate observed just
before and after the current puise of 15 min has been used as a reference. Passage of the 200 uA
current through iransporting gall bladders had no influ:nce on the tissue resisiance. Therefore

volume flows induced across non-transporting bladders were assumed to be equatl in both directions,
and have been taken from Fig. 4.

AFyingl-h~'-cm~2

Iys P <001) I (P <001

S—+M

200 uA. Transporting 28.94-3.5 (12) —33144 (8)
200 #A Non-transporting 15.0L£LT (9) —13::1.7 (9)
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mounted in the chamber. Fig. 5 shows the effecis of electrical gradients on actively
transporting gall bladders. In Table III the increase and decrease in the transport rate
due to a current of 200 pA is compared with flow rates induced by equal currents in
non-transporting bladders. The table indicates that electrical gradients have a greater
eflect on actively transporting than on non-transporting gall bladders. Therefore
current is able te enhance or to inhibit the active transport mechanism of gall-bladder
epithelium. This result is comparable to the effect of current on volume flow across
proximal tubules of Necturus kidney reported by Spring and Paganel’i [13].

DISCUSSION

In this study we report a method for measuring volums= flow across epithelial
tissue and application of this method in a study of the effects of electrical gradients
on volume fiow across gall-bladder epithelium. The sensitivity of the method is such
that it sheald be used when the volume flow Jy is greater than 5 ul - h™' - cm™ 2. The
flows reported in this study were much greater than the minimum resolvable flow for
which the method has bzen proven to be reliable.

The striking difference between active transport rates reported here and previ-
ous ones suggests that in sac preparations transport rates are smaller due to a differ-
ence in aeration. Martin and Diamond [14] reached this conclusion by observing
that everted sacs consumed more oxygen than non-everted preparations. Bindslev
et al. {4] suggested that when the mucosal solution is unstirred, the rate of active
sodium transport might be limited by diffusion of sodium through the unstirred layer
adjacent to the mucosal membrane. In frog gall bladder this would explain the
absence of a potential related to transport when the mucosal solution was unstirred.
Both anoxia and an unstirred layer effect may have bzen responsible for lower tran-
sport rates in sac preparations. In a previous study we have estimated the ratio of
Na* jons transporied per mol ATP split by the (Na*+K*)-stimulated ATPase
present in this tissue (Na*/~TP ratio) [6]. The number of Na™ ions transperted
was calculated from the rat- . ¢ active fluid transport assuming isotonicity. Using the
higher transport rates of this study the Na*/ATP ratio rises by a factor of 2, from 1.0
to 2.0. The latter value is in excellent agreement with the values reported for a large
variety of tissues [15], supporting the evidence that (Na* +-K* )-ATPase has a primary
role in fluid reabsorption.

A disadvantage of higher flow rates seemed to be that fluid transport becomes
less stable as indicated by its rapid decay. This is most probably due to a rapid build-
up of hydrostatic pressure developing in the submucosat space. It has been proven
that the serosza! muscle and collagen layer constitute a significant barrier to bulk flow
[3], hence, pressure is needed to force fluid that has been transported by the epithe-
lium through this layer. A hydrostatic pressure will increase the back {lux of water
and salt into the mucosa. Serosal positive pressure has bzen shown to be extremely
powerful in counteracting active flow. In sma!l intestine a pressure of 5-10 cm H,O
turns absorption into secretion [9].

The inhibition of fluid transport by SCN ™ ions suggests a link with an anion-
sensitive ATPase activity which has been reported in some epithelia [16}. This
enzyme is also inhibited by SCN~. However, recently we could demonstrate that in
rat small intestine an SCN ~-inhibitable ATPase is present only in the mitochondrial
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fraction and not in purified plasma membranes (van Os, C. H., Mircheff, A. M. and
Wright, E. M., in preparatior.). Therefore it is possible that SCN~ inhibition of
transport is due to interference at the level of energy production rataer than at the
cell membrane level.

Wedner and Diamond [4] first showed that passagz of current across gall-
bladder sacs causes fluid to flow towards the negative electrode. In this study their
original observation is confirmed and exteanded. Current-induced water flow is
either duc to electro-osmosis or to the sc-called transport number effect [17, 18], i.e.
osmosis due to salt polarization in unstirred layers. From the magniiude of polari-
z:ition potentials observed after switching off the current, one *s able t¢ calculate how
much of the current-induced flow is due to polarization effects. In our experiments a
current of 900 uA, mucosa to serosa, caused a dlow of 65 ul - h™* - cm ™~ 2. The osmotic
water pexmeability of rabbit gall bladder in this chamber was 5.14-0.5- 10”2 cm -
sec™! (measured with 100 mM sucrose in the serosal solution). Therefore a gradient
of 200 mosM NaC! is needzd to cause a flow of 65 ul- h™!-cm™2 The reflection
coefficient of MaCl is 0.81 [19] and the osmotic coefficient 0.93 [20). Therefore 200

mosM is equivalent to a concentration difference of 132 mM NaCl. From the Gold-
man equation,

Ey—Eg = — RT In Py 7k [K s ]+ Pra¥n: INam]+Perva [Clls
zF Py lELk+Puayna[Nak+ Pey v [Cliv

(permeability coefficients Pyg : Py, @ Poyp == 1.9 :1: 0.2 [21]; 7k, 7na @nd ¢, activity
coefficients: 0.74) [20], we calculate a potential difference of 10.0 mV for a concen-
tration difference of 132 mM NacCl. Since the unstirred layer on the serosal side is five
times thicker than on the mucosal side, most of the polarization takes place in the
serosal unstirred layer. This leads to a junction pa‘ential of 3.2 mV maximally, with
the same polarity as the polarization potential. Hence, if all the current-induced
volume flow were due to salt polarization. we should observe a polarization potential
difference of about 13 mV. The polarization potentials, observed 5 s afier switching
off current, were on the average about 12 mV. The initial value would still be higher
in view of the fast decay of polarization potentials*.

Therefore we can conclude that all of the current-induced volume flow can
be ascribed to salt polarization in the unstirred layers. This conclusion is supported
by the observation that flow reached a steady state 3 min after switching on current.
If clectro-osmosis were the cause of water flow one would expect an instantaneous
flow without transients [17, 18]. From their experiments, Wedner and Diamond
[5] concluded that 80 9, of the flow was due to polarization. In plant cells (Chara
australis) about 60 9 of current-induced flows could be atiributed tc the transport
number effect [18]. An important implication of our results on current-induced flows
is that streaming poteniials in the gall bladder observed during osmotic flows, are
solely due to concentration polarization in the unstirred layers. In this study we have

* During passage of current from serosa to mucosa the potential drop betveci. the electrodes ix
on average 350 mV (the tissue resistance under this condition is about 15 2 cm?, hence the actuai
potential across the tissue is 180 mV. The rest of the potential drop is across the fluid resistance
between the clectrode tips). After switching off current it took us 5 s to read just the voltmeter and to
measure the polarization potential. Therefore the value of 12 mV is an underastimated value.
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shown that flows were linearly related to current densities. This is in good agreement
with the observation that the magnitude of polarization potentials was also linearly
related to current densitizs [4]. In addition, rectification of water flow completely
parallels rectification of current. Both phenomena are probably duz to a collapse of
the lateral intercellular spaces as described by Smulders et al. [2] and Bindslev
et al. [4].

Besides current-induced flows due to polarization, we found an effect of cur-
rent on active fluid reabsorption. The effects we observed were qualitatively similar
to those reported by Spring and Paganelli [13] in Necturus proximal tubules. These
authors were able to demonstrate a linear relationship between the transtubular
potential difference and the net Na* flux. Comparable experiments have bezen done
with tight epithelia. In frog skin as well as in toad bladder, the rates of net sodium
transport and oxygen consumption increased with decreasing transmural potential dif-
ference values [22, 23]. It should be noted, however, that the mechanisms by which cur-
rent affects net sodium transport in tight and leaky epithelia raust be totally different. in
tight epithelia passage of current greatly influences the poteatial profile of the epithe-
lium and it therefore interferes directly with the energetics of sodium entry and ex-
trusion. In gall bladder 96 °{ of the current bypasses the ceils [24]. With the currents
we used, the potential difference values across both cell membranes are changed by
4 mV at most. This is negligible compared to the membrane potentials of 60-70 mV
in ref. 25. It is more likely that passage of current 2cross gall bladder interferes
directly with the standing gradients in the lateral intercellular spaces.
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