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Chapter 1

Introduction and historical background

Epithelial transport studies cover a wide field of research not only
with respect to function and structure of epithelia but also with
respect to their relation to other organs and to the whole animal. The
mechanisms whereby epithelia transport nutrients, electrolytes and
water against, often steep, gradients, while preventing undesirable
backflux, have become a challenge for scientists of different
disciplines and professional interest.

Many of these mechanisms were elucidated during the past
decennia thanks to the introduction of new theoretical formalisms and
experimental techniques in transport research. One of these
techniques was the miniaturization by Walker [64] and others of ion-
selective electrodes, making them small enough to be inserted
without substantial damage into the interior of small cells [62].

1. Goldfish intestinal epithelium

The choice of a preparation usually brings both advantages and
disadvantages. One of the advantages of goldfish intestinal epithelium
to the electrophysiologist is that the underlying muscular tissue can
be stripped off easily, leaving a folded but very uniform layer of
intestinal cells with sufficient coherence and sturdiness to be
mounted in an Ussing-type chamber for continual bilateral perfusion.
In this set-up one or more microelectrodes can be inserted and kept
in cells for often more than one hour so that responses to successive
changes in fluid composition can be recerded from the same cell [2].
Also some disadvantages are associated with the preparation like the
unstirred layers due to the folded structure of the epithelium, and the
small exposure area of the columnar cells, which requires very fine
tips of the electrodes. These tip sizes set limits to the characteristics of
the microelectrodes, especially to the selectivity and dynamic
behaviour of ion-selective electrodes [4].

One of the typical features of goldfish enterocytes is their long-
drawn-out cylindrical geometry and the presence of a thin
extracellular space encircling them and separating them from
neighbouring cells (Fig.1).

This space, which is called 'lateral intercellular space' (l.i.s.) or
'interspace' takes up 4 to 8% of the tissue volume and is bounded by
the lateral aspects of the 'basolateral membrane' which forms the



larger part of the total cellular membranes.
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Fig., 1; Schematic representation of the dimensions of stripped intestinal
preparation of the goldfish as well as the positioning of the intracellular
microelectrode. For the experimental sel-up see Fig. 8.

L.P= lamina propria, L.I.S. = lateral intercellular space (or "interspace"), B.B.M.
= brushborder membrane, B.M. = basement membrane, T.J. = tight junction, C. =
capillary.

At the mucosal -or 'apical'- side it is bounded by the 'tight
junctions' by which apposing cells are attached to each other, while
the open end is directed towards the subepithelial space and faces the
'basal membrane'. This elongated geometry which is particularly
striking in intestinal epithelia of teleosts [67] such as goldfish, gives
rise to a number of phenomena which can be described as 'cable
behaviour’, not strictly in electrical sense [10] but rather in the
electrodiffusional and osmotic sense. This type of behaviour, typical
for long-drawn-out 'leaky' compartments transporting large amounts
of solute and water, has been a source of controversy since the
formulation of the osmotic gradient hypothesis by Diamond and
Bossert in 1967 [13].

2. Backgrounds

2.1. Solute-linked water transport. The introduction of the
phenomenological theory of non-equilibrium thermodynamics into
membrane transport [35,37] was a step forward in recognizing and
distinguishing fluxes and driving forces in membrane research and
led to the understanding that water transport in epithelia is the
passive consequence of osmotic gradients within the epithelium set
up by active solute transport. The site of osmotic equilibration in
absorptive epithelia was identified later by Diamond and Bossert
[15,16] as the lateral intercellular space. They reformulated the so-
called standing-gradient model that predicts solute accumulation at
the apical side in the li.s. due to active transport and successive
osmotic eguilibration towards the serosal side (Fig. 2). According to
this model the osmolarity of the effluent varies with the parameters
of the system from nearly isotonic to hypertonic in comparison to the
bathing solution.
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Fig. 2: Redrawing of the standing osmotic gradient model proposed by Diamond
and Bossert [15].

Although in the original model the tight junction was assumed to
be impermeable to ions and water, it was found in the following years
that the tight junctions are more or less leaky to ions and water and
therefare interfere with the solute-linked water transport [27]. This
was the subject of considerable debate: the leakiness of the tight
junctions would dissipate the osmotic gradients at the apical side of
the interspace [50].



Besides the fact that accurate measurement of the water
permeability of the mucosal barrier is impeded by unstirred layer
effects [14] no generally accepted methods exist to distinguish
between the membrane permeability and the junctional permeability
for water. For that reason the validity of the standing gradient model
or its alternatives should be settled by methods that measure directly
or indirectly the osmolarity profile in the l.i.s. rather than by
measuring water permeabilities. Attempts in this respect have been
made by different groups using different techniques: dilution
potentials [41], microprobe X-ray analysis [33] and ion-selective
microelectrodes [13,57,70] but the results are still unequivocal.

2.2. Sodium-linked sugar and amino acid transport. In 1962 Crane
[12] proposed an hypothesis that explains the interactions between
sodium and non-electrolyte transport in intestinal and renal epithelia.
His hypothesis, known as the sodium-gradient hypothesis, was
extended by Schultz and Zalusky [52] to include effects on
transepithelial potential and short-circuit current (Fig.3).

SEROSAL SURFACE EPITHELIAL CELL L:‘LICOS!I. SURFACE

Fig. 3. Model for interaction between transmural ftransport of Nat and sugars
by isolated rabbit ileum (From Schultz and Zalusky [51]).

The essential features of the model are:

i. a carrier-mediated coupled influx of sodium and organic solute
across the mucosal membrane driven by the transmucosal sodium
gradient;

ii. an active sodium extrusion, maintaining the sodium gradient, as
well as facilitated diffusion of the organic solute, both across the
basolateral membrane.
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This model has, despite minor alterations, stood all theoretical and
experimental challenges (for a review see e.g. [20]) and has been
shown to hold not only for D-glucose (as in the original model) but
also for other D-sugars, like D-galactose, and a great number of L-
amino acids [1,2,24,38].

The absorption of organic solutes in intestine and kidney tubules
is accompanied by a depolarization of the membrane [48,65]
indicating that the entry step involves translocation of charge over
the cellular membranes (which is called 'rheogenic transport').
Moreover, this depolarization was shown to be dependent on the
concentration of sodium in the mucosal bathing solution. Therefore
the electrochemical potential gradient for sodium was identified as
the major driving force for coupled sodium/non-electrolyte influx.
Since the sodium pump in the basolateral membrane was also
assumed to be 'electrogenic' [8,66], as was confirmed later [29,69], the
potential changes could be analysed in terms of an equivalent
Thévenin circuit [48] comprising two current-generating clements in
series shunted by a low resistance (as depicted in Fig. 4).

MUCOSA SEROSA

lateral
irtercsllular space

Fig. 4: Schematic representation of the equivalent Thévenin network for
goldfish intestinal epithelium (see Glossary of symbols and notations).
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Attempts to gquantify this circuit description require assumptions
about current-voltage relationships (e.g. linearity) and a detailed
knowledge of lumped conductances and zero-current potentials of the
components [1,26].

Data on conductances are not easily obtained from intestinal
epithelia because they are folded. In contrast to flat sheets, eg.
Necturus gallbladder epithelium, such structures do not allow two-
dimensional cable analysis of the spread of intracellular current
injection [24,46]. This is the more a handicap because in leaky
epithelia the electrical properties of the shunt pathway (comprising
the tight junctions and the interspace) and the basolateral membrane
may easily lead to considerable underestimation of the resistance
ratio of the apical and basolateral membrane (Rpy/Rg) due to cable
effects in the interspace [10]. Electromotive forces are idealized
quantities obtained by circuit analysis or by calculation with the
formal diffusion equations under zero current conditions and are not
easily measured independently. Finally, whether the rheogenic events
are coupled only chemically as in the original model [28,52] or also
electrically [51] or indirectly by cell swelling [34] is still to be
established. Without additional assumptions only steady states can
therefore be analysed.

2.3. Chloride transport. In' the sixties chloride was thought to
follow the active transcellular flux of sodium passively and mainly
paracellularly, being driven by the transepithelial potential set up by
active sodium transport. By now there is considerable evidence that
in most absorptive epithelia mechanisms exist for 'secondary active'
anion transport energized by the electrochemical sodium gradient set
up by active sodium extrusion, similar to those for glucose and amino
acids [22,23,43]. In contrast, there is no compelling evidence for any
‘primary active' anion transport directly linked to a source of
metabolic energy [9].

The exact nature of the coupling to the electrochemical sodium
gradient is not yet established with certainty and may even be
different for different epithelia and under different conditions. Some
authors, for instance, claim an obligatory coupling where a single
carrier translocates one Nat* ion to every Cl- ion across the apical
membrane [17,18,61], others suggest two separate transport systems,
one exchanging Nat for H*t, the other Cl- for HCO3;- mediated by the

intracellular production of H* and HCOj3-, a mechanism originally
suggested by Turnberg et al [63] for human ileum (e.g. [6,21,40]) and
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frequently called "double exchange mechanism".

Recently two groups postulated a Nat-K+-(2)Cl--cotransport
mechanism [30,42] to explain the effect of potassium on NaCl
absorption, but this model needs further confirmation.

The mechanism of Cl-exit from the cell is also subject to different
opinions: Some authors suggest that the partial chloride conductance
of the basolateral membrane is insufficient to permit exclusively
electrodiffusional outflow and, therefore, they raise the possibility
that the exit step of chloride is at least partly nonconductive, i.e.
coupled by cotransport to a cation or by countertransport to another
anion [11,32,45,53]. The analysis of Baerentsen et al [5], however,
shows that the Cl- conductance of the basolateral membrane may be
largely underestimated by these aunthors since it is masked by both
the potassium permeability of the basolateral membrane and the
rheogenicity of the Na/K-pump.

bbm cell bim bm

Fig. 5. Schematic representation of the electrodiffusional permeabilities and
carrier mechanisms in goldfish enterocyte membranes as mentioned in the text
(see also legends of Fig. 1).

Considering that the influx of sodium into the cell takes place
predominantly across the apical membrane (mainly by secondary

13



active transport) and the efflux across the basolateral membrane (by
the Na/K-pump), the question may be raised whether intracellular
concentration gradients exist, especially since in the cell core with its
high concentration of membranous organelles diffusion rates may be
low. Indeed intracellular gradients have been reported [33,68] which
were abolished by serosally-added ouabain.

3. Aims of this study

Relatively little electrophysiological work has been done on fish
intestine. In fact the only intracellular potential measurements that
have been reported are for plaice [36,44], winter flounder [17,60] and
goldfish [1,2,9]. This is understandable since teleost intestinal cells are
rather elongated and thereby can introduce 'cable phenomena’ in cells
and interspaces: a factor that cannot be neglected in model
descriptions of active abserption by these leaky epithelia. For the
same reason, however, they are suitable preparations for the study of
those 'cable properties’ and their relation to active absorption.

G M
-50|" m
L0k
LOM L

-30F
Yo 0 "
{my) o0k ; rnsl

+
i 2 v

-
T 5 min,

35MN

Fig. 6: Recording of the mucosal membrane potential (ymc) and the transmural
potential (yms) responscs in goldfish intestine to mucosal addition (indicated as
G) and removal (indicated as M) of glucose (for details see Albus et al [1:Fig.2]).

The transport mechanisms for water, non-electrolytes and
chloride discussed above have been shown to be present in goldfish
intestine [3,31,59]. Isoosmotic substitution of 28 mM of glucose for
mannitol in the mucosal bathing solution, for instance, evokes a
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characteristic depolarization of the mucosal membrane of approx. 11.5
mV, followed by a slow partial repolarization of -6 mV [1].
Concurrently with the depolarization a serosa-positive transepithelial
potential develops that reaches a steady state value of 2.0 mV during
the repolarization phase of the membrane potential (Fig. 6).

These electrical phenomena form a beautiful illustration of the
electrogenic version of the sodium-gradient hypothesis [1]: from
analysis with the equivalent electrical circuit (Fig.4) it was concluded
that the depolarization of the mucosal membrane is due in the first
place to the rheogenic influx of sodium across the mucosal membrane
in cotransport with glucose, while the repolarization phase is
associated mainly with electrogenic processes occurring at the
basolateral membrane involving the Na/K-pump. The first process,
therefore, was described by a decrease in the mucosal membrane
e.m.f. (Ey), the second, by a increase of the serosal membrane e.m.f.
(Ey) (see Fig. 7).

E,

Fig. 7: The depolarization phase in the transmembrane glucose evoked
response is mainly due to a decrease in Ey while the repolarization phase

reflects the increase in  Eg (see Fig. 4)

In the paper of Albus et al [1] it was already suggested that the
increase in Eg does not solely reflect the enhanced action of the
rheogenic Na/K-pump but also may contain the Nernst contribution of
a reduced potassium concentration in the interspace. If that is true
this has some important consequences for the analysis since it adds a
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capacitive element to the equivalent circuit that cannot be neglected
in analysing the transient phenomena. In that sense the present study
is a follow-up of the work of Albus et al since it takes into account the
role of the interspace in the glucose evoked responses of goldfish
intestinal epithelium. Although a strict separation of all processes is
not possible, a study of the time relationships under various
experimental conditions will be shown to yield important information
about the polarity and sequence of these processes. As well as serving
as a useful test for the viability of the preparation, the glucose evoked
potentials (GEP) provide information about the electrodiffusional
properties of the plasma membranes. Measurement of ion activities,
both intracellularly and extracellularly during glucose absorption,
helps to identify the driving forces and coupling mechanisms between
those processes.

In goldfish intestinal epithelium a net absorption of chloride is
found which is abolished by serosally-added ouabain and bilateral
sodium substitution [31]. This indicates a coupling to the active
absorption of sodium. Since both the transepithelial potential and the
shunt conductance for chloride are small most of the transepithelial
chloride flux should be transcellular. From measurements of the
intracellular chloride activity one can decide in which membrane the
coupling mechanism is located. Substitution of sodium in the external
medium does not affect the intracellular chloride concentration
significantly, nor does chloride substitution affect the intracellular
sodium concentration [31]. In contrast, these substitutions do induce
considerable changes in intracellular pH and consequently suggest the
existence of the double exchange mechanism mentioned above
[49,63]. '

The answer to the question whether, and to which extent, the
membranes are permeable to chloride is essential for establishing the
need to postulate more and other transport mechanisms for chloride.
The existence of such mechanisms is still speculative since they have
not yet been identified by transport studies in vesicle preparations or
by biochemical analysis. Considering this, the aims of the present
study can be summarized as follows:

- to determine the permeation properties of the plasma
membranes as well as the electrochemical driving forces across
those membranes. This was done by analyzing intracellular and
transepithelial potentials obtained with conventional and ion-
selective microelectrodes both under control conditions and during
unilateral and bilateral ion substitutions (Chapter III; [77]).

- to identify the compensatory fluxes during active rheogenic
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transport of sodium and glucose under open circuit conditions, as
well as the coupling mechnisms between the mucosal cotransport
system and the basolateral Na/K-pump. This was done by analysing
transients in intracellular and interstitial potentials obtained under
various conditions with normal and ion-selective microelectrodes
after the onset of glucose absorption. (Chapter IV and VI; [75]).
Measurement of intracellular ion activities brings along a
number of methodological problems which are dealt with in the
various chapters. Some emphasis is put on the problems
encountered when working with large organic substitutes for
chloride, such as gluconate and glucuronate (Chapter II; [71]).

4. Materials and techniques.

The materials and techniques used in this study are mostly
described in the Materials & Methods sections of chapters II to V. A
few additions, however, are considered indispensable.

4.1. Preparation and bathing solutions. Goldfishes of approx. 70 g
were kept at 16-18 ©C in low-copper tap water and were fed with
Tetramin (TetraWerke, Mall, FRG). They were sacrificed by cutting the
spine just behind the gills and subsequent decerebration. The
intestines were removed and kept submersed in gassed saline
solution. The first 10 c¢m behind the intestinal bulb was stripped free
from underlying musculature by blunt dissection. Square pieces of 0.7
x 0.7 ¢cm2 were mounted, mucosal side upwards, in a Lucite chamber
(Fig. 6). The exposed area was 0.20 cmZ. Both surfaces of the
epithelium were continuously perfused with fresh solutions at a flow
rate of about 2 ml/min. Experiments were performed at an ambient
temperature of 18-20 ©C. Bathing solutions were, unless otherwise
specified, bicarbonate buffers and were continuously gassed with
humidified 95% Oy + 5% COj, maintaining a pH of 7.3. Their osmolarity
was, if necessary, adjusted to 315 mOsm by addition of mannitol.

4.2. Experimental set-up. Intracellular recordings were obtained
with glass microelectrodes prepared as follows: Glass tubing (Duran
50, ¢our = 8.0 - 8.1 mm; ¢;; = 5.0 mm) with internal glass fiber
(6 =0.5 mm) was drawn with a Shimadzu glass drawing machine
(GDM-1) to capillaries with an outer diameter of 1.23 + 0.02 mm.
After an appropriate cleaning procedure these were pulled to ultra-
fine tips (0.1 - 0.3 pm) with the microelectrode puller described by
Siegenbeek van Heukelom et al [55] and subsequently filled with 3M
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KCI (tip resistance typically 20-25 MQ) or liquid ion-exchanger in

combination with an appropriate reference solution (see Chapter III
and IV).

microelectrode
amplilier

Y

microelectsode,

mucosal
potentfial slectrode

mucosal inlet

mutasal outlel
—— epithelium

— -
s vkel carcant slackiode T HA

fransmural
potential amplifier

O-ring serosal outlet

sernsnl potentiol electrode

serosol current slectrode ——|

Serosaliniet

Fig. 8 Experimental set-up for measuring intracellular and transmural
potentials, The current electrodes produce biphasic current pulses which allow
the transepithelial resistance (Rpg) and the intracellular to transmural voltage
divider ratio (Rpm/Rg) to be measured,

Impalements were performed at an angle of approx. 40° with the
preparation under low magnification microscopic control. The
micropipettes were mounted in a Lucite holder [1] which contained
control saline solution in contact with an Ag-AgCl electrode and was
attached to a Leitz micromanipulator. Two microelectrodes could be
manipulated independently; one of them could be driven by an
Inchworm drive (Burleigh Instr. Inc., Rochester, NY, USA).

Double-barreled microelectrodes, consisting of a reference barrel
and an ion-selective barrel were also constructed and tested.
However, these were not satisfactory because the tips were either not
fine enough to prevent cell damage, or they were not sufficiently
selective for accurate intracellular activity measurements. Therefore
we chose to use separate microelectrodes placed in nearby cells and
discarded experiments in which a low number of impalements was
obtained in the same tissue (less than three impalements with either
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microelectrode). Except for the fact that single-barreled ion-selective
microelectrodes are more selective, this procedure has the advantage
that normal 3 M KCl filled micropipettes can be used as reference
electrodes (which have a small tip potential, normally less than -3
mV). The sources of error are discussed below (Section 4.3). The
microelectrodes were connected to high impedance electrometers
(311 J, Analog Devices) in a circuit of our own design (cf [62]) and the
guarding output was fed back to the case enveloping the
microelectrode holder down to the surface of the mucosal bathing
solution ("active guard"). Alternatively, the normal microelectrode
was connected to a M-4A electrometer probe (W.P. Instruments Inc.
New Haven CT U.S.A.) that allowed the tip resistance to be measured
directly. Direct or differential signals, including the transepithelial
potential, were recorded on a multipen recorder (Rikadenki Kogyo Co
Ltd, Tokyo, Japan) and continuously displayed on both a dual beam
oscilloscope (Gould OS 255) and a digital voltmeter (Fluke 8050A).

4.3. lon-selective microelectrodes and liquid junctions. lon-
selective microelectrodes were tested in a set-up depicted in Fig. 9.

recorder

salt bridge |
L}

Fig. 9: Experimental set-up for testing and calibrating ion-selective
electrodes (I.S.E.). The Faraday cage (----) is cennected to the x1 output of the
electrometer ("active guard").

The set-up was placed in a Faraday-cage which was connected to
the guarding output of the electrometer (Keithley 610C) to reduce
capacitive shunting of the high impedance electrodes. The reference
electrode was an Ag-AgCl electrode connected to the test solution by a
freshly cut agar bridge prepared with 3M KCl or physiological salt
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solution. If a bridge of the latter type was used appropriate
corrections were made for the difference in liquid junction potential
at the agar bridge junction.

Potassium-selective (KLIX) and chloride-selective (CLIX)
electrodes were calibrated in 100 mM, 8.5 mM and 0.80 mM solutions
of KCl. Ion activities in these solutions are, according to the tables of
Robinson and Stokes [47], and using the Guggenheim convention (fy =
fp =1£), 77, 7.7 and 0.77 meq/l respectively. Selectivities were
assessed with 100 mM solutions of wuni-univalent salts of the
interfering ions, Interference of bivalent ions on KLIX-electrodes was
checked to be negligible by comparing Ca- and Mg-free saline
solutions with control solutions.

Sodium-selective (NLIX) electrodes were calibrated in 200, 100,
20 and 2.0 mM solutions of NaCl and selectivities estimated with 100
mM of KCI, 2.5 mM of CaCl, and Ca-free saline solutions. Calculations
of the slope constants and selectivity coefficients were done with the
phenomenological equation of Nicolsky-Eisenman. In this equation
(Eq. 6 in Chapter II) the contribution of a variable liquid junction
potential at the salt-bridge junction of the reference electrode is
usually ignored. Nevertheless even 3M KCIl salt bridges can introduce
liquid junction potentials of several mV [7,39,71], which, although
hardly quantifiable, are certainly not negligible. The accuracy of the
equation is therefore limited. Whether this accuracy would be
improved generally by introducing corrections for those liquid
junction potentials is however doubtful since:

- equations like the Henderson diffusion equation do not necessarily
describe the liquid junction potentials of 3M KCI junctions properly
(the boundary may not be of the mixture type, the mobilities are
not constant throughout the whole concentration range, etc);

- independent measurement of the potentials is impossible;

- in practice such corrections cancel each other partly, espe-cially if
the composition of the experimental solutions is not very different
from the solutions used for calibration.

The latter consideration has led to the proposal of calibration
procedures with mixed solutions [62] in which the question of the
activity coefficients remains unanswered and free concentrations are
estimated instead, not by calculation but with graphical methods.

From the Nicolsky-Eisenman equation it can be seen that
relatively small errors in potential measurements lead already to
substantial errors in apparent ion activity: 1 mV corresponds to a 4%
change in ion activity. The standard error of the mean in our potential
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measurements is usually 1 to 2 mV and therefore of the same
magnitude as the expected variation in liquid junction potentials
under normal conditions. So under those conditions the inaccuracy in
estimating apparent single ion activities would be probably 5 - 10%.
Here we do not take into account that it is at least doubtful, although
generally accepted, that a microelectrode tip behaves as a 3M KCl
liquid junction in the intracellular environment (e.g. by cation
selectivity hydrated glass tip; see [54]) and would not give rise to
additional tip potentials inside the cell.

Also the estimation of single ion activities in physiological salt
solutions containing large and slowly diffusing organic ions suffers
from this duality between potential and single ion activity (Chapter
0.

4.4 Glossary of frequently used symbols and notations.

Lumped electromotive forces and theoretical diffusion potentials
(mV) are denoted E with subscript referring to the barrier or type of
junction:

m for mucosal membrane H for liquid junction according

s for serosal membrane to Henderson equation

1 for paracellular pathway IZ for type of ion-selective

junction (Nat+, K+ or CI-, etc.)

Potential differences (mV) between compartments are denoted by
y with the following subscripts:

m for mucosal compartment SB for 3M KCI salt bridge

s for serosal compartment R for reference solution

¢ for intracellular compartment T for test solution

and are defined as yyy =Wy - Yx.

Ay refers to a potential change (mV) in response to an external
stimulus (ion substitution, glucose addition, current) and is defined as
Ay = y(time 2) - y(time 1); AE is defined analogously.

specific lumped membrane resistances R (in Qem?2) and
conductances G (in mS/cm2) are defined with respect to serosal area
and carry subscripts as above., The surface amplification factor for
mucosal to serosal area is 4.7 and is always included in the
calculations.

ion activities are denoted a,lZ, 1 referring to the ionic species, z to
the charge number and x to the compartment; concentrations are
given by [I%]y:

o for the bulk solution

i for the intracellular compartment
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calculations.

ion activities are denoted a,lIZ, I referring to the ionic species, z to
the charge number and x to the compartment; concentrations are
given by [I%]:

o for the bulk solution

i for the intracellular compartment

is for the lateral intercellular space

s for the submucosal compartment (interstitium)

in order to meet the conventions in electrochemical literature in
Chapter II slightly different symbols are used: ¢ stands for w, U for
either E or y and ag for al.

other, less frequently used, symbols are defined wherever they
are used.

5. Preliminary reports of parts of this study are presented on
international meetings of the European Intestinal Transport Group,
the European Society for Comparitive Physiology and Biochemistry,
the combined Dutch and Belgian Physiological and Pharmacological
Societies, the combined Dutch and English Physiological Societies, the
Institut National de la Santé et de la Recherche Medicale and are
published as abstracts [56,57,72,73,74,76]. Chapters II, III and IV are
published as full papers [71,75,77].
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830— THE INFLUENCE OF ORGANIC COUNTERIONS ON JUNCTION
POTENTIALS AND MEASURED MEMBRANE POTENTIALS

T. ZUIDEMA, K. DEKKER and J. SIEGENBEEK VAN HEUKELOM

Department of Zoology, University of Amsterdam, Membrane Biophysies, Kruistaan 320, 1098 SM
Amsterdam [The Netheriands)

{Revised manuseript received May 20th 1985)

SUMMARY

Cellular electrophysiological responses to substitution in the bathing media of Cl~ by large organic
cations are shown to be dependent on the type of reference electrode. This is shown by measurements in
goldfish enterocytes. Similarly, a potential change between a cation-sensilive electrode in the bathing
medium and a 3 M KCl-filled agar bridge of about —4 mV is observed. Therefore. these cellular
responses, measured with respect (o either of these two electrodes as reference electrode. do not show the
same result.

The concepl of single ion activity measurement with ion-sensitive electrodes is discussed with respect
to the extrathermodynamical assumption concerning the reference electrode.

INTRODUCTION

[n membrane research the influence of ions on membrane transport processes is
frequently evaluated by substituting these ions by large organic ions for which the
cell membrane can be considered to be inpermeable. The continuous measurement
of intracellular single ion activities with ion-sensitive microelectrodes during such
substitutions can provide information about the coupling between ion-fluxes [1-8].

The measurement of single ion activities can be carried out only after introduc-
tion of an additional extrathermodynamical assumption concerning the contribution
of the constituting ions to the mean ion activities [9-13]. The most common practice
in membrane physiology is to assume that during a transition from one solution to
another potential changes occurring near a 3 M KCIl reference electrode are
negligible or can be described by a Henderson diffusion equation [See equation (7)].

However, measuring K™ activities with lon-sensitive microelectrodes in biological
salt solutions containing 5.7 mM KCl, we found a shift in potassium signal of
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—41+0.3 mV (n=20) when Cl~ was replaced iso-osmatically by glucuronate or
gluconate (for the composition of the solutions see Experimental section). As this
corresponds to an apparent drop from 4.2 meq/dm’ to 3.5 meq/dm’® it was decided
to investigate the origin of this change. Two different but complementary explana-
tions can account for this:

(A) The activity coefficients of the salt solutions have changed indeed, or

(B) the sensor or reference electrodes do not behave ideally.

Two independent ways to investigate which of these explanations is to be
preferred are to measure the equivalent conductance as a function of concentration
and the osmotic coefficients.

Whatever the correct explanation, the consequences for electrophysiological ex-
periments can be important. If the effects are due to a reduction of the single ion
activity coefficients per se, this already introduces changes in membrane potentials
since these potentials are mainly determined by the ion activity gradients across the
membranes, especially of K* If the effects are due to changes of the junction
potentials near the reference electrodes, then the measured intracellular potentials
should be corrected correspondingly. Finally, if artifactual behaviour of the potas-
sium-selective microelectrode is the origin of the changes. the normal calibration and
correction procedures for these electrodes are becoming irrelevant for this kind of
experiments.

~40
Gluconale

-sof ¢\

"50'-

e -

3 min

Fig. 1. Simultaneous recordings of the intracellular potential (L, ) in a goldfish intestinal epithelial cell
during chloride substitution by gluconate in the medium with either a potassium-sensitive electrode
(———)ora3 M KCI bridge as reference in the medium ( ). Results obtained with a fine-tipped

microelectrode as reference resemble the results obtained with the potassium-selective electrode (not
shown).
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Figure 1 shows strikingly how the membrane potential response [U,,,: cell interior
with respect to the reference electrode in the luminal bathing medium (m)] of
goldfish intestinal epithelial cells to chloride-gluconate substitutions depends on the
choice of the reference electrode: a potassium-selective microelectrode or a 3 M KCl
agar bridge (for details see Experimental and Results sections).

THEORETICAL CONSIDERATIONS AND EQUATIONS

(1) As for the activity coefficients, the convention frequently used in electrophysi-
ology is that the single ion activity coefficients in uni-univalent electrolytes are
related to the mean activity coefficient according to the so-called Bates—Guggenheim
convention [11,14], stating for the rational activity coefficient ( /)

fe=f =1y (1)

Between 1 and 100 mM the differences in molal activity coefficient, molar
activity and rational activity coefficient [13] are insignificant compared to the
accuracy normally required in electrophysiology (+0.5%) and are therefore ne-
glected.

Deviations from equation (1) are described in the literature [11] as due to the
difference in hydration of the two constituting ions.

The major factors determining the mean ion activity coelficients are ionic
interaction and finite ion diameter and are accounted for in the extended
Debye-Hiickel theory by the equation (2) [13]

{Ad|z,z Vc}
1 + Bayc

where a (in ,«5\) is the distance of nearest approach of the ions in the electrolyte
solution studied; z. and z_represent the charge numbers of the cation and the
anion, respectively, and ¢ is the salt concentration in mol /dm’, The quantities A
and B follow from the theory and are for uni-univalent electrolytes: A4 =0.5115
M 2 and B=03291 x 108 em ' M /% at 25°C[13]; b is an adjustable parame-
ter which represents non-quantified short range ionic interactions and equals 0.055
dm’ /mol for NaCl and 0.0202 for KCI [10.13.15]:

(2) If a is less than 2 A there is reason to assume, according to the Association
Theory of Bjerrum [13-15], that substantial ion association occurs above 10 meq/dm’
(which is within the physiological range). As gluconate and glucuronate are known
to associate strongly with Ca®* [16] it is reasonable to look for similar effects in salt
solutions of K* or Na™,

(3) The quantity a appears also in the equation for the equivalent conductance
[13]:

log f,=+ + be (2)

(BiA, + B )Ye
1+ BaVe
where A, is the equivalent conductance (2~ cm’ eq ') al concentration ¢, A, the

A= Au__ (3)
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extrapolated value of this quantity at ¢ =0; and B, =0.2300 ¥ '/* and B, = 60.65
em®* @' M~ /% Measurement of the equivalent conductance as a function of the
concentration provides not only an estimate of @ but also of A from which the
ionic mobilities can be derived.

(4) According to the Gibbs—-Duhem relation (at constant temperature and pres-
sure) the osmotic coefficient (@) in a single salt solution is related to the same
entities as in the previous equation by [13]

2.3026 A|z,z_|Vc)o(Bave) e
( | 3| )o( }_% (4)

==

where

a(x)=%[l+x—2ln(l+x)-—

X 1+ x

Therefore, if substantial ion association takes place this should be revealed by the
osmotic coefficients. Obviously, in this type of determinations elecirode artifacts are
absent.

An equation has been derived by the Bates group which relates the deviation of
the single ion activities from the mean ion activity with the hydration (A) and
osmotic coefficient (¢) of the solution [11]

log(f,)=log(f,)+0.00782(h, —h_)cg (5a)
log(f_)=1log(f,)+0.00782(h_—h, )ce (5b)

If therefore a considerable difference between f, and f, is observed it might

indicate strong hydration of the ions; in this case most likely the glucuronate ion.
(3) A great variety of ion-sensitive electrodes (i.s.c.) is available for measuring ion

activities [7,8,11,12,17,18]. Interference by other ions is commonly expressed by the

Nicolsky-Eisenman equation [12]:

U=Uo+slog(a,+ Y K, a=/V) (6)

LEY

where U, is the potential of the cell assembly, z,, a, are the charge number of the
primary ion / and its activity in moles per dm® in the test solution, z;, a; are the
charge number of any interfering ion j and its activity in moles per dm® in the test
solution, K, ; is the selectivity factor: K, , is a measure of the relative sensitivity of
the sensor for the interfering ion j compared to the ion i that is to be detected, U,
is the potential difference comprising a constant potential (for a given temperature
and reference solution) and a variable liquid junction potential of the connecting
reference electrode and s is the slope constant: theoretically = 2.303. RT /z, %= 59.16
mV /z, at 25°C.

It is clear that the dependence of U, on the liquid junction potential near the
reference electrode may introduce errors.

(6) In electrophysiology the reference electrodes are connected io the bathing
media by means of agar bridges filled with 3 M KCI or biological salt solutions.

Problems involved in the use of liquid junction type electrodes have been described
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earlier by Barry and Diamond [9] and, more recently, by Laprade and Cardinal [19]
for solutions where cations were substituted. More specifically, from these studies it
appears that liquid junctions which are not strictly of the bi-ionic or single-salt
dilution type are badly defined and often time-dependent. The applicability of the
original Henderson diffusion equation can be improved, especially for more con-
centrated solutions, with the introduction of single ion activity coefficients [9,12]:

zu,(aj—aj') z'ua
pee ' RT ; Z
Uy=U"-U'=~

— In—
.9'*— er'zu:(a:_a;f) szzufa;.l
I i

(7)

where z is the sum taken over all ions, Uy, is Henderson’s diffusion potential, U,

i
U are the potentials in the compartments " and " with respect to a common ground,
z, is the charge number of ion i, including the sign of valence, u, is the absolute

i’

mobility of ion i (v, =A,/% ) and af, a/ are the single ion activities of ion i.

f
Even this equation can give rise to errors of up to several mV [9,19.20].

EXPERIMENTAL
Conductivity measurements

Using a conductivity meter (Philips PW 9501 /01 with cell PR 9513, measuring
frequency 2000 Hz, accuracy 0.5%) calibrated carefully with the NaCl data from the
literature [13,15], we measured the equivalent conductance of the chloride salts of
potassium, choline (m.w. of the unhydrated cation 120.2 dalton) and N-methyl-(D)-
Glucamine (NMG, m.w. = 194.2 dalton), and the sodium or potassium salts of
isethionate (m.w. of the unhydrated anion 125.1 dalton), thiocyanate (m.w. = 58.1
dalton), gluconate (m.w. = 195.2 dalton) and glucuronate (m.w. = 193.1 dalton). The
equivalent conductance equation [equation (3)] was curve-fitted to the data with A
and a as fitting parameters.

The use of glucuronate or gluconate

Throughout this study a significant difference (Student’s 7 test; P < 0.05) in
measured parameters was never observed when Cl- was replaced by gluconate or
glucuronate (see, for instance, Table 1). Therefore both organic anions were used
without discrimination and in the salts that were commercially available (potassium
and sodium salts prepared from glucuronic acid and Na-glucuronate and Na-gluco-
nate).

Single ion activities

Potassium activities in single and mixed salt solutions of KCI, K-glucuronate,
NaCl and Na-glucuronate ‘were measured with micropipettes filled with liquid
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Fig. 2. Descriptions and diagrams of the measuring circuits for {a) ion potentials and (b) diffusion
potentials. The convention for the direction of the interface potentials is right side positive. The symbols
are placed under the interfaces they refer to.

ion-exchanger (WPI IE190: 5=56.940.2 mV/decade; K, ,, = 0.020 + 0.002;
Ky ca=0.015 4+ 0.006) and with a glass miniature electrode (Microelectrodes Inc.,
Londonderry, Mass, U.S.A.) in a circuit according to Fig. 2a. Chloride activities in
KCl, choline-Cl and NMG-Cl were measured with Ag|AgCl electrodes. Reference
electrodes during calibration were freshly-cut 3 M KCIl (in 3% agar) cannules
connected to Ag|AgCl elecirodes by 100 mM KCI bridges. The symbol for the
interface potential of conductor B with respect to conductor Ais  d,_p.

When the test solution (T) is substituted for the reference solution (R) the change
in circuit potential is given by:

AU, = U(test) — Uy (ref) = (égp_1+ ¢1_,) — (bspr + Pr_,) (8a)
where U, is defined by equation (6).

Introducing the differences Ad, =¢_, —dp_, and Adgy = dgg 1 — bgg_p ONE
gets:

AU = Ad, + Adgy (8b)
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Diffusion potentials

Diffusion potentials (U,,,,) were measured between 100 m M organic salt solu-
tions and a 100 m M KCI reference solution in the circuit depicted in Fig. 2b. The
circuit potential is given by:

Usrr=r-r+dr-s+ dspr = Uy — Dgy (9)

which is the sum of three junction potentials. ¢, _+ is a bi-ionic potential and can be
equated with the Henderson diffusion equation (7): U,.

Osmoltic measurements

Osmotic coefficients of 100 mM salt solutions were determined with two osmo-
meters, one using the freezing point depression method (Precision Systems, Micro-
osmometers), the other using the vapor pressure reduction method (Wescor, 5100 C),
The accuracy of calibration was typically 2 mosmoles /dm’. The correct functioning
of the osmometers was verified by measuring the osmotic coefficients of potassium
nitrate (0.858 +0.002 and 0.855 + 0.003, respectively) and potassium acetate (0.913
+ 0.003 and 0.919 + 0.003, respectively). These values are in accordance with the
data from Robinson and Stokes [13].

Intracellular measurements

The intracellular potential measurerments shown in the introduction (see Fig. 1)
were taken in goldfish enterocytes during chloride~gluconate substitutions. Origi-
nally the tissue was bathed with a standard solution [21] containing 117.5 m M
NaCl, 5.7 mM KCI, 25 mM NaHCO,, 2.5 mM CaCl,, 1.2 mM MgSO,, 1.2 mM
NaH,PO, and 27.8 mM glucose (315 +3 mosmoles/dm’). The solutions were
gassed with an humidified mixture of 5% O, + 95% CO,: pH =7.3. All CI™ (127.1
meq/dm’) is substituted by gluconate (117.5 meq/dm’) and SO7~ (4.8 meq/dm’).
The solution was adjusted to 315 mosmoles/dnt? with 14 mM mannitol. The
experimental set-up and the tissue preparation, allowing the impalement of the
epithelial cells with microelectrodes, are on the whole the same as described earlier
[21]. The reference bath electrodes were 3 M KCl agar bridges connected to the
Ag|AgCl electrodes by a standard salt bridge, similar to the one shown in Fig. 2a.
The mucosal bath electrode was connected to the ground of the electronic equipment.
A potassium-selective microelectrode was placed in the mucosal bath near the cells
impaled by the normal microelectrode. When the potassium-selective microelectrode
was used as a reference electrode the measurements were obtained as the differential
potential change between the intracellular microelectrode and the extracellular
potassium-selective electrode (cf. Fig. 3a) both with respect to the mucosal bath
electrode.

Since biological media, as used here, are electrochemically extremely complex and
no theoretical descriptions are available to explain the observed change in ion-sensi-
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tive electrode response, the conclusions drawn from the other parts of this paper
cannot be related directly to these types of solutions. However, they might provide
an indication to what procedure is best in correcting for the observed changed.

Statistics

Average results are presented + Standard Error of the Mean (s.e.m.). If errors are
presented in calculated results these are only related to the errors in the experimen-
tally determined parameters.

RESULTS
Conductivity measurements

Table 1 shows the limiting equivalent conductivities and the a values derived
from the conductivity measurements. Note the agreement in A, of SCN measured
with K* or Na™ as counterion. The A, values of glucuronate ions of different salts
show some scatter, but this is mainly due to the way the solutions are produced (see

TABLE 1

The function A=A, —{{0.230 A, —0:60.65]1/:_‘ J1+0.3291 a/c )} Titted 1o the measured equivalent
conductivities for the concentrations 1, 2, 5, 10, 20, 50 and 100 meq/dm’. The accuracy in the
concentration was 0.2% or better. Temperature was 25,0+ 0.2°C; the quantity ¢ is calculated in Angstréom
units. 5.d. is the standard deviation for the measured points (A, ,,) from the fitted curve (A ):
sid. = (E(A.— A, ) /0 )% For the calibration of the conductivity meter the data for NaCl from the
literature were used: (NaCl),,. To obtain A, of the organic ions (last column) the A, of Na™, K" or C1°
(resp. 50.10, 73.50 or 76.35 Q' cm® eq ') were subtracted from the limiting equivalent conductivity of
the salts. All substances were of analytical purity (Sigma, Aldridge or Merck). Sodium glucuronate [rom
Sigma (a) was compared with the sodium and potassium salts of D-glucuronic acid titrated 1o pH 8.2 by
NaOH or KOH adjusted previously by succinic acid (b, ¢). Small differences in limiting equivalent
conductivity values were found

Substance Ay a s.d. Ao
(8 "emleq ) (A) (2 '"em?eq ) (8 "cmPeq )

(NaCl),,, 1264 42 0.04 =
(NaCly,,, 126.2 4.3 0.3 -
KCl 150.0 3.7 0.4 -
NaSCN 114.9 47 04 648
KSCN 139.4 4.3 0.2 65.9
MNa-glucuronate (a) 78.6 23 0.2 8.5
Na-glucuronate {(b) 76.9 24 0.3 26.8
K-glucuronate (c) 98.8 2.1 0.2 155
Na-gluconate 77.9 2.3 0.4 27.8
Na-isethionate 91.3 36 0.3 41.2
Choline— (1 114.4 1.9 04 379
NMG-CI1 100.1 1.7 0.2 23.7
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legend to Table 1). According to Bjerrum’s theory there is some indication that ion
association may occur with the ions gluconate, glucuronate, choline and NMG.

With equation (2), taking a from Table 1 and assuming b= 0.0202, one can
calculate f, for these solutions; as they will be needed elsewhere in the calculations,
here we orﬂy give f,(KCI)=0.768 £+ 0.003 and f, (K-glucuronate)= 0.740 + 0.002
for the salt solutions at 100 mM concentration; at 10 mM concentration these
values become 0.901 + 0.001 and 0.896 + 0.001, respectively.

Single 1on activities

Table 2a presents the potentials measured with potassium-selective electrodes
with respect to the reference electrode (3 M KCl) when K was replaced by Na ' at
constant ionic strength in the presence of either chloride or glucuronate. It is clear
that glucuronate introduces a deviation in potassium signal of approximately 4 mV,
but leaves the slope (s) constant and the selectivity (K ,) of the electrode system
unaffected. Similar deviations but of opposite sign were observed with chloride-sen-
sitive microelectrodes in NMG-Cl and choline C] solutions (unpublished observa-

TABLE 2

Average circuit potentials in & circuit according to Fig. 2a measured with single-barreled potassium-sensi-
tive microelectrodes and 3 A KCl sall bridge

(a) Potentials in mixtures of KCl and NaCl are compared with those in mixtures of K-glucuronate and
Na-glucurenate. The potentials measured in Cl-containing solutions are presented as Uy, taking the value
in 100 mM KCl as reference value. The difference in potential between the glucuronate- and the
corresponding chloride-containing solutions is presented as AUy . The values in columns 1 and 2 related
to the amount of cations present in the solution

Cations Anions

Na K Cl glucuronate

{megq/dm’) (meq/dm") Uy (mV) AU, (mV)
0 100 0 —-4.140.2
90 1a —548+0.6 —-374+04
99 1 —8§6.2+32 —434+04

100 0 ~95.8+4.0 — 5.1 05

(b) Electrodes responses AUy during dilution of KCl of K-glucuronate in decadic steps in activity using
mean aclivity data from the literature [13]. The same dilutions in concentration were made for
K-glucuronate. The value in the first column relates to the concentration of the salt, the value in the
second to the estimated mean activity expressed for KCIL The value for 100 m M KCl is taken as reference

Salt Estimated KCl K-glucuronate

concentration K activity AUy (mV) (AU (mV)

(mM) (meq/dn’)

100.0 77 0 -38+04
8.50 i -56.5+0.2 —578102
0.80 0.77 —-114.3403 —-11444+04
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tions). From Table 2b it follows that s changes apparently from 57.2 to 55.3
mV /decade, but at the lowest concentration the potassium signals are the same,

Artifacts of the ion-selective microelectrodes due to counterion interference by
imperfect sealing [12] or failure of co-ion exclusion [1] are unlikely as a potassium-
sensitive glass electrode (AL, in Table 3) and an Ag|AgCl electrode (AU, in Table
3) measured essentially the same values as the liquid ion-exchanger microelectrodes
irrespective of whether lyotropic ions (thiocyanate, choline) or lyophobic ions
(glucuronate and NMG) were substituted. In addition. the fact that larger tip
diameters of the microelectrodes (>3 pm) did not alter the results also pleads
against imperfect sealing [1]. Therefore there is no reason to assume that specific
electrode artifacts of the sensor electrodes are involved. As stated previously,
however, AUy and AU, do include the changes in liquid junction potential near the
salt bridge: Adgg.

In addition, AU, was measured during similar substitutions with 10 mM salt
solutions: AU, = —1.14+£01 mV (a=13).

Diffusion potentials

Diffusion potentials measured at 25°C across a porous plug between KClI,
K-glucuronate, choline chloride or NMG-CI are presented as U, in Table 3. These
experimental diffusion potentials include the non-symmetrical liquid junction poten-
tials at the 3 M KCI junctions: —A¢g,. The theoretical diffusion potentials
calculated with the modified Henderson equation (7) for the liquid junctions

TABLE 3

(a} Changes in ion potentials (AUy or AUg) due to the switch from a 100 m M KCl reference solution to
a 100 mM test solution measured in a circuit according to Fig. 2a and diffusion potentials (U,/)
according to Fig. 2b. The value L/, is the theoretical diffusion potential for the liquid junction between a
100 mM KCl solution and the test solution calculated with equation (7) at 25°C, assuming f, =f_=/f .
[cf. equation (2)]. (b} The same as in (a) but with 10 m M concentrations. Polassium potentials (Uy ) were
measured with a potassium-sensitive miniature glass electrode and chloride potentials (U ) with an
Ag |AgCl electrode, Diffusion potentials (U, 7)) were measured across a porous plug. All salt bridges were
freshly cut 3 Af K.Cl agar bridges

Cation Anion AU Al Uyr fa Uy
{mV) (mV) (mV}y (mV)
{a) {00 mM
K Cl 0 0 0 0.768 0
K glucuronate —3.78+0.08 ~ —9904+0.03 0.740 —10.5
Cheline Cl - 3.08+008 6104011 0.736 6.8
NMG Cl = 3.40+0.12 9.01 +0.03 0.732 10.1
) 10 mM
K Cl 0 0 0 0.901 0
K glucuronate —1.1+0.1 = ~-94403 0.896 -10.5
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between the 100 mM KCI and the test solutions are presented as U,;,. The ionic
mobilities used in this calculation were derived from the A, values in Table 1 with
u=2»A,/% and the activities calculated with the a values from this table and
equations (1) and (2).

At 10 mM the change KCl — K-glucuronate induced a change Uy, of —9.4 mV
(n=73). This 1s not significantly different from the value —9.9 mV at 100 mM
concentration,

QOsmolarity

Comparison of the data of KCl, K-glucuronate, choline chloride and NMG-Cl
did not show any significant differences in the osmotic coefficients either with the
vapour pressure osmometer or with the freezing point depression osmometer. The
small differences in these data are within the accuracy of calibration (see Table 4).
Using the parameter a from Table 1, Bjerrum’s theory would predict an association
of 6 to 8% in the solutions under investigation, which corresponds to roughly 3 to 4%
reduction in osmolarity (i.e, 6 to 8 mosmoles/dm’), The data, therefore, do not
support clearly the idea that ion association occurs in these electrolyte solutions. In
the same table are compiled the values of ¢ calculated from Table 1 with equation
(4). Clearly all values are in the same range and the influence of the value for
K-glucuronate is too small to be observable during such measurements.

Intracellular potential measurements

Figure 1 shows mucosal membrane potentials (U, ) in a goldfish intestinal
epithelial cell during chloride-gluconate substitutions: the dashed tracings represent

the responses when a potassium-selective microelectrode was used as reference

TABLE 4

Osmolarities of the studied potassium and chloride salts determined with a Freezing Point Osmometer
(FP) and a Vapour Pressure Osmometer (VP). The differences observed are within the accuracy of
calibration typical for the instrumenits { + 2 mosmoles,/dm’)

Cation Anion Osmotic coefficient

FP VP calculated
100 mASf
K CJ 0.9154+0.002 0,911+ 0.002 0.927
K glucuronate 0.919+0.002 0.902 + 0.002 0.911
Choline Cl 0.910+0.002 0.905 + 0.002 0.908
NMG Cl 0,928 +0.002 0,914 4 0.003 0.906
10 mM
K &l - - 0.967
K glucuronate = - 0.963

37



electrode. It can be seen that U, first depolarizes and subsequently hyperpolarizes.
In the other tracings where the reference electrode was a normal 3 M KCI salt
bridge, the initial positive deflection is absent and the tolal hyperpolarization in U

nre

is also about 6 mV larger. Averaged over 20 determinations the deviation was
4.1 4+0.3 mV,

DISCUSSION

The conclusion derived [rom the osmotic measurements is that there is no reason
to assume that ion association is an important factor in the solutions of the studied
organic salts.

Since different types of ion-sensitive electrodes all produced essentially the same
results, it is not likely that specific artifacts of these electrodes are involved. In
addition, one can conclude that the observed effects not only apply to K™ but also to
Na' and are in fact roughly the same (see Table 2).

From the conductivity measurements of the organic salts it can be concluded that
in the 10 to 100 m M range, ionic interactions affect the activities or the mobilities of
the ions as the distance of nearest approach (a) in equation (3) is smaller than the
value expected from the sum of the radii of the constituting ions.

Relating A, to the diffusion coefficient at infinite dilution D, [13] one finds
D, =0.72 £ 0.02 10 *c¢m® s ' as compared to glucose D =0.67 10 *cm’ s~ '. From
D, one can calculate the radius () of the glucuronate ion (D = kT /47qr) and finds
r =15 A. The discrepancy between a (2.1 A) and the sum of the ion radii (about 7 A)
might indicate that these anions are not spheroid or that the charge is not located in
the centre of the ion. Another choice of b cannot accomodate this discrepancy.

As for the potential measurements, one can still choose either the extrather-
modynamical assumption that the ion activities changed or that the diffusion
potentials near the junctions changed. This can easily be shown by adding the left
and right hand sides of equations (8) and (9) to:

U;HN+ AUL = U, + A9, (10)

The left handside of equation (10) contains only experimentally observed values
while the right handside contains U,, and A¢,, which only depends on f,. Both
assumptions can now be assessed by applying them to the results.

Assuming that changes in cation activity coefficient ( f,_) equal the mean activity
coefficient (f,) one finds Uy = U, + AUx + 0.9 mV from the experiments. Alter-
natively, applying the modified Henderson diffusion equation one finds U, = —10.5
mV for 100 m M potassium salt solutions. This calculated value and the experimen-
tally determined value differ by 2.4 mV, which therefore is the additional potential
change near the liquid junction. The best explanation for this change is that the
mobilities of K™ and Cl~ are changed in the junction by the presence of a relatively
high concentration of large organic ions which behave slightly similar to a micellar
suspension in the suspension effect [22,23]. If this explanation applies here indeed,
the effects are expected to occur in most types of liquid junctions where large
organic ions are included. Thus the difference between the diffusion potential U,
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and the calculated Henderson potential (U, ) could be relatively small because the
artifacts near the junctions with the salt bridge (—A¢gy) and the reference solution
cancel each other partly (see Fig. 2b and Table 3). The deviations are best observable
when AU is measured with an ion-sensitive electrode with respect to a junction type
reference electrode in which case presumably AU, = Adyy,.

The other assumption, that the activity coefficients changed, can be assessed by
analyzing A¢,, assuming that the unmodified Henderson diffusion equation can be
applied to the junction near the reference electrode. Adgy for 100 mM is —1.32 mV
and for 10 m M it is —0.38 mV. With equation (8) one can now calculate the f, in
100 mM and 10 mM K-glucuronate. If f, (KCl)=/_(KCl)=f_ (KCI), then in
K-glucuronate f, at 100 mM is 0.698 + 0.001 and at 10 mM f, is 0.876 + 0.001.
With equation (5) one can calculate from this that the glucuronate ion in the 100
mM solution should have a hydration number of approximately 37 (assuming that
this value for K* is 2 [11]). It is left open whether one wants to consider this as a
physically realistic value. It might be possible that other theories — like the discrete
lattice theory — when [fully developed. will provide an answer to this question.
Using the found value of 37 to caleulate /. in the 10 mM solution one finds
f,=0.4891.

Up to now it was tried in this discussion to contrasi the differences in results
depending on the assumption made. If the electrode processes are predominant they
account for about —2.4 mV in Uy and nearly nil in U, . If the activity change is
predominantly the origin of the measured AU, f, should drop from 0.768 to 0.698
upon KCIl — K-glucuronate substitution, in 100 m M solutions. There is, however,
no theoretical reason to exclude the possibility that the substitution introduced an
effect that influences both the activity of the counterion and the junction potentials
near the electrodes with transference. In any case, an explanation that would only
assume that the activity coefficient changed is not very likely, as can be deduced
from the following arguments based on the application of equation (10). The right
hand terms in this equation both depend on the activity of K" in the solution.
Therefore one can solve simultaneously A¢ with equation (6) and U,, with equation
(7), both as functions of f., and try to find the value f, (and f_=fi/f.) where
equation (10) is fulfilled. This occurs when f, is about 0.55, which is an unrealisti-
cally low value.

As far as it is allowed to make statements about single ion activities, the
conclusion from this analysis is that though it cannot be excluded that the ion
activity coefficients of the ions decrease when their counterions are large organic
ions, it is not the only effect. Processes occuring near the reference salt bridge must
be included in the explanation of the potential changes observed in circuits where
these organic ions are used,

This is illustrated in Fig. 3, where transients were recorded using the circuit of
Fig. 2a. The reference solution (R) was a standard salt solution and the sensor
electrode (ISE) a potassium-selective microelectrode.

In tracing (a) a 3 M KCI agar bridge was used as reference electrode: in (b) a3 M
KCI microelectrode (tip diameter smaller than 0.5 pm and with a tip resistance of 20
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Fig. 3. Recordings of the transient potentials in a circuit according to Fig. 2a when the test solution was
changed from a standard Ringer solution to a chloride-free Ringer solution. For all measurements a
potassium-sensitive microelectrode was used as sensor electrode. Different reference electrodes were used:
(a) a 3 M KCI agar bridge (the steady state value after 15 min was —4.2 mV); (b) a 3 M KCl-filled
microelectrode; (¢) a 3 M KCl-filled microelectrode with broken tip; (d) a standard Ringer salt bridge.

M), in (c) a 3 M KCI] microelectrode with broken tip and in (d) a standard salt
solution agar bridge. One sees that the first and third transient are slow and only
reach their steady state value asymptotically, Standard salt agar bridges produce
better results, being fast and reproducible [sece recording(c)]. This is probably
because the salt solution junction approximates the bi-ionic type (which is normally
well-defined and stable [9]). The recording with the microelectrode (b) in Fig. 3
shows only a small transient, but the magnitude of this transient is not very
reproducible. This different behaviour is clearly related to the extremely small
surface of the tip opening. as breaking off the tip gives recording (c). It cannot. be
decided whether this is directly or indirectly due only to this extremely small surface
or also to the greater importance of the charged glass capillary surface surrounding
the junction, thus influencing electrokinetically the diffusional parameters for ca-
tions and anions in this junction.

Standard salt agar bridges, if accurately corrected for the liquid junction poten-
tial, seem well suited for steady state measurements, For transients, however, one
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should preferably choose reversible ion-selective electrodes. Although this is recog-
nized by many investigators, who therefore use Ag|AgCl reference electrodes during
cation substitutions [9,19], it 1s not yet common practice for anion substitutions.
Here we show that one should be extremely cautious using 3 M KCI salt bridges for
accurate electrical measurements during anion substitutions, especially when
transients are to be measured in which case the errors may be even as large as 12
mV. Inherently, in both approaches an extrathermodynamical assumption is still
hidden: either that near the 3 M KCl reference electrode no potentials are developed
or that the cation activity did not change. By using cation-sensitive reference
electrodes during anion substitutions one can overcome the transient problems, as
we illustrated in Figs. 1 and 3. The selection of the most suitable cation-selective
reference electrode depends partially on its selectivity to divalent cations, because
these ions may be associated to a large extent in chloride-free solutions [16].
Applying both assumptions to the analysis of data from biological research might
show to what extent these assumptions influence the outcome.
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Chapter III

Cellular and Transepithelial Responses of Goldfish Intestinal Epithelivm

to Chloride Substitutions

T. Zuidema, J. W. van Riel, and J. Siegenbeck van Heukelom
Depactment of Zodlogy, Membrane Biophysics, Universily aof Amsterdam, 1098 SM Amsterdam, The Netherlands

Summary. In goldfish inlesune chlonde was substituted by large
inorganic anions (gluconate or glucuronate] either mucosally.
serosally or bilaterally. Changes in intracellular activitics of chio-
ride te, C1 | sodivm (a,Nu | and polassiom (e ). pH,. relitive
volume, membranc and transcpithelial potentinls, transepithelial
resislance and voltage divider ralio were measured, Control val-
ues were: ¢ Cl = 35 meg/liter. wMNa' = 1| meg/literand u, K =
95 meqflter. During bilateral substitutron the latler two did not
change while ¢, Cl dropped 1o virtwally zero,

Mucosal membrane potentials (,, ) were: control, —33mV;
serosal substilution, =51 mY, bilateral substitution, —66 mV:
while during mucosul substitution o transient depolarization oc-
curred and the final steady state Jr, was 66 mV.

Duiring confral and bilateral substitution (he (ransepithelil
potentials (e, ) did not differ fram zero. During unilateral subsii-
tutions 0y, was small, in the order of magniude of the emors
in the liguid junction pitentinls nesr the measuring sali
bridges.

During bilateral substitution pH, increased 0.4 pH units,
Cellular volume decreased during mucasal substitution (o 88% in
40 min; after serosal substitution it transiently increased, but the
new stendy-state value was nol significanily above its control
value.

Three minutes after mucosal substitution an «Cl  of up-
prox. 10 megliter was measured.

Chemical cancentrations of Na, K and €l were determined
under control conditions and bilateral substitution. Cl concentra-
tions were also measured as a function of wime after unilateral
substitutions.

The data indicate an electrically silent chlorde influx mech-
anism in the brush border membrane and an electrodiffusional
chloride efflux in the basolateral membrane. A substantial hicar-
bonate permenbility is present in the basolateral membrane. The
results are in agreement with the abserved changes in membrane
resistances, volume changes and pH changes,

Key Words  intracellular ion aclivity + K= Na* - T~ - HCOy
intestinal epithelium - intereellular space - goldfish

Introduction

Henin and Smith [27] were the first to report that
Uy in rabbit colonic mucosa hyperpelarized after
mucosal chloride omission. Later this effect was
also found in other intestinal preparations, espe-

cially those bathed in bicarbonate salt solutions [ 14,
26, 30]. Hyperpolarizations in bicarbonate-free situ-
ations were smaller or insignificant [37, 43, 54]. In
Nectirns proximal tubule and gallbladder .. even
depolarized when chloride was substituted in bicar-
bonate-free selutions. Guggino et al. [25], however,
showed thal afler bilateral or serosal chloride sub-
stilution & hyperpolarization occurred which was
dependent on bicarbonate and was abolished by
serosal  SITS  (4-acetamido-4'-isothiocyanatostil-
hene-2,2'-disulfonic acid) application.

The chloride conductances of both the apical
and basolateral membrane of proximal tubule and
gallbladder are usually estimated low [23, 39, 40,
46]. Some of the limitations of these studies were
corrected for recently by Fisher [ 16] who carefully
measured the transient diffusion potentials across
the subepithelial connective tissue and minimized
the influence of electrical changes at the apical bar-
rier. His results support the earlier conclusions.

Baerentsen et al. [4], however, pointed oul that
the chloride permesbility of the basolateral mem-
brane is masked by the large polassivm permeabil-
ity and the rheogenic contribution of the Na/K
pump and is therefore easily underestimated. Also
subsequent changes in intracellular chloride activ-
ity tend to mask the depolarizing effects of chloride
substitutions. Especially the latter effects may be
important in intestinal epithelia, whose villus or fold
structure gives rise to considerable unstirred layers
and consequently delayed responses. Moreover,
the columnar shape of the enterocytes and the long
and narrow interspace bounding the basolateral
membrane make it necessary (o treat the interspace
as a separate compartment in the analysis [15].

The purposc of the present study was to abtain
information about the chloride conductance of the
plasma membranes of goldfish intestinal epithelium.
To this end we performed an analysis of potential
changes and changes in intracellular activities in re-

43



sponse to chloride substitutions. In contrast to the
afoerementioned studies in gallbladder and proximal
tubule we conclude that the basolateral membrane
of goldfish enterocytes possesses a substantial chlo-
ride permeability.

Part of this study was presented at the 4¢th Con-
ference of the European Society for Comparative
Physiology and Biochemistry, 1982 [24].

Materials and Methods

PREPARATION AND EXPERIMENTAL SET-UP
FOR INTRACELLULAR MEASUREMENTS

Preparation of the lissue and experimental set-up have been de-
scribed earlier [1, 48],

BATHING SOLUTIONS

The standard salt solution had the following composition {in
mm): MaCl, |17.5; KCI, 5.7: NaHCO,, 25; NaH,POy, 1.2; CaCl;,
2.5 MgS0,. 1.2; and mannitol, 27,8, Solutions were gassed with
humidified 955 O, + 5% CO,. In the chloride-free solutions the
sodium salts of glueuronate (Sigma Chemicals) and gluconate
(Merck-Schuchardt) were used as substitutes for chloride; in
these solutions KCl and CaCly were substituted by K250, and
Cal0y, respectively, and balanced osmetically by addition of 14
m of mannitol. No different results were found between solu-
tions where gliuconate or glucuronate were used as substitule.

ASSAYS OF INTRACELLULAR pH
AND EXTRACELLULAR SPACE

Intracellular pH and extracellular space were determined as de-
scribed by Groot [21, 22]. Free Aoating strips of intestinal mu-
cosa were preincubated several times in fresh solutions af the
desired composition for at least 30 min before incubation in ra-
dioactive solutions, The solutions were stirred by continuous
flow of humidified gas (95% O, + 5% C0O,), Aller 3010 45 min the
strips were removed, gently blotted on Whatman (#1) filter pa-
per and weighed in tarred aluminium weighing boats (Heraeus)
on a Mettler ME 30 microbulance, Rudiouctivity was measured
in a liquid seintillation counter (Packard Tricarb 2660) with Insta-
gel® (Packard) as scintillation mixture. The extracellular space
was calculited from the distribution ratio of 'Helabeled PEG
(4000 1) between tissue and medium and was nermally 15% of
the tssue volume [gf. 21, 36, 54, 5], This value s assumed 10 be
constant during the experiments, Intracellular pH was estimated
fram the distribution ratio of “C-labeled DMO (5.5-dimethyl-
oxazelidine-1.4-dione} according 10 Waddell and Butler [33].

The radinactivity in the solutions was about 10" dpm/ml,
Experiments were carried oul al 20°C.

! Zuidema, T., Kamermans, M., Siegenbeek van Heuke-
lom, J. Basolateral potassium redistribution in goldfish intestine
induced by glucose absorption, Pleupers Arcit. (submitted ).
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Assay OF INTRACELLULAR Na, K, Cl
CONCENTRATIONS AND WATER CONTENT?

lon and water content in free-Roating strips were analyzed as
described by Groot [21]. For the determination of the mtracellu-
lar CI concentration and water content after unilateral C1 subsii-
tution mucosal strips wers mounted as flal sheets on tissue hold-
ers, leaving an exposed area of 0.2 cm? [23], The holders were
clamped between two Lucite chambers with gassed solutions of
the desired composition.

Al chosen intervals the tissue was punched out of the hold-
ers, gently blotted with Whatman (#1) filier paper and weighed
as described above, Dry weight was determined after drying for
at least 2 hr at 105°C. The dried rissue was extracted in 0.1 N
HNO; for at least 2 br. Then ehloride was determined with a
Micro Chlor-v-counter (Manus, Utrecht, Netherlands).

[on-SENSITIVE MICROELECTRODES®

Although the steady-state o in this study varied from —40 to
~70 mV, the differences between individual celis of the same
preparation are small, normally less than S mVY. In order (o re-
duce the errors duc to this variability, the average of 3 to §
individually measured membrane potentials was taken as the ref-
erence vilue for calculation of the steady-state intracellnlar ac-
tivities

Construction, calibration and spphication of bath sormul
and jan-sensitive microelectrodes are deseribed clsewhere.* For
the Cl -sensitive microelectrodes a liquid membrane (WPIL-1E
1701 was used. A slope constant of 549 = 0.2 mVidecade in CI -
activity was found (n = 30}, while the selectivity cocfficicnts
were Keyyeog = 006 2 0.01 (o = 12), Kojucoraie = 0.04 = 0.01 (0
= 12y and Ky jopg, < 0,10 [3, 34],

In the solutiens used for chloride substitution experiments
the apparcnt chloride ion activity was 6.8 megfliter; as the salt
solution contained 2% my NaHOO, one eun calculate that 3.2
meg/liter can be attributed to HCO; taking inlo account un activ-
ity coefficient of 0,76,

The intracellular HCOS activity is calculaied from pH, val-
ues ohtained as described abave with the assumplion that pCO,,
CO, solubility and activity coefficients in the cell and the bathing
solutions are the same,

MEASURING ARTIFACTS
DUE TO THE USE 0F LARGE ORGANIC ANIONS

During calibration when control solutions were changed 1o glu-
curonate and gluconale salt solutions a shift of about —4.1 mV
with respect to the reference sall bridge was measured with po-
tassium-selective microelectrodes. This shifl varied slmost lin-
early with the concentration of the substituting organic anions,
but slope constant or selectivily of the electrodes were not af-
fected. The deviation can he caused by changes in the liguid
junction potentisl near the reference salt bridge or by a reduction
in single cation activities of sodium and potassium. On theoreti-
cal grounds it is impossible to diseriminate between these two
alternatives [§, 31, 34, 60, A full account of the possible causes

* Throughout this paper ionic activities are denoted a,d-,
chemical concentrations [i],; ! lonic species, z chargs number
and x intracellular compartment (7) or bathing solution (o),

T See footnote 2.

4 See foolnote |,
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mucosa Cl-free
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f'?l& 1. Typical recordings of 4., and m during mucesal chio-
ride-gluconate substitution, In these recordings a potassivm-se
lective microelectrode was used as reference elecirode

and consequences of this deviation (s given tn a separale paper
[60].

As normally b is defined as the potential change sensed by
the microelecirode upon penetration of the cell membrane, 1he
reference potential taken is the one measured by the microelec-
trode in the mucosal bath selution. Accordingly, corrections are
made when i, measured during lon substitutions. is used for
calculations of permeability ratios (see Table 5).

i is normally measured with agar salt bridges, mostly 3w
KCI. The shift has no consequences for hilateral substitutions,
when it occurred at both sides of the epithelium. Comeclions are
noeded, however, for the shift during unilateral substitutions |8,
31, 807, in order to calculate the transepithelial potential chunges,

As plasma membranes and the tight junctions are cation-
selective, the reading of a cation-selective electrode in the muco-
sal bath was chosen as the reference. If the shift of —4.1 mV is,
indeed, due to a change in cation activity in the bathing solu-
tions, this is the best way to account in the analysis for the
membrane responses o this change, A number of experiments
was carmied out even using the polassiom-sensilive microelec-
trode directly as reference electrode (Fig. 1), By placing the tip
of this electrode pear the cells penelrated by Ihe measuring
microelectrade, polential arifacis by diffusional delays in un-
stirred layers are minimized [16].

Finally, the sodium-selective liguid membrang in the micro-
electrode had a high sensitivity to Ca™ [12, 34], which was
present in the solution in a conceniration of 2.5 mM, As ingluco-
nite and glucuronate solutions a substantial part of Ca®* is asso-
ciated 1o these anions [10], an average additional deviation was
found of —6.3 mV. corresponding to appros, 70% of the calcium
being associated. Since neither addition nor emission of CaS0,
in chloride-free solutions alters the membrane potential signifi-
cantly [ef, 16, 25] the chioride-free solutions were not adjusted
by increasing the caleium activity,

STATISTICS

‘The presented steady-state values arc the average of the mea-
sured values. Transient responses were measured at distinct time

Serosa Ci-free

Wire: | 1 =

" I

(v b

Fig. 2. Typical recordings of ¥ and b, during serosal chloride
gluconate substitutions. Mucosal reference elecirode and serosal
voltage electrode were connected to the bath by Ringer agar
bridges

intervals with respect 1o the preceding steady-state values and
averaged, All values are given * SEM,

Results

ELecTRICAL RESPONSES
T0 CHLORIDE SUBSTITUTIONS

Mucosal Substitutions

In Fig. 1 representative recordings are shown of the
responses to mucosal chloride substitution of i,
and thy, both with respect to a potassinm-sensitive
microelectrode in the mucosal bath. The initial de-
polarization of i, is followed by a hyperpolariza-
tion, In eight identical determinations we found an
average peak depolarization of yo,, of +4.7 £ (1.5
mV followed by a hyperpolarization of —10.0 = 0.6
mV. In contrast, i, (defined as . = tme — Phye)
did not depolarize at any time. The initial change in
s Was +5.9 = 0.5 mV, while lhe steady-state po-
tential change was + 2.9 + 0.5 mV (equivalent with
=1.2 mV with respect to a 3 m KCl| agar bridge).

Serosal Substitutions

Typical changes in Yy, and i, due to serosal chlo-
ride substitution are shown in Fig. 2. The serosal
voltage electrode was formed by a salt bridge filled
with standard salt solution, thus introducing a large
ligquid junction potential in series with the trans-
epithelizl potential. The small initial upward deflec-
ton in Yy, (2.8 = 0.5 mV) is most likely induced by
the shunt diffusion potential which develops more
quickly and introduces, by voltage dividing, a hy-
perpolarization of several mV.
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‘Lable 1. Electrical responses to chloride substitutions

W (MY} ~524 Q7 —65.7 £ 132
e (V) 00 =01 1.2 £ 03
R, (ftem?) 174 = 0.5 1689 *+ 08
R.R, 1,48 + 0,08 1.49 + 014
n L1 19 17

N=33 Control Mucosul Se
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il Bikateral

1.4 : L6 —6fh £ 1.3

25 05 g ]

L * 1l 03 =09

1.24 + 016 10 =025

Steady-state membrane potentials and transepithelial potentials during control, mucosal, serosal or
bilateral chlorde substitution situations. Control values are pooled averapes of the individual controls
of the mucosal, serosal and bilateral subsiiutions. N is the number of preparations, ¢ is the rumber of

MEESUrements.

Table 2. Intracellular ion setivities

lon Wenc al taid ey Nomgon
(mV) imeqiter] tmeq/liter}

Control
Na* -50.6+ 1.3 11.1 % 1.l L] 11, 60, 61
K —536£ 1.7 951473 in 14, 6&, &
Cl —557£14 3531 10.4 15, 74, 7H

Bilateral
Na® -648*14 155233 1240 5,21, 24
K ~698+ 2.8 931 =*30 Lilt] 521 36
cl- 0.2+ 1.0 (7.0 =030 0 521,27

Steady-stale membrane potentials () aod intracellutar jon ac-
tivities {w, 1) of goldiish enterocvies during perfusion with normal
Ringer {control] and during bilateral perfusion with C| -free solu-
tions. The 1on activities are calculated as described in Materials
and Metheds,

“ The apparent a,C1- under chloride-frec conditions and normal-
ized 10401

(i )y B8 the intrzcellular activity expected if electrochemicul
equilibrium would exist across the eellular membrane.
Averages were faken uver the number of epithelis investigated
(N i total number of i 1ts with voltage-sensing elec-
tredes; o is 1otal number of impalements with jon-sensiive mi-
croclectrodes. i, averaged over all bilateral determinations was
68.5 mV.

Table 1 gives the steady-state values of i, and
s during control, mucosal, serosal and bilateral
chloride substitution. In this table i, was laken
with respect to a 3 m KCI salt bridge. The trans-
epithelial resistance R, simultaneously deter-
mined, is also presented. From the apparent voltage
divider ratio in the cell and across the epilhelium:
AV /A Vg, that was measured simultaneously, the
apparent ratio R,/R, (see also Table 1) was calcu-
lated as described carlier | 1] using a correction for
the different resistivity of the chloride-free solu-
tions (112 Qem ws. 64 em). Both R, and R,/R, do
not change significantly after mucosal replacement
of chloride (P > 0.1). However, after serosal or
bilateral chloride substitution R,/R, decreases by
20-30% and R, increases by approx. 15%,
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STEADY-STATE MEMBRANE POTENTIALS
AND INTRACELLULAR [ON ACTIVITIES

Whereas in the gluconate solutions an apparent
a,C17 was measured of 6.8 meg/iter. in the cell an
apparent «;Cl- is measured of 7.0 = 0.3 mea/liter
{27 cells). Therefore, this «;Cl was calibrated 10 be
Zero.
In Table 2 the steady-state iy, values are given
under contral conditions and during prolonged hi-
lateral chloride substilution together with the aver-
age intracellular activities of Na©, K* and CI~. In
addition, the intracellular equilibrium ion activity
(el ) is given for cach ion. Clearly the experimen-
tally determined a;K ' and ¢, Cl" arc above electro-
chemical equilibrivm while aNa* is far below. This
is commaonly found in leaky epithelia like gallblad-
der |20, 42], proximal tubule [S1] and intestine (2,
11, 19, 28, 30, 49, 54, 56, 58. 59]. Under Cl -free
conditions the membrane potential hyperpolarizes
50 that the equilibrium activities of the cations in-
crease by 75-80%. while the equilibrium activity of
chloride is zero.

Moreover, the data show that replacement of
chloride does not significantly affect the intracellu-
lar cation activilies, which is in agreement with the
cation activity measurements of Lee and Armstrong
[32] (in bullfrog intestine) and White [54] (in Amphi-
wma intestine),

CHANGE IN CELL WATER AND INTRACELLULAR
pH InpuceDp By BiLaTERAL ClI- SUBSTITUTION
As glucuronate is a relatively impermeable anion,
the most likely candidate for an exchange with in-
tracellular Cl- is HCO5 . Therefore one must expect
an increase in pH, according to the Henderson-Has-
sclbalch equation:

pH = pK' + log(HCOy) — log(CO,). n
Indeed, such an increase is found in goldfish
intestine [22, 24].

* See footnote 2.
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Table 3. ion contenl, cell water and pH

Ma-glucur y

Salt solution MNaCl

Cell water

(ke HoOvkg dry wi) 319+ 0.06 297 £ 004 <00!
Ma' content 46 =7 140 '+ 7 NS
Na* conc. 46 =2 47  £2 N5
K content 479 udll' 465 * h NS
K~ conc, 151 o] I5F =% NS
I~ contert 193 £ nm 3 =(,001
€1~ cone &l *2 0w =1 = {(,001
pH, 745 £ D02 7.53 = 0,01

pH, T 14 £ 03 T.64 = 0.02 <L
pH, — pH, =031 £ 0:04 +0.17 = Q.02 = (LO01

Influence of Cl--free incubation solution on cell water, jon con-
tent. ion concentration, pH, and difference between pH; and pHa
in free floating strips of goldfish intestinal epithelivm. Determina-
tions were execured in 30 strips from 3 animals.

The effect of Cl--free solutions en intracellular
concentrations resembles the changes in intracellu-
lar aclivities measured with ion-selective microzlee-
trodes (Tables 2 and 3). In paired experiments the
cation content and concentration remained un-
changed within experimental accuracy, while cell
waler decreased with 7% and (pH; — pHl,) increased
with 0.42 pH units.

From these data one can calculate that the
HCO; activity increased from 8.9 megliter to 23.5
meq/liter; these are the values used for correction of
the chloride-selective microelectrodes for intracel-
lular interference of HCO; . With this information
one can calculate that the total interference of all
other anions in the cell under control conditions is
equivalent with 7.0 — Q.16 x (23.5 — 849) = 4.7
meg/liter Cl.

CHANGES IN CELL WATER
AFTER UNILATERAL CHLORIDE SUBSTITUTIONS

Figure 3 shows the changes in cell water (kg H.O'kg
dry wt) after mucosal Cl° substitution (filled sym-
bols) and serosal substitution (open symbals). After
mucosal substitution cell water decreased by 127,
and after serosal substitution it increased tran-
siently and returned to a value not significantly dif-
ferent from control.

CHANGES IN INTRACELLULAR CHLORIDE
ACTIVITY AND CONCENTRATION
AFTER Mucosar CHLORIDE SussTITUTION®

Figure 4 shows the changes in a,Cl- after mucosal
substitution. The average initial rate of change is

& See footnote 2,
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Fig. 3. Responses of relative cell waler conlent to mucosul (@
=) and serosal (O = 18) chloride substitutions as a function
of time after the substitution
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Fig. 4. Intracellular chloride activity (wCl ) and concentration
LC1 | as 2 function of time after mucosal substitution by gluco-
nate (at r = 0 minh. Note the difference in time scale.

Upper curve: o, Cl- averaged over recordings where i,
and AFg were simultaneously recorded in two cells clasely
apart. The slope of the straight line corresponds to a rate of
change of 11.25 meqg/liter - sec.

Lower curve: [Cl ], averaged over 8 to 12 mucosal strips
fram three fishes. The interrupted part of the curve is obtained
by transformation of the upper curve using an apparent activity
coefficient of 0.76 {see text) and allowing for the different time
scale

approximately 0.25 mea/liter - sec. a,Cl- decreased
within 3 min to approximately 10 meg/liter, and was
still decreasing. This value is already nearly the
electrochemical equilibrium  value for chloride
across the basolateral membrane (6.5 meg/liter). Af-
ter 3 min it became impossible to keep both micro-
electrodes in their respective cells, most likely be-
cause of cell shrinkage,
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Table 4, Influence of bicarbonate on membrane potentinl umil
nH;

[NaHCO,| {173 (ptl, = pHL} t,HC O
[mm) (mV) (meg/liter)
4 —30.5 £ 0.5 L0 = 03 i3

10 —a8R 2 0,13 = 0.02 98

25 —588 = 2.3 —0 19+ 004 L.

62,5 4+ 16 —h34 £ 001 325

Membrane potentinds, intracellular 10 extracellulur pH o differ-
ences and estimated intracelinlar HCO, activity as u function of
NuHC O concentration in the hathing solutions.

The decrease of the cellular chloride content
was measured for longer times. During these deter-
minations 1he chloride concentration in Lhe extra-
cellular space is assumed to be equal to that in the
serosal bathing solution. The ratio of &, CI- and
1C17]; in control solutions was (.76, Applying this
ritio to the other determinations of [Cl ], one fAinds
that the data of ¢,C1™ and [Cl~]; correspond reason-
ably and the final steady state in Cl -free solutions
is 9.2 meq/liter, which is nearly the equilibrium
value of ¢,Cl across the basolateral membrane (6.5
meq/liter].

MEMBRANE POTENTIALS AND ESTIMATED
INTRACELLULAR BICARBONATE ACTIVITY

In Table 4 measurements are presented of i, and
transmembrane pH gradients in four different
HCO; buffers. These solutions were obtained by
substituting 37.5 mus out of 127.1 mm CI~ and the 25
mm HCO7 already present in the solution, by mix-
tures of HCO5 and gluconate having a total con-
centration of 62.5 mOsm. With increasing NaHCO,
concentration the pH of the salt solution (pH,) in-
creased. Y. hyperpolarized and pH, increased, but
less than pH,.. From (pH, — pH,) o HCO3 was cal-
culated under the same assumptions as above using
the Eg. (1).

Anmnalysis and Discussion

For the analysis, the obtained data, corrected for
liquid junction potentials as described in Materials
and Methaods, are lumped in one sctin Table 5. Data
in parentheses are estimates made as interpolations
between experimentally determined values. The
simplifying derivatives and assumptions which have
been made for the analysis are discussed in para-
graphs 1 1o 4.
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1. EguivALENT ELECTRICAL NETWORK

The equations of the equivalent electrical network
related to our preparation [ 1] are:

Yme = (R + R EnlRy + R+ (Eo + E)Rr (2a)

and

Ve = Ry {En — EMRt + (R + R - EiRr  (26)
where K refers to specific membrane resistances
(Nlem?), E to electromotive forces (mV), subscript
1 10 the brush border membrane, s 10 the basolat-
eral membrane and | to the shunt pathway. £ 1s
defined as Ry = R, + R, + R,. The theoretical zero-
current potentials F oare assumed to satisfy the
Goldman-Hodgkin-Katz equation extended 1o in-
clude the phenomenological permeabilities of the
four mayor ions (Na®. K7, ClI” and HCOy ) and the
contribution of a rheogenic N&/K pump [29, 37].

As the relative shunt conductance gaum = (R
+ R)Ry = 0.95 |1] it can easily be shown’ that by
substitution of i for £ in Eq. (2a) an error is
introduced of less than 2.5%. Therefore the influ-
ence of E; in ¥, will be equated with the value of
Wi o

In control situation and during bilateral substi-
tution i, = &

fime = (R; + R)E/Ry + RuEJR = e = Eu. (3)

With this equation one can relate the influence of

" From Eq, (2h) one derives thal
E = . — RAL, — E, = EVRr

Insertion of i, instead of E; in Eq. (2a) introduces an error
of the magnitude

Ro ' RAE, — E, — EMRS,

Repeated insertion of iy, for £ lcads 10 4 series expansion (with
x = RfRy)

e = Eu — (RJRD B — B —E)-{l - a+37— L
Wne = Em = (RlRy) = (B — & = EJN + ),

The error is therefore
) = 30 ARJR) - (Ey — E, — Epil + x).

Insertion of R, /Ry = 0.55, x = RJ/R,; = (.05 and the esti-
mate £, — £, < 50 mV gives & < 2.5%.
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electrogenic events, occurring either only muco-
sally (AE,) or basolaterally (AE,), to a potential
change of the enterocyte membrane potential (b, =
W) as if it were an unpolarized or apolar cell (£,)
provided that the voltage divider ratio is known,
This applies also the rheogenic contribution of the
Na/K pump in the basclateral membrane (AE, pypp)
and to the unilateral electrodiffusional permeabili-
tes {see Appendix B).

The rheogenic contribution of the Na/K pump
10 E, (AE, pmp) 1s calculated with the equation that
compares the Goldman-Hodgkin-Katz equation
with a pump ratio ¥ = 32 (Na: K = 3:-2) and |
MNa:K =1:-1) lof. 57);

AE, puwp = RTIF - In[LIM
+ {r = Da,K WML + (r — DK (4)

R, T and ¥ have their usual meamng, L and M are
defined in Appendix A. Consequently AE, jump =
R T'-"lRm.J d 'ﬁEﬂ.FUIII]‘."

2, HCO; PERMEABILITY

After hilateral chloride substitution the total cation
activity did not diminish, though Cl is, within the
accuracy of the experimental crror, completely
washed oul of the cell (see Table 3). To preserve
electroneutrality, other negative charges must have
replaced Cl™ in the ccll and the most likely substi-
tute is HCO;. The observed pH; changes are in
agreemen! with an « HCO: increase of 14.6 meq/
liter. Since HCO; can easily substitute for CI-, a
substantial pathway through the membranes for
HCO;7 exists.

Bicarbonate changes in the media induce mem-
brane potential changes that do not allow a calcula-
tion of Pycoy/Px since they are more than Nernstian
(Table 4), These results could be explained by a pH-
or HCO;-sensitive Fg of the cell membrane as
proposed by Reuss et al. [41] and Halm et al. [26].
Unilateral substitutions suggest that the basolateral
membrane possesses mainly the HCOs or HY per-
meability [¢f. 9, 18], as in chloride-free media muco-
sal substitution of the bicarbonate buffer by a Tris-
Hepes buffer causes a hyperpolarization while
serosal substitution causes a depolarization,

3. Py, IN BASOLATERAL MEMBRANE
15 NEGLIGIBLE

The electrodiffusional sodium permeability of the
basolateral membrane in leaky epithelia is generally
estimated low [41, 44, 50]. The direct influence of

Table 5. Data lumped for the analysis

Contrel  Mucosal  Serosal  Bilateral

W (VY =53 — 4 -5l — 6
P tmV) 1] 2.9 6.6 0
o, K- (megdliter] 95 (94} (94) o3
o Na (megfiter) B (14 1141 16
a,CL tmegfliter} 35 [ Ipe 0
aHCO, (meg/liter)® o 20y (13§ bl
R (flem?) I8 18 21 21
R.R, 1.4 L4 1.0 1.1

Steudy-stute membrane potentials. transepithelial potentiols. in-
trzeellular ion activities, under control conditions, and afler mu-
cosal, serosal and bilateral chloride substitution. The values in
parentheses are interpolated between the values found in control
situations and when bilaterally chloride was substituted.

* Yulues obtained by multiplying the intracellularly determined
concentration with 0.76 (s 1ext).

" Calculated from pH; values (yee text),

“ Interpolation under (he assumption thal (he increase is propor-
tional (o the decrease in chloride concentration,

Membrane resi €5 and shunt 1 ce under contral condi-
tion are calculated under the assumption that the relative shunt
conduclange is 0.95, so that &, = 210 Qem’, R, = 150 fem’ and
R = 189 flem’,

unilateral sodium substitutions on . are disturbed
by large transepithelial diffusion potentials and pos-
sibly by changes in pH, altering the permselectvity
of the mucosal membrane [26, 41]. Bilateral substi-
tutions of sodium by NMDG (N-methyl-n-gluc-
aming) in our preparation led 1o a sharp increase
in R,,/R, ratio (from 1.36 = (.29 to 3.28 + 0.35,
n = 5). Therefore we assume that (Pn./Pgs is neg-
ligible.

4. THE INFLUENCE OF E; = 0

In the hilaterally substituted situation the observa-
tion that ¢, = 0 and the assumption that £; = 0 lead
to the conclusion that £, and E, are equal (¢f. Eq.
(1)). As £, includes the rheogenic contribution of
the pump (AFE, ;ymp), the potential in the basolateral
membrane due to electrodiffusional fluxes (GHK
equation) must be smaller than the potential calcu-
lated similarly for the mucosal membrane.

Equally, in control situation i, does not differ
significantly from zero [1). An increased osmolarity
in the interspace with respect to the bathing media
(e.z.. & mOsm; [52], will only introduce a contri-
bation of —0.55 mV. This value would introduce in
the analysis an increase of about 4 mV for E, and a
decrease of 6 mV for E,.. This leads to a contradic-
tion with experimental results, as will be discussed
in paragraph 7.
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Table 6. Membrane permeabilities and electiromotive forces

A Brush border Basolateral
membrane membrane

Py {10 * cufsec) 7 34

PolPy 0.21 0.59

Py Py 0.025 i

Prcold Pe 0 0.2

a, Control Mucosal

E, imV) (53} -60

Ef (mV) (=53} =59 AL, pinp

R.IR, (1.4) 1.4
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Tight junction

124
20
(.80

ND

Serosal Bilateral

Sh |~ 6
=3 + AE. jmp ([ —66)
1.1 [N}

A. Permeatalities for potassim of the three main barriers in the ef

wthelium: The brush border mem-

brane, basolateral membrane and tight junction are given in absolute values related Lo the serosal area
(0.2 cr'). The permeabulities of Cl . Ma™ and HCOw are with respect 1o the potassium permeability,

N Mot determined.

B. Electromotive forces across the mucosal and the scroszl membrune. and voltage divider ratio

calculated with the Goldman equations with permeahilities from Tal
Values used 10 obtain the permeabilities of Tahle 64 are placed in
* The value £, contains @ contrnibulion of the Na/K pump (AL, pump)
mY during resp, control and hilateral substitntions. The value for u
to be —B.5 mV.

5. SoLuTioN
oF THE GoLDMAN-HopGrIn-KaTz EQuaTION

Essentially the problem of the analysis is to solve
two sets of Goldman-Hodgkin-Katz equations [45]
to satisfy the condition that E,, = E, using the mea-
sured values for the ion activities under different
conditions. The equations used are presented in Ap-
pendices A and B.

During bilateral substitutions the term repre-
senting the chloride contribution can be put to zero,
This provides a possibility of calculsting the relative
sodium permeability in the mucosal membrane and
for bicarbonate in the basolateral membrane. In or-
der to estimate AF,m, the permeability ratios
weighed by the ratios as described in Appendix B
were substituted in the Goldman-Hodgkin-Katz
equation for the apolar cell. Comparison of the
GHEK equations with and without the rheogenic
contribution of the Na/K pump (Eq. (4); r = 3/2 and
r = 1) yields another set of equalions which permits
the unknown parameters 1o be solved [57]. The re-
sulting relative permeability ratios are presented in
Table 64 (first and second column), AE, pmp is ap-
proximately —9 mV in the control situation and ap-
proximately —8 mV in chlonide-free media.

From the values of R,, and R, (Table 5) the ab-
solute potassium permeability of the membranes
can be calculated (Table 64) with the equation for
the slope conductance (g) derived from the GHK
equation (cf. [43)):
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hle 64 and activities from Table 5.
hrackets.

which is estimated as —% and -8
niluteral substitutions i5 estimated

g = FUWPRT{[EEM — L) — &)
+ (ME — L1 — &)} (5)

where £ = exp(WF/RT); the meaning of M and L is
described in Appendix A.

6. UNILATERAL SUBSTITUTIONS

With the values of Tahle 64 and reasconable esti-
mates for the intracellular ion activities {(presented
in parentheses in Table 5) we can predict £,,, £, and
R,/R, for the unilateral substitutions. These are
given in Table 68, Assuming that AF, jump 15 not
very different from the values found above the pre-
dicted values of the electrical parameters are rather
accurate (¢f. Table §).

In previous papers (7, 47] the relative perme-
ahilities of the tight junction for goldfish intestine
were estimated as: Fcp-‘FMfP;( = (h.25:1;1.25 (Ta-
ble 64, third column). Using these values 1o calcu-
late E) after unilateral chloride substitution one finds
AE; = 4.8 mV assuming for the tight junction (Py./
Py)y = 0. Whereas ii,, due to serosal substitutions
can be fitted within experimental accuracy with this
value the steady-state U, due to mucosal chloride
substitution {+2.9 mV) cannot. The transicnt valuc
at 40 sec (+5.9 £ 0.5 mV; see Fig. 1) might still be
in the range.

On the other hand, R, does not change during

mucosal chloride substitutions, suggesting that the
tight junction permeabilities for chloride and gluco-
nate are not very different. As a tentative conclu-
sion one may infer that initially (P ey is still
low (s = 5.9 mV) but that it increases due to the
substitution (Y, = 2.9 mV). As yet there is no good
explanation for this biphasic response of .. A pos-
sible explanation might be that, though the osmolar-
ity of the solutions used were alike, the difference in
permeability introduced water flaws. so that the
diffusional junction between chloride and gluconate
solutions does not occur exclusively in the tight
Junction. i, may be the result of liquid junction
potentials due to a gradual change in composition of
the solution in mucosal unstirred layer and in the
interspace from the tight junction to the basement
membrane. Especially during serosal substitution
the high rate of transcellular chloride transport en-
tering the interspace may enhance this effect.

The increase in Ry, during serosal or bilateral
substitution is probably mainly due to the increase
in resistivity of the interspace fluid which according
to the dimensions of the interspace and the higher
resistivity of the gluconate salt solution is expected
to be 3—4 lcm’.

7. TESTING OF THE ASSUMPTIONS

In the analysis it was assumed that Py, and Pg of
the apical membrane do not change during chloride
substitutions. Earlier a Py./Py = 0.072 was reported
[47] with the assumption that the apical membrane
is impermeable for chloride. Insertion of the pres-
ently found Py in the old data shows then that (Pn.f
Px),, agrees with the value presented here. The
present results are more likely as a fit, for the old
value would require a decrease of (Pu/Pilm by a
factor of three during bilateral chloride substitution.

According to Eq. (2b) small changes in £ can
only occur when considerable changes in E, and E,
compensate for these changes in £, given the ex-
perimental fact that ;. = 0 during control and bilat-
eral substitutions. Consequently, Lhe ion permeabil-
itics determining £, and £, must also change
considerably. For example, if, due to a hyperosmo-
larity of 8 mOsm in the interspace, £, = — 0.55 mV,
the resultant increase in £,, of 4 mV can only be
explained with a twofold increase of (Poy/Pg), or a
fourfold increase of (Py,/Py),. The decrease in £, of
6 mV can then be explained with a smaller (Pg)/(Py),.
These different permeability values would cause an
increase in &/, ratio after bilateral chloride sub-
stitution of 15-20%, whereas a decrease was ob-
served (¢f. Eq. (). So the assumption that £ is
negligible is not unwarranted.

8. ELECTRONEUTRAL CHLORIDE TRANSPORT
In THE BrusH BorDER MEMBRANE

In control selutions «; Cl™ is above electrochemical
equilibrium and [C1]; is below chemical equilib-
rium. When Cl -influx from the mucosal side was
stopped by mucosal Cl--omission, «,Cl- dropped
within 3 min 10 nearly the electrochemical equilib-
rium value over the basolateral membrane (10 vs.,
6.5 meg/liter). As [Cl ], reduced further after 3 min,
it is most likely that @;C1- reduces even below 10
meq/liter. Clearly, under control conditions most
Cl-influx through the mucosal membrane is elec-
troneutral. Electroneutral entry mechanisms only
exist when the chloride fluxes are coupled to those
of other ions. This coupling is not necessarily com-
pletely electroneutral (i.e., may have a ratio differ-
ing from 1:1). If a direct coupling to Na* influx, as
first proposed by Nellans et al. [35] (see alse Refs,
13, 16), exists in goldfish intestine, it cannot be in-
hibited by furosemide or bumetanide. More likely
CI~ is coupled by countertransport to OH- or
HCO: and via pH; indirectly to Na®. since not only
chloride substitution causes alkalinization, but also
Na' substitution causes cell acidification [22, 24],
The large transepithelial Cl fluxes (0.92 = 0,14 nm/
cm?® sec) [6, 7] cannot occur paracellularly as the
transepithelial potentials are small and the paracel-
lular chloride conductance is not sufficient. There-
fore an electroneutral transport mechanism is indis-
pensable to explain the findings. Apparently in
goldfish intestine this mechanism is located in the
brush border membrane. It consists, most probably,
of the dual-exchange mechanism (Na‘/H* + Cl-/
HCO3) suggested by Turnberg et al. [52] for human
ileum [5, 33].

One can get an impression of the ease with
which C1” passes through the mucosal membrane
by calculating the chloride conductance needed to
explain the mucosal efflux after mucosal chloride
substitution. The observed initial rate of decrease of
0.25 meq/liter + sec can only be explained with a
value about four times as large as the total cell
membrane chloride conductance.,

9. THE BASOLATERAL ANION CONDUCTANCES

The basolateral chloride conductance is high and is
responsible for nearly all chloride permeability in
the apolar cell, As mentioned above it still has a
transport capacity which is lower than the electro-
neutral influx mechanism. This is supported by the
observation that during serosal chloride substitu-
tions the [Cl7); dropped less than during mucosal
substitutions (see Tahle §). It is also the reason why
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during mucosal chloride substitution the relative
cell volume decreases while during serosal substitu-
tions it does not. The electrodiffusional permeabil-
ity of the brush border membrane for chloride is so
low that it is easily overlooked for two reasons.
First: If 3 m KCl salt bridges are used as reference
electrodes [60] the depolarization of the mucosal
membrane is obscured by the shift of —4.1 mV to be
expected for the cation-selective membrane in anal-
ogy to the shift observed with a potassium-sensitive
microelectrode. Second, the reduction of aCl
will lead to hyperpolarization overriding the depo-
larization. The initial depolarization aflter mucosal
chloride substitution reflects the chlonde perme-
ability of both the mucosal membrane and the tight
Jjunction and is a weighed superposition of the depo-
larization of E,. a hyperpolarization of E. and a
serosa-positive shunt diffusion potential.

The basolateral chloride permeability is approx-
imately 20 ¥ 107% ¢m sec ! representing more than
30% of the total basolateral membrane conduc-
tance. This is the major reason why &H,./R. de-
creases by serasal chloride substitution.

10, CONCLUSIONS FOR THE ACTIVE SALT
TRANSPORT OF THE EPITHELIUM

In conclusion: the goldfish enterocyte possesses an
electroneutral influx mechanism of chloride in the
brush barder membrane and a large chloride perme-
ability in the basolateral membrane. The effective
diffusional impedance of the basolateral membrane
is higher than that of the brush border membrane,
s0 that the cellular chloride activity is more influ-
enced by the mucosal chloride activity than by the
serosal activity.

If the stoichiometry of the mucosal coupling is
1:1 an extremely profitable configuration is present
in the enterocyle since the energetics for uphill
transport of chloride into the cell are minimized, as
by this coupling no energy is necessary to overcome
the electrical part (i.e., iy, of the electrochemical
gradienl. At the basolateral side this electrical part
is used in a favorable way as here the chloride efflux
is only coupled to other ions through the electrical
gradient (principle of electroncutrality).
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Appendix A

E. and E, are both of the type (RT/F) - [oi M/L) (aceording to the
Goldmen-Hodgkin-Karz equation). With the simplifying assump-
tions from the Discussion one can write:

My = @, K™+ (Prad Phy - auNa™ + (PelProdw + m:Cl (Al)
L = Y + (P Pylw - iiNa® + (PofPide - u L1 (A2)
B = = RTF - (M) (A3
Appendix B

The membrane potential of the unpolarized or apolar cell, £, 15,
like £, and E., of the type (RT/F) - In(M/L) and according to Eq.
(3) E, can also been written as:

Es=p E+{l-p)Ex (B

where p = Ru/Ry.
Taking only the **M'"-lerms one obtains:

InM, = plaM, + (I — plinM,,. (B2)

Taking A = aK*, 8= (FPo/Py) ' all™ + (PucodPy),
aHCO; and € = (PP, - @ Na' + (Poy/Py), » aCl (cf. Egs.
(A1) and (A4)), one can rewrite this equation as
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M= a, K"+ (PalPyl - aCl + (Pueo/Prdy - o HTDy [Ad)
L, = aK™ + (Pa/Py), - 0,007 + (PucoPr), - a, HCOy (A%)
E, — AE, ynp = RTIF - INGMIL) (AB)

AE, oy 15 1he rheogenic contribution of the basolaterally
located Ma/K pump to E,.

InM, = Infd + CHl + (B - CA + O {B3)
and scries expansion of the last nght-hand term gives

InM, = In(4 + CHil + pid — CIHA + O)
+plp - DIB— CWA + Q2+ .}

which reduces in first approximation to
InM. = InA(l 4+ pBIA + (1 — piCid), (B4)

A similar equation for the L' terms can be derived. This
shows thatin the overall equation £, = (RT/F)inM /L, the contri-
butions of the mucosal and serosal permeabilities in both the
nominator (M) and denominator (£} should be weighed with the
same ratios that also determine the contributions of &, and £, in
K

Chapter IV

Influence of glucose absorption on ion activities
in cells and submucosal space in goldfish intestine

T. Zuidema, M. Kamermans, and 1. Sieg k van Heukel

Department of Zoclogy. Membrane Biophysics. University of Amsterdam, Kruislaan 320, NL-1098 SM Amsterdam, The Netherlands

Abstract. Mucosa! glucose addition evokes in goldfish
intestinal epithelium a fast depolarization of the mucosal
membrane potential (A¥ L. = 12 mY) lollowed by a slower
repolarization (AW, = —7 mV). The intracellular sodium
activity, aNa ', rists from 13212 4meqg/l by 6.7 £ 0.5meqg)|
within S min, a;C1" rises about 3 meg/] above the contrel
value of 37.7 + 2.2meq/l, while ;K is constant (97.7
+ 7.4 meg/l). The potassium activity measured in the sub-
mucosal interstitium near the basal side of the cells (4,K7)
is 5.2 + 0.2megq/ in non-absorbing tissue compared to
4.2 meq,l tn the bathing solution and shows a lransient
inerease due to glucose absorption (1.1 + (.1 meqg/l).

In chloride-free media 8. K° = 42 + 0.1 meq/l and
¥ hyperpolarizes by — 13 mV, The depolanzation due to
glucose absorption increases (A%, = 141 + 1.4) und the
repolanization (4% disappears. Tn addition, a;Na ' rises
from 163 + 2.4 meqg/ by 9 + 1.5 meg/l within 5 min,
2K ' remains constant and equal to the value in chloride
containing solutions (38.5 £ 2.8 meg/l); aK " increases
transiently (1.1 + 0.1 meg/1}

Serosal Ba®* (5mM) depolarizes Po, (+14.2 + 1.0 mV)
and abolishes the repolarization. [ncreased serosal or
mucosa] potassium activity depolarizes ¥, and nbaolishes
the repolarization,

These effects are discussed in terms of changes of ion
activities, the basolateral potassiom conductance, he in-
Muence of intracellular Ca®', the functional state of the
Ni/K-pump, and modulation of membrane permeabilities
by extracellular potassium,

Key words: Intracellular ion activity — [nterspace — MNat —
K' — €l — Ba®" — Glucose absorption — Intestine —
Goldfish

Introduction

Severul electrophysiological analyses of the glucose or amino
acid-induced intracellular and transepithelial potential
changes in intestine and in proximal conyoluted tubule have
recently been published [1, 3, 10. 14, 17, 20, 21, 27, 29, 30,
32, 33, 46]). Wherens Fromter and co-workers [14, 32, 33]
restricted themselves to the changes in rat proximal tubule

during the first 100 s, the other reports [1, 3, 10, 17, 20,.21,
27, 29, 30, 46] studied in more detail the changes that
occurred over longer perieds. The geometry ef the proximal
tubule allows a reduction of the unstirred layers so. that a
time resolution of approximately 0.2 s could be achieved
[14]. In intestinal epithelia [1. 3. 17, 20, 21, 46] having a more
folded structure such @ time resolution is not possible.

First the membrane potential (¥q.) depolarizes
(A4l and later it repolarizes (A¥PEEY) bul to a lesser
extent. In the goldfish the repolarization can be fully and
quickly inhibited by the cardiac-glycoside ouabain (0.1 mM;
[11). All research groups comclude thal the mucosal applica-
tion of monosaccharides or amino acids introduces an
additional conductive pathway in the brush border mem-
brane. Some groups have coneluded that the repolarization
is caused by an increase of the basolateral potassium
conductance ¢ [17. 20, 21, 27, 28, 30, 35, 46]. This increase
of +' might be caused by cell swelling [28], or intracellular
Ca* ' -changes 9], Other groups attribute the repolarization
to the enhanced action of the Nu/K-pump (1, 3, 10} A
correlation between basolateral potassium conductance and
the action of the Na/K-pump has been shown in several
epithelia [13. 35 Albus et al [1, 3] suggested that the re-
polarization is associated with the action of the Na/K-pump
andl that this dependency must be twofold: firstly by the
electrogenic nuture of the pump itsell and secondly by
changes in potassium activity in the interspace. The average
setivity of patassium in the interspace, a;, K ' was calculated
to rise initially to about 9 mM and then to drop to about
5 mM [36]. The present paper presents data on ion activily
chinges induced by glucose absorption, in arder to obiaia
further insight into these processes in goldfish stripped in-
testinal epithelium. Parts of this work have been presented
as abstracts [39, 40, 50, 51],

Methods

Preparation and experimental sei-up, The preparation of the
tissue und the experimental set-up have been described
before [L—3. 18] Serosal and mucosal perfusion and
electrode arrangements were made such that unstirred layers
were minimized. Serosal and mucosal voliage electrodes
were salt bridges filled with standard Krebs-Henseleit solu-
tion and connected to an Ag-AgCl half-cell. The epithelium
is felded 1n 2 hernngbone structure with protruding folds of
approximately SO0 pm height and 200 um diameter; given
the dimensions of the enteracyies (haight 70 pm, diameter
S pm) it is clear that about 60 pm width of underlying tissue
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is still present in the folds (see Fig. 1) The extracellular space
is 16% of the tissue volume while the interspiace is estimated
as 4— 8%, taking its widthas 0.2 um (18]

Bathing sofutions. The control bathing solution used in this
study is a standard bicarbonate Krebs-Henseleit solution [2
with osmolarily 315 + 2 mOsm and pH 7.3 at 20°C, When
applied mucosally, glucose was isoosmotically (27.8 mM)
substituted for mannital,

Sodium salts of glucuronate (Sigma Chemicals, St
Louis, MO, USA) and gluconate (Merck Burckhardt,
Durmstadt, FRG) were used as substitutes for chloride for
the chloride-free solutions: in these solutions K.C1 and CaCly
were substituted by K 50, and CuS0, respectively, and
balanced osmotically by mannital.

In barium containing salt solutions 10 mM NaCl was
substituted by 5 mM BaCl; and the MgSO. substituled by
MgCly, The reduction in osmolarity of the solutions enused
by these substitutions was compensated for by the addition
of mannitol.

Microelectrodes. Glass-filamented microclectrodes were
made with an electrode puller of our own design [37]. Filled
with 3™ KC| they have a lip resistance between 20 and
30 M measured in a standard Krebs-Henseleil solution.

Single-barrelled liquid lon-exchanger mucroclectrodes
were prepared using the following technique:

I. Micropipettes, pulled as above were dippad into either
a 0.2% solution of Aquasil (Pierce Chemical Comp.,
Rockford, 1L, USA) in water or in a 3% solution of
trimethylchlorosilane (TMCS. Pierce Chemical Comp.,
Rockford, 1L, USA) in carbon-tetrachloride. The Aquasil
trented microelectrodes were cured in an oven for several
houts at 100°C.

2. The silanized tip was immersed into a liquid jon-
exchanger until a column of 150—200 pm was sucked up by
capillary aetion

3. Then the barrel was back-filled with an agueous
solution of either 200 mM KCI (KLIX) or 200 mM NaCl
{MaLIX}and all air bubbles were removed by local heating.

4. BRefore calibration, the compleled elecirode was
allowed to stabilize for at least 1 h with the tip immersed in
a solution identical to the filling solution. The electrodes
were calibrated in pure and mixed solutions of KCI and
NaCl before and after the experiments,

The reference electrode was a 3 M KC1 agar bridge
connected to an Ag-AgCl half-cell. The responses of this
circuit to decadic changes i activily of the selected ion and
the responses to complete substitutions of the selected ion
by the mujor intertering ions (Separate Selution Method, [S])
were measured at 187 C, Slope constants (5) and selectivity
coefMicients (K ) were assessed with the Nicolsky-Eisenman
equation [31]. All relevant data for the jon-exchangers used
in this study are shown in Table 1.

Diring the experiments the selectivity of the liquid ion-
exchanger microelectrodes tended Lo decreasa slightly, possi-
bly because organic material adhered 1o the electrode tip.
#s the slope constant was not affecied, proper corrections
could be made.

Criteria for correct Impalements with normal micro-
clectrodes were mentioned elsewhere [1]. Because the
potentials recorded by ion-sensitive microelectrodes are
somelimes  small  the following eriteria for correct
impalements were adopted:
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1. an abrupl change in potentinl upon advancing the
electrode which leads to a stable potential (within 2 mV) for
at least | min:

2 avoltage divider ratio for transepithelial current pulses
similar to that measured with normal microelectrodes at the
same place in the same tissue,

Since the enterocytes do not tolerate impalement by
clectrodes with tip diameters larger than 0.2 0.3 um we did
nol try to measure intracellular ion activities with double-
barreled microelectrodes, but always used separate jon-
sensitive and open-tip microclectrodes. In our opinion, this
approach is justified by Lhe fact that the membrans
potentials measured in different cells of the same 1issue show
little varanon and seem to represent a homogensous popu-
lation [1, 3], Systematic errors in the determination of intra-
cellular activities from membrane potentials and ion
petentials introduced by unstirred layers were minimized by
measuring both signals simultancously in nearby cells,

[mpalements were carricd out with a Burleigh Inchworm
[(Burleigh tnstr. Inc., Fishers, NI, USA} mounted on a Leitz
mieramanipulator.

Eleeirical potentials and fon activities. The apparent ion
activity of the selected fon is calculated from the signals
recorded by the jon-sensitive and the voltage electrodes,
Interference by other ions was corrected for using the
selectivity coefMicients of the particular elecirode and the
average intracellular activity of the co-ions [5].

The contributions of interfering ions are below the level
of detection in case of ;K *. In the bathing solutions, and
most prabably alse in the interstitium, the nversyge contribu-
ton of sodium is approximately 1.8 meg/l, and of Ca* and
My?* is 0.3 meg/l.

Corrections for interference in the measurements ol 1he
sodium-selective microelecirodes by intracellular potassinm,
using the average value found with potassium-sclective
microelectrodes (95 meg/l) were properly exceuted.

Whereas the standard error in the mean of (4 B —dypp)
was usually about 2 mV it introduces a proportional error
of approximately 8% in the observed ion activities. There-
fore ion fluxes from a large compariment with a high
concentration inte a smaller compartment with a low con-
centration may induce substantial activity changes in the
small compartment, while the changes in the larger one are
below the level of detection. For example a change of
4 meg/l K7 in the cell (80% of the tissue volume) would
correspend, when extruded only into the interspace, with a
chunge in the oppesite direction of 20—40 meq/| in that
space (4 —28% of the tissue volume), In this study, therefore,
firm conclusions can be drawn only for activity measure-
ments made in those compartments where the steady state
activities of the particular ions are low: a;Na™ and a,K.*.

Theinterspace, which is only 0.2 pm wide in our prepara-
tion, is not accessible to microelectrodes. Instead we mea-
sured therefore the potassium activity in the top of the
intestinal folds just basal to the cells (a, K *; see Fig. 1),

The values of a, K™ were determined with respect to the
macroscopic scrosal electrode, When & normal micro-
electrode was pierced through the epithelial layer into the
top of the fold in the same way as the potassium sensitive
electrode (see Fig. 1). it recorded the same electrical potential
changes as the serosal voliage electrode (maximal difference
04 mV,; average maximal difference 011 + 0.06mVY;
# = 16). The voltage deflections induced by transepithelial

‘Table 1. Data on liquid 1on-eachanger microelectrodes used i this study, Slope constants (5] and sclectivities (&) were measured at 18°€
by the Separaie Solution Methed [5]. al),,, represents the spparent activity of jon [in normal sult solution {ie, including the interferenee
by ather ions). In parentheses are given the number of determinations. Data on Chlaride sensitive clectrodes are presented clsewhere [52]

Liquid membrane Selected ion 5 (mV/ decade)

ETH 227 Ma™

58.1 406

WPI-IE 150 Kt 56.940.2

MUCOSAL BATH ELECTRCOE

MNIRECELLULAR MUCOSAL CUARERT ELECTRODE
MICROELECTRODE

SUBMUCDSAL MICROSLECTROOE

SERDSAL CURRENT ELECTRODE

SEROSAL BATH ELECTROOF

Fig. 1. Schematic representation of the electrode configuration and
the microelectirode positioming in the intestinal preparation.
Microelectrodes are either conventional 3 M KOl filled or Hguid
membrane microelectredes. Bath potential electrodes are connected
via salt bridges and the current injecting electrodes are chlonded
silver wires. /P = lamina propria, L./ = lateral intercellular
spaee (“mierspace” in the wext), 8.8 44, = brush border membrane,
8. M. = basement membrane, 7./, = tight junction, €. = capillary

current pulses (f,, = + 107 A; cf. [1]) were identical for
a normal microglectrode and & potassium-selective micro-
elzctrode (time-constunt less than 0.1 8) in the same position.
Thess results support the validity of the determination of
a K. Interference introduced during Cl™-gluconate sub-
stitutions on the potassium signal has been evaluated and
analyzed elsewhere [49); corrections were made accordingly,

Elecirenics. Amplificrs of our own design (inputstage Ana-
Jog Devices 311 1, ¢f, [45]. pp. 76, 77) ora Keithley 610 B
electrometer were used for calibration measurement; both
had input impedances greater than 10 0. The ion-sensitive
microelectrode had an active guard and all experiments were
carried oul in an earthed Faraday cage, The outpuls were
recorded on a multipen recorder (Rikadenki R-10-14).

Determination of cell water and ion content during Ba*'-
exposure. The methads used for determining cell water and
ion content were stundard and are deseribed earlier [18, 19],

Statisties. The presented steady state values are the medns
of the mensured values, transient responses were measured

Ky (#lJupp (micg,1)

' 0,031 + 0003 (24)
Ca¥*y 21 201 (20
Ma': 0.02040.002 (27
Ca®'s LIS +0.004 (3
Mg*™: 0.008 4+ 0.004  (4)

1454 +11 (25

670 £ 014 (29)

glucose

n=12

a
-0 “\{’H_}_H—i
meast)

0 17 2 3 & B5min

Fig. 2. Average transients at the onsel of glucose absorption re-
corded simultaneously with apen-tip microelectrades i, 0 and
poetassium sensitive microelectrode (A& from 1wo nearby cells,
The lower trace representing the average da K ™ calculated [rom
individual recordings as deseribed in materials and methods.
The average sizady state values before glucose addition were:
Pme = =362 4+ 26mY, dEx = 1L £ 24mV, aK* = 97.7
+ T4 meqfl All averages are given 4+ SEM; # represents the
number of recordings

at distinet time intervals with respect to the preceding stesdy
state values and averaged. All values are given + SEM. The
number of determinations is six or more, unless otherwise
stated.

Results

Tramsieni fntracellular lon activities in control
and chloride-free solutions

The influence of glucose addition to the mucosal control
solutions on K" is shown in Fig. 2. a K" decreased by
5 = 3meg/l (v = 12). This decrease is not significant
(P =0.1) nor is it significantly different frem 6.7 meqyl, the
amount of cation loss needed to compensate for the increase
ina;MNa* (sce Fig. 4).

Recordings of intracellular chloride activity show a small
increase probably because of the depolarization of the mem-
branc potential (sec Fig. 3).

In Fig. 4 the averages of simultaneous recordings of
A and AEy, in response to mucosal glucese addition in
control (n = 12, dotted ling) and chloride-free solutions
(#n = 18; drawn line) arc shown. The changes in intracellular
sodium activity (4aNa*) calculated from these recordings
are presented in the third panel. sNa' increased by
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gliease
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Fig. 3. Average transients al the onset ol glucose absorption re-
corded simultaneously with open-lip microelectrodes (y,,.) and
chlonde sensitive microelectrode (45 | [tom two nearby cells. The
lower trace representing the average daCl ™ caleulated {rom individ-
ual recordings as described in materials and methods, The average
sieady  state  valves  before  plucose addition  were:
Yme = — 314 + 24 mV 4Ey = 332 4 1L.TmV, a,C1" =37.7 £
2.2 meg/l. All averages are given £ SEM n = §

6.7 + 0.5 meg/l in control solutions whereas in chloride-free
solutions after 5 min it had increased by 9.9+ 1.5 meg/] and
was still increasing

In these figures the response of g, Lo glucoss addition
is characteristic of galdfish enterocytes. The steady state
values of a,;Ma ' and a)K " incontrol solutions are 13.2 + 2.4
meq/land 97.7 4 7.4 meg/l, respectively. Both values are in
the range reported for different intestinal preparations [4, 6,
21, 34, 48] and other leaky epithelia (e.g. [16]). Chloride-
substitution increased a;Na " by 4 meqg/l and did not affect
all o significantly. As in normal selutions, ;K in chlonde
free solutions did not changs significantly in response to
mucos:al glucose addition.

Submucosal polassium activities w canirol
and cllovide-free media

Figure 5 shows the changes in y,, and the submucosal
potassium activity change (a,K ' with respect to a,K ') in
response to glucose under control {dotted ling) and chloride-
free conditions (solid line). The steady state a, K™ in control
solutions was 5.2 + 0.2 meq/] (n = 14) which is significantly
above the bath activitiy u,K* (4.2 meqg/l). In the chloride-
free experiments a,K 7 is not significantly different from
the a, K * and the transient elevation of a.K * is of shorter
duration.

The elevated a,K~ in control solutions is not caused by
ccll damage since the increment persists and does not oceur
during chlaride substitutions. Moreover, the average Yo,
measured simultaneously in cells near the tip of the ion-
selective microclectrode was —58.8 + 1.2mVY (n = 24),
what is not lower than generally measured in the enterocytes
under control conditions { — 33 mV). [n addition, when mea-
sured in the control solutions, 1,C1° and a,Na ™ remained
steady in the same time interval. Though these last
determinations are less critical they, also. exclude the
possibility that other factors mighl be the origin of the
observed changes in a K™
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Fig. 4. Averaged transients al the onsel of glucose absorption re-
corded simultanceusly with open-tip (..} and sodium-sensitive
microelectrodes (A FEy ) mensured in control solutions (derred dines)
and chloride-free solutions (salid limes). The average steady state
values before glucose additon were o coniral  solubons
Wme = =51.6 + 1.3 mV, dEy, = —108.7 £ 28 mV,aNa " =132
+ ldmeq/l. In chleride free solutions these values were o =
—608 + LdmV, 4By, = —1029 4+ 31 mV.aNa*t = 163
+ 24 megfl

—a Chdrge [n:12]
w-a Contral{n=27)

P
2 A {L{w-i"\'t

o
Imegsiy

Tirne {min)
Fig. 5. Averaged transient recording 4l the onset of glucose absorp-
tion of the transepithelial potential (upper graph). and the sub-
mucosal potassium activity with respect to the bath-ak ™ [a,K " —
w5 lower graph). in control solutions {(dowed lines} and in
chloride-free solutions (sodid tines)

The effeci of serosel Ba®™ addition on the K -permeabilicy
of the basalareral membrane

Mucosal Ba®* addition had no effect on the membrane
potential or the repolarization. Serosal addition of Ba®!
depalanzes 1y, by 14.2 + 1.0 mV [39] while responses to
subsequent potassium clevations at either the mucosal or

Table 2. Data of tissug water (kg'kg dry weight), Na*, K7 and
Cl™ content (mmoles/kg tissue H,O) and [Na™], [K'] and [C17]
Immaolesly tn strips freely floating in glucose-free media, The
average dry weight was approximately 3 mg for all determinations
the number of determinations’is 6. The significance: 2 (determined
by Student’s -1est) s indicated as nus = 0.05: not signifieant:
®r 003 T < 0.0 and ***: < 0.001. The analysis of K " -concen-
tration is given in the text

Contrel Ba*~ Iid
Tissue-waler 304 £ (.04 3324 003 Lt
Na “-conlent 17 +6 1069 + 9 g
MNa ' -conc. IR +1 30 £+ 2 bing
K *-content 480 +9 483 +10 s
K *-cane. 157 t4 145 + 4
C1™—content 186 +7 227 + B b
€l =cone. Gl 3 68 4+ 2 1.8,

the serosal side are significantly reduced. This is interpreted
as a reduction in potassium permeability of the basolateral
membranes [9, 39].

The chemically determined cell water, Na™*-, K*- and
Cl -cantent of the entcrocytes in glucose-free Ba®'.
containing medium as compared to control glucose-free salt
solutions are given in Table 2, The content of Na™ and CI™
and the cell water increased due to Ba®' treatment; [K 7],
decreased by about 8% (0.1 = £ > L.035); [Na ™|, ncreased,

Suppression of the repolarization by experimental procedures

A typical recording of an experiment with an increased
scrosal potassium activity suppressing Agi™ is shown in
Fig. 6 A Mucosal and serosal potassium elevations are
equally effective, Therefore we conclude that elevation of
both serosal and mucosal potassium aclivily can increase
1, K 7 to a value somewhere between the mucosal and serosal
value.

In the presence of serosal Ba® " Api™ was slightly re-
duced but Al was virtually absent (Fig. 6B), Control
glucose-evoked responses were measured before and after
exposure 1o barium to be sure that tissue deteriomtion was
not the origin of the suppression

Bilateral Cl-substitutions induce a hyperpolarization
of pr. (=13 mV} but the repolarization is suppressed
{Fig. 6C).

All recordings shown in Fig. 6 are representative for the
inflluence of elevated K7 (n = 6), serosal Ba®' addition
{n = 9)and chloride substitution {n = 30).

Diseussion

Most explanations for the repolarization (dyiF") seen o
oceur on addition of monosaccharides or amine acids to the
mucosal solution found in the literature are based on an
increase in hasolateral potussium conductance (r¥; cf. [9,
17,20, 27, 29, 20]) as the main reason. This increass may be
due to cell swelling [21, 28], 10 an increase in the conductance
of Ca?*-aclivated K-channels [9], or related 10 an increased
activity of the Na/K-pump [7, 10]. Stimulation of the Na/
K-pump can be brought about by increase of a;Ma ™ [15, 25,
41, 42].

The data presented here show an increased aNa ™ and
a transiently elevated a,K ' We have not measured (¥ [29],
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Fig. . T)pmnl recordings of transmembrane glucose evoked
patentials (y,.,.) from one cell under conirol conditions (Jefr side of
the figure} und when the basolateral poressium efflu s affeeted by
(right side of the figure). A Elevation of serosal potassium concen-
tration (40 mh KO substituted for NaCl, which may be equivalent
with a change of about 20 meq/l in a, K" see text). B Sercsal
uddition of 5 mM BaCl; (substituted for MaCl). € Bilaternl sub-
stitution of all chloride by gluconate. Note that in this trace the
right hand y,,-scale is shifted by —4.1 mV 0 ocder 1o aecount for
offsct potentials at the surface of the 3 M KCl reference sall brdge

but an increase in 1 can explain many of our observalions.
If this increase occurted during the depolarizition phase or
the early repolarization phase it would explain, together
with the depolarized state of the cell, the transient increase
of 3, K. The efflux of potassium that leads to this increase
in a,K* of 1 meg/], is certainly beyond detection with a
K " -sensitive microelectrode in the cell [17].

The permanent elevated a,K * in normal salt solutions 15
amazing, as one would expect that the potassium activity at
the basolateral side of the enterocyies would be lowered
becuuse of the absorption from this space alone of K™ by
the Na/K-pump. Sustained elevated potassium activities,
however, have also been reported in other tissues [11, 24].
Even routine clinical laboratory determinations of this value
indicate that in serum an akl ' is found that is elevated with
respect to the blood plasm [22]. Therefore we conclude that
it 15 not unusual to find such values, though the exact mecha-
nism explaining it is not clear. The steady state a. K" in €1 -
free solutions is not elevated, even after careful corrections
in this value for the interference by gluconate ions [49].

The amount of glwcose-induced aMa " -elevation is
similar to that abtained during similar experiments in frog
kidney mbule [29], MNecturus proximal tubule [26] and
MNecturus intesting [21] (though in these experiments the
steady staledncrement was not significant), A small increase
of a/Cl™ was also observed. Two mechanisms could induce
these changes as there is a considerable Cl™ -permeability in
the basolateral membranes and a coupled Na* /H* and C17/
HCO3 exchange system in the brush border membrane [52].
The small changesin a,C1~, and also ina;K ", have not been
further investigated.
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If the modulation of ¢§ is also the origin of the re-
polarization in our preparation, the absence ol a repolariza-
tion  during increased extracellular potassinm activity
(Fig. 6a) can be understood. In that sitvation ¢§' has in-
creased sufficiently 1o make the process of transient increase
too small ta be measured asa repolariztion.

Cur data with Ba® ' support the explanation by Hudson
and Schulez [21] that ¢f 15 Ba®*-sensitive. We reported
carlier [39] thal depolarizations evoked by elevations of
potassium in the mucosal or serosal madium could equally
be affected by serosal addition of Ba®* (but not by mucosal
addition). We concluded from those observations that the
siteof action (the K " -conductive pathway in the basolateral
membrane) 15 equally sensitive to muecosal and serosal
polassium elevations, because the 1is is equally accessible
te potassium ions from the mucesal and serosal medium,
From the data of Table 2 one cun conclude that Ba®™
itself already influences cell volume regulation. Some of our
data are comparable with these from Brown and Sepulveda
[9], but Lhe technical dilferences are 100 large 1o make a
good comparison pessible,

The influence of Ba** on |[Na*J; is larger than on [K *|,.
This observation is not easily understood, if Ba*' acts only
through ¢}, Possibly coupling of (' with the Na/K-pump
could be the arigin of such influence [35].

Cellular and transcpithelial responses to Cl™ substitu-
tion have been reported elsewhere [52] showing that the
hyperpolarizing response to Cl™-substitution s mainly due
1o a disnppenrance of a considerable chloride conductance
in the basolateral membranes. €1 -free solutions repress
Arere! but lead to an equal or larger Apde (see Fig 6C),
It 1s likely that the depolarization increases because the
membrane chloride conductance that can shunt electrieal
influx associated with the glucose response, 5 now absent,
Abolition of the repolarization may be due 1o the fact that
i is indirectly already increased in Cl -free solutions.
hefore the glucose evoked changes occur. The underlying
mechanism would be that the clevated aNa® increases
a,Ca’’, should a Na*/Ca® ' -exchange be present. This rise
in intracellular Ca®* might open a basclaterally located
(;ell“-scnsitive K-permeability, thus increasing in its turn
().

It 18 clear that all coupled Nu™ influx enters the cells
through the brush border membrane; it is also clear that
maost of the Ma ' leaves the cell through the Ma/K-pump
of which the enzyme molecules are found homogeneously
distributed over the basolateral membranes of the cells. The
goldfish enlerocyte 1s a rather elongated epithelial cell: the
length-diameter ratio of the cell is about 14 that of the
interspace 3501 "

If tnassive ion handling through the Jateral membranes
occurs from the cell to the interspace, this can influence the
concentrations of the ions considerably. In particular a,MNa '
and 4, K * can change readily in relative terms because they
are low. The two facis about the Ma *-fluxes sugeest for the
fact that an higher aNa™® exists near the brush border than
near the basal membrane, especially duning glucose absorp-
ton. As is generully accepted that a;Na ™ can stimulate the
Ma/K-pump [15, 25, 41, 42| in the concentration range found
by us [15, 25, 39, 41, 42, it is not unwarranted to predict

! To visualies the meaning of this ratio: a cell with dizmeter equal
to the width of 4 column in this Journal would have, in the same
scale, & length exceeding one meter
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that this stimulation will be stronger close to the apical side
of the cell than near the basal side of the cell. A direct
consequence 1y that one cxpects to find in the interspace a
variation in a,K * from apical to basal end. This process
does not necessarily evoke measorable electrical [8, 44, 47],

G

[23] or significant osmolarity gradients [23, 43] in cell

or interspace, nor measurable gradients in akK* [47] or
a,Ma”, Only gradients for aNa* or a,K* might be
measurable, The extreme narrowness of the interspace in
our preparation does not allow measurement of a, K" The
measurement of a;Na™ as a function of the depth of
electrode penctration has not systematically been made
during these mvestigations, bul our impression was that
there was a larger scatter in aNa 't than in a;K " or a,Cl-,

The generation of these gradients will be sirongly de-

pendent on the structure of the epithelial compartments
invalved, and therefore these logical consequences of the
pursuit of generally accepted descriptions of Lransepithelial
transport can only be verifed experimentully in epithelia
with elengated cells and not in rather cuboidal cells (like for
example those of Necturus gallbladder [12, 23, 43, 44]).
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during mucosal chloride substitution the relative
cell volume decreases while during serosal substitu-
tions it does not. The electrodiffusional permeabil-
ity of the brush border membrane for chloride is so
low that it is easily overlooked for two reasons.
First: If 3 m KCl sait bridges are used as reference
electrodes [60] the depolarization of the mucosal
membrane is obscured by the shift of —4.1 mV 1o be
expected for the cation-selective membrane in anal-
ogy ta the shift observed with a potassium-sensitive
microelectrode. Second, the reduction of o,Cl°
will lead to hyperpolarization overriding the depo-
larization. The initial depolarization after mucosal
chloride substitution reflects the chloride perme-
ability of both the mucosal membrane and the tight
Jjunction and is & weighed superposition of the depo-
larization of E,,, a hyperpolarization of E, and a
serosa-positive shunt diffusion potential.

The baselareral chloride permesbility is approx-
imately 20 x 10 cm sec™! representing more than
30% of the total basolateral membrane conduc-
tance. This is the major reason why R,/R, de-
creases by serosal chloride substitution.

10. CONCLUSIONS FOR THE ACTIVE SALT
TRANSPORT OF THE EFITHELIUM

In conclusion: the poldfish enterocyte possesses an
electroneutral influx mechanism of chloride in the
brush border membrane and a large chloride perme-
ability in the basolateral membrane. The effective
diffusional impedance of the basolateral membrane
is higher than that of the brush border membrane,
so that the cellular chloride activity is more influ-
enced by the mucosal chloride activity than by the
serosal activity,

If the stoichiometry of the mucosal coupling is
1 1 &n extremely profitable configuration is present
in the enterocyte since the energetics for uphill
transport of chloride into the cell are minimized, as
by this coupling no energy is necessary to overcome
the electrical part (i.e., W) of the electrochemical
gradient. At the basolateral side this electrical part
is used in a favorable way as here the chloride efflux
is only coupled to other ions through the electrical
gradient (principle of electroneutrality).
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correcting the English spelling and grammar and H. van der
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Netherlands Foundation for Biophysics with financial sid of the
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Student's-t-test. P>0.05 is considered not significant (n.s.).

Results

The effect of bilateral sodium substitutions on W, . and a;Cl-.
Although it was reported earlier for goldfish intestinal epithelium
that replacement of Na* by choline or NMDG (N-methyl-(D)-
Glucamine) did not reduce significantly the intracellular chloride
concentration ([Cl-];) [23,24 ] we found that replacement of Nat by
NMDG causes the intracellular chloride activity (a;Cl-) and the
membrane potential (w,,.) to decrease significantly (Table 1).
Therefore the accumulation ratio R decreases from 4.0 to 1.8, an effect
that should be expected when there is a coupling between sodium and
chloride influx [17].

Table 1
Yme a;Cl- R = ajl/(ail)eq m,n
(mV) (meq/l)
Control -56.7 £+ 1.0 394 + 05 4.0 18,20
NMDG -41.6 + 0.7 31.8 + 1.1 1.8 21,25

Measurements of yme and ajCl- in four cpithelia during control and after 30-60
minutes of bilateral Nat o NMDG substitution; R is the intracellular
accumulation ratio of chloride; m and n refer to the number of individual
impalements with the indifferent electrode and the ion-selective eclectrode
respectively.

The effect of furosemide.

Table 2
WVme a;Cl- m,n
(mV) (meg/l)
Control -58.8 +0.5 336 + 1.8 15,14
Furosemide -57.7 + 0.6 350 +1.2 12,12

Measurements of wyme and a;Cl- in 2 epithelia during control and inthepresence
of 1 mM of furosemide in the mucosal bathing solution.
m and n as defined at Table 1

The diuretic furosemide, reported to block Na,Cl-symport and
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Na,K,Cl-symport in other epithelia [22,38], is not effective in goldfish
intestine. Neither the membrane potential, nor the intracellular
chloride activity changes significantly (Table 2) [55]. In addition, in a
number of separate experiments no changes could be observed in
transepithelial potentials and resistances after the addition of either
furosemide or the more potent loop-diuretic, bumetanide [31,43].

The effect of chloride substitutions on V. and a;Na* Bilateral
omission of Cl- does not cause a significant reduction in intracellular
sodium activity (Table 3), in clear contrast to e.g. renal tubule where
in similar experiments a;Na+* decreased by 6-7 meq/l [38,50]. As
reported also in Chapter III the membrane hyperpolarizes
considerably. So, if ajNat is further from electrochemical equilibrium
(R decreases from 0.017 to 0.011), this is due only to membrane
hyperpolarization and not to a reduced influx of Na*, as expected if
the influxes of Nat and Cl- were tightly coupled. Possibly an enhanced
electrodiffusional influx of Na* andfor a reduction in Na/K-pump
activity may account for the absence of the expected decrease in
aNat.

Table 3
Yme ajNat R= ajl/(ajl)eg m,n
(mV) (meq/l)
Control 484 + 1.1 122 + 1.0 0.017 18,18
Cl-free -61.4 + 1.1 13:6. 2.2 0.011 12,14

Measurements of yme and a;Nat in 3 epithelia under control conditions and
after prolonged bilateral chloride to gluconate substitution, R, m and n as
defined at Table 1

pH measurements in unstirred layers. If the mucosal surface of
the goldfish intestine is approached with a miniature pH-electrode a
small but very consistent step is observed in electrode potential
(Figure 1) indicating a slightly alkaline mucosal microclimate [c.f.
33,46]. An opposite but larger step is observed at the serosal surface,
suggesting a relatively acidic serosal microclimate (Table 4; cf Figure
1: right hand side).
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Table 4
ApH
mucoesal surface n,N  serosal surface n,N
Control 0.026+0.003 73 -0.108+0.009 13,3
Cl-free -0.026+0.011 52 -0.042+0.002 5,1
HCO3/COs-free -0.037+0.012 10,1 -0.1074+0.004 7,1

Steps in pH-signal of a miniature pH-clectrode (ApH) on approaching the
mucosal surface resp. the serosal surface in control bicarbonate buffer,
chloride-free (isethionate for chloride substitution) bicarbonate buffer and
Tris-Hepes buffer.

n refers to the number of registrations, N to the number of epithelia
Significance was calculated with respect to control

pH
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Fig. 1: pH gradients in the unstirred layers near the mucosal (upper
recording) and serosal (lower recording) surface measured with a miniature
pH clectrode (diameter 1.2 mm) during the transition from bicarbonate-free
(Tris/Hepes) to HCO3°/CO, buffers. The arrows indicate the advance of the

electrode towards (L), or withdrawal from the ecpithelium (T), aver a fixed
distance of 0.6 mm, driven by an electronically controlled inchworm translator
(Burleigh Instr.) (Note that a step of 0.017 pHu corresponds to an electrical
potential difference of 1 mV)

66

After bilateral HCO3-/CO3 substitution or chloride substitution the
step reverses sign at the mucosal side (Figure 1). At the serosal side
the step does not change significantly after bilateral HCO3-/CO;
substitution but becomes smaller after chloride substitution (Table 4).
Apparently transepithelial bicarbonate flux, proton flux or both
change under these conditions in such a way that net acid transport is
diminished or even abolished.

PRy A 4o AV A4 A v A ym oy A
715

720
125
s HCO3 /€0y
[ N <R SR W'D T S A
5
720
725
730t
Tris/Hepes
0 muc. mannitol - glucose __omin

B muc. glucose>mannitol
v advance A withdrawal

Fig.2: pH gradients in the serosal unstirred layers in mannitol solutions (M)
and during glucose absorption (0O ), both in HCO3-/CO4 buffers (upper
recording) and Tris/Hepes buffers (lower recording). See also legends to Figure
155

An interesting phenomenon was observed while measuring the
serosal pH: the acidification is significantly decreased during glucose
absorption in bicarbonate buffers, whereas this does not happen in
Tris-Hepes buffer (Figure 2).

The effects of HCO3/COy substitution on Yy and a;Cl-. Table 5
(second column) shows that substitution of a HCO3-/CO3 by a
Tris/Hepes buffer of the same pH causes the membrane to depolarize
significantly. In a separate experiment in which the extracellular
chloride concentration was kept constant (normally Tris/Hepes
buffers have a 20 mM higher chloride concentration to campensate
for the difference in Hepes and bicarbonate concentration) the
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intracellular chloride activity was not different from control value
(fourth and fifth column).

Table 5
Yme m Yme aiCl- m,n
(mV) (mV) (meq/1)
Control -542 + 1.1 28 492 + 05 359+ 15 8.6
Tris/Hepes -46.0 + 1.1 28 453 £ 06 379+13 7,6

Measurements of wmpe in HCO3-/CO2 buffers as compared to Tris/fHepes buffers in
10 epithelia (second column). In another epithelium a;Cl- was also measured
(fourth and fifth column). The Tris/Hepes buffer in the latter case was adapted

to contain approximately the same Cl° concentration as the control solution (see
text). m and n as defined in Table 1

The effects of pHy on yye, q;Cl-and pH; As reported in Chapter
III (see also [23]) bilateral bicarbonate elevation results in an
increase in intracellular pH, and consequently in a;HCOj3-, and in an
hyperpolarization of the membrane. The intracellular chloride activity
decreases slightly. The results are summarized in Figure 3, showing
the actual driving forces for passive HT and CI- flux across the plasma
membrane, namely the membrane potential (y,,.) and the chemical
potential difference, expressed in the form of the the Nernst
equilibrium potential: E; = Apuy/z;F. Assuming that the membranes are
highly permeable for CO» and that the dissociation rate of carbonic
acid is sufficiently high, the electrochemical potential differences for
H+* and HCOj3- can be equated so that the difference (Eg+- Ecj-) is
proportional to the driving force for HCO3-/Cl- exchange.

In Figure 4 the same measurements are shown under
bicarbonate-free conditions. Note that the difference (Egx+ - Ecy-) is
larger than in Figure 3 but decreases also with increasing pH,.
Because of the absence of extracellular CO; a good determination of
Eycps- with the present methods is not possible.
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Fig.3: Transmembrane electrical (Wm¢) and Nernst equilibrium potentials for
H* (Ep) and Cl- (Ecy) as a funcion of pH of the bicarbonate-buffered bathing
solutions. The data on Epy and .. are transposed from Chapter III (Table 4). The
numbers in parcntheses refer to the number of impalements with a normal 3M
KCl filled microelectrode (y.,,) and with a chloride-selective microelectrode

(Ecy) in the same two epithelia or to the number of strips analysed with “C-DMO
(Eg).

Fig. 4: Transmembranc clectrical (yp.) and Nernst equilibrium potentials for
H* (Ey) and Cl- (Egp) as a function of pH of the Tris/Hepes-buffered bathing
solutions. The data on Ep are transposed from [23; Paper 3: Figure 3]. The
numbers in parentheses refer to the number of impalements with a normal 3M
KCl filled microelectrode (y,.) and with a chloride-selective microelecirode

(Ec¢y) in the same two cpithelia or to the number of strips analysed with 'YC-DMO
(Emp.

The influence of pH, on R, and GEP, Table 6 shows that with
increasing pH the transmural resistance decreases while the GEP
(transepithelial glucose evoked potential) increases. Qualitatively the
same effects are measured with and without HCO3- (no data on GEP's
in bicarbonate-free media were shown by lack of a sufficient number
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of reliable data; see below). In the absence of HCO3-/CO, the
preparations deteriorated often suddenly and irreversibly at the
lower pH's, Ry dropping to 25-50% of the control value and the GEP
reducing to zero. This happened consistently if acetazolamide
(Diamox) was added to the bicarbonate-free buffers. In bicarbonate
buffers Diamox did not have such an effect.

Table 6
HCO3-/CO2 TRIS/HEPES

pH Rms GEP Rms

(%) (%) (%)
6.6 117 £ 3 80+ 5 115 + 10
7.0 110 2 84 + 7 111 + 4
7.4 100 100 100
7.8 92 +1 114 + 5 93 +1

The transmural resistance (Rpg) and glucose evoked potential (GEP) as a
function of pH of the bathing solutions expressed in % of the control value (at
pH=7.4). In the second and third column the wvalues in HCO3°/COj7 buffers are

presented, in the fourth column those in Tris/Hepes buffers. GEP values in
Tris/Hepes buffers are not shown (see text).

Mucosal chloride substitutions under bicarbonate-free conditions.
Figure 5 shows a typical recording of the transepithelial responses,
Rpg and Y, to mucosal chloride substitution in bicarbonate-free
media. The electrodes were normal Ag-AgCl electrodes in contact with
salt bridges containing control bathing solution., The salt bridge
junctions give rise to large liquid junction potentials during chloride
substitutions. For the resistance measurements these liquid junction
potential artefacts are of no importance. For steady state
measurements of the transepithelial potential accurate corrections for
the liquid junction potential (l.j.p.) artefacts are possible (Chapter II).

Apart from the difference in transient, the steady state
transepithelial diffusion potential (corrected for the Lj.p.) is
significantly larger (+6.9 + 0.6 mV (n=16)) in bicarbonate-free
solutions than in control solutions (+2.9 + 0.3 mV (see Chapter III)).
Also Rp¢ increases considerably (from 15.5 + 1.0 to 22.0 + 2.4 Qcm?2)
in contrast to the responses in bicarbonate containing solutions, where
Rps did not change (Chapter III).
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Fig. 5: Typical recordings of the transmural potential (y.¢) and resistance
(Rp,¢) responses to mucosal chloride to gluconate substitution in HCO37/CO,

buffered solutions (left hand side) and during prolonged absence of HCO4/CO,
(right hand side). Resistances were measured al lime intervals of 1 min.
Reference electrodes were connected to the solutions with salt bridges filled
with standard solution. The figures are not corrected for the large liquid
junction potential artefacts introduced by these electrodes (approx. 13 mV; see
Chapter II) as these can be expected to be almost identical in both situations.

10min

Serosal bicarbonate variations and the use of SITS or DIDS.
Variation of serosal HCOj3- causes electrical changes qualitatively in
agreement with a substantial electrodiffusional permeability for
HCO3- (i.e. hyperpolarization after HCOj3- elevation and depolarization
after HCOj--reduction). A Pycops3- was also demonstrated by Burkhart
[9] in rat proximal tubule and was shown to be sensitive to SITS and
acetazolamide [9,10,18]. We were not very successful in our
experiments with SITS and DIDS because the membrane potentials
tended to become unstable if we applied those drugs.

So, whereas DIDS and SITS may have an effect, the experiments
reported in the previous paragraph show that acetazolamide
definitely has an effect in goldfish intestine, but our results do not
allow us to conclude that those drugs suppress Pgcos-, as in rat
proximal tubule [9,10].
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Unilateral HCQO31CO 3 substitutions. Mucosal substitution of
bicarbonate buffers by Tris-Hepes buffers causes a hyperpolarization
while serosal substitution causes a depolarization. This effect is even
more pronounced in chloride-free media (Table 7).

Table 7
Yme (MV)

with chloride ser. HCO3-/CO2 ser. TRIS/HEPES

muc. HCO3-/CO2 -53,

2,
muc. TRIS/HEPES -59.0

without chloride ser. HCO3-/CO; ser. TRIS/HEPES

muc. HCO3-/CO3 -71 -53
muc. TRIS/HEPES 83 £ 1 -69 + 1

Measurements of gy during unilateral and bilateral substitution by
bicarbonate-free  buffers as compared with control, both in chloride
containing (upper table; 6 epithelia) and gluconate (chloride-free) solutions
(lower table; 2 epithelia).

The effects of Ba‘t addition. In order to investigate the nature of

the potassium permeability in goldfish enterocytes we studied the
effects of Ba2+, which is known to block certain potassium channels in
other epithelia (e.g. [7,39]):

a. Intracellular concentrations, pH; and cell water. The

intracellular concentrations of the major ions as well as the
intracellular pH (DMO) were measured in free-floating strips during
control and in the presence of 5 mM of Ba2+ (Table 8). The
measurements presented here include the measurements reported in
Chapter 1l1. Note that [Na*];, [Cl-]; and cell water are sigmificantly

increased. [K*]; does not change significantly, nor does pHj.
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Table 8
[Nat] [K+] [CF] pHo-pHi cw/dw
(mM) (mM) (mM)

Control 463 + 2.4 1851 £+ 53 530 +25 0.15 + 003 293 + 0.03

Ba2+ 60.3 + 4.7 176.6 + 6.5 61.8 + 3.7 0.21 + 005 3.11 +0.05
P<0.01 n.s 0.02<P<0.05 1.8 P<0.01

Intracellular ion concentrations, extracellular to intracellular pH-difference
and cell water to dry weight ratio under control conditions and after the
bilateral addition of 5 mM of Ba2*,

b. Membrane potentials and unilateral Na/K substitutions. The
effect of mucosal and serosal additions of Ba2+ on y,. are shown in
Figure 6.

Figure 6 Figure 7
50r Yme mucosal K*
PYme -307 o
_50 5 ok (7] (2)
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-60*
-30¢F (10}
;‘&ﬂc serosal K
-20¢ T m w9
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C mBa sBa il | .
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Fig. 6: The influence of 5 mM of Ba2+ in the mucosal bathing solution (mBa;
P> 0.1) and in the serosal bathing solution (sBa; ***: P < 0.001) on w..
Numbers in parentheses indicate number of impalements in a total of 10
epithelia.

Fig. 7. The dependence of the membrane potential (y..) on the mucosal (upper
diagram) and serosal potassium concentration (lower diagram) before (@) and
after (O ) isoosmotic substitution of 5 mM of barium for 10 mM of sodium. The
total numbers of impalements in 4 epithelia are given in parentheses. Bars
represent  SEM.
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It has been reported before [5,7] that the BaZ+-sensitive channels
are mainly located in the basolateral membrane. This is confirmed by
the present experiments. On the other hand, Ba2+-application to the
serosal side also affects the responses of goldfish enterocytes to
mucosal potassium elevations (Figure 7). Clearly the serosal addition
of Ba?t is almost equally effective in reducing both responses,
suggesting that mucosal potassium elevation has a profound influence
on the potassium concentration in the interspace [49].

c. Response of . to mucosal chloride substitution. The presence
of Ba?*+ changes the transient response of the transepithelial potential
to mucosal substitution of Cl- by an impermeable anion. These kinds
of responses are difficult to describe since they are seriously
contaminated by salt bridge artefacts (Chapter II).

muc. gluconate muc. gluconate

-12 12
-8 -8
_ _i f\/\/\\
0 0
+h +h
ok control b ser. 5mM of Ba*™
Rms Rms
25 25
0 0
(Ocm?2) (Oem?) e L

10min

Fig.8: Typical recordings of the transmural potential (y, ) and resistance
(Rpys) responscs to mucosal chloride to gluconate substitution in control
solutions (left hand side) and in the presence of 5 mM of Ba2+ in the serosal
bathing solution (right hand side). Resistances were measured at time intervals
of 1 min. Reference electrodes were connected to the solutions with salt bridges
filled with standard solution (see legends to Figure 5). No corrections are made
for liquid junction potential artefacts in these figures.

It is clear, however, that after correction for these artefacts, the
new steady state transepithelial diffusion potential is significantly
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larger than in control solutions (+5.6 + 0.7 mV vs. +3.3 + 0.9 mV; n=6)
and that this steady state is reached later. A typical example of a
response is shown in Figure 8 and is compared to the response in
control solutions. The figure also shows the slow oscillations which
frequently occur in these responses (cf [23], Paper 3: fig. 5). Note also
the difference from Figure 5 in which the response to mucosal
chloride substitution in bicarbonate-free media was shown.

d. Transepithelial Cl--fluxes. Transepithelial Cl-fluxes were
measured with radioactively labeled chloride [3,23] under open-
circuit conditions both in Ba2* containing and control solutions (Table
9). Note that net transepithelial chloride transport is slightly reduced
while the unidirectional fluxes are significantly increased.

Table 9
JlllS Jsm Jnct
(umol/h.cm?)
Control 7.64 + 034 462 + 0.24 3.02 + 042
BaZ+ 934 + 0.66 7.54 + 0.54 1.80 + 0.86
P<0.05 P<0.001 In.S.

Influence of Ba2* on unidirectional chloride fluxes. The effect of Ba2+ was
measured by adding bilaterally 5 mM of BaCly after four 15 min periods
(control) and continuing for another four 15 min periods. Measurements of Ims
and Jg;m were performed on paired strips. Each value is the average of 31 to 36
measurements on 9 strips from 3 fishes.

e. The glucose evoked potentials It has been reported that Ba2+
affects the repolarization phase in the transmembrane glucose evoked
potential (Chapter IV, cf [32]). Here we show the averages of eight
paired registrations of responses of y,. and y,¢ to mucosal glucose
addition in control solutions and in Ba2* containing solutions (Figure
9). Note the suppression of the repolarization by Ba2+.
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Fig. 9: Average responses of ygo and ys to mucosal mannital for glucose
substitution measured under control conditions (left hand side) and in the

presence of 5 mM of BaZ* in the scrosal bathing solution (right hand side).

Discussion

The double exchange mechanism. The net mucosa to serosa flux of
chloride in goldfish intestine under normal conditions, being 3.1 +
0.44 pmol/h.cm2s reduces to only 0.33 + 0.50 pmol/h.cm?2 after
addition of 0.1 mM of ouabain and to 0.92 + 0.50 pmol/h.cm?2 after
substitution of sodium by choline [3,23] (cf [14]). This flux should be
mainly transcellular because under control conditions the
transepithelial potential is negligible (0.0 + 0.1 mV, Chapter III [1])
and the chloride conductance of the paracellular pathway is small
(approx. 10 mS/cm? [4]). Furthermore it is coupled in some way to the
active transport of Nat.

The intracellular accumulation of chloride, its reduction by sodium
substitution (Table 1) and the direction of the net chloride flux from
mucosa to serosa are strong evidence for the presence of an uphill
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secondary active chloride transport mechanism in the apical
membrane energized in some way by the electrochemical sodium
gradient. Such coupling mechanisms were demonstrated indeed in
many epithelia and several alternatives were suggested: Na,Cl-
symport [12,13,17], Na,K,(2)Cl-symport [22,37] and Na+t/H++HCO3-/Cl~-
exchange [43,45,52]. The first and second mechanisms are reported to
be inhibitible by furosemide or bumetanide [31,53), diuretics which
do not seem to be effective in goldfish intestine (Table 2).

The third one supposes the mutual coupling, and possibly even
driving [2], of Na*/H* and HCO3-/Cl- antiporters, by the dissociation
equilibrium of intracellular HpCO4. This coupling is weaker than the
obligatory 1:1 coupling of a Nat,Cl--symport and may explain why
after sodium substitution some accumulation of chloride is still
present (Table 1) and why after chloride substitution a;Na*+ does not
drop (Table 3). Further evidence for the existence of this parallel
exchange mechanism in goldfish intestine are the relative acidification
of the mucosal unstirred layers (Table 4) and the intracellular
alkalinisation of 0.4 pHu after chloride substitution (Chapter III) and
the intracellular acidification of 0.2 pHu after sodium substitution
(reported by Groot et al [24]).

The role of HCOj3°tC O ,. Although it is difficult to prove the
intermediate role of the dissociation equilibrium of H;COj3 between
the Nat/H* and HCO;3-/Cl- antiporters this role is suggested by our
experiments:

1. Omission of HCO3/COg in the bathing media causes the intracellular
pH to increase by 0.2 pHu [24]. According to Table 5 a;Cl- does not

change while the membrane depolarizes significantly so that Aficy,
the driving force for Cl- efflux, decreases. The difference between
the electrochemical potentials for H* and Cl-, therefore, increases, If
the sodium gradient is the ultimate driving force indeed for
transepithelial chloride transport, the ‘'impedance' of the link

between Afly+ and Cl- efflux must be increased, which suggests a
reduced availability of ajHCO3~ from dissociation of HyCO3. The same
argument applies to Figures 3 and 4 where (Ey+ - Eg-) decreases
with respect to Egp- with increasing pH; (or 3;HCO3).

2. In the absence of HCO53/CO,, mucosal Cl- substitution causes an
important increase in Rpg (Figure 5). Since the partial chloride
conductance of the tight junctions is small (<20%) [4], the interspace
must contribute to this increase, as the interspace probably
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collapses by inhibition of transepithelial solute transport. In the
absence, therefore, of HCO3-/CO,, coupling between Na* and CI-
fluxes seems to be tighter, which is expected indeed when
intracellular buffering capacity is reduced.

Basolateral anion permeabilities. One of the important outcomes of
the calculation of Chapter III is the fact that the basolateral
membrane possesses a substantial passive chloride permeability. The
question how chloride leaves the cell serosally has been the subject of
considerable debate. For example, in Necturus proximal tubule and
also gallbladder a low basolateral chloride conductance was found
which did not seem to allow sufficient chloride efflux to explain the
trangepithelial chloride flux [15,25,40,47]. It was necessary, therefore,
to postulate that part of the Cl--efflux across the basolateral
membrane is non-rheogenic i.e. coupled to other ions by e.g. K*,Cl--
symport, HCO4-/Cl--exchange or a neutral Nat Cl--pump [40,42].
Calculation of the basolateral chloride conductance (gc1 = 3.86
mS/cm?2) from the chord conductance formula (Eq.1) and the ionic
permeabilities of Table 5 in Chapter III, however, shows that the
electrochemical potential for chloride across the basolateral

membrane ( Afic)-/F = 30 mV) allows a basolateral efflux of approx.
115 puA/cm?2 of chloride, whereas the actually measured
transepithelial chloride flux [3,23] is equivalent to approx. 90 pA/cm2.
So as yet there is no need to postulate a specialised transport
mechanism in goldfish enterocytes. Baerentsen [2] arrived at a similar
conclusion for Necturus gallbladder epithelium and argued that the
basolateral chloride conductance is easily underestimated by serosal
unstirred layers, the high potassium permeability of the basolateral
membrane and, especially, the rheogenicity of the Na/K-pump (which
was assumed to be electrically neutral by Reuss [44]). When a
bicarbonate permeability of the basolateral membrane is not included
in the formulae, a further underestimation is inevitable.

There is a number of reasons why we introduced a (Pgcp3-)bim-
First, from a theoretical standpoint the basolateral membrane should
possess, apart from finite ionic permeabilities for K* and CI-, another
permeability because the membrane e.m.f. under chloride-free con-
ditions is much smaller than the Nernst equilibrium potential for K.

Whether a non-zero Pnas+ or a non-zero Pycopjs-is chosen,the
conclusion that (Pgj-)pim is large, is not affected. Second, the
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membrane pbtentia] responds to serosal HCOj3- variations and
unilateral HCO3-/CO, substitutions (Table 7) indicating such a

rheogenic pathway for HCOs3- or H* in the basolateral membrane. A
third argument in favor of a rheogenic pathway for protons or
bicarbonate ions, is that in HCO3-/CO;-free media the proton
equilibrium potential (Eg4) varies more strongly with the membrane
potential (yp,.) than in HCO4-/CO;»-buffered media (see Figure 4). This
is what one would expect when the buffering power of the
intracellular medium is less than in bicarbonate-containing media.
Rheogenic pathways for HCO3z- or HY were also demonstrated by
others in the peritubular membrane of rat proximal tubule [8,9,10,54]
and salamander proximal tubule [6,34]. It was suggested by Boron
and Boulpaep [6] that this basolateral HCO3- channel in Ambystoma
proximal tubule is formed by a rheogenic Nat,2HCOg3--symport but
Burckhardt and Fromter [10] could not find evidence for such a
symport mechanism in rat proximal tubule. Matsumura et al [34]
argued that in Necturus proximal tubule, apart from the current-
carrying Na*,(2)HCO3-/Cl- exchanger postulated by Guggino et al [26],
a second rheogenic bicarbonate pathway appears to be present as
well. A detailed description of the bicarbonate pathway in goldfish
intestine, therefore, cannot be given because the incompleteness of
our data does not yet allow definite conclusions nor does it allow a
profound comparison with reports from other authors, which suggest
the existence of different, possibly even composite, mechanisms in
different preparations.

Basolateral potassium recirculation. It is commonly accepted now
that potassium accumulation in cells can be attributed to the Na/K-
pump [28] which in epithelial cells is exclusively located in the
basolateral membrane [51]. It is accepted also that in various leaky
epithelia the basolateral membrane generally has a high potassium
conductance (e.g [41,29] and Chapter III), which in fact is responsible
for the larger part of the negative membrane potential. Considering
this, the question arises how potassium 1is circulated across the
basolateral membrane since, in order to cope with the total
electrodiffusive efflux from the cell, the pump has to extract more
potassium from the interspace than the cell can provide solely by
electrodiffusive efflux into that space. The influx of sodium across the
apical membrane in absorbing epithelia has been studied extensively
in the past decades [16]. These studies have led to the assumption of
the different sym- and anti-port mechanisms mentioned above,

79



responsible for the major part of the influx of sodium into the cell
(Chapter VI, [20]), which, in steady state, is transferred almost
completely into the interspace by the Na/K-pump.

This massive polar transport may generate electrochemical and
osmotic gradients which directly or indirectly are responsible for net
potassium absorption. This will be dealt with in more detail in the
next chapter. Alternative mechanisms which could supply sufficient
amounts of potassium in the interspace involve complicated transport
systems in the cellular membranes themselves (Na,K,Cl-- symport in
the apical membrane, KCl-symport in the basolateral membrane), but
as stated above we have no evidence for the existence of such
mechanisms in goldfish intestine. It was suggested also that
basolateral potassium conductance in epithelia is directly linked to
the activity of the Na/K-pump [30,32,35]. Particularly when pump
activity is enhanced during sugar or aminoacid absorption, such a
mechanism may serve to supply sufficient extracellular potassium to
the pump. Since Ba2+ was reported to block this potassium
conductance, experiments with Ba2+ were carried out to investigate
the nature of the potassium conductance and its relation to the Na/K-
pump activity.

Bilateral Ba2+ application causes cell swelling and an increase in
[Nat); (Table 6), suggesting that either the influx of Na* is increased or
the efflux is decreased. Since the electrochemical driving force for Nat
is reduced by the decrease of y,., the first possibility is unlikely, and
therefore the activity of the Na/K-pump, responsible for Nat efflux, is
probably reduced. The increases in cell water, [Cl-]; and [Na*]; and the
depolarization of the cell membranes are all factors that are likely to
stimulate, rather than inhibit the pump [27,33]. pH; and [K*]; do not
change significantly and therefore do not seem to be the determining
factors in this reduction. As Ba?+ reduces K% efflux, particularly into
the interspace, it is conceivable that the potassium concentration in
the lateral intercellular space is reduced and limits the pump rate
(see Chapter IV).

It has been reported for other preparations [5,7,32] that the Bal+-
sensitive potassium conductance is mostly located in the basolateral
membrane. This is also true for goldfish enterocytes (Figure 6). On the
other hand Ba2+-application at the serosal side affects equally the
responses of goldfish enterocytes to mucosal and to serosal potassium
elevations (Figure 7). This suggests that mucosal potassium elevation
exerts its depolarizing effect also indirectly, namely by permeation
through the tight junction, increasing the intercellular potassium
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concentration and depolarizing the basolateral membrane. It should
be pointed out that goldfish intestine is a leaky epithelium with a
relatively large paracellular potassium conductance [1,48], so that
even small electrochemical gradients may give rise to considerable
transjunctional potassium fluxes. This is not the case for the
paracellular chloride conductance which is reported to be low [4]. It is
therefore remarkable that mucosal chloride substitution in the
presence of Ba2+ has such a large effect on Ry, and vy (Figure 8).
Since the unidirectional Cl--fluxes are also increased it cannot be
excluded that paracellular chloride conductance is increased in Ba2+
containing solutions at the cost of cation conductance. This would
dissipate the osmotic gradient across the tight junctions and
consequently reduce water and potassium influx across the mucosal
barrier.

Serosal Ba2+ application suppresses the repolarization phase in the
transmembrane GEP (Figure 9, see also Chapter IV). A similar effect
was also reported by Lau et al [32] in Necturus small intestine, and
was explained by the hypothesis of Grasset et al [21] that in the
repolarization phase an -apparently Ba2+*-sensitive- conductance
pathway is invoked by the enhanced action of the Na/K-pump (see
also [30]). Compared to eg. Necturus small intestine the change in
Rm/Rg ratio in goldfish intestine after mucosal glucose addition is
only small [1]. Qualitatively, however, our results are in agreement
with the findings of Grasset et al [21] in Necturus small intestine, of
Fromter et al [18,19] in rat proximal tubule and Messner et al [36] in
frog kidney, which all show a gradual increase in basolateral
membrane conductance after an initial increase in apical membrane
conductance. The opening of a substrate-induced sodium pathway is
held responsible for the change in apical conductance. The increase in
basolateral conductance is ascribed to an increase in potassium
conductance. What elicits this increase is not clear at present. In his
review article Lang [30] discussed several possibilities (intracellular
pH changes by serosal bicarbonate influx, increase in intracellular
aCa2+ by Nat/Ca2+-exchange, changes in a;K*), but arrived at the
general conclusion that the basolateral potassium conductance is
related to the pump activity and, more specifically, is sensitive to the
potential difference across the basoclateral membrane perse [30]. In
our opinion there are two possible links between the apparent
potassium conductance and pump activity:

First, according to the Nernst-Planck diffusion equations,
basolateral potassium conductance is a function of ajK+ and y¢ while
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the activity of the Na/K-pump is also likely to depend on these
parameters. All these parameters are interrelated since the
basolateral membrane e.m.f. itself depends to some extent on aji K.
We have presented direct and indirect evidence that in goldfish
intestinal epithelium changes take place in a;JK* under various
conditions, that influence basolateral potassium recirculation. We
suggest, therefore, that, at least in our preparation, a;K*+ plays a role
in the regulation of basolateral potassium recirculation.

Second, the entry of glucose and sodium into the cell produces
increases in ajNa*t (Chapter IV) and in cell volume (Chapter VI; [cf.11])
which lead to increased Na/K-pump activity. Salt deposit into the
interspace should result in increased transepithelial water transport.
This increased water transport can enhance transepithelial potassium
flux in different ways: polarization and sweeping-away effects near
the mucosal and serosal barriers, solvent drag, the opening of
basolateral pores or other channels. In this way osmotic, or possibly
electrochemical, gradients generated by the Na/K-pump itself can
supply the extracellular potassium to be recirculated by the pump.
These concepts will be dealt with further in Chapter VI.

The results presented in this chapter, therefore, led us to the
conclusions that:
1. the apical membrane in goldfish enterocytes possesses the so-called
double exchange mechanism, postulated also by others [43,45,52];
2. Na+/H*-exchange and HCOj3-/Cl--exchange are coupled by the
dissociation equilibrium of carbonic acid;

3. the basolateral membrane possesses a rheogenic bicarbonate or H*
pathway and a BaZ+-inhibitible ionic permeability for potassium;
4. the potassium activity in the lateral intercellular space is extremely
sensitive to events occurring at the mucosal barrier and may play a

role in the modulation of pump activity.
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Chapter VI

Epithelial compartments and
transepithelial transport

Introduction

In this chapter we shall try to use the results from the previous
chapters to provide a more coherent description of the transport
modes that are compatible with these data. To that end this chapter is
divided in the following sections.

1) Steady state analysis of fluxes for the major ions in the mannitol
and glucose steady state, both in the presence and the absence of
chloride, and a short discussion of the outcomes of this analysis.

2) A description in qualitative terms of the events in the transient
period between the mannitol and glucose steady state,
distinguishing the depolarization and repolarization phase.

3) In the first and second section a number of questions are raised
concerning the possible existence of gradients of especially Nat in
the transcellular route and of Kt in the paracellular route. To find
out whether such "cable-like" gradients can be modeled by a
distributed description of the processes, a distributed model was
implemented. The outcome of that study, as far as we carried it, is
that such gradients can be obtained only .with parameters that
have extreme values. At the same time, however, one may
question the choice of such parameters. We arrive at the
conclusion, that potassium is reabsorbed by some, as yet
unresolved, mechanism.

4) Because the previous sections mainly refer to fluxes, in this section
the relation between the glucose-induced electrical changes,
especially the repolarization of the membrane after the initial
depolarization, and the fluxes is discussed.
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SECTION 1: The steady state fluxes

From the data on intracellular activities, resistances, potentials of
Chapter III and the ionic permeabilities that we derived (Chapter III:
tables 5 and 6) net ion fluxes across the cellular membranes can be
calculated with the Goldman-Hodgkin-Katz diffusion equation [38]
using ion activities instead of concentrations (see Chapter IIL):

Yo Pizify { ai° - ajlexp(z;Fy/RT)
i RT 1 - exp(ziFy/RT)

Steady state fluxes in mannitol solutions.
Transmembrane fluxes (x10~" moles/cm?-s)

Na*170 192 Na* Nu*51ﬂ7a Na*
H* 170 128 K" H" 51 52 K*

HCO3157
C1° 157
Na" 22—— Na* 27—
K*Y 66<t— —> 62K* K* 27¢+— —>25K"
(" e — — St 3
—> 13 HCO3 —>51 HCOZ
Net transcellular fluxes
=>192 Na* - 78 Na*
K* 66<= K* 21g=
=>113 (I !
> 13 HCO3 551 HCO3
Control Cl=free

Fig. 1A and 1B: Calculated transmembrane and net transcellular ion fluxes in
steady stale mannitol conditions in the presence (1A) or absence of chloride
(1B). It is assumed that total net current across each of both membranes is zero,
Proton flux in one direction and bicarbonate flux in the opposite direction can
nol be distinguished because of the high permeability of the epithelium for

Q.

Adding to the calculated electrodiffusional fluxes a parallel
exchange of Nat/H+ (1:1) and HCO3-/Cl- (1:1) in the apical membrane
([47] and Chapter V) and a rheogenic Na/K-pump (3:2) in the
basolateral membrane, a picture can be constructed of ion fluxes if we
assume the total transcellular ion fluxes to be electroneutral in the
mannitol steady state. Consequently, this applies also to the electrical
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currents across the individual apical and basolateral membranes.

The transepithelial potential difference, normally being slightly
negative (0 to -0.2 mV) in mannitol solutions, can be changed into a
small positive one (+0.5 mV) by manipulations where the tight
junction cation selectivity is lost ([6], cf.[2], figure 5). The small
negative transepithelial potential difference in mannitel solutions is
therefore interpreted as the sum of the positive transcellular
potential, observed after the manipulation, and a slightly more
negative potential, due to a small osmotic salt gradient over the tight
junction (< 10 mM). In that case one should include the electrical
current, associated with the positive transcellular potential, in the
calculations but, being small, it is neglected (see also Chapter III,
discussion section 7). In Figure 1A the steady state mannitol situation
is shown under normal conditions and in Figure 1B the mannitol
situation under chloride-free conditions.

Steady state fluxes during glucose absorption. The fluxes in the steady
state glucose condition have been calculated in the same way as in the
mannitol situation but without the condition that the total fluxes
across each membrane are electroneutral. All measurements were
made currentless and transcellular currents should be compensated
by currents through the tight junction. From the fact that in the
glucose situmation v, =E; = 2 mV, one can calculate the charge
transfer across the membranes. This makes it possible to calculate the
glucose-cotransported Na*-flux in the mucosal membrane. Maximum
values of the glucose-induced sodium influx were calculated by Albus

et al from the transient changes in Empn [1,3] to be 4.9 resp. 5.4

pmoles/em?.h, the first value being comparable to the value obtained

here for the steady state which is the same in the presence and in the
absence of chloride (4.6 resp. 4.7 pmoles/cmZ2.h).

Inspection of all the above figures leads to the following
conclusions and remarks:

1. In the mannitol situation the sodium extruded by the Na/K-pump
mainly originates from the electroneutral influx mechanisms
responsible for transepithelial salt transport [cf. 16], operating in
the apical membrane (88% in control conditions and 65% in
chloride-free conditions). So, there is massive transcellular
transport of sodium, entering the apical membrane and leaving the
cell all along the basolateral membrane.

2. Under all conditions net transcellular potassium flux is apparently
directed towards the mucosa, so that potassium is exchanged
transcellularly for sodium. Since most of the potassium is extracted
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from the interspace this space would be depleted of potassium
within about 20 seconds if the potassium was not replenished. The
steady state elevation of agK+ in control solutions, described in
Chapter IV 1is therefore rather unexpected and needs clarification.

Transmembrane fluxes (x107" moles/cm? s)

313 Na* N 41ﬂ194 N
209K H 41 130 K°

—4-> 62 K* —1> 28 K*
' Na* 22—>
K* 79&+— —> 68 KT K" 56¢—+— —> L6KT
" 40<— —1>121

Na* 129 —1> 11HIO3Na"131— —> 41 HCO;
gluc129 gluc131—‘§

Net transcellular fluxes

>313 Na*© 5194 Na*
K" 79< _ K" 564
>121 O

> 1MHCO3 == 41 HCO;

Electrically driven paracellular fluxes

Na* 83<¢= Na" 83«
K¥ e K e
> 1801
[613/: ______ =S —— S (6] be—————o S(10)
Control Cl-free

Fig. 2A and 2B: Calculated transmembrane and net transcellular ion fluxes in
steady state glucose conditions in the presence (2A) or absence (2B) of chloride.

In the figure the dotted arrow in the basolateral membrane represents the K*-
cfflux that should be explained by an additional assumption (e.g. an increasing

(PK)blm)-

3. Both the calculated transcellular fluxes of sodium and of chloride
exceed, as expected, the experimentally determined net
transepithelial fluxes (Jyz= 0.92 nmoles/cm2.s and Jo; = 0.86
nmoles/cm?2.s [6]). Therefore, even in the mannitol steady state
situation there must be transjunctional concentration gradients of
Nat and CI- (under the assumption that E; = 0 mV, Py, = 100.10-6
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em/s and Pep = 25.10°6 cmfs; Chapter III) of approx. +10 mM. The
difference in charge transfer is mainly compensated for by Kt+-
influx from mucosa to interspace. The transjunctional fluxes in the
glucose absorbing steady state situation are also electrically driven.

4. In the mannitol situation the activity of the Na/K-pump is about

halved by chloride-free solutions, while ajNa+* is not diminished.
This leads to the question of what limits the pump activity under
these conditions.
It must be noted that in glucose conditions a;Na* increased more
with respect to the previous mannitol situation, and did not clearly
stabilize (for figure 2B the value after 5 minutes was taken) while,
on the other hand, in chloride solutions agK+* is elevated with
respect to a,K* and in chloride-free solutions it is not.

5. The steady state fluxes for K+ into and out of the cell during glucose
absorption cannot be reconciled with the ionic permeabilities found
for the mannitol control situation. A permanent surplus of K+-
influx would exist. As yet the most appealing explanation is that
(Px)pim has increased, an assumption that has also been put
forward by others for other epithelia [7,11,17,22,25,27,32,39].

SECTION 2: Functional description.

Application of glucose to the mucosal side of the intestine
stimulates the transepithelial transport of salt. Since under open
circuit conditions this glucose absorption brings about a serosa-
positive transepithelial potential but does not affect the
transepithelial resistance, an increase in current, circulating through
the epithelium, should take place. In addition, osmotic swelling of the
cell by the influx of osmotically active material should be balanced by
a supply of salt into the interspace. It was demonstrated that the
increase in transepithelial potential was accompanied by a
depolarization of the apical membrane, often followed by a partial
repolarization. The depolarization is generally associated with the
coupled sodium-glucose influx across the apical membrane, the
repolarization with cellular processes leading to, or directly related to,
activation of the basolaterally located Na/K-pump. The electrical
responses are typical for intestine and renal tubule and are amply
described, not only for goldfish intestine (Chapter LIV; [1,2,3,42,43])
but also for different other preparations [8,13,17,22,25,26,32,36,48].

To delineate all interrelated processes that play a role in the
glucose-induced electrical rtesponses, the following recapitulation of
findings of the studies by us and others [1,3,8,17,22,25,26,32,37] is
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presented here in a schematic and condensed form.

time (s) mucosal entry
10"
10°
10!
10°L mucosal exit serosal exit

Fig. 3 :Schematic representation of the processes initiated by the coupled
influx of sodium and glucose (Jy, + Jg) across the apical membrane of goldfish

enterocyles. The wvertical axis is an indicative logarithmic timescale and gives
an indication of the delays and time constants of the processes depicted at that
coordinate. ¥ represents the membrane potential (yp,.) which follows from the
electro-neutrality principle ZI = 0.

If the rheogenic influx of Nat is standardized at 1, o represents the fraction of
this influx that is compensated electrically by the Na/K-pump and (1 - a) by
elecirodiffusion. B represents the fraction of the  electrodiffusive fluxes

entering the interspace in the form of K*. Anion fluxes are not shown.

Kis is the potassium concentration in the interspace, K;, Na; and §; are the
intracellular concentrations of potassium, sodium and glucose respectively.
The stochiometry of the pump is indicated as Jy, : Jgx =3 : - 2; the arrows 'l' and

'2' represent stimulation of the Na/K-pump by NajT and Kj;™ resp.

Figure 3 depicts the processes contributing to the changes in the
membrane potential after the onset of electrogenic Nat-dependent
absorption [40] in relation to their time constants. An indicative
logarithmic timescale is plotted along the vertical axis. In most tissues
a strict separation in time is not possible.

The first observable process is a depolarization of the mucosal
membrane (Y. =% in figure 3). Unstirred layers may obscure the
response times of the faster membrane processes. The influx of
electrical current loads the membrane capacitors (not shown). The
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time constant of this process is estimated by Fromter [13] to fall in

the range of 10 ms. In the schematic representation of figure 3 the

response time of the faster membrane processes is taken as 10-!

seconds.

The Ay thus induced in this time interval will be stabilized
mainly by the following two processes:

A, electrodiffusional fluxes of ions - particularly K+ - through the cell
membranes (fraction 1 - o in figure 3). The fraction of these ionic
fluxes entering the interspace in the form of potassium is denoted
B.

B. A stimulation of the Na/K-pump as it transfers electrical charge out
of the cell (3 Nat outwards versus 2 K* inwards: fraction o in the
figure; [4,35,51]).

The response time of the Na/K-pump is reported to be short
enough [12] to react within 1 second to changes in ion concentrations.
The actual value of a, therefore, is a function of different parameters
(see below), but will, theoretically, become equal to 1/3 in steady
state (provided that the pump stoichiometry is 3:2).

The lateral intercellular space 1is the smallest relevant
compartment in the tissue; in stripped goldfish intestine it occupies 4-
8 % of the tissue volume while the total extracellular compartment is
approximately 16 % [19]. So, the ion concentrations in this space are
the first to change significantly, especially the concentrations of
potassium: K;; in the figure. A depolarization of the mucosal
membrane with 13 mV (ie. Ayg9¢pol, cf. [1]) accounts for 60.10-11
moles/cm2.s reduction of Cl--efflux and for an increase of 81.10-11
moles/cm2.s in K+-efflux, of which 34.10-11 moles/cm2.s (fraction B) is
deposited in the interspace. At this moment the deficit of K*-efflux
into the interspace is therefore reduced which makes the intercellular
potassium concentration increase initially by 0.28 mM/s. Since the
changes in agK+ are in the order of 1 to 2 meg/l, an indicative time for
this process can be given as 10 seconds.

The increase in potassium activity (ajsK*) may not only contribute
to the decrease of Yy, . (not shown) since it counteracts
electrodiffusional potassium efflux through the highly conductive
basolateral membranes, but also it may stimulate extracellularly the
Na/K-pump according to its kinetic properties [14,15,44,45], as long as
the original a;cK* is not maximally stimulatory (shown as stimulation
"2"). It is possible that this effect is connected to the increase in
(Pg)bim- Considering other measurements [7,24,39], however, it is not
likely that it is the sole source.
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The next process is the increase in sodium concentration in the
cell, Na;* in figure 3, by the glucose-coupled sodium influx. As
expected [3], our results show at 20 to 30 s after the onset of the
glucose response a significant increase of the intracellular sodium
activity a;Na* (Chapter IV). After one minute, for instance, a;Na+ has
increased already with approximately 2.5 meq/l. This stimulates the
Na/K-pump intracellularly (shown as stimulation "1") but may also,
together with the intracellular accumulation of glucose counteract
further influx of sodium and glucose. Both effects tend to lead to a
hyperpolarization of the membrane as net current influx decreases. It
must be realised, however, that these effects apply equally to the
chloride-free situation where the repolarization does not occur,
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Fig. 4 : Typical simultaneous recordings of the responses of Wpo, ¥me and a K+
to glucose for mannitol substitution in the mucosal medium, and back. The
latter recording forms the signal of a potassium-selective microelectrode placed
in the interstitium near the bottom of the cell with respect to the serosal
volitage electrode, so that the recorded signal is a direct measure of the changes
m a

Two other factors may contribute also to the repolarization. First, a
decrease in a;K+* resulting from the stimulation of the Na/K-pump
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(not shown). Secondly, the increase in basolateral potassium
conductance, postulated in other epithelia and mentioned in Section 1,
in response to the mucosal sodium influx. These effects appear as a
time-dependent increase in factor .

So, using this pictorial representation (Figure 3) we predict that
a;Nat gradually increases after the onset of glucose absorption while
a; K+ rises during the depolarization and decays in the repolarization
phase. This is in agreement with the actual measurements of the
changes in ajNat and a;K+ (see Chapter IV). The time course of a K+, of
which a typical example is shown in Figure 4, is considered to be a
reflection of the changes in the interspace itself. Later we shall
discuss this in more detail

SECTION 3: Diffusional analysis

The observations from the previous paragraph and the additional
information from the glucose-evoked responses prompted us to
develop a semi-quantitative description aimed mainly at what occurs
during the glucose-evoked responses. Whereas the basolateral
membrane as a whole absorbs K+*, the same membrane apparently
loses K+ at the most basal side. A possible way to make this
understandable is to assume that there are regional differences
alongside the membrane. These differences may be interpreted as
directly related with the geometry of the cell and its functional
polarity.

af+Aa) 1
bim L
S
512$ haR $l12
Qe
Fig. 5: Compartmental model
p g P
Cas zg:q::)‘lﬁ used to calculate the
T _b"—_; intracellular sodium profile and
Z the intercellular potassium
@ @ profile under various conditions
Pag:(l)i‘,rs (for the meaning of the
J/h:r. symbols: see Glossary of
symbols)
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The compartmental model depicted in Figure 5 was used to
calculate the transcellular Nat and paracellular K+ profile for a typical
cell under control conditions and the changes in those profiles taking
place after the onset of glucose absorption. The model consists of four
major compartments: an intracellular compartment (C;) an inter-
cellular compartment (Cj), a mucosal bulk compartment (Cpy) and a
serosal bulk compartment (Cg). The latter two are of identical ionic
composition., The simplest way to introduce distributive properties is
to divide both C; and Cj in three subcompartments: Cci1, Cea, Ce3, TESPD.
Cll! C12 and C13.

C,, is separated from C.; by the apical membrane (am), and from
Cy1 by the tight junctions (1j). Ccx is separated from Cyx (k=1,2,3) by
the basolateral membrane (blm) and Cj3 from Cg by the basement
membrane (bm). Six is the smallest number of subcompartments
needed to demonstrate distributed properties in the epithelium. One
can increase the number of intermediate compartments but this
would not change the model calculations essentially. For convenience
all volume and surface values (expressed in liters and cm?
respectively) are related to one cell and fluxes expressed in units of
10-15 mmoles/s, thereby directly producing concentrations in mM and
concentration changes in mMy/s.

Figures 1 and 2 suggest that one can only get a fully explanatory
model if one includes, in addition to the two cations Nat and K+ used
here, at least the fluxes and concentrations of Ht, Cl-, HCO3- and in the
glucose responses also glucose (cf. Fig. 3). This is not tried in this
time-dependent model, for the simple reason that the number of
parameters would become excessively large. However, we tried to
make the Nat and K+ values correspond with the steady state data,
which do include the other ionic fluxes (Cl--, H¥- and HCOj3--),
compensating the influx of Na*. In fact the model is made primarily
for explaining the responses of the cell to the rheogenic entrance of
Nat through the Nat*-glucose cotransporter.

Glossary of symbols

: compartments in the epithelium, identified by indices

: number referring to the subcompartment, k=1 most
apical compartment, k=2 intermediate compartment,
k=3 most basal compartment

V. resp Vck : volume of C, resp. Cek: cf eq. 9

V| resp. Vix : volume of Cj resp. Cik: cf. eq. 10

=0
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Nac resp Nakx : Na-concentration in cell. compartment C¢resp Cck
K] resp Ki: K-concentration in interspace compartment Cjp resp Cik

K, : K-concentration in Cp, and Cg: 5.7 mM

a : steady state electrodiff. Na-influx across am
Aa : glucose-coupled Na-influx into Ce] across am
b : electrodiffusional K-flux from C; to C

bk : electrodiffusional K-flux from Ccx to Cig

Ab : glucose-induced increase of b

cla resp. cp3 & Na-diff.rate Cey = Cp and Cyp = Cg
l12 resp. I23  : K-diffrrate Cjy = Cjp and Cjp = Cp3
P : current though Na/K-pump from C. to Cj(mmoles/s)
Px * the same between Ccx and Cik
(So, active Na-fluxes through the pump are given by
3p resp 3pk ; the active K-flux by -2p resp. -2px)

Pmax : maximal value of p

Ap : glucose-induced increase of p

K, Na : kinetic parameters (K -values) of the Na/K-pump
resp. Ky K (for intracellular Na resp. extracellular K) (mM)

] : K-flux from C3 into Cg across bm

t : K-flux from C, into Cy; across tj

o : fraction elec. uncomp. Na*-flux through the

Na/K-pump: ratio p:a (in steady state o =1/3)
B : b as fraction of total electrodiff. K+-efflux

ratio b:2p in steady state

Equations
The ion concentrations in the six subcompartments obey the

following equations:

(1) dNa;/dt = (a - 3pg - clz)/Vcl
(2) dNaz/dt = (c12 - 3pz - ©23)/Ve2
(3) dNag/dt = (ca3 - 3p3)/ V3

(4) dKq/dt = (t + by - 2pg - 112)/Vy
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(5) dKp/dt = (l12 + by - 2py - 123)/V)2

(6) dK3/dt = (23 + b3 - 2p3 - 8)/V3

Further we use (for explanation see below):
(7) p=p1+pP2+D3

with py = Pmax/3 (mmoles/s)
(1 + (Km,Na/N2ap))3.(1 + (Kp,k/Kg))?

®) by = b/3
9) Ve = Vo/3

(10) Vi =V)/3

The equations are solved numerically by iterative calculations
taking the increments of time At = 0.1 s.

Estimations and assumptions

V. = 700.10-15 1. The volume of a typical cell is calculated by
simplifying the cell to a rectangular block with apical surface of
Spm x5 pm and height of 70 um. Further it is multiplied with
the estimated value 0.4, to obtain the relative volume freely
accessible for diffusion.

V| = 140.10-15 1: The volume of the intercellular space per cell is
derived from the above cell dimensions and an interspace width of
0.2 pm extracellular space at the basal end of the cell between cell
and basement membrane is neglected.

Nac and Kjresp. Nag and Kg: The intracellularly and intercellularly
measured single ion activities presented in this thesis were divided
by 0.73 (the activity coefficients of Na*+ and K* in standard
biological solutions) to obtain concentration values. So, Nac = 15
mM (in normal steady state), a value much smaller than the
chemically determined intracellular sodium concentration (approx.
50 mM; see e.g. Table 3). As has been discussed before, this
discrepancy is nearly always found on determining a;Nat. It is
generally assumed that a part of the total intracellular sodium
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content is sequestrated or compartmentalized.

a = 220.10-15 mmoles/s: calculated from the resting Cl- (and HCO3)-
efflux according to Figure 1A (1.92 nmoles/s.cm? serosal epithelial
area) and corrected for the serosal to mucosal surface ratio (4.7
[42]) with the additional assumption that approx. 50% of the cells is
actually absorbing. This last assumption is based on the
experimental evidence from other folded epithelia (resembling
goldfish intestine): In hamster intestine, for instance, only the
enterocytes in the top third of the villus transport sugars and
aminoacids [23]. In rabbit small intestine it was shown that villus
tip enterocytes contained over twice the nuomber of sodium pumps
found in the crypts [34]. Also the increase in membrane potentials
from crypt to villus top in hamster terminal epithelium seems to
indicate such an increasing sodium pump activity along the crypt-
villus axis [10].

Aa = 175.10-15 mmoles/s which, calculated like a, is equivalent to 5.5
pmoles/cm2.h. This is in fact the value given by Albus et al [3]
which is an upper estimate and is slightly larger than the value
according to Figure 2A, which corresponds to Aa = 134.10-15
mmoles/s per absorbing cell. In first approximation a(glucose) =
a(mannitol) + Aa; small deviations due to changes in membrane
potential are neglected (see Figure 1).

b =B(a - p) in the steady state the electrodiffusional efflux of K* into
the interspace, that, together with the the excess cationic efflux
through the pump (-p), is balanced by basolateral Cl- and HCOj-
efflux. In mannitol steady state condition B would be expected to
be approx. 0.5 since (Pg)am = (Pg)pim and ¥me = Vg At the onset of
glucose absorption B will be transiently reduced to even 0.25. In
the calculations we varied this value in order to see what is the
dependency of the outcome on the choice of this parameter (see
further discussion).

Ck.k+1 = 330.10-15.(Nay - Nay, 1) (mmoles/s): The diffusion coefficient
of NaCl in free solutions (1.4.10-3 ¢m?2/s), is reduced in cytoplasm
by a factor 4.5 (in analogy to e.g. the apparent diffusion coefficient
D(KCl) in frog ventricular strips [9]). For simplicity it is assumed
that the one-dimensional Fick's diffusion equation can be applied:
J = -D.A.AC/Ax.

lg k41 = 32.10°15.(Kx - Kg41) (mmoles/s): The diffusion coefficient of
KCl1 in free solutions (1.7.10-5 cm2/s) is reduced by a factor 4.5 (in
analogy to e.g. cortical tissue where the apparent extracellular
D(KCI) was decreased by a factor 4 to 6 [31]).
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Pmax 1S normally chosen between 450.10-15 and 900.10-15 mmoles/s;
KmNa = 13 mM; Ky ¢ = 1.5 mM: The Na/K-pump is assumed to be
rheogenic with coupling ratio 3:-2 [1,51], to be evenly distributed
over the basolateral membrane and to obey higher order
Michaelis-Menten kinetics [4,29] according to Equation 7. K-
values and maximum ATP-ase activity (pmay) are chosen to fall in
the range reported in literature [4,44,45] and to produce proper
values for Na;. Electrical stimulation of the pump [cf. 37] is not
included in the model calculations.

t = 7.10-15 (K, - K;) (mmoles/s): In Chapter Il the Pg of the tight
junction was given as 125.10-6 cm/s. Since ¢ is small this value
is only corrected for the mucosal to serosal surface amplification
4.7).

s = 12.10-15.(K3 - K,) (mmoles/s): Serosal series resistance is approx. 5
Qcm? [1]; if that barrier is not ion-selective tg = 0.022 or Pgx =
200.10-6 cm/s which is corrected in the same way as t.

Since the water permeability of the mucosal barrier is large
(P> 65.10-3 cm/s related to serosal surface [42]) and cell
swelling remains restricted to less than 5 % (see Table 4), volume
corrections are not included in this semi-quantitative model.

Results and discussion

The steady state mannitol situation. In the steady state mannitol
situation the total influx of sodium should be equal to the rate of
active extrusion as there are no other important efflux mechanisms
for sodium, Similarly, the net efflux and active influx of potassium
should cancel. As (Pxlam = (Px)pim approx. 1/3 of the total Nat-influx
is the K+-flux entering the interspace (b). In total, 2/3 of the total
Nat-influx into the cell enters the interspace as a rheogenic
contribution, i.e. is not compensated electrically during the membrane
transport-step itself: 1/3 through the pump, and 1/3 through K+-
efflux. In the mannitol steady state this is compensated for by CI--
(and HCOjz-)-fluxes. Solving the equations (1) to (10), while varying P
between 0.5 and 1.0 and adjusting pgax in order to keep Na; more or
less constant, one finds the intercellular potassium concentrations as
given in Table 1.

100

Table 1
B Naj Naz Nag K1 Ko K3
(mM) (mM) (mM) (mM) (mM) (mM)

0.50 15.4 15.0  14.7 1.8 1.7 2.1
0.60 154 15.0 147 2.5 2.4 2.9
0.70 15.4 15.0 147 2.3 3.2 3.6
0.80 15.4 15.0 14.7 4.1 4.0 4.3
0.90 15.4 15.0 14.7 4.9 4.9 5.0
1.00 153 14.9 14.7 59 54 5.8

Calculated steady state concentration profiles for intracellular Nat  and
intercellular KT with increasing values of P (see text)

Table 2

D:(NaCl) DyW(KCIl) Naj Nag Naj K K> K3
(ecm?2/s) (cm2/s) (mM) (mM) (mM) (mM) (mM) (mM)

3.10-6 4.10-6 15.3 14.9 14.7
6.10-7 4.10-6  16.7 14.7 13.7
6.10-7 8.10-7 16.8 14.7 13.7

L
L L 1
Lh L Lh
00 ~1 =1
ot Lh
D o

Calculated steady state concentration profiles for intracellular Nat and

intercellular K+ for different intracellular (Dg) and intercellular (D) salt
diffusion coefficients.

A small increase in K and decrease in Na is observed when
comparing the basal and the apical compartments, The value of K3 is
to be associated with agK+*, which was measured in Chapter IV. Since
aK+ > a K+ (a K+ = 4.2 meq/l), K3 should be larger than K, (K, = 5.7
mM). Apparently the calculations produce too low a value for Ka. A
simple method to make cable-like features more readily apparent is
by lowering the diffusion coefficients in the model.

Table 2 gives the profiles for intracellular free Na and intercellular
K calculated under the original assumptions (column 2); under the
assumptions that only the intracellular salt diffusion coefficient
(D (NaCl)) is further reduced by a factor 5 (for B = 1.00) (column 3); or
that the intercellular salt diffusion coefficient (Dy(KCIl)) is also reduced
by this factor (column 4).

Whether such low apparent diffusion coefficients should be
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considered realistic is left open, but they produce gradients similar to
values that have been reported in rabbit enterocytes [2,52] and in
gallbladder epithelial cells [50,51].
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Fig. 6 :Frequency histograms of membrane potential (yp.) and the difference
of ion potential (V[) and y . for goldfish epithelial cells. The latter is in fact

the uncorrected transmembrane Nernst cquilibrium potlential and is normally
used to calculate intracellular ion activity with the Nicolsky-Eisenman equation
(Chapter II: eq. 6). Membrane potentials and ion potentials (V) were paired by

taking simultaneous or almost simultancous (within a few minutes) recordings
from nearby cells. Number of observations on ordinate refers to the number of
impaled cells, Note the differences in scale factors,

Although we have no direct experimental evidence for the
existence of a large intracellular sodium gradient in goldfish
enterocytes, histograms of intracellular ion potentials (Ej - W) show
a rather large spread for the sodium-selective microelectrodes
compared to the potassium or chloride-selective and potential
recording microelectrodes (Figure 6). This could be due to the fact
that such an intracellular activity gradient for sodium exists.

The glucose-induced changes. The sequence of processes following

the onset of glucose absorption was already described in figure 3. In
contrast to the control situation, the glucose-coupled sodium-influx is

102

entirely rheogenic, and electroneutrality of fluxes across the
individual membranes is no more conserved. Electroneutrality of the
cell interior, however, demands that compensatory ionic fluxes start
to flow. The two processes that are immediately available for this
purpose are enhancement of K*-efflux and reduction of Cl--efflux. The
increase in electrodiffusional efflux of potassium into the interspace
(Ab) is responsible for a transient increase in intercellular potassium
concentration (K*i; in Figure 3 and Kj in model).
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Fig. 7A: Model calculations of the changes in intracellular sodium,
intercellular potassium concentrations and pump activity after a step in
rheogenic sodium influx across the apical membrane (Aa). Numbers 1, 2 and 3
refer to the subcompartment (see Glossary of symbols). For details see text.

Fig. 7B: The same as 7A, but now assuming a considerable reduction in salt
diffusion coefficients D (NaCl) and Dj(KCl).

The time constant of this process is much shorter than the time
constant of the changes in intracellular sodium concentration.(Na*j in
Figure 3, Nac in model). The increase in K; stimulates the Na/K-pump
already to a degree dependent on the setting and kinetic properties of
the pump. Electrical stimulation of the pump is not included. Due to
the strongly enhanced influx of sodium ions across the brushborder
membrane during glucose absorption, the average Na. increases. The
Na/K-pumps are stimulated further by this rise in Nac and
subsequently the Na/K-pump starts to drain more and more K+ from
the interspace. As apical Nat-influx continues, a new steady state will
eventually be reached for Nag and Kj.
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In Figures 7 two examples are shown of model calculations of the
changes in intracellular sodium and intercellular potassium profile.
Parameter [ was taken constant and equal to 1.00. This value is
higher than expected from the membrane properties but was taken in
order to get a;gK+ (corresponding to Kj3) in the measured range (see
further discussion). The difference between 7A and 7B is that in the
second figure the diffusion coefficients of NaCl and KCl are reduced, so
that steeper gradients are obtained for both profiles (cf. Table 2). In
the lower panels the activation of the Na/K-pump (Ap) is plotted. It
shows that the pump is quickly stimulated already in the first minute
and only slowly approaches its new steady state. If the pump is also
stimulated electrically - by the depolarization of the basolateral
membrane- this initial stimulation will be even more outspoken.

From these (and similar not shown) results one can conclude the
following:

1. It is impossible to model the process in such a way, that values for
K4 are found, equal to or larger than K,, unless B is close to 1.
Intuitive arguments show that this is not amazing. In figures 1 and
2 a deficit of K*-fluxes into the interspace is observed. The supply
of K+ to the interspace might come from the serosal, the mucosal
compartment or the cell. Since a;K+ is not reduced, suppletion from
the serosal compartment can be excluded.

If the interspace potassium would be replenished through the tight

junctions, a transjunctional Kt concentration gradient in the control

situation would be needed of at least -6 mM (Pg = 125.10-6 cm/s;

Chapter III). In glucose steady state an even larger, rather

unrealistic, gradient would be needed. Moreover, in these cases

large aK+-gradients would exist in the interspace, requiring

unrealistically low salt diffusion coefficients (Table 2).

As a matter of fact we measured (not reported in previous

Chapters) an elevated aK+* in the mucosal unstirred layers (ajK+)

near the bottom of the interfold space (7.1 + 0.6 meg/l equivalent

with a concentration of 9.7 + 0.7 mM, n=14 in six epithelia vs 4.2

meq/l resp. 5.7 mM in the bathing solution). Similar elevations

have also been measured by White [49] in Amphiuma intestine,

Cremaschi in hamster intestine [10], Lucas in rat jejunum [30] and

Zeuthen in rabbit small intestine (in vivo) [52]. The elevated a,K+,

however, does not apply to the same region in the epithelium as

the a;K+ measurements and is therefore irrelevant to the present
problem.

Suppletion of K* by the cell would imply that the cell absorbs K*
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from the mucosal compartment. This is only possible if the cell has
a facilitated electroneutral K+*-efflux mechanism in the basolateral
membranes (for in stance KCl-symport or K*/H*-antiport) and an
energized K+-influx mechanism in the apical membrane (for
instance Na,K,Cl-symport). If it exists, then the latter mechanism is
not sensitive to furosemide or bumetanide (cf. Chapter V). Such
symport systems would lead to reabsorption of K+ and therefore
counteract the mucosal efflux suggested by figures 1 and 2. This
would correspond to a value of factor B which is larger than 0.5.
The question could be raised whether there is some systematic
error in the determination of ajgK+. In order to exclude physico-
chemical errors we studied the behaviour of the K+*-sensitive
microelectrodes thoroughly (Chapter II), and are confident that
such errors can be excluded. Shifts due to the presence of localized
negative charges (Donnan-effects) should also have been observed
with Nat- and Cl--sensitive microelectrodes, and are not. The
argument can be raised that the K+*-sensitive microelectrode
possibly induced some damage to the epithelium on its way to the
basal compartment, and for the time of the measurements a small
excess K* diffused out of the cells, If, for instance, a small number
of damaged cells is supported, through intercellular gap junctions
by their neighbouring cells, this might have escaped our
observation. With the available measuring techniques we cannot
fully exclude this possibility although we do not consider it likely,
since the average membrane potential in nearby cells is not
affected by the insertion of the potassium-selective micro-
electrode into the interstitium (Chapter LV).

Since the parameter B is reduced immediately after the onset of
glucose absorption (mainly by reduction in Cl--efflux) while it
increases again in the repolarization phase (a.o. by the increase in
(Pg)bim) the size and time course of the transients in Na. and K] in
Figure 7 will become more in accordance with the experimental
results of Chapter IV if B is allowed to vary. Modeling this
properly, however, would require more knowledge of the
characteristics of the Na/K-pump, which is still the most
unspecified component in the description. At this stage we consider
it therefore not opportune to do so.
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SECTION 4: The glucose-induced potential changes..

In the calculations above, electroneutrality was maintained by the
condition that influxes and effluxes of electrical charges sum to zero.
However, we can also draw conclusions about the glucose-induced
depolarization of y..The actual size of this depolarization depends on
what fraction of this current is balanced by the 'shunt' through the
other ionic pathways and what through the stimulated Na/K-pump.
During the repolarization phase changes occur not only in the pump
current (p) and K* diffusion (b), but also possibly in the amount of
rheogenic entry itself (Aa). Changes in parameters which may be
responsible for the repolarization are therefore:

1. net stimulation of the Na/K-pump by increasing aNat,

2. reduction of Nat-influx by dissipation of the transmembrane
sodium gradient,

3.increase in membrane conductance(s), especially the potassium
conductance.

Recently Bakker [5] showed that the change in v, after glucose
addition in goldfish intestine is already complete during the
depolarization phase of ;.. Since both Ry and w,; do not change
any more, circular current remains constant during the repolarization.
This is remarkable since it implies that, if the rheogenic Na/K-pump is
stimulated significantly during the repeolarization phase, the
conductance of the basolateral membrane increases in parallel, which
suggests a link between these quantities.

In a recent review article [24] Lang discussed the possible
mechanisms leading to the repolarization in proximal tubule cells.
Like others [17,39] he ascribed the repolarization mainly to an
increase in basolateral membrane conductance, but concluded that the
basolateral potassium conductance and the basolateral membrane
potential are in fact mutually dependent. In his opinion the (Na++K+)-
ATP-ase may be involved, possibly by the fact that both the
potassium conductance and the pump activity depend on the
intracellular potassium activity. He considers it possible that the
basolateral potassium conductance is part of the (Nat+K+)-ATP-ase
[39] but admits that this idea is still speculative.

The changes in Ry /Rg-ratio after glucose addition are small in
goldfish intestine [1], in comparison with many other preparations
[8,17,20,22,25,26,32]. The initial decrease in this ratio is usually
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interpreted as the opening of a glucose-induced sodium conductance
in the apical membrane and the increase in the repolarization phase
as the increase in the basolateral potassium conductance
[7,17,22,25,32,39], caused by pH; or a;Ca2+ changes, by cell swelling or
by activation of the Na/K-pump itself. In goldfish enterocytes, the
initial decline in R,,/Rg after exposure to glucose was 18 % and in the
repolarization phase this ratio returned to the pre-glucose value [1].
This value fits well within the flux data of section 1 (Figures 1A and
2A), if it is assumed that (Pg)p|y increases from 34.10-6 cm/s to
65.10-6 cm/s and GNg gluc = 1.35 mS/em?.

From our experiments (Chapter IV) it appeared that the
repolarization is generally susceptible to manipulations affecting
basolateral potassium recirculation: e.g. serosal Ba2+ addition and
unilateral potassium elevation (see Chapter IV). Also prolonged
potassium depletion of the bathing solutions leads to instability and
often absence of the repolarization (Albus: unpublished results, cf.
[24]). This is indeed compatible with the assumption that the
repolarization is at least partly due to an increase in apparent
basclateral potassium conductance.

Regarding the role of the Na/K-pump: the repolarization is
suppressed by blocking the pump by ouwabain [1]. The repolarization,
therefore, is certainly linked to the pump activity. As discussed
earlier, we measured significant changes in agK+*, which, considering
the dimensions of the interspace and the diffusion rate of potassium,
are likely to reflect the changes in the interspace itself. (It is peculiar
that, at least to our knowledge, nobody else in literature, makes
reference to the possible role of a;JK* in stimulating the pump in the
first phase after the onset of glucose absorption.) The effects of these
changes on pump rate and on passive basolateral potassium efflux
respectively are opposite and their electrogenic contribution to the
membrane potential may therefore cancel partly. Note, however, that
under chloride-free conditions the repolarization 1is usually
completely absent (see Chapter 1V), while the changes in a;Na*t and
agK+*, except for a small difference in time courses, are similar to those
under control conditions. There is no reason to assume that the pump
is not stimulated under these circumstances, so that apparently
stimulation of the pump does not necessarily lead to
hyperpolarization. An explanation for this could be that wunder
chloride-free conditions the intracellular Ca2+ [39] is no more in its
regulatory traject for the basolateral potassium conductance [39].
This, however, is certainly not the only possible explanation.
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The effect of glucose absorption on cell water, Nat content and [Nat];
According to Lau et al [28] cell swelling per se forms the 'signal' that
results in an increase in a BaZ+t-sensitive potassium conductance in
the basolateral membrane [7,17,27].

Table 3
cell water/ Na+ content/ [Natli
dry weight dry weight
(kg/kg) (mmoles/kg) (mM)
Mannitol 3.92 + 0.03 163 + 6 49 + 2
Glucose 4,05 + 0.04 177 £ 7 52+2
P<0.01 n.8. n.s.
Mannitol 3.56 + 0.03 130 + 3 43 +1
(Cl--free)
Glucose 3.66 + 0.03 143 + 3 46 + 1
(Cl--free)
P<0.05 P<0.01 P<0.05

Influence of glucose on cell water, Na* content and Nat concentration in
normal and chloride-free solutions. Extracellular space was assumed to be 15%
throughout [c[.23]. Each value is the average of 30 strips from 5 fishes.

The conductance increase is therefore considéred to be a 'volume
regulatory response' to cell swelling. To test whether this is true we
investigated the influence of chloride on the glucose-induced cell
swelling.

Chemical analysis of mucosal strips (for methods see Chapter III),
incubated for half an hour in glucose containing solutions shows that
Na content increases, compared to paired control strips incubated in
mannitol solutions (Table 3). Since "tissue water/dry weight"-ratio is
also increased, [Na*]; is not significantly different from control. This
applies to the normal situation but the difference in chloride-free
conditions is also very small.

We mentioned above that a;Nat increases immediately after the
onset of glucose absorption (Chapter IV) and it increases more in Cl--
free media. Cell swelling, reducing again the intracellular sodium
concentration, seems to be a secondary response to the influx of
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osmotically active material. It apparently occurs more slowly in Cl--
free media. In these solutions the repolarization of the membrane is
absent. Considering the time course of a;gK+, however, stimulation of
the pump is as fast as in normal situations. We therefore suggest that
replacing chloride by an impermeable anion leads to a decreased net
epithelial solute transport [18,46], because cation flux can not
anymore be compensated for by anions. Without a sufficiently large
anion flux not only the net basolateral NaCl-flux and volume flow will
stop, but also the recirculation of potassium related to this transport.

During serosal Ba2+ application the ability to replenish potassium
in the interspace is also reduced. Because [Nat]; and cell water are
increased (Chapters IV and V) one may conclude that the pump is
inhibited, but now, in contrast to the Cl--free situation, Y. is
decreased. The major factor determining the pump rate under these
conditions therefore seems to be a;K+*. This suggests a role also for
ai K+ in stimulating the Na/K-pump immediately after the onset of
glucose absorption. In the second phase this is gradually taken over
by ajNat. We suggest that this extracellular stimulation helps the cell
to prevent too sudden and large changes in volume in response to
mucosal addition of substrate.

Another finding was reported by Lau et al [28], namely that a
moderate increase in osmolarity of the substrate containing solution
also reduces the spontaneous repolarization. We know that the
general effect of mucosal hyperosmolarity is that it produces an
increase in transepithelial resistance by narrowing the interspace
[33,42,43], an effect that can be reversed partly by mucosal addition
of glucose [43]. The interpretation is that increased mucosal sodium
influx stimuolates the Na/K-pump, which by sodium extrusion
increases the osmolarity, and therefore the volume of the interspace.
Most probably, therefore, during the repolarization phase an
increased water influx takes place into the interspace, partly through
the basolateral membrane. Simultaneous increase in mucosal
osmelarity stops this water flow and suppresses the repolarization. It
appears that in goldfish intestine approximately 30 mosmoles/l is the
gradient making up for the concentrative action of glucose absorption,
The opposite effect is observed when ouabain is used [2,43]; then
glucose absorption - in part reversibly - increases Ry,.

So, apparently, the mechanism that causes the repolarization
requires a properly functioning WNa/K-pump; it needs Cl- (as
permeable anion) to back up Nat*-transport, it needs a substantial K+*-
permeability to transfer charge across the basolateral membrane and
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it needs a high water permeability (Pg, cf. [42]) to back up the NaCl-
transport. Provided that all these prerequisites are available glucose
absorption stimulates the Na/K-pump, enhances the solute
concentration in the interspace and therefore induces transepithelial
water transport. This increased water transport, in its turn, stimulates
basolateral potassium efflux by increasing the apparent potassium
conductance, thus alleviating the need for K+ in the interspace.

In conclusion, our experimental results and model calculations are
compatible with the following explanations:

1. The repolarization is caused by stimulation of the Na/K-pump.

2. The rheogenicity of the pump itself may contribute to the
repolarization, but the main factor seems to be the opening of a
potassium conductance pathway associated with the pump.

3. The repolarization is abolished when the basolateral extrusion of
cations is not accompanied by the extrusion of anions, normally
chloride ions.

4. The repolarization it at least partly due to increased transcellular
water transport in response to solute transport.

5. The interspace forms the venting valve that closes and opens the
transepithelial transport rtoute,

6. By this function, therefore, the osmotic and - by consequence -
hydraulic pressure difference between the cells and the interspace
plays the role of "mediator" in transepithelial transport to prevent
"flush-through™ [39].
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Chapter VII.

General discussion
and concluding remarks

In this chapter a number of aspects are discussed which were not
dealt with elsewhere.

lonic activities in leaky epithelia

Regarding the experimental results, the activities and the
electrical parameters measured by us in goldfish intestine match well
with values reported in the literature for other leaky epithelia. The
relative completeness of data obtained by our group allows us to give
a more detailed description of the mechanisms involved in
transepithelial salt and sugar transport, which may apply also to
other, less amply investigated, intestinal preparations.

In Table 1 measurements of ionic activities in goldfish intestine
reported in this thesis are compared with values found in the
literature for other intestinal preparations. At this time the only other
intestinal preparations for which values for the three major ions Nat,
K+ and Cl- are reported in literature are amphibian intestines
(Armstrong et al [3], White et al [37]). The ionic activities in these
preparations are comparable with those found by us but the
membrane potential is generally much lower. This may be due to
species differences, differences in preparation and perfusion
techniques or to differences in compositions of the bathing solutions.

The influence of the bathing solutions is illustrated, for instance,
by the observation that the membrane potential depends on the
presence of HCO3-/CO5 and varies strongly with pH and [K*] (Chapter
V). This is one of the major problems in comparing results of different
authors: the lack of standardization in the composition of bathing
solutions. For this reason a column is added indicating -if known- the
presence or absence of HCO3-/CO», in the bathing solutions. Chloride-
free media or different pH's are indicated as well.

Table 2 summarizes data found in the literature on the ionic
activities in two other leaky epithelia, gallbladder and kidney. Both
ionic activities and membrane potentials in goldfish intestine are
similar to those found in Necturus gallbladder. This last preparation is
thoroughly investigated by a great number of research groups (see
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Table 2) and stands often model for transport studies in leaky
epithelia.

sugars or amino acids and has a relatively simple geometry, since the
cells are almost cuboidal and are arranged in flatsheets.
Table 2

Table 1
4K+ ajNa+ a;Cl- Vme HCO3-/CO7 Ref
_ (meg/l) (megq/l) (meq/l) (mV)
Plaice -- -- 38 -34 + [11]
-- .- 33 -45 + [20]
Sole -- -- 35 -33 + [42]
Goldfish 93 11 35 -53 + [this
) thesis]
Winter -- - 24 -69 + (pH=8.0) [10]
Flounder
g2 - 22 -65 + (pH=8.0) [31]
56 -- 35 -44 + (pH=7.2) [id]
Bullfrog 80 18 33 -34 - [3]
-- -- 34 (-34) + [4]

‘ 85 14 - -45 ? Cl-free [23]
Amphiuma 57-73 I 33 -28--37 + [37]
winter anim. 42 -- 19 -37 E [35,36]

44 .- = -40 - Cl-free [id]
summer anim. -- - 28-37 -24--33- . [id]
Necturus 108 6 -- -35 i [13]
67 -- - -31 - [15]
-- 12 -- -27 - [19]
Rabbit
small intest  40-160 -- 10-80 -5--35 ? [41]
fin vivo)
ileum - -- 30-80 -5--30 7 [18]
Hamster
ileum 113 31 - -35 + [8]

Intracellular ionic activities of K+, Nat* and CI° and membranc potentials found
in literature for different intestinal preparations. The sixth colummn indicates
whether the bathing solutions contain bicarbonate (+) or not ( -). When
different pH's or chloride-free solutions were used this is indicated.

Since there are also other similarities (e.g. R /R ratio, tight
junction selectivity; [26,28]) it is tempting to draw conclusions by
analogy about the membrane properties of goldfish intestinal
epithelium. There are, however, several important differences: e.g.
gallbladder epithelium has a positive transepithelial potential under
control conditions (1-3 mV), does not possess symporters for Nat and
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ajKt ajNa* aiCl- Wmc HCO3-/CO3 Ref.
(meqg/l) (meg/l) (meg/l) (mV)

Gallbladder

Necturus 49-141 8-39 28-58 -28--56 + [39]
87 22 35 -65 4 [29]
- 11 20 -70 + [27]
101 13 25 -67 + [12]
99 8 19 -68 - [id]
92 15 20 -55 + [14]

Rabbit -- -- 35 -49 2 [10]
52 -- -- -61 + [24]
73 . - -64 % [17]

Proximal Tub.

Necturus 59 20 19 -59 7 [21]
57 30 24 -62 + [32]

Frog 64 14 14 -57 + [34]

Triturus -- -- 11 -60 + [38]
- = 22 -60 - [id]

Rat -- - 13 =71 + [71

Distal Tub.

Amphiuma -- 12 -- -83 ? [25]
47 16 -- -- ? [21]

CTAL

Rabbit -- -- 26 -69 - [16]

Intracellular iomic activities of K*, Na* and Cl- and membrane potentials found
in litterature for different gallbladder and kidney preparations
See legends of Table 1. CTAL = Cortical Thick Ascending Limb of Henle's Loop.

Like intestine, the proximal tubule transports glucose and
aminoacids, but differs strongly in membrane potentials, intracellular
activities of potassium and chloride (Table 2) and in geometry of the
cells. The tubular shape of the preparation allows quick variations in
the test solutions., Unstirred layers are almost absent on both sides of
the epithelium. Comparison with intestinal preparations, therefore,
can only be made if these differences are taken into account. The
simple geometry and the resulting absence of substantial unstirred
layers in gallbladder and kidney preparations may be the reason why
the membrane potentials are larger then in intestinal preparations. In
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this connection it is important to note that reduction of the unstirred
layers has always been one of our main concerns. Our technique of
stripping off the underlying musculature (2], the choice of our
preparation as well as the construction of our perfusion system were
aimed at minimizing unstirred layer effects. Low membrane
potentials were usually accompanied by unstable recordings and have
been discarded for that reason. After inspection they could normally
be attributed to a low viability of the preparation or to faults in the
measuring or perfusion system.

Ton substitution experiments and the physicochemical properties
of the substituents. In Chapter II the results were reported of an
investigation into the origin of an artifactual electrode potential
change on substitution to solutions containing large organic anions.
The conclusion was that one can equally well suppose that the effect
per se is due to a reduction in single ion activities of the anorganic
cations or that processes near the reference eclectrode, similar to the
Pallman effect in micellar structures, introduce this potential change.
We concluded, however, that for accurate measurements one can get
around this difficulty of interpretation by using reversible cation-
selective electrodes as reference electrode in analogy to the Ag/AgCl
electrode commonly used during cation substitution experiments. In
this way not only are transient phenomena no longer obscured by
electrode artefacts (see Chapter II: Figure 1) but also steady state
measurements can be performed without a correction for those
artefacts. The latter statement can be substantiated as follows:

In the analysis of the chloride substitution experiments in Chapter
I potentials and conductances were assumed to obey the Nernst-
Planck diffusion equations. The zero-current potentials were
described by the extended form of the Goldman-Hodgkin-Katz
equation (see Chapter III: Eq. Al-A6). The electrode potentials of the
ion-selective microelectrode are given by the Nicolsky-Eisenman
equation (Chapter II: Eq. 6). According to those equations a cation-
selective electrode, as a reference electrode, and the cell membrane
both behave as cation-selective membranes, so that the contribution
of a changing single cation activity (or activity coefficient) is cancelled
to a degree relative to the permselectivities of both membranes (and
for unilateral substitutions also to the R /Rg-ratio of the electrical
equivalent circuit). Artefacts inherent in the use of liquid junction
type reference electrodes are thereby excluded.

An example can illustrate this more adequately: if the single ion
activities of the cations in chloride-free solutions were reduced by the
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theoretical maximum of 15 % (corresponding to -4 mV change in
electrode potential), and a cation-selective electrode is used as a
reference electrode, the permeabilities of the apical membrane as
calculated for goldfish intestine in Chapter I1II do not change
((Pc1/Px)am = 0.21 and (PNa/Pg)am = 0.025). The calculated
permselectivity of the basolateral membrane (which is less cation-
selective) changes only slightly: (Pei/Pg)pim from 0.59 to 0.60 and
(Puco3/Pk)pim from 023 to 0.19 (see Chapter III: Table 6). This
means that different interpretations do not lead to significantly
different conclusions about the permselectivity of the membranes. If
no correction had been made for either a liquid junction artifact or a
reduction in single ion activity, the membrane potential in chloride-
free solutions would have been overestimated by -4 mV, leading to a
different permselectivity of the membranes: (Pgj/Pk)am changes from
0.21 to 0.25, (PNa/Pk)am from 0.025 to 0.016; (Pc)/Pg)pim does not
change significantly (0.59) and (PHco3/Pk)pim decreases from 0.23 to
0.15.

Secondary active transport in leaky epithelia. There is now ample
evidence that transport of a large number of ions and organic solutes
in absorptive epithelia is mediated by membrane-bound 'secondary
active' transport mechanisms energized by the electrochemical
sodium gradient, which itself is generated by active extrusion of
sodium by the Na/K-pump. The number and complexity of such
transport systems postulated in recent literature are already quite
impressive and are still growing. We are somewhat rteluctant,
however, to postulate too easily such a transporter by analogy with
similar mechanisms in other preparations as long as this is not
supported by direct experimental evidemce or by other independent
techniques. Therefore we did not want to make our conclusions
dependent on the question whether, for instance, the sym- and
antiporters for KCl and rheogenic bicarbonate transport in the
basolateral membrane exist (see Chapters III and V). The different
mechanisms for NaCl and proton transport in the apical membrane,
however, are well established now and have been tested with a
variety of experimental techniques. This is also true for sodium-
glucose and aminoacid symport in the apical membrane. In the
models presented in Chapters III and VI we therefore restricted
ourselves to these two 'secondary active’ mechanisms and included
further an active exchange pump (Na/K-pump) and 'passive'
transport of water, ions and solute.
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Rheogenicity of the Na/K-pump. Rather essential in our analysis
(Chapter III) is the assumption that the basolateral Na/K-pump is
rheogenic, i.e. that it carries net charge out of the cell. This
assumption is derived from the ouabain experiments in glucose-
transporting tissue by Siegenbeek and Bakker [30] and Albus et al [1:
Fig.4, Table 3] which show a rapid initial depolarization of approx.
10 mV in ypc after ouabain poisoning. In non-transporting tissue the
effect is smaller and fuses with other depolarizing processes, such as
the increase of the intracellular potassium concentration. A prudent
estimation of the initial change would be approx. 5 mV.

This depolarization would be in accordance with the present
analysis (see Chapter IIT) which accounts for a rheogenic contribution
of 52 mV in E; (i.e. the Goldman-Hodgkin-Katz potential for the
apolar cell; Chapter III: Eq. 4) or 8.9 mV in Eg, provided that the
pump ratio is r= 3/2 as in excitable tissues (e.g. [33], cf. [40]). Reuss
et al [28] argued that the pump in Necturus gallbladder is not
rheogenic because they did not find an immediate depolarization after
ouabain poisoning. This is in contrast to Baerentsen et al [5] who
found a clear depolarization (6.3 mV within 10 s) in the same
preparation if connective tissue was carefully removed. Furthermore
Reuss' arguments depend strongly on the calculation of the net
transcellular Na flux from fluid transport measurements for which
values are reported in the range of 3-25 pl.cm-2.h-1 [5], and on the
value of the basolateral membrane resistance estimated from the
apparent membrane resistance ratio, a value taken four times lower
by Baerentsen et al [5] in order to fit the other circuit parameters.

Osmolarity in the intercellular compartment. The analysis of the
chloride substitution experiments in Chapter III led us to the
assumption that E; is negligible. On the other hand we suggested
(Chapter VI) that a standing salt concentration gradient in the
interspace -as in the model of Diamond and Bossert [9]- is responsible
for sustained transepithelial water transport. Since the tight junctions
are cation-selective a transjunctional salt concentration gradient
would give rise to a small serosa-negative diffusion potential. The
presence of such a diffusion potential is suggested indeed by the
experiments of Bakker and Groot [6] who increased the paracellular
chloride conductance, by the application of theophylline or ouabain
(see also Albus et al [2]). In order to explain this apparent
contradiction it is necessary to realise that the tight junction potential
is a diffusion potential between the mucosal solution and the apical
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side of the interspace. The mucosal solution may be well stirred at the
top of the folds but it is not between the folds, especially low down in
the interfold space where the potassium activity is elevated
substantially (Chapter VI). In addition to this, E; also reflects the
contributions of gradients in the interspace itself while the
experimental ¢ may further contain the series contributions of
gradients within the mucosal solution and across the serosal barrier.
The potassium elevation in the mucosal unstirred layer (Chapter VI)
in particular counteracts the effect of intercellular hyperosmolarity.
Using the Goldman-Hodgkin-Katz equation with a permselectivity for
the tight junctions as given in Chapter III (Table 6 ) one can calculate
easily that each meg/l of mucosal potassium elevation compensates
(in E;) for roughly 2 mOsm of intercellular hyperosmolarity. As a
consequence, an osmolarity gradient across the tight junctions does
not necessarily lead to a non-zero E;. On the other hand, the
assumption of a serosa-negative E;, which is abolished by bilateral
chloride substitution leads to large discrepancies in calculated and
measured R, /Rg-ratio (see Chapter III). This makes us confident that
our assumption that E; is negligible, is correct.

Glucose evoked responses and the properties of the Na/K-pump.
The electrical phenomena associated with glucose transport have been
discussed extensively in the work of Albus et al [1,2] and in Chapters
IV and VI of this thesis. We concluded that the transmembrane GEP is
not simply the sum of two successive rheogenic events, one in the
apical membrane and one in the basolateral membrane, shunted by
the resistances of the equivalent electrical network of Chapter I
(Figure 4). We can not describe the sequence of processes
quantitatively mainly because we still do not know exactly how the
Na/K-pump is kinetically stimulated, how it behaves electrically and
what other ionic pathways are connected with it [cf. 22]. Apart from
this missing link, which demands a more multidisciplinary
investigation, we were able to identify at least qualitatively the
succession of processes responsible for most of the major
experimental results on glucose absorption reported in this thesis
the transient changes in ionic activities, both intracellular and
extracellular, and the disappearance of the repolarization under
various experimental conditions.
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Summary

One of the most important properties of intestinal epithelium is
that it is able to transport considerable amounts of salts and nutrients
from the intestinal lumen towards the blood against a concentration
gradient. This transport goes along with water transport in order to
maintain the tonicity of the transported fluid. Much is known already,
albeit mainly qualitatively, about the mechanisms reponsible for the
coupling. The pivoting element in all explanations of active
transepithelial transport is the action of the so-called Na/K-pump, or
more biochemically described (Na* + K*)-ATPase located in the
basolateral membrane of the enterocyte. This pump maintains the
unequal distribution for sodium and potassium across the cell
membrane.

Specialized coupling mechanisms in the membranes utilize the
energy accumulated in the concentration differences (i.e. the chemical
potential differences across the membrane) in order to transport
sugars, amino acids and ions either into or out of the cell. The polarity
of these mechanisms in the different membrane aspects of the
enterocyte results in transcellular transport. In that respect the high
potassium permeability of the cell membranes is of importance, since
it is ultimately the origin for the second driving force available: the
potential across the cell membrane. This membrane potential
provides the driving force for rheogenic transport, i.e. transport that
by its own action carries electrical charges across the membrane.
Finally, local differences in osmolarity, both intracellular and
extracellular, resulting from solute transport, provide the osmotic
pressure differences which are the driving force for water transport.

In this thesis electrophysiclogical experiments and model
calculations are reported which are aimed to characterize and
quantify a number of the above mechanisms for energy transduction
in goldfish intestine. A number of the experiments were carried out
with ion-sensitive microelectrodes. This thesis studies in detail the
transport of glucose and chloride and should be considered a part of
the research program of the group Membrane Physiology, with the
following publications: H. Albus [1-5], R. Bakker [6-9], J.A. Groot [10-
16] and J. Siegenbeek van Heukelom [17-22].

In Chapter 1 a brief description is given of the preparation
followed by a review of the historical background of our research.
Three major lines of research can be distinguished: the development
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of models for water transport, for sugar and amino acid transport and,

more recently, for chloride transport. Within this historical context

the possibilities for electrophysiological work with conventional and
ion-selective microelectrodes are discussed and the aims of the
present investigation are summarized as follows:

- the determination of permeabilities of the plasma membranes by
measurement and analysis of membrane potentials and intracellular
ion activities, both under control conditions and during unilateral
and bilateral ion substitutions;

- the identification of ion fluxes, resulting from active rheogenic
transport of sodium with glucose and of the coupling mechanisms
between mucosal cotransport systems and the basolateral Na/K-
pump. This is done by measurement and analysis of membrane
potentials, intracellular and interstitial ion activities, before, during
and after the onset of glucose absorption under wvarious
experimental conditions.

In addition to these aims it became necessary to investigate
experimentally and theoretically what the ion-selective electrodes are
actually measuring, both in the cell and in the biological solutions
used by us, in order to eliminate, if possible, artefacts and ambiguities
in interpretation. This chapter is completed by a section about
materials and techniques and a glossary of symbols.

In Chapter 2 one of the above mentioned ambiguities is
scrutinized in order to explain the change of about - 4 mV observed
when potentials were measured with cation selective microelectrodes
with respect to a salt bridge during substitutions of chloride by
organic anions (like glucuronate or gluconate). Such potential changes
are equivalent to a decrease of about 15 % in the apparent cation
activity without a measurable change in concentration. Measurements
of the osmotic values of these solutions (both with freezing point
depression and by vapor pressure) did not provide evidence to
explain this phenomenon as due to ion association. Electrode artefacts
near the ion selective microelectrode could also be excluded. In
consequence, the effect must come from the junction of the reference
electrode or from a decrease in ion activity coefficient that cannot be
explained by any existing theory. There are no thermodynamical
grounds for a choice between these two alternative explanations,
though it is unlikely that the last explanation is the only one.
Therefore, the measurement of the potassium activity for instance in
chloride-free solution is always wrought with uncertainties. The
actual conclusion for the measurements of membrane potentials was
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that during chloride substitutions a salt bridge connection between
the experimental solutions and the reference electrode is not the best
approach, One can better use a cation selective electrode as reference
or carry out appropriate corrections.

Chapter 3 describes a comprehensive study of the permeability
properties of the apical and basolateral cell membranes.
Measurements are presented of membrane potentials, transepithelial
potentials and intracellular ion activities of Na*, K+ and CI-. Values for
the transepithelial resistance and resistance ratio of apical and
basolateral membrane (R /Rg) under control conditions are also
presented. Similar measurements were executed in bilateral chloride-
free solutions, while electrical measurements during unilateral
chloride substitutions are also included. Cell volume, intracellular pH
and ion concentrations of Nat+, K+, Cl- were determined under control
and bilateral chloride-free conditions. Finally, intracellular chloride
activities and concentrations were measured during unilateral
chloride-substitutions.

From the analysis of these results, using electrical equivalent
circuits and, for the estimation of the permeability ratio's an adapted
version of the Goldman-Hodgkin-Katz equation, one can conclude that
an electroneutral chloride influx exists in the apical membrane. The
calculations lead to the surprising conclusion that the relative
permeability of basolateral membrane for chloride is large. The
results also substantiate the existence of a considerable permeability
for bicarbonate in the basolateral membrane.

The membrane potential of goldfish intestinal epithelium responds
in a very characteristic manner to mucosal glucose addition. This
response consists of a fast depolarization followed by a slower
repolarization. During this response a permanent increase in
intracellular Nat-activity is measured. At the same time a transient
elevation of Kt-activity in the submucosal (interstitial) space just
underneath the cellular layer is observed. In normal, chloride-
containing solutions, the K*-activity measured there appears also to
be elevated permanently with respect to the bathing solutions. These
measurements, as well as the measurements of the intracellular K*-
and Cl--activities are presented in Chapter 4.

Omission of chloride from the bathing media leads to a
considerable hyperpolarization and, at the same time, reduction of the
submucosal K+-activity., Now, addition to the mucosal medium of
glucose does not induce a repolarization, but intracellular Na*-activity
increases more and the transient elevation of Kt*-activity in the
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interstitial space still occurs. Both serosal addition of Ba2t+ (5 mM),
and unilateral increase of the K+-activity depolarize the membrane
and suppress the repolarization.

The discussion in this chapter directs the attention to possible
explanations for these effects and can be summarized as follows:

The explanation, generally accepted in the literature, stating that
basolateral K+*-conductance increases, is also applicable here. In
particular, the sensitivity for serosal Ba2+ confirms this. The results
do not exclude the possibility that the Kt-conductance is coupled in
some way to the activity of the Na/K-pump, that augments as well.
The permanently elevated submucosal Kt+-activity during control
conditions might be explained by the possibility that ion
concentration gradients exist in the cell and in the lateral interspace.

The results described in Chapter 5 are directly connected with
those of the previous two chapters.

Firstly experiments are presented, substantiating the relation
between the Na*- and Cl--influx across the mucosal membrane. The
way of coupling can also be outlined: an exchange of Nat and H+
together with an exchange of HCO3z- and Cl-» intracellularly coupled
with each other by the dissociation-equilibrium of H,COj.

The existence of the bicarbonate permeability in the basolateral
membrane, mentioned earlier, could be substantiated experimentally.
Its precise character has not been determined.

Finally, the effects of serosally added Ba2+ on cellular properties
and characteristics have been investigated further chemically. Tt
could be shown that Ba2+ suppresses the basolateral K+-conductance,
which in turn changes the intercellular K+-activity and thereby the
activity of the Na/K-pump.

In order to understand more fully the consequences of the results,
particularly from Chapter 4, the ion fluxes between the various
compartments are more quantitatively analyzed in Chapter 6.
Special attention is directed towards the rtelationship between the
transport properties and the specially elongated structure of the
epithelial cells in goldfish intestine.

The first step is the translation of the permeability data and
potentials to fluxes across the membranes, both in the presence and
absence of chloride and in transporting and non-transporting
preparations. From the calculation of the balance of fluxes it appears
that a net K+-flux from serosa to mucosa is to be expected, which is
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not in direct agreement with the observations (Chapter 4) that in the
submucosal space an elevated potassium activity is measured. In
addition, an increased basolateral K*-conductance can be deduced
from the flux calculations, especially when the epithelium is
transporting. This is in agreement with the explanation for the
secondary repolarization after mucosal glucose addition mentioned
before.

Using a simple relationship diagram the succession of processes
starting with the rheogenic influx of Na* and glucose has been
delineated. The next step is the use of a semi-quantitative model,
named the diffusional model. This model takes into account the
diffusion velocities in the elongated compartments in the epithelium
and the possibility that fluxes across the basolateral aspects of the
cell membrane might vary depending on the distance from the tight
junction (and -vice versa- the basal membrane). The enterocytes are
very eclongated and separated by a very narrow interspace, or lateral
intercellular space, that makes contact with the mucosal solution
through the tight junctions and with the serosal solution via the basal
membrane. Data from this thesis and reasonable estimations from the
literature are used to calculate the concentration profiles for Nat in
the cell and for K+ in the interspace in steady state and as a function
of time after the onset of the glucose evoked changes.

The conclusion is that the submucosal K*-activity and its response
to glucose addition can only be explained quantitatively with
additional assumption concerning the K+*-permeability of the
basolateral membranes. The permeability changes might occur due to
modulation by transepithelial water transport. This water transport
in its turn is driven by the osmotic gradients due to active solute
transport. This assumption is the more attractive as it can also explain
the susceptibility of the repolarization for several experimental
procedures.

In Chapter 7 we compare our data concerning intracellular ion
activities with those from a variety of other leaky epithelia as similar
measurements in other other fish enterocytes are scarce. This chapter
ends with a recapitulation of a number of essential assumptions,
discussed in previous chapters, that need more explanation, such as
the osmolarity in interspace and the rheogenicity of the Na/K-pump.
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Samenvatting

Eén van de belangrijkste eigenschappen van darmepitheel is, dat
het in staat is aanzienlijke hoeveelheden zouten en voedingsstoffen
tegen een koncentratiegradiént in van het darmlumen (mucosa) naar
het bloed (serosa) te transporteren. Dit gaat gepaard met
watertransport, zodanig dat de toniciteit van de getransporteerde
vloeistof min of meer konstant blijft. Over de mechanismen die
hiervoor verantwoordelijk zijn, is, althans kwalitatief, al veel bekend.
Essentieel in alle, meer recente, verklaringen van ‘aktief' epitheliaal
transport is de werking van de zgn. Na/K-pomp in het basolaterale
membraan, die een ongelijke verdeling onderhoudt voor Nat- en K+-
koncentraties binnen en buiten de cel. Gespecialiseerde koppelings-
mechanismen maken gebruik van de energie opgeslagen in deze kon-
centratieverschillen (de chemische potentiaal van de betrokken
ionen) om suikers, aminozuren en ionen de cel in of juist uit te
drijven. Door het polaire karakter van deze mechanismen ontstaat
transcellulair stoftransport. Hierbij speelt ook de relatief hoge kaliom-
permeabiliteit van de celmembranen een belangrijke rol, diec immers
het chemisch potentiaalverschil van Kt over de membranen via de
membraanpotentiaal beschikbaar maakt als drijvende kracht voor
rheogeen transport d.w.z. deeltjestransport waarbij netto lading wordt
verplaatst. De lokale verschillen in osmolariteit, binnen en buiten de
cel, die het gevolg zijn van stoftransport, leveren tenslotte de
osmotische drukverschillen die drijvende kracht =zijn voor
waterlransport.

In dit proefschrift wordt verslag gedaan van elektrofysiologische
experimenten en modelberekeningen die erop gericht zijn een aantal
van de bovenstaande mechanismen wvoor energieoverdracht in de
goudvisdarm verder te karakteriseren en te kwantificeren. Daarbij is,
wat de experimentele kant betreft, gebruik gemaakt van ion-
selektieve mikroelektroden. Het onderzoek vormt een onderdeel van
het onderzoeksprogramma van de groep membraanfysiologie van de
vakgroep Algemene Dierkunde waarvan reeds eerder publikaties
verschenen van H. Albus [1-3], R. Bakker [6-9], J.A. Groot [10-16] en J.
Siegenbeek van Heukelom [17-22]. Voor verwijzingen: zie Engelstalige
samenvatting.

In Hoofdstuk 1 wordt na een korte bespreking van het door ons
gebruikte preparaat, een overzicht gegeven van de historische
achtergronden van ons onderzoek, waarbij drie hoofdlijnen worden
onderscheiden: de ontwikkeling van modellen voor watertransport,
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voor suiker- en aminozuurtransport en, het meest recent, voor
chloridetransport. Binnen deze historische kontekst wordt vervolgens
besproken waar de aangrijpingspunten liggen voor elektro-
fysiologisch werk met behulp van gewone en ion-gevoelige
mikroelektroden en worden de doelstellingen van het onderhavige
onderzoek samengevat:

- de bepaling van de permeabiliteitseigenschappen van de plasma-
membranen door meting en analyse van membraan-potentialen en
intracellulaire aktiviteiten, zowel onder kontrole-kondities als
tijdens unilaterale en bilaterale ionsubstituties.

- de identifikatie van ionbewegingen die het gevolg =zijn van aktief
rheogeen transport van Na* en glucose en van de koppelings-
mechanismen tussen mucosale cotransportsystemen en de
basolaterale Na/K-pomp; dit alles door meting en analyse van
membraanpotentialen, intracellulaire en interstitiéle aktiviteiten,
voor, tijdens en na het begin van glucose-absorptie, onder diverse
experimentele kondities.

- daarnaast bleek in de praktijk een theoretisch en experimenteel
onderzoek noodzakelijk naar wat de door ons gekonstrueerde ion-
gevoelige mikroelektrode feitelijk meet, zowel in de cel als in
biologische oplossingen, om artefacten en dubbelzinnige
interpretaties zoveel mogelijk te elimineren.

Het hoofdstuk wordt afgesloten met enige paragrafen over
gebruikte methoden en technieken en een lijst van veelvuldig
gebruikte symbolen.

In Hoofdstuk 2 wordt de oorzaak onderzocht van een
verandering in circuitpotentiaal van ongeveer -4 mV bij kontrole-
metingen met kation-gevoelige mikroelektroden in chloride-vrije
oplossingen (chloride gesubstitueerd door grote organische anionen
zoals glucuronaat of gluconaat). Dit impliceert een daling van ca. 15%
in de schijnbare kationaktiviteit in zulke oplossingen, hoewel de totale
kationkoncentratie gelijk is gehouden. Uit osmeoelariteitsmetingen
wordt gekonkludeerd dat er geen redem is om aan te nemen dat
sprake is van sterke ion-associatie. Ook kunnen elektrode-artefacten
van de iongevoelige elektrode redelijkerwijs worden uitgesloten zodat
het effekt is terug te brengen tot een elektrode-artefact aan het
kontaktoppervlak van de referentie-elektrode en/of tot een afname
van de kation-aktiviteiten in de betrokken oplossingen. Op
theoretische gronden kan daartussen niet worden pekozen, zodat de
meting van bijv. de K*-aktiviteit in een chloride-vrije oplossing altijd
een element van onzekerheid bevat. Het betekent wel dat bij meting

134

van de membraanpotentiaal gedurende chloridesubstituties een
referentie-elekirode verbonden door een zoutbrug aanzienlijke
artefacten veroorzaakt die slechts kunnem worden voorkomen door
direkt een kation-gevoelige referentie-elektrode te gebruiken, of
althans achteraf daarnaar te korrigeren.

Hoofdstuk 3 beschrijft een uitgebreid onderzoek naar de
permeabiliteitseigenschappen van de beide celmembranen. Metingen
worden gepresenteerd van membraanpotentialen, transepitheliale
potentialen, intracellulaire ionaktiviteiten van Nat, K+ en Cl- alsmede
van transepitheliale weerstand en weerstandsratio R, /Ry onder
kontrolekondities. Dezelfde metingen zijn gedaan bij dubbelzijdige
chloridevervangingen, terwijl de elektrische metingen bovendien zijn
uitgevoerd bij eenzijdige chloridevervangingen. Celvolume,
intracellulaire pH en ionenkoncentraties van Nat, K+ en Cl- zijn
bepaald onder kontrolekondities en bij tweezijdige chloride-
vervanging. Tenslotte zijn intracellulaire chloride-aktiviteit en
—koncentratie ook nog gemeten bij enkelzijdige chloridevervanging.

Uit de analyse van deze resultaten met behulp van een elektrisch
equivalent circuit en evaluatie van de permeabiliteitsverhoudingen
met een aangepaste vorm van de Goldman-Hodgkin-Katz-vergelijking
kan worden gekonkludeerd tot een elektroneutraal chloride
influxmechanisme in het mucosaal membraan. Van de berekende
permeabiliteiten is het meest opvallend de hoge permeabiliteit voor
chloride in het basolaterale membraan. Bovendien wordt een niet te
verwaarlozen permeabiliteit voor bicarbonaat gevonden in het
basolaterale membraan.

De membraanpotentiaal van goudvisdarmepitheel vertoont een
zeer karakteristicke responsie op mucosale aanbieding van glucose.
Deze responsie bestaat uit een snelle depolarizatie die wordt gevolgd
door een langzamere repolarizatie. Tijdens deze responsie treedt een
blijvende verhoging op in de Nat-aktiviteit in de cel en een transiente
verhoging in de K+*-aktiviteit in de submucosale (interstitiéle) ruimte,
juist achter de cel, welke trouwens ook in kontrolesituatie al enigszins
is verhoogd t.o.v. de badmedia. Deze metingen, alsmede die van de
intracellulaire K+*- en Cl--aktiviteit worden gepresenteerd in
Hoofdstuk 4.

Weglating wvan chloride uit de badmedia heeft een aanzienlijk
hyperpolarizatie tot gevolg met een gelijktijdige verlaging van de
submucosale Kt+-aktiviteit. Bij aanbieding van glucose blijft nu de
repolarizatie achterwege. Wel vertonen de intracellulaire Nat-
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aktiviteit en de interstitiéle K*-aktiviteit de normale verhoging.

Zowel serosaal aangeboden barium (5 mM), als eenzijdige K+*-
verhoging depolarizeert het membraan en onderdrukt de eerder
genoemde repolarizatie.

De diskussie in dit hoofdstuk richt zich op de mogelijke
verklaringen van deze effekten en kan als volgt worden samengevat:

De in de literatuur vrij algemeen aanvaarde verklaring voor de
repolarizatie, n.l. een toename van de relatieve K+*-geleidbaarheid van
het basolaterale membraan, is ook hier toepasbaar. Vooral het feit dat
deze BaZ+t-gevoelig is, bevestigt deze opvatting. Het is niet onmogelijk
dat de K+-geleidbaarheid op enigerlei wijze is gekoppeld aan de
aktiviteit van de Na/K-pomp, welke immers ook toeneemt. De
permanente verhoging van de submucosale K*-aktiviteit onder
kontrolekondities roept vragen op over het bestaan van koncentra-
tiegradiénten niet alleen buiten, maar ook binnen de cel.

De resultaten beschreven in Hoofdstuk 5 sluiten direkt aan op de
bevindingen in de voorgaande twee hoofdstukken.

Eerst worden de experimenten gepresenteerd, die de koppeling
aantonen tussen Nat- en Cl--influx over het mucosale membraan.
Bovendien wordt met deze resultaten de manier waarop deze
koppeling plaats vindt verklaard: een vitwisseling van Nat en Ht en
een uitwisseling van HCOg3- en CI'+ die intracellulair met elkaar zijn
verbonden door het dissociatie-evenwicht van H,COs.

Het bestaan van de al eerder genoemde bicarbonaatpermeabiliteit
van het basolaterale membraan wordt experimenteel ondersteund,
hoewel het precieze karakter hiervan niet kan worden vastgesteld.

Tenslotte worden de effekten bestudeerd van serosale Ba2+-
aanbieding op een aantal grootheden en karakteristicke responsies.
Aangetoond wordt dat Ba2+ inderdaad de basolaterale K+-geleid-
baarheid onderdrukt, welke, waarschijnlijk door zijn invloed op de
intercellulaire K+-aktiviteit, in belangrijke mate de aktiviteit van de
Na/K-pomp bepaalt.

Om een beter inzicht te krijgen in de konsekwenties van de
resultaten van met name hoofdstuk 4 wordt in Hoofdstuk 6 meer
kwantitatief ingegaan op de ion-fluxen tussen de verschillende
kompartimenten en wordt de eventuele relatie onderzocht met de
struktuur van de epitheelcellen in goudvisdarm.

Allereerst worden uit de gegevens over permeabiliteits-eigen-
schappen en potentialen de fluxen berekend over de verschillende
membranen, in de aan- en in de afwezigheid van chloride, voor wel-
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en voor niet-glucose-transporterend epitheel. Uit de balans blijkt dat
netto transcellulair K*-transport van serosa naar mucosa moet
worden verwacht, hetgeen niet direkt in overeenstemming is met
waarnemingen dat aan de voet van de cellen de extracellulaire K+-
aktiviteit is verhoogd (Hoofdstuk 4). Wel wijzen de resultaten op een
toename van de basolaterale K+-geleidbaarheid in glucose-
transporterend epitheel die mogelijk in verband kan worden gebracht
met de al eerder gencemde sekundaire repolarizatie van de mem-
braanpotentiaal na glucose-aanbieding.

Daartoe wordt vervolgens aan de hand van een eenvoudig
pijldiagram de opeenvolging van processen besproken die begint met
de rheogene influx van Nat* en glucose. De processen worden verder
geanalyseerd met een semi-kwantitatief model. Dit ‘diffusiemodel
houdt rekening met eindige diffusiesnelheden in langgerekte
kompartimenten, en met de mogelijkheid dat fluxen van het ene naar
het andere kompartiment niet homogeen verdeeld =zijn over het
grensvlak tussen die kompartimenten. Epitheelcellen zijn immers zeer
langgerekt en worden gescheiden door een zeer nauwe tussenruimte,
de intercellulaire ruimte, die kontakt maakt met de mucosale
vloeistof via de tight junctions en met de serosale vloeistof via het
basale membraan. Door ons gemeten grootheden en redelijke schat-
tingen uit de literatuur worden gebruikt om transepitheliale koncen-
tratieprofielen te berekenen van intracellulair Na en extracellulair K
in steady state en als funktie van de tijd na glucose-aanbieding.

De konklusie is dat de submucosale verhoging van de K*-aktiviteit
en de responsie hiervan op glucoseaanbieding alleen kwantitatief
verklaard kunnen worden met extra aannames over de basolaterale
K+-geleidbaarheid. Deze zou bijvoorbeeld gemoduleerd kunnen
worden door transcellulair watertransport. Dit watertransport wordt
op zijn beurt weer gedreven door osmotische gradiénten die ontstaan
door aktief stoftransport. Deze aanname is des te aantrekkelijker
omdat daarmee tevens de gevoeligheid van de repolarizatie voor
diverse experimentele ingrepen kan worden verklaard.

In Hoofdstuk 7 worden, aangezien er in het algemeen weinig
bekend is over ion-aktiviteiten in vissedarm, de door ons gevonden
aktiviteiten in goudvisdarmepitheel vergeleken met literatuur-
waarden voor andere lekke epithelia. Tenslotte worden enige vrij
essentiéle aannames besproken uit eerdere hoofdstukken die nog
toelichting behoefden, zoals bijv. de osmolariteit in de intercellulaire
ruimte en de rheogeniciteit van de Na/K-pomp.
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1.

VI.

Stellingen

behorende bij het proefschrift

"Monovalent ions and glucose absorption in goldfish intestine"

door T. Zuidema

De afwijking in elektrode-potentiaal van kation-gevoelige
elektroden in oplossingen met grote anorganische anionen kan

op soortgelijke wijze verklaard worden als het Pallman-effekt.
(J.Th.G. Overbeek (1953), J. Colloid Sci. 8: 593-607; dit proefschrift)

Het negeren van zoutbrug-artefacten bij elektrofysiologische
metingen tijdens ion-substituties met grote anorganische
ionen kan aanleiding geven tot foutieve interpretaties. Aan dit
probleem wordt in de elektrofysiologische literatuur te weinig
aandacht gegeven.

(Dit proelschrift)

Normeringsafspraken voor fysiologische media zouden de
vergelijkbaarheid van experimentele resultaten bevorderen
en de experimentele fysiologie een meer kwantitatief karak-
ter verlenen.

Bij de interpretatie van de membraandepolarizaties ten
gevolge van Kf-verhoging in de peritubulaire badvloeistof
dient rekening te waorden gehouden met de tijdelijke verho-
ging van de intercellulaire K+-aktiviteit bij luminale aanbie-
ding van suikers. '

(G. Messner et al (1985), Pfligers Arch. 404: 138-144; dit proefschrift)

De vergelijkingen 34, 35 en 40 van het artikel "Electrical
analysis of intraepithelial barriers" van Boulpaep en Sackin
zijn onjuist en nodeloos ingewikkeld.

(E.L. Boulpaep, H Sackin (1980), In: Current topics in Membranes and
Transport Vol. 13, Ch. 12; A.van Rotterdam pers.comm.)

Het woord potentiaal heeft in de elektrofysiologische
literatuur nieuwe betekenissen gekregen die afwijken van de
fysische definitie.

VI

VIII.

IX.

XL

XII.

XIT1.

Een visuele stimulus van afwisselend scherpe en onscherpe,
doch verder gelijke, patronen geeft bij de mens aanleiding tot
relatief eenvoudige occipitale Visual Evoked Potentials (VEP's)
die zich goed lenen voor objektieve bepaling van de gezichts-
scherpte.

(O. Estévez 1., pers. comm.)

Verlofregelingen voor aonderwijspersoneel moedigen aller-
minst aan tot nascholing en zelfstudie.

Het systeem van schoolonderzoeken als onderdeel van de
eindexamens in het voortgezet onderwijs is inefficiént, vormt
een onnodige belasting van de leerling en verstoort het leer-
proces.

Hantering van het begrip "mantel"-zorg is misleidend wanneer
dit betekent dat gehandicapten en hun huisgenoten in de kou
worden gezet door een tekort aan professionele thuiszorg.

Een provinciale overheid die een voor wielrenners aantrek-
kelijk rijwielpad aanlegt in een traditioneel wandelgebied
voor hondenliethebbers veroorzaakt animositeit en is terecht
de pgebeten hond (Visserspad, Overveen-Zandvoort).

Het is een hoopvolle gedachte dat een systeem van apart-heid,
fysisch gezien, een geringe entropie bezit.

Marathonlopers en  promovendi hebben veel gemeen. Alleen
krijgen de laatsten zelden de gelegenheid hun persoonlijke
tijd te verbeteren.



