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INTRODUCTION

Epithelial transport covers an enormously wide field of research on tissues such as
skin, intestine, salivary or sweat glands and kidney tubules which, on first view, seem
to have little in common. However, despite the vast number of transport functions
which these tissues perform, it appears that all operate on a relatively small number
of general principles and it is my intention to describe some of those principles which
we can discern. I will do so not by screening the literature for comparative aspects
but by focussing mainly on one single epithelium, the rat kidney proximal tubule, and
probing further and further into its properties.

Our interest in this epithelium was twofold: (1) we knew that the proximal tubule
plays a paramount role in the absorption of the glomerular filtrate and hence in the
maintenance of the water and electrolyte balance of the body - in man the proximal
tubules absorb approximately 140 1. of tubular urine per day —and (2) we have found
that, with respect to its transport functions, renal proximal tubule may serve as an
ideal model tissue for a group of epithelia (comprising among others, small intestine,
gall-bladder, and choroid plexus), as well as possibly some endothelia, to which the
well known frog skin model of transepithelial transport cannot be applied. These
epithelia we have classified (Fromter & Diamond, 1972) as ‘leaky epithelia’ in
contrast to the frog skin type ‘tight epithelia’ which have different transport pro-
perties and serve different functions in the body. I will come back to the distinction
between tight and leaky epithelia below.

A considerable disadvantage of the kidney tubules in transport studies is their
small size. Rat proximal tubule has an outer diameter of ~45um and a lumen
diameter of only ~ 20 xm (compare Fig. 1). The wall is formed of one layer of uniform
cuboidal cells, with nuclei, vacuoles and a dense packing of mitochondria. The
luminal cell membrane surface (brush border) and the basal cell membrane surface
(basal labyrinth) are greatly amplified by microvilli or basal infoldings respectively.
The gaps between neighbouring cells (lateral spaces) are closed near the luminal end
by terminal bars (so-called tight junctions; see Fig. 9 below).

To study solute and water transport across such tiny structures as renal tubules
requires appropriate micropuncture and microanalytical techniques. Such techniques
were initially developed between 1920 and 1930 for work with the bigger tubules of
frog and Necturus kidney (Richards, 1929) and since then have been more and more
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refined (Windhager, 1968; Ullrich, Fromter & Baumann, 1969; Giebisch, Boulpaep
& Wright, 1972). The early micropuncture studies in kidney were mostly concerned
with mapping of concentration profiles of individual substances along the nephron,
thus investigating the question of where individual substances, after filtration in the
glomerulum, are reabsorbed or secreted (in the proximal or distal tubule, in the loop
of Henle or in the collecting duct). However, to study the question of how the trans-
port mechanisms operate required more sophisticated techniques. Two different
techniques were developed: one in which individual tubules are teased apart and
perfused in vitro (Burg, Grantham, Abramow & Orloff, 1966); and another in which
tubules are functionally isolated in vivo by appropriate luminal and peritubular

Split-oil drop technique

Fig. 1. Split oil-drop technique for determination of volume absorption from rat
proximal tubule (Gertz, 1962). Upper panel: schematic view; lower panel: microphoto-
graphic pictures of the kidney surface during a split oil-drop experiment taken at 5 sec
intervals as indicated on the bottom. The magnification is x 100. See calibration mark
in upper left corner (courtesy of Ullrich, K. J. & Rumrich, G.).

perfusion techniques (perfusion of peritubular capillaries, Frémter, Miiller & Knauf,
1969; Windhager, Lewy & Spitzer, 1969). Fig. 1 shows, as an example, the
technique which we use to measure the rate of volume absorption from individual
tubular loops. In an anaesthetized rat the kidney surface is exposed and a surface
loop of the proximal convolution is punctured with a double-barrelled micropipette,
the tip of which was cut at an outer diameter of 10 um and was sharpened on a
special grinder. By injecting a droplet of coloured castor oil from one barrel we fill
the lumen of the loop with oil. Then a droplet of test fluid is injected from the other
barrel of the pipette into the tubular lumen so that it splits the oil column and is
isolated at either end from the tubular urine by oil. As the test fluid is progressively
absorbed the droplet shrinks and the oil menisci approach each other. This process
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is monitored by serial photographs (see Fig. 1, lower panel). Plotting the length of
the fluid column versus time on semilogarithmic paper, one observes a straight line
relationship (Fig. 2, open circles), from which the rate of fluid absorption can be
worked out. This technique, which was initially devised by Gertz (1962), can now be
extended by reaspirating the test fluid after given time intervals and analysing its
composition to determine the fluxes of individual solutes. Moreover, it can be com-
bined with perfusion of the peritubular capillaries with artificial solutions to deter-
mine the fluxes as function of the peritubular fluid composition; or can be supple-
mented by micro-electrode measurements to determine the electrical potential
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Fig. 2. Split oil-drop experiment. Abscissa: time in sec; ordinate: length of fluid
column in per cent on logarithmic scale. Open circles: control data, filled circles:
experiment in which the peritubular capillaries were perfused with cyanide Ringer solu-
tion as indicated (according to Gyéry & Kinne, 1971).

difference between lumen and interstitium or the electrical resistance of the tubular
epithelium, the latter being achieved with the help of cable analysis. Generally
speaking, we can say that these micropuncture and microperfusion techniques allow
us to determine the fluxes and the respective driving forces for solutes and for water
with considerable accuracy.

BLACK-BOX DESCRIPTION OF SOLUTE TRANSPORT ACROSS
PROXIMAL TUBULAR EPITHELIUM
The first question which we want to consider is: which substances does the tubule
transport and which forces drive the flows. Using the technique illustrated in Fig. 2,
we can show that the tubule is able to absorb isotonic NaCl solution. Further inspec-
tion of this Figure reveals that the fluid absorption from the tubular lumen requires
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metabolic energy. This is demonstrated by the curve with the black dots in Fig. 2
in which, following a period of normal absorption, the tubule was suddenly poisoned
by perfusing the peritubular capillaries with Na* cyanide containing Ringer solution
(Gyory & Kinne, 1971). It can be seen that the rate of shrinking of the test droplet
declines and that approximately 20 sec later the absorption comes virtually to a
standstill. This experiment very clearly indicates that the absorption of fluid from
the tubular lumen involves work performed by the tubular cells at the expense of
metabolic energy, with hydrodynamic forces (hydrostatic or oncotic pressure dif-
ferences between tubular lumen and interstitium) contributing only little, if any-
thing, to the absorption process.

We are thus facing such problems as: how to describe metabolically driven fluxes
properly, how to recognize them and distinguish them from other fluxes and how,
eventually, to explain their physical nature. The only theoretical approach which is
able to help us in this situation is the phenomenologic theory of membrane transport,
based on irreversible thermodynamics (Kedem, 1961; Katchalsky & Curran, 1967;
Sauer, 1973). Without going into details here (which would require an extra lecture
series) I may briefly mention that the application of the phenomenologic approach
essentially consists of establishing the relations between the observable net fluxes of
solutes and water across a membrane and all external driving forces, such as chemical
and/or electrical potential differences, and hydrostatic or osmotic pressure dif-
ferences. All fluxes which can be accounted for by these external passive driving
forces we define as passive; whereas all fluxes which are not driven by these forces
(which means, for example, that they persist if all of the mentioned forces are
nullified) are named active fluxes. These active fluxes are driven by metabolic
energy, their conjugate driving force being the affinity of a chemical reaction, which
proceeds inside the membrane. Our first task in analysing the transport properties of
proximal tubular epithelium is, therefore, to determine which components undergo
active transport and which are transported only passively. During this step of the
analysis the epithelium is treated like a ‘black box’, of which only the input-output
relations are determined. To arrive at a physical interpretation of individual trans-
port mechanisms requires information from inside the ‘black box’, and such informa-
tion will be discussed later.

Before presenting our data let us briefly look at other epithelia. The most inten-
sively studied epithelium is frog skin which, like the kidney tubules, is capable of
absorbing NaCl and water at the expense of metabolic energy. By 1951, it was shown
by Ussing & Zehran that the frog skin transports only the Na+ ions actively, chloride
transport being passive. Since Ussing’s technique of short-circuiting the skin and
measuring the unidirectional fluxes with tracers was not applicable in rat tubules we
had to devise alternative methods to determine the active and/or passive solute
fluxes.

Qualitative analysis of active ion fluxes
In a first qualitative approach, we have measured the transepithelial potential
difference in symmetrical Ringer solution. If one bathes frog skin on both surfaces
with identical Ringer solution, avoids all pressure gradients and does not pass
current across it, one finds that it generates a spontaneous transepithelial electrical
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potential difference of about 50-100 mV, outside negative, blood side positive. This
potential difference arises from the charge that is carried along with the actively
transported Nat ions, as described by the following equation (Fromter, 1974):

k
Ayt = — L5 o Rt (1)
gi=n

where g is the membrane conductance, 2; and F are valence and Faraday number
and Jt is the rate of active transport of ion ¢. Ayt will be named active transport
potential. Using the technique of Fig. 3 to perfuse tubular lumen and peritubular
capillaries with identical HCO; Ringer solutions, we have in the first approach
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Fig. 3. Microperfusion technique for electrical potential measurements with complete
replacement of luminal and peritubular fluid. 4, drainage of glomerular filtrate. B,
micro-electrodes, one remaining in the peritubular space, the other being placed
into the tubular lumen. C, pipette for perfusing the peritubular capillaries. D, triple-
barrelled luminal perfusion pipette (Fromter & Gessner, 1974 b).

determined whether or not the proximal tubules behave like the frog skin and
generate an active transport potential. The answer is yes. At least in early loops, up
to 1 mm distant from the glomerulum, we find a significant active transport potential.
However, this potential is much smaller (in early loops it averages +1:0+0-4 mV,
in late loops +0-2+0-3 mV) than that of frog skin and its polarity is opposite: the
lumen is positive, the blood side is negative (Fromter & Gessner, 1974b). Does such
a small potential difference possess any physical significance and, if so, why is the
polarity opposite to that of frog skin? The significance of the potential difference has
been demonstrated in two ways: (1) knowing the conductance of the tubular wall
(0-2 Q1 em~2, Hegel, Fromter & Wick, 1967) one can readily calculate that an active
transport potential of ~ 1 mV reflects a four times larger active ion current than the
much higher potential difference across frog skin and (2) when poisoning metabolism
with cyanide, we find that the potential difference drops towards zero, as an active
transport potential should, and even reappears if the cyanide solution is rapidly
removed (Fig. 4).

The polarity of the active transport potential, on the other hand, indicates that in
contrast to frog skin we are not dealing with active cation (say Na*) absorption but
with active anion absorption; or more exactly that active anion absorption exceeds
active cation absorption (see eqn. (1)). This conclusion holds at least for the early part
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of the proximal convoluted tubule, for which the significance of the small transport
potential was established beyond doubt.

What are the actively transported anions and does the tubule transport cations
(i.e. Na*) actively or not? To distinguish between active Cl- and active HCOj;
absorption we did the following experiments. (1) We studied the effect of acetazol-
amide on the active transport potential. Inhibitors of carbonic anhydrase such as
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Fig. 4. Active transepithelial transport potential in early loop of rat proximal tubule.
Effect of cyanide (CN). Trace record. Abscissa: time as indicated by bar; ordinate:
potential difference in mV, upwards lumen positive. At P, the electrode was advanced
into the tubular lumen and at R, it was retracted into the peritubular space. During
the bar CN, the luminal perfusate was switched from HCO,;~ Ringer solution to a
solution in which 7 m-mole/l. NaCl had been replaced by NaCN, but which was
otherwise identical. Note that the active transport potential disappears reversibly, pro-
vided the exposure to cyanide is short (from Fromter & Gessner, 1974 b).

acetazolamide (DiamoxF) are known to reduce, quite specifically, proximal tubular
bicarbonate absorption. As shown in Fig. 5 this drug reduced the active transport
potential, which indicates a reduction of active ion current because the trans-
epithelial conductance remained unchanged (Fromter, 1977). (2) We measured the
active transport potential as a function of the ambient bicarbonate concentrations.
In the absence of bicarbonate the active transport potential fell to 22 9, of its control
value and increasing HCO3; above normal increased the active transport potential
(Fromter & Sato, 1976). These two experiments clearly suggest that the active
transport potential is associated with the absorption of bicarbonate buffer. A third
argument supporting this conclusion derived from the observation that early loops,
which have a higher transport potential, also transport buffer more rapidly (Fromter
& Gessner, 1974a; Ullrich, Rumrich & Baumann, 1975). The question of whether or
not the tubule is capable of transporting also Na* ions actively could be answered by
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stimulating Na* transport through addition of glucose and by applying ouabain, a
specific inhibitor of active Nat+ transport. Such an experiment is shown in Fig. 6.
During luminal perfusion with glucose containing Ringer solution the potential of
the tubular lumen changes its polarity to lumen negative, which indicates according
to eqn. (1) that active cation (i.e. Nat) absorption now exceeds active bicarbonate
buffer absorption. Furthermore, we notice that this effect is reduced during applica-
tion of ouabain. Note also that the lumen-positive active transport potential does
not collapse in the presence of ouabain, which indicates that the electrogenic part of
active HCO3 absorption is independent of active Nat absorption (for details see
Fromter & Gessner, 1975).

1 min

Fig. 5. Effect of acetazolamide on active transport potential. All details as in Fig. 4,
except that during mark D the peritubular superfusion was changed from HCO;-
Ringer solution to the same solution but containing in addition 10~ mole/l. acetazol-
amide (Diamox®). Note that the active transport potential declines but recovers when
the acetazolamide is washed away (from Fromter & Sato, 1976).

Quantitative analysis of active and passive solute fluxes

Thus far I have presented evidence, admittedly indirect, from simple potential
measurements which indicated (1) that the proximal tubular epithelium is capable
of transporting bicarbonate buffer and Na+ ions actively and (2) that both processes
are to some extent independent of each other. More direct evidence which agreed
with these results was obtained in a quantitative analysis of Na+, Cl- and HCOj3
transport by rat proximal tubules which we undertook some years ago in collabora-
tion with Ullrich and Sauer (Fromter, Rumrich & Ullrich, 1973). Neglecting ion—ion
interaction, the net flux (J;) of an ion (¢) across a membrane can be described near
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equilibrium by the following equation, which can be derived by application of the
principles of irreversible thermodynamics (Sauer, 1973):
_ _R .
Ji = (l_gi)ciJV+Pl(Acl+ciﬁvqu¢) "‘t]i"Ct (’& = 1 . ..k). (2)
1

In this equation oy and P; are reflexion coefficient and permeability of ion ¢, J, is
the volume flow, Ac, is the concentration difference of ¢ between the external solu-
tions, ¢; is the mean (arithmetic) concentration of ¢ in the external solutions, Ay is
the electrical potential difference measured with saturated KCl bridges, and R, T,
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Fig. 6. Effect of ouabain on active transport potential. Details as in Fig. 4, except that
during the marks G the luminal perfusate was changed from HCO,4~ Ringer solution
to the same solution but containing in addition 5 m-mole/l. of D-glucose, which
shifted the transport potential into lumen-negative direction (increase of active Na+
absorption). During the mark ouabain, 18 m-mole/l. of ouabain was applied in the
peritubular superfusion. Interference from streaming potentials was eliminated by
appropriate additions of raffinose to the control solutions. Note that the lumen-positive
transport potential does not collapse in the presence of ouabain although the
glucose-induced additional active Na* transport is impaired (for further details see
Fromter & Gessner, 1975).

z; and F have their usual meaning. If we now do a split drop experiment as described
in Figs. 1 and 2, but add some non-penetrating non-electrolyte to the luminal test
fluid, the droplet will first shrink as in Figs. 1 and 2, but will then remain stationary,
although in contra-distinction to Fig. 2 (filled circles) the metabolism is unimpaired.
The development of this ‘zero-net flux situation’, which is sometimes also referred
to as ‘static head situation’, can be explained as follows: during the initial reabsorp-
tion of some salt and water, the non-penetrating solutes are concentrated inside the
lumen until they exert an osmotic effect which tends to keep water back in the lumen.
Since the salt pumps continue to work, but the water cannot follow, the intratubular
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salt concentration must decline until eventually salt starts to flow back from the
peritubular space into the lumen; and zero net flux will be attained, when the passive
backflux of salt equals the rate of active salt transport in the outward direction.

This situation does not develop normally in the kidney because the water permeability is
extremely high. If salt is absorbed in the absence of non-permeable solutes from the lumen, the
development of minute degrees of luminal hypotonicity would immediately result in water
efflux so that the luminal salt concentration cannot be effectively lowered below that in the
peritubular space.

In this situation, with J; and J, being zero, we obtain from eqn. (2)

Joet— —Pi(Acl+61zIf—F"’:A¢) G(=1...k) (3)
Using this equation we can thus determine the rates of active transport of each ion
if we know the peritubular fluid composition and measure (1) the transepithelial
concentration differences Ac, which build up in the zero net flux situation, (2) the
transepithelial electrical potential difference and (3) in the same condition, the
passive ion permeabilities. Determination of the latter is possible by tracerflux
measurements or by calculation from electrical measurements (transepithelial con-
ductance and transference numbers).

This approach may not be applicable in all epithelia, particularly not in tight epithelia (see
p- 14) because if the passive permeabilities are low, the attainment of the zero net flux situation
may be associated with the development of steep transepithelial electrochemical potential
gradients. In this situation, the near equilibrium condition required for the applicability of
eqns. (2) and (3) may be violated: as, for example, if the rate of active transport at zero net flux
differs from that in symmetrical Ringer solution. Furthermore, in both equations we assume
that ion-ion interaction is negligible in the passive permeation pathway; this is justified in rat
proximal tubule, as evidenced by the near-equality of tracer permeabilities and permeabilities
calculated from electrical measurements (see Fromter et al. 1973), but need not hold in all
epithelia.

TasLE 1. Active (J3*) and passive (JP**) components of net Na+, Cl- and HCO,~ absorption
p s P
(J3*) from shrinking droplets in rat proximal tubule

Jr:t J:wl JT“.
Nat 1-5 5-2 37
Cl- 0-3 4-3 4-0
HCO,~ 2-1 09 -12

All fluxes in 10-1! mole/sec.cm (length of tubule). Data from Fromter et al. 1973.

In column 1 of Table 1 are depicted the active transport rates for Na+, Cl~ and
HCO3 which we have determined from the data as analysed by eqn. (3). In agreement
with the results from the study of active transport potentials, we find that Na+ ions
and HCOj3 buffer are actively absorbed from the tubular lumen, while Cl- ions do
not seem to undergo active transport (the calculated active transport rate is so small
that its significance cannot be assessed from the data). Furthermore, I have depicted
in column 2 of Table 1 the steady-state net fluxes of Na+, Cl- and HCOj3 which are
observed in freely shrinking droplets formed of the same HCOj3; Ringer solution but
without addition of nonpenetrating electrolytes to the perfusion fluids. Comparing
columns 1 and 2 we can conclude that (1) of the net Na* ion absorption from a freely
shrinking droplet, only approximately one third is transported actively, the remaining
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two thirds following passively (partially driven by a small potential difference of
~1-8 mV lumen positive and partially driven by solvent drag, both driving forces
developing in response to active HCO3 absorption; for details see Fromter et al.
1973). Note that this result contrasts with the situation in frog skin where, in isotonic
Ringer solution, all net Na+t absorption is active; (2) most, if not all, chloride absorp-
tion from freely shrinking droplets is passive (following either a concentration
difference that develops in response to active HCO7 transport or being driven by
water flow: for details refer to Fromter et al. 1973); (3) active HCO3 transport
exceeds the rate of net bicarbonate transport in a freely shrinking droplet which
indicates that HCO3 buffer is continuously leaking back passively.

TABLE 2. Actively and passively transported solutes as determined in stop flow experiments on
rat proximal tubule by Ullrich and coworkers (Ullrich, 1973, 1976)

Active Passive Undetermined
Na+ Cl- K+
H+/HCO,;~ Urea

Cat+

HPO}-/H,PO,~

D-glucose

L-amino acids

PAH

In order to work under clearly definable conditions, the data of Table 1 were
obtained during perfusion of the peritubular capillaries with artificial bicarbonate
Ringer solution. It is possible, therefore, that these data are not completely repre-
sentative of the tubular absorption in the normal kidney during free flow. However,
the fact that the free flow transepithelial concentration and potential differences
(Litchfield & Bott, 1962; Rector, Carter & Seldin, 1965; Vieira & Malnic, 1968;
Barratt, Rector, Kokko & Seldin, 1974; Fromter & Gessner, 1974a; Seely & Chirito,
1975) resemble closely those which were observed in the split drop experiments of
column 2 suggests that any possible differences are of minor importance. It may also
be mentioned that the main conclusions concerning active Na+ and bicarbonate
absorption have been confirmed recently in other laboratories (Green & Giebisch,
1975; Neumann & Rector, 1976).

By extending the above approach, the presence of active transport has been
documented for a great number of different substances including other ions as well
as D-glucose and probably all naturally occurring L-amino acids (see Table 2). Since
the active transport rate of almost all of these substances declined strongly when the
ambient Na+ concentration was reduced, it seemed likely that the active transport
of most, if not all, of these substances was driven by local passive coupling to the
active Na* flux (secondary active transport as defined in Fromter, 1978). I shall
discuss this question in detail below.
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LOCALIZATION OF ACTIVE AND PASSIVE TRANSPORT STEPS
AND DISCUSSION OF POSSIBLE TRANSPORT MECHANISMS

To obtain information on transport properties of individual membranes in a
composite system, one can either try to disrupt the system and study the properties
of the individual elements separately (this has become possible recently through the
development of appropriate separation and analysis techniques: investigation of
membrane vesicles, Busse & Steinmaier, 1974; Aronson & Sacktor, 1974; Kinne,
Murer, Kinne-Saffran, Thees & Sachs, 1975); or one can leave the system intact and
try to obtain information from inside the cell by microscopic techniques. We have
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Fig. 7. Electrical potential profile across rat proximal tubule under free flow conditions
(schematic). Abscissa: electrode advance as indicated diagrammatically in top;
ordinate: potential difference in mV. Before entering the lumen the micro-electrode
records the cell membrane potential, which is ~ 74 mV negative with respect to inter-
stitium and ~ 76 mV negative with respect to the tubular lumen because the tubular
lumen is ~ 2 mV positive under free flow conditions (intermediate and late proximal
tubular loops). Data from Fromter ef al. (1971) and Fromter & Gessner (1974 a).

P.d. [mV]

followed the latter approach, using micro-electrodes to study the intracellular
potential level and analysing cell potential changes in response to transepithelial
currents or to changes of luminal or peritubular solution compositions. As depicted
schematically in Fig. 7, when puncturing the tubules it is possible to insert a micro-
electrode first into a tubular cell before it enters into the tubular lumen. Thus we can
measure the cell membrane potentials. In good experiments, we find potentials of
between 65 and 85 mV with mean values of about 74 mV, cytoplasm negative. With
some skill and a lot of patience, it is possible to keep those potential measurements
constant for up to 5 min or more, while the luminal or peritubular perfusate solutions
are changed so that the effect of different ions or nonelectrolytes on the membrane
potential can be investigated. From such experiments we are able (1) to deduce
information on the partial ionic conductances (or respectively permeabilities) of the
cell membranes (and of the paracellular shunt, see below), (2) to localize flux coupling
mechanisms for Na+ ions and various actively transported solutes and (3) to decide
on the location of the active ion pumps.
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The paracellular shunt path

Without going into details of the underlying electrical analysis here (published in
preliminary form; Fromter, 1977) I want to present in Fig. 8 a major conclusion
from our experiments designed to localize and quantify the resistance barriers of the
proximal tubular epithelium for passive ion flow. Fig. 8 shows that the luminal cell
membrane has a specific resistance of approximately 260 Q cm?2 (all figures related
to 1 cm? of tubular surface, rather than to the actual cell membrane area) while
the peritubular cell membrane has a resistance of approximately 90 Q cm2. Further-
more, it shows that in parallel with the cell membranes, there exists a paracellular
shunt path with a resistance of approximately 5 Q em? and hence about two orders
of magnitude lower than the lumped resistances of the cell membranes.

260 2 cm? 5 2 cm?
(luminal cell membrane shunt path)

QOocm

Fig. 8. Magnitude and distribution of resistance barriers in rat proximal tubular
epithelium. All dimensions refer to 1 em? of epithelial surface, not to the actual surface
of the cell membranes or junctions (data of Frémter, 1977).

The finding of a low conductance shunt path across the epithelium raises a number
of most interesting questions, such as: (1) where is the shunt located and does it
represent a specific histological, structural element of the epithelium or a specific
cell type; (2) what are the transport properties of the shunt path, are we dealing with
a free solution shunt or does the shunt path possess specific transport mechanisms;
(3) is the shunt unique for proximal tubular epithelia, or is it found in all epithelia;
and (4) what is the physiological significance of a shunt (or what is the sense in
having a big leak path in parallel with a pump system)?

With regard to the localization of the shunt path, we can infer from voltage
scanning experiments on Necturus gall-bladder (Fromter, 1972), as well as from
electronmicroscopic studies using La3+ as tracer ions (Tisher & Yarger, 1973) that the
shunt path is situated in the terminal bars (or so-called ‘tight junctions’) by which
neighbouring cells are attached to each other at their luminal end. It would appear,
therefore, that the seal between the apposing cell membranes in the junction is not
very tight so that small ions can leak from the lumen to the peritubular space without
passing the cell membranes. A freeze-fracture cross-section of the terminal bars in
rat proximal tubule is depicted in Fig. 9. Using normal transmission electron-
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Fig. 9. Freeze-fracture picture of the terminal bar region of rat kidney proximal tubular
cells. Depicted is the apical portion of two neighbouring cells which are attached to
each other in the extremely shallow ‘tight’ junction (arrow). L, tubular lumen; A,
luminal fluid compartment extending between the microvilli; B, lateral space providing
free access to the peritubular surface. Magnification x 60000. The inset shows the frac-
ture face of the protoplasmic half membrane of a tubular cell in the region of the tight
junetion, which consists of a single ridge. Magnification x 150000 (this figure was
kindly provided by Dr W. Haase, Max-Planck-Institut fiir Biophysik, Frankfurt).

13
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microscopy, most investigators (Farquhar & Palade, 1963; Tisher & Yarger, 1973)
describe a very shallow zonula occludens within the terminal bar, in which the cell
membranes of the neighbouring cells appear to ‘fuse’ over a length of approximately
20 nm. This observation contrasts with reports from other epithelia in which the
zonula occludens appears to be much deeper (up to 200 nm) and in cross-section
exhibits multiple points of fusion, corresponding to an attachment system of multiple
ridges as seen in freeze fracture studies (Staehelin, Mukhergee & Williams, 1969).
The question of whether the membrane fusion is complete, or whether there remain
small waterfilled open slits between the hydrophobic leaflets of the apposing cell
membranes, cannot be answered with assurance ly the present day electron-
microscopic techniques; however, functional studies (Maude, 1970; Fromter, Miiller
& Wick, 1971; Boulpaep & Seely, 1971) indicate that the ion passage along the
paracellular pathway resembles diffusion in aqueous solution (without being identical
with it) rather than permeation across lipid bilayers or cell membranes in general.

Some years ago, we investigated the overall permeation properties of the tubular
epithelium using electrophysiological techniques, i.e. measuring transepithelial
membrane diffusion potentials and streaming potentials (Frémter ef al. 1971). In
view of the resistance distribution of Fig. 8, we can now interpret these data with
confidence as representing almost exclusively the properties of the paracellular
shunt path, in agreement with the tentative interpretation given previously. In
Table 3, I have listed the main results of this study. It demonstrates that the per-
meation pathway across the tight junctions behaves like a simple, symmetric, passive
membrane element which is not influenced by metabolic poisons. It has some
properties of a fixed charge membrane (the surplus concentration of negative fixed
charges is between 2 and 5 m-mole/l. of pore fluid) and exhibits some (albeit weak)
ion membrane interaction, which suggests that it constitutes not simply a free solu-
tion shunt but imposes also small coulombic and/or geometric restraints on the
migrating ions. Furthermore, there is no evidence for significant ion-ion interaction
during the passage along the paracellular pathway.

The question of whether the terminal bars are leaky in all epithelia, or whether
this feature is unique for proximal tubules, is closely related to the possible physio-
logical significance of leaky junctions. Thus far we know that leaky junctions do also
exist in renal proximal tubules of Newt and Necturus kidney (where the paracellular
shunt was first discovered by Hoshi & Sakai (1967) and Windhager, Boulpaep &
Giebisch (1967)); in gall-bladder (Fromter, 1972; Reuss & Finn, 1975); in small
intestine (Frizzell & Schultz, 1972); and we suppose that they are present in the
choroid plexus (Wright, 1972) and possibly also in endothelia such as corneal endo-
thelium (Fischbarg & Lim, 1974). These tissues have in common that usually large
quantities of isotonic fluid are transported between identical Ringer solutions with
little selectivity; they all exhibit relatively low electrical resistances and show
symmetrical potential responses to unilateral ion substitutions. On the other hand,
there do exist epithelia in which the ‘tight’ junctions do indeed appear to be more
or less tight. This has been demonstrated recently for amphibian and rabbit urinary
bladder epithelia (Reuss & Finn, 1974; Lewis, Eaton & Diamond, 1976; Fromter &
Gebler, 1977); and it may also be true for amphibian skin, salivary ducts and kidney
collecting tubules. These ‘tight’ epithelia are characterized by their ability to build
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up or maintain high electrochemical potential gradients for various ions, they have
high transepithelial resistances of up to 70 kQ cm?, develop high active transport
potentials in symmetrical Ringer solutions and exhibit an asymmetric potential
response to unilateral ion substitutions. Comparing both classes of epithelia and the
function that they fulfil in the body, it would appear therefore that leaky junctions
were certainly detrimental for the function of a urinary bladder or a frog skin (since
they would allow all concentration gradients to collapse) but that they are obviously
advantageous for the function of isotonically transporting epithelia (in which no big
gradients develop). In fact, by reducing the resistance to flow of passively transported

TaABLE 3. Properties of the tight junctions in rat proximal tubule

I. Membrane—ion interaction: weak but present
Evidence:

(1) Permeability sequences: alkali cations follow seq. IV of
Eisenman (1961); halide anions follow seq. III of Diamond
& Wright (1969); bulky anions follow free solution sequence
but the relative permeabilities decline more rapidly than the
respective diffusion coefficients in free solution.

(2) Cation—anion discrimination: &y, > fg (opposite to free solution
behaviour) may partially arise from negative fixed charges (net
concentration in the pore fluid: 5§ m-mole/l.).

(3) Modifiers of membrane-ion interaction: Ca®+, H+, no direct effect
of metabolic poisons.

II. Ion-ion interaction: weak or absent
Evidence:
No indication of coupled flows. Permeabilities calculated from
tracer fluxes are nearly equal to those calculated from partial
conductances (Fromter et al. 1973).

III. Ton-solute interaction: strong
Evidence:
Reflexion coefficients for Nat+ and Cl- are significantly smaller
than 1 (between 0-5 and 0-7) (Fromter et al. 1973).

ions (and other system components such as water) which must follow the actively
transported ones, they can greatly facilitate the net flow of salt across a tissue. This
view is in complete agreement with the data which we have presented above. In
Table 1 we have shown that renal proximal tubule absorbs the major part of the
Na+ ions and practically all chloride passively and the data of Fig. 8 indicate that
these passive fluxes proceed via the paracellular shunt (i.e. the leaky junctions in the
terminal bars). It appears, therefore, that the leaky junctions facilitate — or ‘amplify’
(Diamond, 1974) — the net flow of salt across the tubular epithelium by allowing
large passive ion fluxes to accompany the active ion transports. Since rat proximal
tubule exhibits both active Nat+ and active HCOj3 absorption, it is not surprising
that we find two ions (Na+t and Cl-) to be passively transported along the junctions.
In steadily shrinking droplets of HCO3 Ringer solution (as in the experiment of
Figs. 1 and 2 or Table 1, column 2), the driving forces for the passive fluxes (which
are eventually generated by the active transport processes) have been determined to
be a transepithelial concentration difference and an effective osmotic concentration
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(difference of reflexion coefficients between Cl- and HCO3) in the case of chloride;
and a small electrical potential difference together with an effective osmotic con-
centration difference in the case of Na* ions (for details see Fromter et al. 1973;
Fromter, 1974).

The cell membranes

While the passive transepithelial fluxes proceed along the tight junctions, the
active fluxes must proceed through the cells. This means that two membranes must
be passed in sequence and raises the possibility of an active transport step being
located either in the luminal or in the peritubular cell membranes, or in both. In the
following discussion of the active transport processes, we must therefore consider
not only the possible transport mechanisms but first of all differentiate between
luminal and peritubular location of the individual transport steps.

Active Nat transport

The localization of the active Nat transport step is rather straightforward. Know-
ing that the Na+* concentration inside the cell is smaller than outside (Bauer, Bauer,
Deneke & Thurau, 1977), the potential profile of Fig. 7 tells us that the Na* ions
encounter a favourable electrochemical potential gradient at the brush-border
membrane (which might drive Nat passively from the lumen into the cell) but an
adverse electrochemical gradient at the peritubular cell membrane which must be
overcome by means of active transport. Hence we conclude that a Na* pump must
be located in the peritubular cell membrane. This conclusion is confirmed by bio-
chemical studies in which a ouabain-inhibitable Na+/K+-stimulated ATPase was
detected in microdissected basal portions of tubular cells (Schmidt & Dubach, 1971)
and in purified peritubular cell membrane preparations (Heidrich, Kinne, Kinne-
Saffran & Hannig, 1972). The properties of this pump are not yet very well defined;
however, further electrophysiological observations indicate that we are dealing with
a Na+/K+ exchange pump with an electrogenic transport component. It might thus
resemble the pump in erythrocyte membranes which was found to transport in one
cycle three Na+t ions out of and two K+ ions into the cell (Sen & Post, 1964). The
presence of a Na*/K+ exchange pump mechanism is suggested by the biochemical
characterization of the ATPase, as well as by the observation of a high K+ per-
meability of the peritubular cell membrane in cell potential measurements (concen-
tration step experiments with K+ in the peritubular space; Fromter et al. 1971),
which, as in nerve and muscle cell membranes, could provide the return path for
recycling K+ ions. The presence of an electrogenic transport component was con-
cluded from the observation (Fromter & Gessner, 1975) of a rapid cell depolarization
(half-time less than 2 sec) during rapid peritubular application of ouabain (sudden
blockage of pump current). In addition the presence of a separate volume regulatory
pump has been discussed by others (Whittembury, 1971).

The mechanisms by which the Na+* ions enter the cell at the brush-border level
will be discussed in greater detail later. It may suffice here to say that there exist
various facilitated diffusion systems by which Na* ions are transferred in tight coup-
ling with other solute species from lumen to cell. Concentration step experiments
(Fromter, 1977) suggest that the brush-border permeability for Na* ions per se
(without coupling to other solutes) is rather small.
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Active transport of bicarbonate buffer

The localization of active and passive steps in the transport of HCO3 buffer across
the cell is not as straightforward as in the case of Nat, because the intracellular
HCOj3 concentration is not yet precisely known. A recent measurement with bicar-
bonate selective micro-electrodes indicates an intracellular HCO3 concentration of
around 25 m-mole/l. (Khuri & Agulian, 1977). If this result is correct, it would
appear that HCO3 buffer has to overcome an adverse electrochemical potential
gradient at the luminal cell membrane but would be subject to a favourable gradient
at the peritubular cell membrane. From this result, we would conclude that the
buffer transport step from lumen to cell is active, while the transport step from cell
to blood could be passive.
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Fig. 10. Cell potential response to sudden removal of peritubular bicarbonate. Abscissa:
time in sec; ordinate: cell potential in mV (note zero suppression). During the duration
of the mark, HCO, -free, the peritubular capillaries were suddenly perfused with
bicarbonate-free Ringer solution (from Frémter & Sato, 1976).

This view agrees with conclusions that we had reached earlier from concentration
step experiments with bicarbonate buffer, demonstrating that the peritubular cell
membrane (but not the luminal cell membrane) had a high passive permeability for
bicarbonate buffer. A trace record of such an experiment is depicted in Fig. 10. In
this experiment, the peritubular capillaries were suddenly perfused with bicarbonate-
free Ringer solution (sudden reduction of peritubular bicarbonate concentration at
constant pH from its control value of 25 m-mole/l. to zero by means of replacing
HCO3 by Cl-, with identical results being obtained upon replacing HCO3; by SO}~
or by H,PO3~/HPO3;™). It can be seen that removing peritubular bicarbonate (but
not luminal bicarbonate) leads to a sudden strong depolarization which is followed
by a slower exponential-like return of the potential difference to near control values,
while readmission of bicarbonate produces an almost mirror image-like effect. These
results, which resemble the potential changes observed by Hodgkin & Horowicz
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(1959) upon replacing the permeable chloride by the poorly penetrating sulphate ions
in the extracellular space of frog muscle cells, indicate that the peritubular cell mem-
brane is far more permeable to HCO; than to Cl-. Indeed, plotting the initial
potential change versus the log of HCOj3 concentration (Fig. 11), we observe a slope
of 28 mV per decade, which after approximate correction for the effect of the closed-
loop equivalent circuit of proximal tubular epithelium (see Figs. 8 and 12) yields a
transference number for HCO3 buffer of the order of 0-62. The slow secondary
potential changes in Fig. 10 we interpret, in analogy to the experiments of Hodgkin
& Horowicz (1959) as reflecting the attainment of new intracellular steady-state
concentrations following the increased outflux into the bicarbonate-free extracellular
space.
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Fig. 11. Instantaneous cell potential deflexion as function of peritubular HCO,~
concentration. Abscissa: HCO;~ concentration of peritubular perfusate in logarith-
mic scale; ordinate: potential change in mV, depolarization upwards. Depicted are
the initial potential changes observed in experiments similar to that in Fig. 10, except
that the peritubular perfusate contained 125 or 50 m-mole/l. bicarbonate respectively
(Fréomter & Sato, 1976).

With regard to the mechanism of bicarbonate buffer transport, it is quite certain
that — at least as far as the active transport step across the brush-border is concerned
— the bicarbonate ions do not move as such, but are split into CO, and OH-, with
OH- (or in opposite direction H+) being the actively transported buffer component
and CO, and /or H,CO, diffusing passively. The earliest indication of such a mechan-
ism derived from the observation that inhibitors of carbonic anhydrase, such as
sulphanilamide, reduced bicarbonate absorption in the kidney possibly by reducing
the enzymically catalysed generation of CO, from HCOj3 (Pitts & Alexander, 1945).
Further evidence supporting H+ secretion as the active step in buffer transport was
obtained by intratubular pH measurements, showing that during carbonic anhydrase
inhibition, an acid disequilibrium pH developed in the tubular lumen (Rector,
Carter & Seldin, 1965; Vieira & Malnic, 1968). This observation indicated that H+
ions were secreted so rapidly into the lumen that the second step in the reaction

H*+HCO3; = H,CO, = CO,+H,0
could not reach its equilibrium inside the tubule since the H+ concentration measured
in the tubule was higher than that calculated from the Henderson-Hasselbalch
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equation for the prevailing HCO;~ concentration, assuming tubular CO, pressure to
equal arterial CO, (for more detailed discussion and alternative interpretations see
Rector, 1973; Brodsky & Schilb, 1974; Malnic & Steinmetz, 1976). A third, com-
pletely independent, piece of evidence in support of H+ secretion being the active
step in buffer transport derives from the observation that chemically quite different
buffers, provided they are lipid-soluble (such as glycodiazine, sulphamerazine or
butyrate), can completely substitute for bicarbonate in yielding similar rates of net
buffer transport and fluid absorption (Ullrich, Radtke & Rumrich, 1971) as well as
generating the same active transport potentials (E. Fromter, unpublished).

The question of how the active H+ secretion in the brush-border membrane is
achieved is presently more difficult to answer. It seems as if there are two different
systems working in parallel: (1) Several pieces of evidence point to the presence (at
least in early loops) of primary-active H* ion secretion that is directly driven by
metabolic energy (‘H+ pump’). The evidence favouring this mechanism comes from
the active transport potential measurements described on p. 8; from the observation
that the zero netflux concentration differences of buffers, unlike those of other sub-
stances (sugars, amino acids), are not dissipated when active Nat transport is
blocked by ouabain (Ullrich, Capasso, Rumrich, Papavassiliou & Kloss, 1977); from
bicarbonate flux measurements in isolated proximal tubules of rabbit, which were
bathed in Na-free media (McKinney & Burg, 1977); and from the identification of a
HCO;—-stimulated ATPase in purified brush-border membrane fractions of rat kidney
(Kinne-Saffran & Kinne, 1974a). (2) On the other hand, there exists in the brush-
border membrane a Nat/H+* countertransport mechanism (Murer, Hopfer & Kinne,
1976), by means of which Na+ ions, when entering along the electrochemical gradient
from the lumen into the cell, expel simultaneously H+ ions from the cell into the
lumen. The energy for this ‘uphill’ movement of the H+ ions from the electro-
negative cytoplasm of pH ~ 7-4 (Struyvenberg, Morrison & Relman, 1968; Khuri &
Agulian, 1977) into the tubular lumen of pH 6-8 (Gottschalk, Lassiter & Mylle, 1960;
Rector et al. 1965; Vieira & Malnic, 1968) is derived from the energy stored in the
Nat* ion gradient across the brush-border membrane which in turn is due to the
operation of the active Na* pump in the peritubular cell membrane.

With regard to the mechanism of the buffer exit from the cell into the interstitial
space, which is thought to be passive, our knowledge is less well established. We
know that the buffer can move independently (without coupling to other ions); and
we know that the permeation appears to be affected by blockers of carbonic anhydrase
(Fromter & Sato, 1976), as well as by the stilbene derivative SITS (I. SamarZija &
E. Fromter, unpublished observations) which blocks anion permeation sites in other
membranes (Cabantchik & Rothstein, 1972). However, whether the bicarbonate ions
move as such or whether they are split into OH— and CO, is not yet fully established.

Active transport of Ca?t tons

Ca transport was not studied with electrophysiological techniques. However,
micropuncture experiments utilizing the Cl- distribution ratio between tubular
lumen and peritubular fluid as indicator of the transepithelial potential difference
have shown that a considerable part of the net Ca?+ absorption is active (Ullrich,
Rumrich & Klo6ss, 1976); and biochemical experiments have shown a calcium-
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stimulated ATPase to be present in the peritubular cell membrane (Kinne-Saffran &
Kinne, 1974b). Furthermore, an ATP-driven Ca?+ uptake was observed in reversed
cell membrane vesicles of the basolateral cell membrane together with a Nat/Ca?+
exchange mechanism (Gmaj, Murer & Kinne, 1977). It would appear, therefore, that
as in the case of H+ transport (across the brush-border) there exist in the peritubular
cell membrane two active calcium transport systems which operate in parallel: one
driven by ATP directly and one driven by the Nat ion gradient (countertransport of
Ca®* from cell to peritubular space by Na+ ions leaking back from the peritubulas
space into the cell).

Secopdary active transport of various solutes

While active sodium transport is driven by a ‘pump’ mechanism utilizing
energy from ATP directly and similar ‘pumps’ (ATPases) seem to exist for Ca2+
absorption and H+* secretion/HCO73 absorption, there are numerous other substances
for which transport was classified as active above (compare Table 2) but for which
ATPases or comparable ‘pump’ devices have not been detected biochemically. This
is actually not surprising, since we should note that in a black box approach, the
classification, of a flux as active does not imply, of necessity, that this flux is driven
in a sort of ‘pump’ directly by metabolic energy. Alternatively an apparently active
flux of a component 7, as determined in a black box approach, can be achieved by
local passive flux coupling of the component ¢ with another component j, which itself
is undergoing active transport. In this case we speak of ‘secondary active transport’
(for definition see Fromter, 1978). The recognition of a flux as secondary-active is
not simple and is ultimately only possible with information from inside the membrane
system. Substitution experiments — investigating, for example, the flux of a com-
ponent ¢ in the presence or absence of a component j that undergoes primary active
transport (such as sodium) — although suggestive — are never completely conclusive;
nor are inhibitor experiments in which, for example, the flux behaviour of a sub-
stance ¢ is studied while the active transport of other components j is selectively
inhibited. The limitations of these approaches are discussed elsewhere (Fromter,
1978). In two examples described above, H* secretion and Ca?* absorption, we have
already seen that local passive flux coupling can contribute to the over-all active
flux. In the following we will discuss the transport of further components, for which
local passive coupling with actively transported Na* ions is the only means by which
these substances are actively moved across the epithelium.

Sugar transport

While it has been known for many years that the kidney can absorb p-glucose
against considerable urine-plasma concentration gradients, the localization along the
nephron and the active nature of this transport was clearly established only some 10
years ago (Deetjen & Boylan, 1968; Loeschke, Baumann, Renschler & Ullrich, 1969).
Since then, it has been observed that the active sugar transport depends on the
presence of Na+ in the test solutions (Ullrich, Rumrich & Kléss, 1974a) which
suggested that this might be achieved by means of local passive coupling of glucose
with the actively transported Nat* jons, as postulated by Crane (1962) for glucose
absorption from small intestine. Biochemical studies with vesicles from brush-border
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cell membrane and from basolateral cell membranes (Aronson & Sacktor, 1974;
Kinne et al. 1975), as well as electrophysiological studies (Maruyama & Hoshi, 1972;
Fromter, 1977), have now confirmed this concept and have identified the individual
transport steps. In the following I want to present some details of our electro-
physiological analysis of sugar and amino acid transport.

The tubular absorption of D-glucose is associated with three major electrical
events, which can be readily demonstrated in combined microperfusion and micro-
electrode measurements: (1) As shown in Fig. 12, right-hand side, stepping up
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Fig. 12. Electrical response to luminal perfusion with glucose. Left panel: transepithelial
potential; right panel: peritubular cell membrane potential. Abscissae: titme as indi-
cated; ordinates: potential difference in mV. During the mark G, the luminal per-
fusion was switched from HCO,~ Ringer solution to the same solution but containing
in addition 6 m-mole/l. of p-glucose. The circuit diagram in the centre illustrates that
the polarity of the potential changes conforms to what could be expected if glucose
induced a Na* ion current from lumen to cell.

suddenly the glucose concentration in the luminal perfusate (from zero to 5 m-mole/1.)
leads to a sudden drop of the cell membrane potential (recorded across the peri-
tubular cell membrane) from approximately 60 to 40 mV, which is complete within
200 msec or less (Fromter, 1977) and is followed by a slower phase of further de-
polarization by another ~5mV until, approximately 20 sec later, a new steady
potential level is obtained. (2) As shown on the left-hand side of Fig. 12, when
recording transepithelially, we find that the lumen potential shifts suddenly by up
to 2mV in a lumen-negative direction. This potential shift occurs simultaneously
with the rapid cell depolarization and is followed by a small recline of the potential,
which exhibits the same time course as the secondary slow depolarization of the cell.
(3) Not shown in Fig. 12 is a sudden drop of the luminal cell membrane resistance
which occurs during the luminal exposure to glucose, all changes being completely
reversible.

As depicted in the equivalent circuit diagram of Fig. 12 the polarity of the potential
changes conforms to what one would expect, if they were caused by a positive ion
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current from lumen to cell (suggestive of Na* ion and glucose cotransport across the
brush-border membrane) and subsequent propagation in the closed loop equivalent
circuit of the epithelium. To test this hypothesis, we have measured the trans-
epithelial and cell membrane potentials and their initial displacements in response
to glucose as well as the transepithelial resistance and the voltage divider ratio
(Fromter et al. 1971) before and during luminal glucose perfusion and have analysed
the data according to the equivalent circuits of Figs. 134 and B. In these circuits
R,, R, and R, and Ay and Ay represent the resistances and zero current potentials
of the luminal and peritubular cell membranes and of the shunt, respectively in the
control state (the zero current potential of the shunt being negligible under sym-
metrical perfusion conditions) with the measured membrane potentials being (for
derivation see Fromter & Gebler, 1977)

_ (Bo+ R)AYR— RAYS

A = R,+ R, + R, ’
AY, = (By+ B)AY3— RyAys
R,+ Ry+ R, ’
_ RBy(AY2+AYR)
A= 3B TR )
A A
R, R, Ry
Ay Ay? Ay
R, % R% I
(o b————oC
Ay, =4y}
Ry Ry
B B

Fig. 13. Equivalent circuits to describe the glucose induced potential changes (initial
rapid phase) quantitatively. A: lumen; B: interstitium; C: cell. For details see text.

If glucose enables Na+ to flow into the cell via a common carrier, this process should
be represented by an extra pathway R, in the luminal cell membrane with the
driving force Ayg (see Fig. 13 B). Hence we obtain for the measured membrane
potentials (initial phase)
Ay, - Bot BRAVR+ RAYE) — RURAVE
& B Ry+ (R, + R)(Ry+ Ry) ’
Ay, = {ByRg+ (R, + Ry) RIAYS — Ry(RAY2+ R, A;lr”)
R,R,+ (R, + Ry)(Ry,+ Ry)
Ay, = R{RAYS+ RAYS+ (Ry+ Rp)AYS)} (5)
* B.Ry+ (By+ Ry)(Ry+ By)
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From this analysis we have been able to conclude that the Nat ion current from
lumen to cell accounts for > 859, of the initial potential change measured trans-
epithelially (hence, knowing the transepithelial potential change and the trans-
epithelial conductance, we can directly calculate the current flow associated with the
Nat-glucose cotransport across the brush-border), the remainder of the initial
potential change reflecting a readjustment of the circular current flow from Ay and
Ay$ in response to the resistance change in the closed loop equivalent circuit.

The present quantitative treatment is restricted to the rapid initial potential changes, because
the slow secondary potential changes cannot be properly analysed with the presently available
techniques. The secondary potential changes reflect the attainment of a new steady state with
changing intracellular ion and solute concentrations which eventually lead to changes of Ay
and AYg, and possibly R, and R,.

Furthermore, we have been able to calculate R, (for example, 3 m-mole/l. glucose
lowers the resistance of the Nat-glucose cotransport pathway from the assumed
infinite value in glucose-free solution to ~ 1200 Q cm? of epithelial surface); and we
have been able to estimate the driving force Ayg behind the cotransport system,
which under conditions approaching zero glucose concentration difference across the
brush-border membrane yields a value that is compatible with estimates of the
electrochemical potential difference for Na+ ions across the brush-border membrane.
Finally, a comparison of the active glucose transport as measured in rat kidney
tubules (Loeschke & Baumann, 1969) with the glucose induced change of short
circuit current (Fromter, 1974) suggests that each glucose molecule is transported
with one ionic charge, and hence that the glucose-Na+t coupling ratio of the co-
transport system may be 1. This analysis was also supplemented by experiments in
which the driving forces of the Na*-glucose cotransport system were directly studied
by looking at the dependence of the potential changes on the luminal Na+ concentra-
tion and on the cell membrane potential and investigating the concentration depen-
dence of the potential response to glucose and to other sugars, as well as to inhibition
by phlorrhizin.

All data obtained thus far support the concept that the active transepithelial
glucose flux is achieved by means of a passive Na*-glucose flux coupling (cotransport)
system situated in the brush-border membrane, which transfers glucose at the
expense of energy derived from the Na* ion gradient across the brush-border into
the cell. As a consequence, the intracellular glucose concentration will rise above the
plasma level (in agreement with observations by Tune & Burg (1971)) until in
the steady state, the passive glucose efflux to the peritubular space just equals the
Nat-coupled glucose uptake from the lumen. From experiments with membrane
vesicles, we know that the glucose efflux from the cell proceeds via a facilitated
diffusion system in the peritubular cell membrane (Kinne et al. 1975), which is
similar to that in erythrozyte membranes but differs from the transport system in
the luminal cell membrane by exhibiting no coupling with Na* ions and having a
different selectivity pattern for hexoses.

Transport of amino acids

The tubular absorption of L-amino acids follows the same principles that were
described above for p-glucose (Ullrich, Rumrich & Kloss, 1974b; Evers, Murer &



24 E. FROMTER

Kinne, 1976). All groups of amino acids studied thus far (neutral, basic and acidic)
yield electrical phenomena qualitatively similar to those with D-glucose (see Fig. 14).
This observation is particularly interesting in the case of the acidic amino acids
aspartate and glutamate, which are negatively charged implying that more than one
positive ion (possibly Na+t plus H+ or Nat+ plus K+ rather than two Na* as indicated
by our preliminary observations) must be transported together with one amino acid
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Fig. 14. Cell potential responses to luminal perfusion of various amino acids. Sections
from trace records obtained in different rats. Abscissa: time as indicated by bar;
ordinate: peritubular cell membrane potential in mV. The amino acids were applied
during the respective marks in the lumen perfusate at & concentration of 5 m-mole/l.
(I. Samarfija & E. Frémter, unpublished).

molecule in order to yield a net positive ion current from lumen to cell. Furthermore,
the electrical potential response to all amino acids studied thus far depends on the
presence of Na+ ions in the tubular lumen (Fig. 15). These observations suggest that
all amino acids (including the positively charged Arg*, Orn+ and Lys+ which en-
counter a favourable electrical potential gradient across the brush-border membrane)
are taken up from the tubular lumen into the cell by Na+-dependent cotransport
mechanisms situated in the brush-border. The question of how many different
transport systems exist was also investigated with electrical techniques (I. Samarzija
& E. Fromter, unpublished), and a brief summary of our results is presented in
Table 4. Our conclusions agree largely with those derived from the investigation of
hereditary amino acidurias in man (Scriver, Chesney & MecInnes, 1976) and from
recent work on brush-border membrane vesicles (Sacktor, 1977).

With regard to the exit step from the cell, our knowledge is less far advanced.
While neither the neutral nor the basic amino acids produce conspicuous electrical
potential effects when applied peritubularly, a clear-cut Na+-dependent cell de-
polarization was observed during peritubular application of glutamate and aspartate.
Its magnitude was similar to that observed during luminal application of the same
amino acids. This observation suggests that glutamate and aspartate (but not
glutamine and asparagine) are taken up by Na+-dependent transport mechanisms
from the peritubular surface into the cell. A peritubular uptake mechanism for these
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amino acids was also previously postulated by Foulkes (1871) on the basis of kidney
perfusion studies.

Phosphate transport

Inorganic phosphate is also actively reabsorbed in rat kidney proximal tubule in a
Na+-dependent fashion (Baumann, de Rouffignac, Roinel, Rumrich & Ullrich, 1975);
and experiments on renal membrane vesicles have shown a sodium-phosphate
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Fig. 18. Absence of the cell potential response to L-ornithine in the absence of Nat.
Details as in Fig. 14, except that the tubule was alternately perfused with one of the
following four solutions: Na+.-HCO,~ Ringer solution (not marked), Na+-HCO,~
Ringer solution containing § m-mole/l. ornithine (mark: ORN), choline-HCO,~ Ringer
solution (mark: choline) and choline-HCO,;~ Ringer solution, containing 5 m-mole/l1.
ornithine (mark: ORN during mark choline) (I. Samarzija & E. Fromter, unpublished).

TaBLE 4. Na+-coupled transport systems for amino acids which have been identified by electrical
measurements

A Luminal cell membrane:

Ornt, Arg*, Lys*

. Asp-, Glu~

. Phe, Met, Gly, ProOH, CysSH, Pro, GluNH,
. Gly

. ProOH, Pro

B Peritubular cell membrane:
Asp-, Glu-

oUB 0o o =

Each system in order of decreasing maximal transport rate.

cotransport system to be present in brush-border membranes (Hoffmann, Thees &
Kinne, 1976). Accordingly, the luminal application of phosphate led in our experi-
ments to a cell depolarization similar to that induced by application of glucose or
amino acids. However, the depolarization was only observed in low pH solutions
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(pH 6-0) when phosphate is present in form of H,PO; and not in high pH solutions
(pH 8:2) when it is mainly present in form of HPO%~ (I. SamarZija & E. Fromter,
unpublished). This pH dependence suggests that the cotransport system must be
loaded with two Na* ions so that the coupled flow is electrogenic if phosphate bears
a single charge, but is electroneutral if it bears two negative charges. Similar
conclusions were reached in experiments with brush-border membrane vesicles
(Hoffmann et al. 1976).

Lumen
HCO;

+
H,0 + CO,= H,CO;= H'Na* Na* Amino Na* H,PO,~ Na* NaCl
’ ! Sugar acids HPO 2~

VR

H,0 + CO,= H,CO,=

-— e ——— — —

Nucleus

¥ Amino Ca**¥
acids

Interstitium

Fig. 16. Highly simplified schematic view of intra epithelial organization of solute
transport processes in rat proximal tubular epithelium. Solid straight lines indicate
active ‘pump’ fluxes, broken straight lines (-~ — ——) uncoupled passive fluxes, and
fusing lines (—>——>) cotransport systems.

CONCLUSIONS

In Fig. 16 I have tried to illustrate our conclusions with regard to the intra-
epithelial localization of transport mechanisms in mammalian proximal tubule. It
should be stressed, however, that this figure is by no means complete and contains
only some of the information that is presently available. Thus, for the sake of
simplicity all details of amino acid transport were left out and Ca?+ transport is
considered only fragmentarily (see pp. 30 and 24). Represented are: (1) the para-
cellular shunt path, which handles the main part of the transepithelial fluxes that
have been classified as passive; (2) the primary active transport mechanisms for Na+
and H+ (or respectively HCO3) and Ca?* in the peritubular and luminal cell mem-
brane, respectively; (3) some of the flux coupling mechanisms for Na+ and sugar,
Na* and amino acids, Nat and H+, Na* and HPO}/H,PO; in the luminal
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membrane (not shown is the flux coupling mechanism for Na+ and glutamate (or
aspartate) in the peritubular cell membrane); and (4) some facilitated diffusion mech-
anisms for uncoupled flow of HCOj; buffer, K+, sugars, amino acids and phosphate
in the peritubular cell membrane.

Even though we have arrived at some insight into the organization of tubular
transport mechanisms, it should be mentioned that several important aspects were
not covered. This is true for the over-all handling of K+, aspects of which are unclear
at present, as well as for the handling of Mg?+. Furthermore, we know that tubules
secrete weak acids (such as parahippurate or uric acid) and strong bases; however,
the respective transport mechanisms are not yet defined. The same holds for the
uptake of metabolites and of peptides and, most significantly, for the transport of
water. The central question of whether a considerable part of the absorbed water
flows across the paracellular shunt path, as suggested by the low reflexion coefficient
of the epithelium for Nat and Cl- (Frémter et al. 1973), cannot be answered with
certainty at present. Nevertheless, I hope to have succeeded in conveying to you
some of the knowledge which has been accumulated in the past years; and I hope, in
particular, that I have succeeded in convincing you that results from micropuncture
studies on kidney tubules are not only relevant for nephrologists but may yield
important information on the organization and mechanisms of transepithelial trans-
port in general.
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