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Summary. Transport of potassium by bulifrog chor-
oid plexus was studied using tracers and ion-selective
microelectrodes.

1) Tracers: We measured unidirectional uptakes
of **K across each surface of the plexus, efflux of
42K from loaded tissues, intracellular potassium
pools, and [*H]-ouabain binding. 2K uptake across
the brush border membrane was composed of diffu-
sional and saturable components. The saturable com-
ponent exhibited kinetics of a two-site model with
K,’s of 0.3mMm and a V,,, of 8 umol cm™2 hr™!
Ouabain inhibited uptake across the brush border
membrane with a K; of 1x10~7 m. Ethacrynic acid,
phloretin, amiloride, and low sodium concentrations
inhibited uptake, whereas bicarbonate ions increased
transport up to 100%. The rate of ouabain-sensitive
uptake across the serosal surface was only 6% of
that across the ventricular surface. The efflux of po-
tassium across the brush border membrane could ac-
count for most of the efflux from the epithelium.
Potassium was accumulated within the plexus to a
concentration in excess of 100 mm. *?K in the extra-
cellular compartments exchanged with 40-55% of the
intracellular potassium. Ouabain bound to the brush
border membrane with a K, of 8x 1077 M, a &k, of
3.8x10*mol 'min~'and a k_, of 3x 1072 min L.
Ouabain binding was blocked by cymarin and gitoxi-
gin.

2) Electrodes: Under control conditions the intra-
cellular electrical potential, E, was —45 mV and the
apparent intracellular K *-concentration, K, was
90 mm. K* ions appeared to be actively accumulated
within the epithelium. E* and K/ were followed
under three experimental conditions: (i) treating the
tissue with ouabain; (ii) varying the ventricular K*
concentration; and (iii) passing transmural currents.
It is concluded that the permeability of the ventricular
membrane to potassium (I-3x 107 ° cm sec™!) was
much greater than the permeability of the serosal

membrane and that the rate of K pumping into the
epithelium was 0.35-0.55x 107? mol c¢cm~? sec™ L.
96% of the transmural current was paracellular, and
the resistance of the serosal membrane was nine times
greater than that of the ventricular membrane. In-
creasing K;” produced Nernstian changes in £* and

¥, but the cells only depolarized by 0.13 mV for
each mV increase in the chemical potential of the
ventricular solutions.

Both types of experiments are consistent with a
model of the epithelium where the cells are predomi-
nantly K*-permeable (at the ventricular membrane)
and there is a large paracellular shunt. K is actively
transported into the cells by a brush border Na/K-
pump, only to leave the cell passively across the same
membrane. The pump, which is electrogenic, trans-
ports two K ions into the cell for every three Na
ions pumped out. There are about 10 x 10° pumps/
cell, and each pump turns over 10 times/sec. The chor-
oid epithelium behaves as predicted by the model
proposed first by Koefoed-Johnsen, V., Ussing, H.H.
(1958) Acta Physiol. Scand. 42:298.

The frog choroid plexus secretes cerebrospinal fluid
(CSF) into the ventricles of the brain from the blood
(see Wright, 19784, for a recent review). The mor-
phology of the epithelium resembles that of other
simple epithelial tissues (Fig. 1). The brush border
membranes faces the CSF in ventricles of the brain,
whereas the basolateral membranes face the serosal
(or vascular) compartment. The epithelium is com-
posed of a single layer of cuboidal cells joined togeth-
er at their apical surface by so-called tight junctions.
There is substantial evidence that the junctions repre-
sent a major pathway for the transport of small ions
(Na*, Cl~ and K *) across the epithelium. The epithe-
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Fig. 1. A drawing of the choroid plexus epithelium. The cuboidal
cells are joined at their apical surface by tight junctions (#) and
rest on a basement membrane (BM) and thin stroma (str) of con-
nective tissue rich in capillaries (cap). The surface facing the CSF
in the ventricles is called the brush border membrane (BBM) or
ventricular membrane, while that facing the serosal compartment
is the basolateral membrane (BLM) or serosal membrane. Na,
HCOj;, Cl and H,O are transported from serosa to CSF, and
there is a small net reabsorption of K from the CSF into blood

lium rests on a basement membrane and a thin stroma
of collagen fibers, fibroblasts, and blood vessels. 25—
40% of the cells in the rat choroid plexus are epithelial
cells and they occupy 65-95% of the total cell volume.
The cytoplasm of the epithelium contains a large,
central nucleus and numerous mitochondria concen-
trated near the brush border membrane. These subcel-
lular organelles occupy 20-50% of the cell volume.

The direction of transport is backwards, i.e., fluid
transport is from blood to CSF, and the primary
driving force for fluid movement is active Na ™ trans-
port. Na* first enters the epithelium across the baso-
lateral membrane down its electrochemical potential
gradient, and then is pumped out across the ventricu-
lar membrane into the CSF.

Active Na™ transport is followed by the transport
of HCO3, Cl~ and H,O into the CSF, and this is
accompanied by a small net absorption of K* from
CSF to blood. Na/K pumps in the ventricular mem-
brane account for both Na* and K™ transport across
the plexus.

The choroid plexus and the retinal pigment epithe-
lium (Miller, Steinberg & Oakely, 1978) are unique
in that the Na* pumps are on the brush border mem-
brane; in most other epithelia the pumps are found
on the basolateral membrane (see DiBona & Mills,
1979).
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The fact that the choroid plexus Na/K pumps
are readily accessible on the brush border membrane
has allowed us to study the mechanism of active ion
transport in epithelia more closely than can be done
with such tissues as the gallbladder. The first part
of the paper describes radioactive tracer experiments.
The second part described electrophysiological experi-
ments using both potential and K *-sensitive micro-
electrodes. All electrophysiological measurements are
interpreted in terms of a computerized nonsteady-
state model (Lew, Ferreria & Moura, 1979). In the
choroid plexus the model can be made analytical by
utilizing measured values. Preliminary reports have
been presented (Wright, 1977, 1978a, b; Zeuthen &
Wright, 1978; Zeuthen, 1979).

These studies relate to the mechanism of CSF
production and the regulation of the KX ¥ concentra-
tion in the extracellular fluids of the brain. In addi-
tion, our conclusions should be of general interest
because they bear on mechanisms of active ion trans-
port in epithelia where the Na/K pumps are on the
basolateral membranes.

Part 1: Tracer Experiments
Materials and Methods

Transport Experiments

The unidirectional influx of K* across the ventricular surface of
the Bullfrog choroid plexus was measured as described previously
for anions (Wright, 19741). Each plexus was mounted in a Lucite
chamber (Fig. 1, Wright, 1974) that permitted the ventricular sur-
face of the plexus to be exposed for brief periods (0.5 to 4 min)
to a Ringer’s solution containing “’K and *H-mannitol. At the
end of the incubation period the tissue was punched from the
chamber, rinsed quickly in “cold” Ringer’s solution, dissolved
in tissue solubilizer, and assayed for radioactivity using liquid scin-
tillation counting. Mannitol was included in the test solutions as
an extracellular marker, and it completely equilibrated with the
ventricular spaced within 0.5 min (see Fig. 9, Wright, 1974). The
total serosal area of the plexus was 12-15 mm?, and when mounted
in the flux chamber the arca of the exposed surface was 6.2 mm?.
In a series of five experiments where the average weight of the
whole plexus was 4.2+ 0.2 mg, the tissue water accounted for 81 +
4% of the weight and 53+6% of the water was extracellular (see
also Wright, 1972a).

The efflux of K * from the epithelium was measured by mount-
ing the plexus in the same Lucite flux chamber. In this case the
tissue was loaded with **K from the ventricular surface of the
tissue in the absence of serosal fluid, and, after equilibration had
been reached, the rate of “?K efflux from the plexus into the
CSF was measured. This was accomplished by removing the saline
containing the *?K from the ventricular surface of the tissue, rinsing
the chamber and the surface of the tissue free of isotope, and
perfusing the CSF compartment with “*K-free saline. The volume

{ No corrections were made for the presence of unstirred layers

at the ventricular surface of the plexus, 120 pm, and so the trans-
port parameters refer to the brush border membrane and the adja-
cent unstirred layer.



T. Zeuthen and E.M. Wright: Epithelial Potassium Transpost

of the saline on the ventricular surface was 200 pl, and this was
replaced at a rate of 4 ml/min using a multichanne! perfusion pump
(Sage, Model # 375a). One channel was used to deliver saline
to the chamber via a glass micropipette, and a second channel
was used to remove saline through a micropipette at the same
rate. A fraction collector (ISCC Model # 1200) was used to collect
the effluent at 1-min intervals. At the termination of the experiment
the plexus was removed from the chamber and the remaining *2K
in the tissue was determined as described above. Each fraction
was assayed for *?K and, after correction for decay, the amount
of *?K in the tissue was estimated at 1-min intervals throughout
the experiment. The results are plotted as the log of the percentage
of the initial amount of *?K remaining in the tissue against time.
In these experiments the tissue was mounted on a Millipore filter
(0.22 um pore diameter), and the volume of the serosal fluid was
4 ml.

Tissue K*

The amount of K* in the choroid plexus was estimated using
a lithium internal standard flame photometer {Instrumentation
Laboratory Inc., Boston, Mass., Model 143). Tons were extracted
from the tissue by shaking them in 0.5 ml of 1 N HNO; for 24 hr.
Lithium chloride was added to the extract to give a final concentra-
tion of 15 mMm, and the K levels were read on the flame photometer
against standard solutions.

Quabain Binding

The binding of the cardiac glycoside to the ventricular surface
of the choroid plexus epithelium was measured using *H-ouabain
(Quinton, Wright & Tormey, 1973). Plexuses were incubated for
1-150 min in solutions containing 0.1-10 uCi/ml of 3H-ouabain
and 1x107° to 1x 10™* M ouabain. After the incubation period
the tissues were washed with ouabain free Ringer’s solution to
remove free extracellular *H-ouabain. Less than 4% of the bound
ouabain was lost per hour when tissues were incubated in ouabain-
free solutions. Each plexus was then dissolved in NCS tissue solubi-
lizer and assayed for tritium using liquid scintillation counting.

Solutions

The majority of the experiments were carried out at 22°C in a
bicarbonate Ringer’s solution containing (in mu): 85, NaCl; 2,
KCI; 1, CaCly; 1, MgSOy,; and 25, NaHCO; gassed with 5%
C0O,/95% O,. In the experiments where the K* concentration
was varied between 0.3 and 4 mm, the chloride was replaced with
isethionate in an attempt to minimize problems with changes in
the [K*] [CI7] product. Some experiments were carried out in
phosphate-buffered Ringer’s solution containing (in mm): 105.4,
NaCl; 2, KCI; 1, CaCl,; 1, MgSOy; and 2.5, NaHPO,/NaH,PO,
(pH 7.3) and gassed with 100% oxygen. In one series of experiments
NaCl was replaced completely with choline chloride, and in another
series the NaCl partially replaced with NaHCOj;. Solutions were
equilibrated with the appropriate CO,/O, gas mixture to maintain
the pH at 7.3.

Radioactive isotopes (**K, 3H-mannitol, *C-mannitol, *H-
ouabain, and '*C-sucrose) were obtained from New England Nu-
clear Corp., Boston, Mass. Radioactive samples were assayed using
a Beckman LS 250 Scintillation Counter. In double label experi-
ments the effect of spillover from “C and #?K into the *H channel
was minimized by arranging it so that the counting rate in the
*H channel was at least ten times higher than the other channels.
All samples were corrected, where appropriate, for background,
quenching, spillover, and radioactive decay. All tracer fluxes, moles
cm~? hr!, are expressed in terms of the window area of the
flux chambers (6.2 mm?),
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List of Symbols

K The apparent potassium concentration in compartment i.
Na;" The apparent sodium concentration in compartment .
Cl  The apparent chloride concentration in compartment .

v Index: ventricular compartment.
14 Index: cellular compartment.
K} Index: serosal (or blood) compartment.

P The passive permeability per unit area of epithelium of
ion k of the membrane separating compartment ; and j.

P, Total permeability of the cell to ion k.

Pk The active flux of ion & into compartment j from compart-

ment i

h Cell height or rather volume to surface ratio of cells.

¥ The coupling-ratio between active K* and Na*-fluxes
caused by a pump.

Z; Valency of ion 7.

RTJF 253 mV at room temperature.
EY  The electrical potential difference between compartment j
and i: EV=E-E,

E, The electrochemical potential of ion £.

i The current carried into the cell by ion k*.

g% The partial conductance for, in this case, K*.

J The potassium flux, e.g., J*=undirectional K* flux from

ventricle to cell.

Results

A. K" Fluxes

1) Time course of **K uptake across the ventricular
surface. In control experiments the **K influx into
the choroidal epithelium across the brush border
membrane was linear for at least 2 min and the slope
corresponds to 2.85 pmol cm ™~ 2 hr ™! (Wright, 19785,
Fig. 9). At four minutes the uptake was nonlinear,
and this is due to the increase in the specific activity
of K™ inside the cell and the resultant backflux of
isotope out of the cell, probably, across the apical
membrane. It should be noted that *H-mannitol, used
to correct for the amount of extracellular “?K in the
fluid adhering to the ventricular surface of the plexus,
reached a steady-state within 0.5 min and this
amounted to 1.5 umol/plexus, i.e., at 0.5 min the ex-
tracellular **K was about equal to that in the tissue,
but that after 2 min this decreased to less than 25%
of the total in the tissue. Since the K * diffusion coeffi-
cient is about a factor of three greater than that of
mannitol, 1.9 x 10 7% vs. 0.67 x 1073 cm ™2 sec ™!, #2K
must equilibrate with the extracellular spaces in less
than 10 sec.

In the presence of [x107*M ouabain the *’K
influx was linear for at least 4 min and the slope
corresponded to 0.44 ymol cm ™2 hr ™, ie. ouabain
produced a 85% inhibition of the K* influx (Wright,
19785, Fig. 9: see also Fig. 2 and Table 1).

Similar experiments were carried out from the vas-
cular side of the plexus, but owing to the presence
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Fig. 2. Kinetics of *?K uptake. Fluxes were obtained from 2-min
uptakes from the ventricular solution and the results, expressed
as nmol/plexus, are plotted against the potassium concentration.
In control experiments (A) the tissues were preincubated with 2 mm
K saline and they were exposed to high K concentrations only
during the flux period. Some tissues were exposed to 1x 1073 M
ouabain for the 30 sec prior to the flux determination (e), and
others were preincubated for 3 hr in K-free saline containing 1 x
1073 M ouabain at 0 °C (o). Note that exposing the tissue to oua-
bain for 30 sec or to K-free solutions and ouabain eliminated the
saturable uptake of potassium. In these experiments the K concen-
tration was varied by replacing NaCl with K.Cl. Control experi-
ments were carried out with five plexuses at each concentration
and all other data points are single experiments. In the presence
of ouabain the slope was 0.22 nmol/mM (r=0.97) and in the absence
of ouabain the slope was 0.28 nmol/mm (r=0.80) over the concen-
tration range 5-50 mM. The serosal area of the plexus was 6.2 mm”®

of nonepithelial tissue (blood vessels and connective
tissue, Fig. 1) these gave a less-than-satisfactory esti-
mate of the influx across the basolateral surface of
the epithelium. However, the rate of K™ uptake was
0.40 pmol cm ™2 hr™ !, and ouabain (1 x 10~ * M) re-
duced the rate to 0.24 umol cm ™ hr ™%, i.e., the oua-
bain-sensitive influx into the tissue across the serosal
surface was 0.16 pmol cm ~2 hr !, This rate of active
transport was less than 6% of that across the brush
border membrane. Since 2K * uptake across the sero-
sal surface must also include transport into the non-
epithelial cells of the plexus, we conclude that active
42K * transport into the epithelial cells is essentially
limited to the brush border membrane. This agrees
with *H-ouabain binding studies (Quinton et al,
1973) which show no binding to the basolateral mem-
brane of the epithelium.

2) Kinetics of K™ uptake. The rate of **K uptake
into the plexus across the brush border membrane
was first measured over a potassium concentration
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range of 2-50 mm (Fig. 2). In the control experiments
the influx consisted of both diffusional and saturable
components. However, when the tissue was either ex-
posed to ouabain (1 x 10~ 3 M) for 30 sec immediately
prior to the influx measurement or depleted of K.
and poisoned with ouabain, the saturable component
was eliminated and the influx was a linear function
of concentration over the entire concentration range.
The slopes of the diffusional fluxes in all three experi-
ments were not significantly different from each other.
Subtracting the diffusional component from the con-
trol curve yields a curve with a K, of 1.5 mm and
a Viay 8 pmol cm ™2 hr 1,

In order to avoid problems about the uncertainties
of K™ in unstirred layers (Fig. 8) a more detailed
analysis of the kinetics of K transport was conduct-
ed in the following manner. First, tissues were incu-
bated for 12 hr in K*-free saline at 0 °C to leach
out the K. The tissues were then mounted in the
flux chambers, allowed to equilibrate with K*-free
saline at 22 °C, and then exposed for 2 min on the
ventricular surface to saline containing *?K, K* and
SH-mannitol. It should be noted that in these experi-
ments the change in K* concentration due to addition
of the isotope was taken into account, and, to mini-
mize any cell swelling due to variations in the [K*]
[C17] product (see also footnote 2, p. 114), the chloride
salts in the saline were replaced with isethionate salts.
Control experiments showed no significant effect of
isethionate on the rate of K* transport.

In many cells the relationship between K * pump-
ing and K * concentration is not adequately described
by Michaelis-Menten kinetics, but by a sigmoid curve
(see Schwartz, Lindenmayer & Allen, 1975; Glynn
& Kalish, 1975). A more appropriate kinetic model
is one in which there are multiple sites for the ligands
on the carrier. For example

J

max

(1+K,/K*)y

where # is the number of binding sites on the carrier
for K. Plots of [K *]/J*" against [K *] for K™ fluxes
in the choroid plexus are shown in Fig. 3. Estimates
of J.. and K,, are obtained from the slopes of the
curves (J../™ and the intercepts on the horizontal
axis, respectively (see Garay & Garrahan, 1973). In
the case of a one-site model (n=1) the data points
at the low concentrations deviate above the regression
line, but a better fit is obtained for a two-site (n=2)
model. The regression coefficient is 0.99 for n=2,
but only 0.93 for n=1. This suggests that the choroid
plexus pump has two binding sites for K™ on the
outside of the ventricular membrane. The K,’s and
V. for the two site model are 0.3 mm and 8 pmol
cm™2 hr L.
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3) Membrane potentials and K* transport. The data
in Fig. 2 may also be used to explore the effect of
potential on the K™ transport. In control experiments
the electrical potential across the ventricular mem-
brane E™ was —47 mV with K, =2 mm (Table 5),
and when K was increased to 50 mm (Fig. 12) the
potential depolarized by about 10 mV. Brief exposure
of the plexus to 1x 107 * M ouabain also reduced the
membrane PD 10 mV (Fig. 8) and variation of the
K} under these circumstances depolarized E* by
0.13 mV for each mV change in £Y. Finally, leaching
out the intracellular K and poisoning the pump with
ouabain reduced the control PD to —10 mV (Fig. 2,
Zeuthen & Wright, 1978).

Under these experimental conditions, Fig. 2, the
passive K™ uptake, i.e., the nonsaturable component,
was independent of E* and the fluxes correspond
to a permeability coefficient of 3x 10”5 cm sec .
At a K7 concentration of 2 mM this gives a passive
uptake of 0.2 pmol cm ™ hr L. Since the passive uni-
directional flux of K" across the epithelium, J¥
amounts to 0.09 umol em~2 hr~! (Wright, 19785),
about half the passive unidirectional uptake must oc-
cur through the tight junctions and the remainder
through the brush border membrane. A passive influx
of ~0.1 pmol cm ™2 hr™! is close to that predicted
from the flux ratio equation, (J™(passive)=J":
expl(E™ — E¥)zF/RT]~0.25 pmol ecm~™2 hr™ ! since
E¥= —35mV, Ef= —9 mV (Table 5) and assum-
ing that J~J"(total) — J”(net)~2.86—-0.03~
2.83 umol cm~?* hr™'). The apparent insensitivity of
the K* permeability to the variation in [K ;] is prob-
ably due to the fact that: (i) there is virtually no
variation in the transepithelial membrane potential,
E™, as Be[Py, ~1(Wright, 19725 ; and page 114); (ii) the
high conductance of the tight junctions (pages 120 &
124); and (iii) the variation in the electrical driving
force across the brush border membrane is relatively
small, i.e., [(E*F/RT)/1 — exp(E*F/RT)] varies by less
than 2 under these experimental conditions (Katz,
1966).

4) Effects of ouabain. Figure 2 shows that ouabain
produces a dramatic reduction in the K™ inftux. Full
inhibition of transport occurred at 5x 107 M and
1x1077 M caused 50% inhibition (Wright, 19785,
Fig. 11). This dose-response curve is very similar to
that obtained earlier for active anion transport
(Wright, 1978¢; Fig. 3), the plexus Na/K ATPase
(Wright, 19785, Fig. 7), and *H-ouabain binding
(Fig. 5).

5) Effects of other drugs on K transport. Phloretin
and ethacrynic acid are known to inhibit both Na/K-
ATPase and Na/K pumps in a variety of cells and
tissues (e.g., Robinson, 1969; Hase, Kobashi & Ko-
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Fig. 3. The K influx across the ventricular surface of the choroid
plexus as a function of K concentration, In these experiments
the tissues were preincubated for 12 hr in K-free saline at 0 °C.
The K influx (nmol/plexus/2 min) was measured at 22 °C at K
concentrations ranging from 0.4 to 4.0 mM. NaCl in the saline
was replaced with Na isethionate, and the K concentration was
varied by adding K isethionate. Each point was the mean of three
estimates and standard errors are indicated when the errors are
larger than the points. The fluxes (J*) were plotted as (K)/J'/"
against the potassium concentration (K), where » is the number
of sites on a transport carrier. Regression lines are fitted for n=1
and n=2; and the regression coefficients were 0.93 and 0.99, respec-
tively. It can be seen for n=1 that the data points for the lower
K concentrations deviate upwards from the regression line, but
this is largely eliminated in the case of the n=2 plot. The serosal
area of the plexus was 6.2 mm?

bayashi, 1973). In the plexus both of these drugs in-
hibit active K transport to about the same degree
as ouabain (Table 1). Ouabain and ethacrynic acid
together inhibit the K influx to a greater degree
than either alone, about 98%. The passive unidirec-
tional K* fluxes across the epithelium, 0.09 pmol
cm ™2 hr~* (Wright, 19785), and the passive influx
across the ventricular surface of the epithelium in
the presence of ouabain and ethacrynic acid,
0.07 pmol cm™? hr ™! (Table 1) are indistinguishable.

Amiloride, a blocker of sodium channels in some
epithelia, reduces the K~ influx 27%, and 1 mM ATP
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Table 1. Effect of drugs on K transport across the apical membrane

Flux % Change

(umol cm ™% hr™ 1)
Control 2.86+0.21 (7) —
Ouabain (7x 1076 m) 0.47+0.08 (6) —84%
Phloretin (5 x 10~ ) 0.47+0.14 (4 —83%
Ethacrynic acid (1 x 1073 M)  0.80+0.09 (5) —72%
Ethacrynic acid 4+ ouabain 0.07+0.03 (2) —98%
Amiloride (1.x 10™% m) 2.10+0.23 (3) —27%"
ATP (1 x 1073 M) 4.13+9.53 (5) +45%?

All experiments were carried out in HCOj saline as described
in the text. Drugs were added to the saline to give the final concen-
trations indicated, and the % change in flux is indicated.

a

Both effects are statistically significant at the 5% level.

Table 2. Effect of ions on K transport across the apical membrane

Flux % Change
(umol em™2 h™ 1)

Control 2.02+0.55 (3) -
Choline C1 0.69+0.04 (3) ~66%
Control 1.4940.16 (17) -
HCO, 2.70+0.24 (13) +81%

All experiments were carried out in phosphate saline. In the first
series choline Cl replaced NaCl on a mole for mole basis, and
in the second a HCO; concentration of 25 mm was obtained by
substituting NaHCO; for NaCl. All experiments were carried out
at pH 7.3.

stimulates the flux 45%. The origin of these latter
effects is not clear.

6) The effect of other ions on the K influx. The effect
of HCO;3 and Na™ on the active transport of K
across the apical membrane is given in Table 2.
HCOj3 at a concentration of 25 mM doubles the rate
of K¥ pumping, and this is consistent with earlier
reports (Wright, 1977). The K, for bicarbonate was
7.5 mM, and other lipid soluble buffers, e.g., glycodia-
zine, were able to mimic the HCOj3 effect. This has
been explained in terms of a model where the Na/K
pump rate is limited by the influx of Na™ into the
epithelium across the basolateral membrane. Na*
enters across the basolateral membrane in exchange
for HY, and H™ is generated within the epithelium
by the dissociation of weak acids such as H,COj;
that are able to enter the cell through non-ionic diffu-
sion.

Preincubation of the plexus in sodium-free
Ringer’s solution (choline™ substituted for Na ™) for
1 hr reduced the K* flux 66%. This suggests that
intracellular sodium is required for normal operation
of the K* pump, i.c., the Na* and K* pumps are
coupled.
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7) **K efflux across the ventricular membrane. Experi-
ments were carried out to measure the efflux of 42K
from the epithelium (J¥) by loading the tissue with
isotope and then monitoring the washout of *?K into
the ventricular compartment. The experiments were
performed under similar conditions to those with K-
sensitive microelectrodes (Fig. 9). The protocol was
designed to minimize two potential problems, i.c.,
the influence of nonepithelial cells in the tissue; and
recycling of 2K across the brush border by the Na/K
pump.

In the rat choroid plexus only 25-40% of the total number
of cells in the tissue are epithelial cells (Quay, 1966). The nonepithe-
lial cells include fibroblasts, endothelia, and erythrocytes which
all face the serosal side of the epithelium (Fig. 1). To reduce the
nonepithelial K* compartment, the serosal face of the plexus was
exposed to 1x 10™* M ouabain for 60 min prior to loading. This
reduced tissue K * by 50-60% (see below), but did not effect active
transepithelial transport (Wright, 19725, 1974). Autoradiographic
studies (Quinton et al., 1973) show no *H-ouabain binding to the
basolateral membrane of the epithelium.

To reduce recycling of “*K across the brush border during
the washout experiments, the ventricular face of the epithelium
was exposed for 30 sec to 1 x 107* M ouabain. The treatment abol-
ished the active K™ influx into the epithelium across the brush
border membrane (see Fig. 2).

In the experiment shown in Fig. 4 the plexus was
first mounted in the flux chamber and the serosal
face of the tissue was exposed to 1 x 10”* M ouabain
for 60 min. The epithelium was then loaded with “*K
from the ventricular surface by exposing the plexus
to saline containing 2 mm K and #*K for 1 hr. The
“hot” ventricular solution was then removed and
the surface of the epithelium was washed with saline
containing 1 x 10™* M ouabain for 30 sec. 200 ul of
saline was placed in the ventricular compartment and
this was perfused at a rate of 4 mi/min. Fractions
of the effluent were collected at 1-min intervals, and
at the termination of the experiment the plexus was
removed from the chamber and was assayed for *?K.
The efflux was plotted as the log of the percentage
of the initial counts remaining in the tissue against
time.

The washout consisted of two phases — a fast and
a slow exponential curve (Fig. 4). The fast exponential
curve (B) was obtained by subtracting the slow expo-
nential (4) from the total curve. The half times for
the efflux curves were 3.5 and 19 min. In three experi-
menis the rate constants for the fast phase was
0.197 +0.046 min~ ! and for the slow phase 0.037 +
0.004 min~ 2.

Microelecirode experiments (Fig. 9) show that
ouabain produces a two-phase drop in the intracellu-
lar K* activity in the choroidal epithelium. The half
time for the fast phase was 2 min and for the slow
phase 25 min. This suggests that the fast phase of
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Fig. 4. The efflux of *’K from the choroidal epithelium. The plexus
was mounted in the flux chamber and then loaded with *?K from
the ventricular solution. The isotope was removed from the surface
of the tissue and the plexus was exposed to 1x10™* M ouabain
for 30 sec. The ventricular solution was perfused at a rate of 4 ml/
min and samples were collected at 1-min intervals. The results
were plotted as the log of the % of the initial counts remaining
in the tissue against time. The washout curve consisted of two
phases — a fast and a slow phase. The fast phase (B) was obtained
by subtracting the slow curve (4) from the total curve

the “’K washout from the epithelium is due to the
loss of cytoplasmic K © across the brush border mem-
brane. The origin of the slow component (Figs. 4 and
9) is unclear, but it may be related to a slow efflux
of noncytoplasmic K * (e.g., mitochondrial and/or nu-
clear) into the cytoplasm.

The fraction of “?K in the fast and slow intracellu-
lar compartments of the epithelium in the loaded
tissue may be estimated from the zero time intercepts
of the efflux curves (4 and B, Fig. 4) as described
by Huxley (1960). The intercepts and the rate con-
stants predict that 60% of the “?K is in the fast
compartment, i.e., 0.6 x 15 x 10~° moles/plexus =9 x
10~ ° moles (see Table 3). The K* unidirectional ef-
flux from the rapidly exchanging epithelial compart-
ment into the CSF can be estimated from the rate
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constant and the amount of potassium in the pool,
ie.,

V-0

J :kfasl : T

where Jis the unidirectional efflux, kg, is the rate
constant for the fast efflux, V is the volume of the
pool, C is the concentration of K in the pool and
A the area of the chamber window. Since V- C=9 x
107° moles and k;,=0.197 min~!, the efflux
amounts to 1.7 pmol cm ™ hr~*. This value is close
to that predicted from the net K * flux (J*' 0.03 pmol
cm”? hr™ ') and the unidirectional K™ uptake from
the CSF (J*=2.85 umol em ™% hr™Y), i.e., J¥=J*—
Jot=2.82 umol cm ™2 hr~!.

B. Sodium and Potassium Contents

Plexuses incubated for 2!/, hr in the HCO; saline
contained 2.4+0.2(5) x 10~ 7and 2.6 +0.3(5) x 107
moles of sodium and potassium, respectively (Wright,
1978 b, Fig. 8). Using estimates of tissue water (81+4
(5)% of the wet wt) and the mannitol spaces (53+6
(5)% of the total water), these amounts yielded intra-
cellular Na and X concentrations of 17 and 154 meq/
liter.

In five experiments the steady-state specific activi-
ty of “K in the choroid plexus was determined. The
plexuses were incubated in HCOj3 saline containing
*2K for 2'/, hr, and at the end of the experiment
the amount of K in each tissue was estimated by
flame photometry and by the *?K content. The chemi-
cal determinations gave a value of 2.6+0.2x 1077
moles and the *?K content gave a value of 1.0+0.1 x
10~ 7 moles, i.e., the specific activity of 2K in the
tissue at the steady-state was only 40% of that in
the incubation medium. One other series of five simi-
lar experiments gave an intracellular specific activity
55% of the external solution. The results suggest that
only 40-55% of the total K* in the tissue exchange
with the external solutions. Similar observations have
been reported for the intestine and urinary bladder
(Nellans & Schultz, 1976; Robinson & Macknight,
1976).

The exchange of *2K between the CSF and the
plexus and the blood and the plexus was determined
by mounting tissues in the flux chamber and exposing
the tissue to **K in the CSF and/or the serosal com-
partments. Table 3 shows that ~25% of the *2K
space is accessible from the blood and ~75% from
the CSF. Ouabain in the blood reduces the *°K in
the tissue by ~60% and ouabain in both the blood
and CSF reduced the “*K by ~90%. These results
suggest that (i) about 40% of the **K pool in the
total plexus, 15 x 19~? moles, is within the epithelium,
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Table 3. Distribution of intracellular **K in the choroid plexus

42K (% 1072 moles/plexus)

“?K in blood  *’K in CSF 42K in CSF
and blood
9.3 29.0 49.3
No ouabain (28%) (61%) (100%)
13.6 20.3 32.1
Ouabain 1.2 14.3 10.7
in serosal 1.6 (3%) 8.0 (23%) (38%)
fluid 0.9 5.8 18.9
Ouabain in 3.7
ventricular and — —~ (9%)
serosal fluids 3.5

Tissues were mounted in the flux chamber (area 6.2 mm?) and
42K, *H-mannitol, and ouabain were present in the CSF and/or
blood compartments as indicated. The saline was buffered with
bicarbonate and the tissues were incubated for 2!/, hr. The amount
of intracellular “?K in the tissue was estimated at the end of the
experimenis from the “?K content and the *H-mannitol spaces.
Each number refers to a single tissue, and the number in parenthesis
the mean value for each experimental condition expressed as a
percentage of the total **K in the tissue in the control experiment.

and (ii) the permeability of the basolateral surface
of the epithelium is significantly less than the perme-
ability of the ventricular membrane.

C. Ouabain Binding

Binding of ouabain to Na/K ATPases follows the
mass law equation where the association reaction fol-
lows second-order kinetics and the dissociation reac-
tion follows first-order kinetics, i.e.,

ky

O+E OE

k-y
where O, E and OE represent ouabain, the enzyme,
and the ouabain-enzyme complex, respectively, and &
and k_, are the association and dissociation rate
constants. In the steady-state the amount of ouabain
bound to the enzyme (B) is given by the expression

_ Bmax[OJ
5=101+x,

where B, is the maximum bound, [O] is the oua-
bain concentration and K,, is the ouabain concen-
tration that produces 0.5B,,,. The K, is also de-
scribed by the ratio of the dissociation and asso-
ciation rate constants (K, =k_,/k;). The time course
of ouabain binding at any given concentration is
given by B,/B=(1 —exp—kt) where B, is the amount
bound at time ¢ and k is a rate constant related to k,
and k_, by the expression k=k,;[O]+k_,. The asso-
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Fig. 5. Ouabain binding to the choroid plexus as a function of
ouabain concentration. The log of the amount bound per plexus
is plotted against the log of the ouabain concentration. Each point
is the mean of 5-9 estimates with the sEm indicated whenever it
is larger than the size of the symbol. The curve is given by an
equation of the type B= (B X O)/(C x K, ) witha By, of 4.5x 10~ 1
moles/plexus and a K,, of 8x 1077 m. The serosal area of the plexus
was 14 mm?*

ciation rate constant is given by the expression,
k, =A~——~Bk .
Bmax[O]

Figure 5 shows the relationship between ouabain
binding (B) and [0] over the range 1x107° to 1
x 10~ %M. The experimental points were fitted by a
curve with a B, and K,, of 4.5x 107" moles and 8
x 1077 wm, respectively. The time course of binding at
four different ouabain concentration curves is given
in Fig. 6. The half time (7%) for binding decreased
from 23min at 4x10~’M to about Imin at 1
x 107%M. A half time of 23 min corresponds to a rate
constant of 3 x 1072 min~!, and substitution of this
and the other parameter into the equation above

gives a value of 3.8 x10%* moles™'min~" for k, (k1

225%x 1011 x3x 1072 :

= 5210 T dx 10" =3.8 x10* moles™! min 1).
Using k, and K,, (8 x 1077 m), value of 3x 10~ % min~*
is obtained for k_,. The values obtained for K,,, &y,
k_, are intermediate between those reported for
human erythrocytes (Erdmann and Hasse, 1975) and
rabbit renal tubule (Shaver and Stirling, 1978) at
22-25°C (see also Harms & Wright, 1980).

Using the values estimated for the kinetics of oua-
bain binding to the choroid plexus, it is possible to
calculate the half time for ouabain binding at any
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Fig. 6. Time course of ouabain binding to the choroid plexus as
a function of concentration. The amount bound is plotted as a
percentage of the final amount bound at each concentration (see
Fig. 8). The half time (T%/,) is the time required for the plexus
to bind 50% of the final amount

other concentration. At 1 x 10~ * M the kinetic param-
eters predict a half time for ouabain binding of 10 sec.
This 18 considerably faster than that shown in Fig. 6,
but it is consistent with the observation that 1 x 10™*
ouabain climinates the electrogenic component of the
membrane potential in 7 sec (Fig. 8). Ten seconds
after applying the glycoside 2.25x 10~ ' moles of
ouabain are bound to the plexus, and this is sufficient
to block K* transport 75% (see Fig. 5 and Wright,
19785, Fig. 11).

As shown previously (Quinton et al., 1973), oua-
bain binding to the frog choroid plexus is limited
to the ventricular membrane of the epithelium, and
binding is specific as judged by the effects of K*
and Mg™ ™. To confirm the specificity, we tested the
effect of different glycosides on 3H-ouabain binding.
Plexuses were exposed to tritiated ouabain (5x
10~7 M) and to solutions containing both *H-ouabain
and 5x 107 M ouabain, cymarin, or gitoxigenin. Cy-
marin inhibited 3H-ouabain binding 94+1 (3)%;
ouabain inhibited 76 + 1 (3)%, and gitoxigenin inhib-
ited 62+ 1 (3)%. The inhibitor constants (K;’s) for
these glycosides on brain Na/K ATPases were cymar-
in 0.3 uM, ouabain 1 pM, and gitoxigenin 2 um (Wil-
son, Sivitz and Hanna, 1970), i.e. the ranking of the
effects on Na/K ATPases and *H-ouabain binding
were identical.

Part 2: Electrophysiology
Materials and Methods

Microelectrodes and Recording

The microelectrode techniques employed for recording intracellular
electrical potentials and ion activities were those described earlier
(Zeuthen, Hiam & Silver, 1974; Zeuthen, 1978, 1980). The elec-
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trodes had a double barrelled tip with a total diameter of less
than 0.3 pm. The reference barrel was pulled from a glass with
an outer diameter of 1 mm, and inner diameter 0.5 mm and con-
tained an internal fiber for easy filling. It had an impedance of
50-200 MQ when filled with 2 M KCl and measured in physiological
saline. The accompanying barrel, designed to contain the ion selec-
tive membrane, was pulled from a glass with an outer diameter
of 1.5mm and an inner diameter of 1.0 mm. When filled with
2wm KCI it had an impedance of 20-100 MQ. By choosing tubes
of different diameters for the two barrels one could minimize the
outflow of reference solution into the cell (Nelson, Ehrenfeld &
Lindeman, 1979) and maximize the signal-to-noise ratio of the
ion-selective barrel. The ion-selective barrel had a sensitivity of
50-55 mV/10-fold change in K *-activity, and response time of less
than 1 sec. If the electrodes had finer tips than described above,
the sensitivity decreased. The results are presented as apparent
concentrations; the potassium is compared directly to an external
reference solution. Thus an intracellular apparent K concentration
of 90 mm is the true concentration, if the intracellular activity
coefficients were similar to those of frog saline (about 0.76).

The intracellular electrical potential (£*) was recorded in two
ways; either with single-barrelled micropipettes (20-100 MQ) or
with the reference barrel of the double-barrelled ion-selective elec-
trodes. Using the single-barrelled electrodes, the potential was mon-
itored by means of a fast negative capacitance recorder (WPI 701,
WP Instruments, Inc., time constant of ~50 psec) and E™ was
defined as the maximum electrical potential obtained during pene-
tration. The electrical potential obtained with the reference barrel
of the double-barrelled electrodes was displayed on a chart recorder
(time constant ~0.1 sec), and E*’s obtained with double-barrelled
electrodes were defined as those potentials which were constant
within 5 mV over a period of 2-20 min.

Chamber and the Monitoring of Potentials

Choroid plexuses were mounted in an Ussing chamber with a
window area of 6.2 mm? and supported by a millipore filter as
described by Wright (1974), i.e., identical to that in Part [. The
volume of the ventricular solution was between 20 and 400 ul
and was renewed every 1-3 sec by continuous flow, The volume
of the serosal solution was about 3 ml. The reference electrodes
were Ag/AgCl which made contact with the ventricular and the
serosal solution via 2 M KCl agar bridges; the serosal bridge which
consisted of a PVC-tube of a diameter of 2 mm was placed in
contact with the millipore filter. The ventricular bridge which con-
sisted of a glass pipette of diameter 200~500 pm was placed, 100~
500 pm from the epithelium; this electrode was usually connected
to system ground.

Current was passed across the tissue between two Ag/AgCl
electrodes arranged symmetrically around the vertical axis of the
chamber. The mucosal current passing electrode was made from
a silver wire (diameter | mm) shaped into a ring of diameter of
3 mm. The electrode was placed 3 mm above the tissue. The serosal
current passing electrode was a spiral of silver wire 0.5 mm in
diameter and 30 cm long.

The distribution of electrical potential around and in the tissue
was measured by microelectrodes. The potential of the ventricular
solution E” was measured with the tip of the electrode positioned
within 50 pm of the apical membrane. The intracellular potential
E° was recorded with the tip inside the cell and the potentjal
right behind the cells (the serosal potential E®) was recorded with
the microelectrode tip positioned within 10 um of the basolateral
membrane of the epithelial cells. The ratio between the voltages
induced across the apical and serosal membrane, the voltage divider
ratio (AE°— AE°{AE*—~ AEY), as well as the transepithelial imped-
ance (AE°— E”}i) could be calculated from the electrical potentials
evoked in the tissue by a transmural current.
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Solutions

Tissues were bathed at the ventricular and the blood side by a
saline containing (in mm) 85 NaCl, 2 KCl, 1 MgSO,, 1 CaCl, and
25 NaHCOj; in equilibrium with 95% O,/5% CO,, pH 7.3. When
the K* activity was increased in the ventricular solution Na~™
was reduced to maintain isotonicity; thus if the K *-concentration
was 50 mM the NaT-concentration was 60 mm. Z The solutions were
passed via peristaltic pumps (0.4-24 ml min~!) into the ventricular
side of the chamber, which was drained by gravity. The change
of the perfusion solution was performed by a two-way syringe
switch which was connected to the chamber via a thin tube. The
dead volume between the switch and the bath was about 30 pl.

Results

Site of penetration. The choroidal epithelium is very
folded, with several rims and folds branching off the
central rim (see Nelson & Wright, 1974, plate 1). The
percentage of successful penetrations was largest on
the central rim. Furthermore, the epithelium at this
central rim was flat over an area of 100 by 300 pm
and perpendicular to the symmetry axis of the
chamber. All results were derived from this part of
the tissue and are expressed per cm? of epithelial
cells.

A. The Intracellular Electrical Potential E*

When a single-barrelled electrode was advanced
across the apical membrane the electrical potential
increasedabruptlyat a rate of about 10-30 mV msec ™ *,
plateaued at a value between —30 and —60 mV, and
subsequently depolarized. The plateau was main-
tained for between 1 msec and several minutes. In
about 10% of the recordings the potential plateaued
at about — 15 mV for about 2-4 msec before increas-
ing to the maximum plateau value. The distribution
of maximal values obtained with five single-barrelled
electrodes with impedances between 20, and 100 MQ
had a mean value of —46.1 mV+1.94 (49 cells in
three animals). The reference barrel of the double-
barrelled electrodes recorded an intracellular electri-
cal potential of —45.2 mV+2.1 (34 cells in 13 ani-
mals), using the criteria that the potential should be
constant within 5 mV over a period of at least 2 min.
In one animal the maximal potential during penetra-
tion was compared, using either a double-barrelled
electrode of an impedance of the reference barrel of
60 MQ or a single-barrelled electrode of impedance

2 QOne may argue that in order to minimize changes in cell vo-

lume when extracellular K is replaced by Na, the product of the
extracellular Cl activity- and K activity should remain constant.
This notion, however, only applies to cells where K* and Cl~
are distributed in equilibrium across the cell membrane as in mus-
cle. In epithelia K™ and Cl1~ are not in equilibrium. In electrophysi-
ological experiments we chose to reduce the period in which the
tissue was exposed to osmotic imbalances (i.e., high K,).
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50 MQ. The double-barrelled electrode recorded
—43.1mV+4.1 (13 cells) and the single-barrelled
—46.7 mV + 3.1 (25 cells); the difference between the
two numbers is not significant. Therefore, double-
barrelled electrode records a potential which is not
smaller than those recorded by the finest single-bar-
relled electrodes.

B. The Transepithelial Potential Difference
and Impedance

The transmural electrical potential difference was less
than 2 mV and was constant within 2 mV even when
K, was raised (in exchange for Na™) as high as
112 mm (Fig. 12). This is within the accuracy achieved
by the electrodes (see Materials and Methods, and
Zeuthen, 1978). These results agree with Wright
(1972 b), who found that there was no or little transep-
ithelial selectivity between Na™ and K: Py/Py,~1.

In order to determine the impedance of the epithe-
lium one must know (i) the current density at the
flat part of the epithelium and (ii) the potentials
evoked at each side of the epithelium itself.

The current crossing the flat part of the epithelium
was determined by advancing the microelectrode
through the ventricular solution towards the epitheli-
um in 50 pm steps and recording the change in the
potential evoked by the transmural current as a func-
tion of distance from the epithelium (Fig. 7). A cur-
rent density of 1.04 mA +0.09 (n=17, three animals)
cm ™2 of epithelium was obtained with a current of
200 uA across the whole tissue. The current density
was uniform within 10% over the flat part of the
epithelium.

The evoked voltage across the epithelial cell layer
was recorded as the difference between the evoked
potential measured with the microelectrode posi-
tioned immediately in front of the ventricular mem-
brane (Fig. 7) and the evoked potential recorded im-
mediately behind the epithelial cell layer. The tip of

‘the microelectrode was estimated to be positioned

béhind the cell layer when the preceding advance
(10 pm) had caused the recorded electrical potential
abruptly to return from negative to near zero values.
Ionophoretic ejection of dyes from the microelectrode
has shown that this conclusion is correct in the rabbit
intestine (T. Zeuthen, unpublished).

The impedance of the flat epithelium without its
underlying connective tissues was determined as
24 Qcm? for currents from ventricle to blood. When
the current was in the other direction, from blood
to ventricle, the measured impedance was always
larger by a factor of 1.2 (see Table 4)*. The impedance
of each epithelium was independent of the current;
current densities up to 3.21 mA per cm?. The varia-
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Fig. 7. The electrical potential evoked in the ventricular solution
by a transmurally applied current of 200 nA as a function of dis-
tance from the ventricular membrane. Initially the tip of the elec-
trode was about 300 pm from the ventricular membrane and the
transmural current was applied for 3 sec causing an evoked poten-
tial of about —10 mV. The transmural current was applied at
each step of 50 um towards the epithelium until the tip penetrated
the cell (in this particular penetration the cell depolarized fast
as a result of the penetration). From the change in evoked potential
as a function of the position, the current density into the epithelium
could be calculated as 1.04 mA cm™ 2. The scanning was performed
vertically at the flat, horizontal part of the choroidal epithelium

tion was larger between animals than within each
tissue.

The impedance of the whole tissue (epithelium
plus underlying capillaries and connective tissues) was
128 Qcm? when expressed in terms of the area of
the window between the half chambers.

C. The Relative Resistances of the Apical
and Serosal Membranes

By comparing the intracellularly evoked potentials
with those evoked at the ventricular side and the
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Table 4. Electrical parameters

Animal  E¥ R R, o« 2 Ryt
No. (mV) (Qcm?) (Qcm?) (Qcm?)
9 —43 161 — 3.1 - 109
+38 +10 - +0.68 — —
(14 (14) - (14) - -
10 47 39.0 45 4.4 5.95 159
+1.4 - - +066 +066 —
(12) 2 2) (12) © -
lla —51 144 154 103 7. 104
+2.2 — - +1.3 +0.52 -
(8 (2) @ (10) (©) -
b —49 331 46.8 9.7 7.7 -
+1.8 +5.2 +7.6 +2.2 +1.73
(14 ® (5 (41) (10) -
12 —53 4.8 5.5 25 5.6 130
D (O )] (D D -
14 —46 36.8 39.5 3.6 2.9 140
+1.7 +42 449 +054 +£0.63 -—
0] (5) 4) (12) {11 -
Average —48.1 240 30.4 9.4 5.8 128

An arrow pointing right is indicative of a current passing from
the ventricle into the serosal compartment. R,, is the impedance
of the epithelium, Ry, the impedance of the whole tissue. o is
the ratio of the resistance of the serosal membrane to the ventricular
one. E™ is the intracellular potential.

serosal side of the epithelium, the resistance of the
serosal membrane could be compared to that of the
apical membrane. For currents (1.04 mA per true cm?
of epithelium) passed from ventricle to blood (positive
direction), the serosal membrane had a resistance
which was nine times larger than that of the apical
membrane (Table 4). For currents in the negative di-
rection, the factor was six. These ratios were similar
at current densities of 2.13 mA cm 2.

D. The Intracellular Chemical Potential Ex
(KF-Activity)

The chemical potential for potassium was recorded
as 97.2mV+1.8 (34 cells in 13 animals) relative to
the chemical potential of the ventricular solution. As
K, was 2 mM the apparent concentration of K* in-
side the cells was 90 mM. If we assume an activity
coefficient of 0.76 K -activity becomes 67.5 mm.

1. The effects of cardiac glycosides. When the perfu-
sion solution was changed to one containing ouabain
(10™* m) E* began to depolarize within 3 sec (Fig. 8),
the time it takes to change the solution in the ventricu-
lar bath (see Materials and Methods). It first depolar-
ized abruptly (2.4 mV sec™ ') by 10.2+2.2 (n=15) (see
also Zeuthen & Wright, 1978) and then decreased
at a slower rate 6 mV min~! for about 10 min to
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Fig. 8. The effects of ouabain (10~*M) on the intracellular electrical potential E*, the intracellular chemical potential Ey for K *,
and on the apparent intracellular K concentration (mm). All potentials are relative to the ventricular solution. The electrode was
advanced into the cell at the first arrow. After 5 min and 30 sec ouabain was added to the ventricular solution. This caused E**
to depolarize about 10 mV and Ey to decrease linearly with time. When the electrode was removed from the cell at out an unstirred
layer was observed. It contained 5 mMm of K* adjacent to the cells and was dissipated over a distance of about 300 pm, at B. At
times 43 and 47 min two other cells were penetrated. The apparent intracellular K* concentration was now about 10 mm and decreased

much slower than immediately after ouabain application

12 mV where it remained virtually constant (Figs. 8
and 9). The chemical potential difference (Fx) began
to decrease 5.5 sec later than the onset of the change
in E¥ (Fig. 8). Eg fell linearly for the first 10 min
after the application of the ouabain, by 0.11 mV sec™!,
and a halftime of about 9 min corresponding to a
halftime in apparent concentration of 3 min (see
Fig. 9). After it had decreased from 100 to 50 m¥
(equivalent of a drop in concentration from 100 to
10 mm) it fell at a slower rate with a halftime of
about 50 min (Fig. 9).

Thus the initial abrupt depolarization in E* was
complete in about 4 sec. If one allows for the 3 sec
it took to change to the ouabain-containing perfusion
solution, the action of the ouabain on the electrical
parameter was complete in less than 7 sec. The speed
and magnitude of the response clearly indicate that
the pump is electrogenic.

The time course of the decline in Eg°and E* was
the same whether it was determined from one cell
or from multiple penetrations into separate cells. This
excludes the possibility that the rate of decline in
E” and EY is determined by an incomplete seal be-
tween the electrode and the membrane; if this was

the case E™ and E¥ determined initially in a new
penetration should be higher than those determined
just before withdrawal of the clectrode from the pre-
viously penetrated cell. In some experiments the clec-
trode was withdrawn from the ouabain poisoned
tissue and placed within 5 pm from the ventricular
cell membrane. In this case an apparent K *-concen-
tration of up to 5 mm could be observed. The concen-
tration decreased to 2 mM when the electrode was
withdrawn 300 puM into the bulk solution.

The initial rate of fall in K} in the ouabain-treated
epithelium is due to the net passive leak of K* from
the cell across a membrane or membranes with total
permeability Py. This permeability may be calculated
from the constant field equation® which expresses
the flux as the product of a permeability Py and
a driving force f*. In the poisoned tissue, the net
efflux Jx becomes:

3 The Goldman equation can be obtained from integration of

the Nernst-Planck flux equation, under the assumption of a con-
stant field in the membrane. The Goldman equation can be used
in a quasi-steady state, if we assume that the flux is constant
through the membrane.
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Fig. 9. The long-term effects of ouabain (107* M) on the intracellular electrical potential E%, the intracellular chemical potential Ex,
and on the apparent-intracellular K* concentration. Numbers compiled from five animals, each shown with an individual symbol.
Ex fell initially with a half-time of about 9 min {or a half-time for the apparent concentration of about 3 min). Apart from the initial
abrupt decrease in E*, from about —45 to —35mV, which is not shown here, £ decreased within 10 min to about —12mV and

remained virtually constant

—P-E*-F

Je=—dK}jdt -h=—X_"__".
K c/ RT

K, —K; -exp(E* F/RT) B
1 —exp(E*F/RT)

— P S 1)

With a cell height (4) of 10 pm, an initial dK /dr
of 0.46x 10 °m-s '-cm ™3, E*= —339mV, K=
20 mm and K. =90 mm, the equation yields a Py
value of 1.12x 1073 cm-s™! (expressed per cm? of
epithelial surface area). Using this estimate of Py,
and values of E* and K/ for the unpoisoned tissue,
the net passive potassium efflux, which in the steady-
state approximately equals the active influx, may be
calculated from an equation similar to Eq. (1). This
amounts to 0.41 x 1072 mol cm ™2 sec™ .

The rate at which the K *-activity decreased inside
the ouabain-poisoned cells was a function of the K*

activity of the ventricular solution: When K was
2 mwm, the initial rate of decline (dK./df) was 0.46 x
107 mol cm™ sec™ ! (corresponding to a change in
Ey of 0.11£0.038 mV sec™! sp, n=5), but when K,
was 10 mm K* the rate was 0.12x 107° mol cm™
sec (corresponding to a change in Eg of 0.023+
0.013 mV sec™* sp, n=4, which is significantly differ-
ent from the former, P<0.005). Also if K, activity
was changed from 2 to 10 mm 2 to 3 min after ouabain
had been added, the rate of K* loss from inside
the cell decreased about fourfold (Fig. 10).

2. The effects of increasing the K*-concentration in
the ventricular solution. When K} was changed to
either 5, 10, 20, or 50 mm, E* depolarized abruptly
by about 3, 7, 9.5, and 11 mV, respectively (Fig. 11).
The depolarization was complete within a time which



2mM 10 mM
- . >
99 | 100
z S
981 95 ;
W , 3
97 ' o S
>
& -30- '
o \//
W -40- |
—_
3 4
t (min)

Fig. 10. The effect of changing the ventricular K *-concentration
on the rate of the ouabain induced decrease in apparent intracellu-
lar K *concentration. At /=0 ouabain was administered to the
ventricular solution and Ex began to decrease at a rate of about
2 mV min~!. At £=3 min 20 sec the ventricular concentration was
raised to 10 mm, which caused the K * to leave the cell at a slower
rate, equivalent to a decrease in Ey of about 0.5 mV min ~*

was comparable to the time it took to change the
ventricular solution (< 3 sec). The abrupt depolariza-
tion of £ as a function of the change in ventricular
chemical potential of K* (4E*/EY) is shown in
Fig. 12. The measured slope was 0.13 which com-
pared well with the value of 0.11 derived from the
nonsteady-state model derived by Lew etal. (1979)
under the assumptions that Py is entirely located on
the ventricular membrane and Py is about ten times
larger than the Py, and P.. When K, was changed
to 112 mm, E** depolarized first abruptly and linearly
within 3 sec to —26 mV, then exponentially within
40 sec to about —9 mV. The transition from the linear
to the exponential mode of decrease was difficult to
determine more accurately than to within 5 mV.

If recordings were selected in which both the
chemical and electrical potential did not change more
than 0.5 mV min ! in the period before and after
the change in K./, it could be seen that E™ changed
to more negative values during the application of
the high K, and remained hyperpolarized after the
K, was returned to 2 mm. In such cases K,/ was
also higher after termination of the period of in-
creased K[ ; in fact EY increased by as many mV
as £ had hyperpolarized (Fig. 15).

During the period of elevated K.}, K. increased
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Fig. 11. The effect of increased ventricular K™ concentration K.
When the electrode had recorded a stable potential for about I min
K, was increased from 2 to 50 mm, the intracellular electrical
potential E* depolarized, and K. increased. When K, was re-
turned to 2 mM K decreased but at a slower rate. At different
times (indicated by arrows marked 1 to 6) the ratio between the
driving force f* across the ventricular membrane and the rate
of increase in the K * could be calculated (see Eq. (1) p. 117). The
epithelium was exposed twice to a K,/ of 50 mm, then the electrode
was withdrawn to the ventricular solution and K was increased
for a third time to 50 mM in order to (i) check the electrode,
(ii) measure the rate of change of the ventricular solution, and
(iif) measure the transmural electrical potential difference during
the exposure to asymmetrical solutions

with time. When K, was returned to 2 mm, K/
tended to return to the level it had before K, was
increased, but this happened at a slow rate compared
to the increase (Fig. 11). To treat this quantitatively,
let us first tentatively assume that the serosal mem-
brane is impermeable to K*. Then the net flux of
K™ into or out of the cell (Ji) can be expressed
as the product of a driving force f* across the ventri-
cular membrane and the permeability PY (see Eq.
(1), p. 117). For each cell J, was a linear function
of f*. For example in Fig. 11 when K, was changed
from 2 to 50 mm and back to 2 mM then Jg as a
function of the driving force f* was given by the
points numbered from 1 to 6 (see Figs. 11 and 13).
The points fell on a straight line with a slope 2.5 x
10 5cm sec ! per cm? of cells (r=0.94), Fig. 13.
On average the slope was 2.0+0.6 107 °cm sec™’
(11 cells, the average regression coefficient r==0.85).
For 7 equal to zero (no net driving force across
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Fig. 12. The abrupt depolarization in
E™ as a function of a change in K
from 2 mM to either 5, 10, 20, 50, or
112 mm. The point at 2 mm is the
average from 74 cells in 13 animals
and had a value of —45.2 mV+2.1.
All measurements are normalized
relative to this point. The line is the
line of least squares and is based on
the experimental point from the
interval 2 to 50 mm only; it had a
slope of 1.3. When K" was increased
to 112 mu the cell would depolarize
abruptly to an average of roughly
—27 mV, indicated in black, then
exponentially to about —9 mV
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Fig. 13. The flux of K" into the cells J¥ (per cm? of cells) as
a function of the driving force /* across the ventricular membrane
as defined in Eq. (1) (p. 117). The serosal membrane was assumed
to be impermeable to K *. The points marked 1 to 6 were calculated
from Fig. 11. The slope of the regression line was 2.0 x 10~ % cm
sec™! (r=0.85 on average). The black points represent measure-
ments from a cell where K. was relatively unaffected by changes
in K. When /=0, J¢ equals 0.54x 10~® mol cm ™2 sec ™

the ventricular membrane) J was 0.54 x 10~ 7 moles
cm™? sec L. If the serosal membrane is impermeable
to K* this is the rate of active K* pumping into
the cell.
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Fig. 14. The effect on the intracellular electrical potential (E¥)
and intracellular K* concentration by transmurally induced
current flow. The current density i, was 1.04 mA cm ™2, and was
applied for 1 min. It is seen that the induced hyperpolarization
(in mV) equals the increase in the chemical potential Ey, about
2mV

3. The effects of transepithelial currents. When a cur-
rent of density i; [mA cm™?] was passed across the
epithelium, K. increased when the current was passed
from the ventricular to the serosal side (Fig. 14) and
decreased when the current was reversed indicating
that gif > g%, see also Zeuthen (1981). The current
density was determined as described in the Methods
and page 115. Within the limits of K/-changes ex-
plored (roughly +30 mm) K. (and the chemical po-
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Table 5. Parameters of K * transport
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Cell E™ Ey Conc.
No. (mV) (mV) (mm)

ir (MA cm™?) Jg

(mol em ™% sec™ 'x 1071 (%)

i/ir P 8k
(cmsec 1x107%) (@ 'em™2x 1073

1 —53 102 113 312 36.7
+9.3
(6)

2 —48 93 80 0.52 433
+£147
(©)

3 —53 108 144 052 50.5
2

4 —42 105 127 0.52 61.5
+£30.8
(©)

5 —45 97 92 1.04 12.0
(n

6 —46 86 61 1.04 7.9
1

7 —45 87 63 1.04 4.2
@

8 -50 88 66 1.04 10.2
+238
3

9 —45 86 61 1.04 10.6
)

£ —47 95 90

+39 87
©®) ®

L12 6.1 5.7
+£0.26 +25 +1.2
(6) (©) ()
10.9 12.6 18.1
+4.9 +27 +5.4
(6) ) ©)
9.1 45 7.3
@ ¢2 @
9.1 5.8 14.3
+4.7 +1.4 +5.8
(6) Q) Q)
L12 2.0 1.6
0y M (1)
0.74 4.4 2.5
M iy @D
0.39 0.6 1.4
(1) M m
0.94 47 43
+0.18 +2.4 +0.37
©) 3) 3
0.98 8.8 5.1
ey oy 1)
3.8 5.5 6.7
+45 +3.6 +5.7
©®) ®) ©

ir is the current density at the flat part of the epithelium. J is the corresponding K flux into the cell and is estimated from dK./dr.
ix/ir is the ratio of current carried into the cell to the total current. PY is the permeability of the ventricular membrane synonymous
to a partial conductance gi. All numbers are +sp. The numbers in the parantheses are the number of experiments in each cell.

The lower line is the average of all cells.

tential E¥%) changed roughly linearly with the time
of current-application. Table 5 shows the results ob-
tained in nine cells (six animals). The rate of change
in K. times Faraday’s constant [ix = (dK," /dt)- F] rep-
resents the current carried by K* ions across the
ventricular membrane minus the current carried by
K™ ions across the serosal membrane. On average
this current was 4% of the total current across the
epithelium. From Eq. (1) (p. 117), the assumption that
the serosal membrane is impermeable to K*, and
the nonsteady-state model of Lew et al. (1979), P¥
and gg (the partial conductance of K* across the
ventricular membrane) could be calculated during the
passage of the current into the tissue. PY was on
average 5.5x107°cm sec ! and gx was 6.7x 1077
Q™ 'cm 2 (equivalent to an impedance of 150 Qem?).
When current was passed from the blood side into
the ventricle (negative currents) Py and gy were about
20% lower than for positive currents®.

*  This difference is probably due to polarization effects (Binds-

lev, Tormey & Wright, 1974).

4. The effects of increased K. During the exposure
of the epithelium to either elevated K (p. 117) or
to positive currents (p. 119). K. increased and E*
changed towards more negative values (in the case
of increased K, the change in E™ was superimposed
upon the initial abrupt depolarization). If we look
at only those cases where the induced changes in
EY¥ and E*™ were less than 5 mV (typically 3 mV) (see
Figs. 11 and 14), E* and K. (E¥) appeared to remain
constant (change <0.5 mV min*) after the termina-
tion of the external changes. The hyperpolarization
in £ in mV was equal to the increase in EY, Fig. 15,
which indicates that K* is the ion which has the
highest electrodiffusive permeability as compared to
other ions.

Discussion

First, we review the steady-state distribution of K ~*
within the tissue, and then discuss the evidence for
the location of the potassium pump in the epithelium.
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Fig. 15. The apparent steady-state values of E” and Ey before
and after K had been increased by either elevating K5 (broken
lines) or passing a positive current (full lines) across the epithelium.
An increase in Fy was accompanied by a numerically equal change
in E£*. Different symbois indicate different animals

Next we describe the properties of the pump in the
brush border membrane. This is followed by a discus-
sion of the mechanisms of passive K* transport
across the brush border and basolateral membranes.
Finally, we place these results into the perspective
of the intact epithelium and conclude with a statement
of the relevance of our model and to transport of
ions across other epithelia.

Distribution of K* within the Plexus

Chemical experiments (p. 111) indicate that the intra-
cellular potassium concentration in the plexus is
about 154 mMm. Using ion-specific microelectrodes
(p. 115) on the other hand gives an intracellular con-
centration of 90 mM for the epithelial cells. The dis-
crepancy between the two sets of experiments is in
part due to uncertainties about intracellular spaces
and compartmentalization of ions within the tissue.
Experiments with *?K suggest that, (i) ~40% of the
total K in the tissue is confined to the epithelium,
and (1) ~40-55% of the potassium in the plexus
is readily exchangeable with isotope in the incubation
media (see Nellans & Schultz, 1976; Robinson &
Macknight, 1976).

Both the tracer and the electrophysiological exper-
iments indicate that there are two pools of K within
the epithelium, i.e., efflux experiments (Figs. 4 and
9) show that the intracellular K. washes out in two
phases. One phase is determined by the cellular com-
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partment which was accessible to the electrode. How-
ever, there are no definite clues about the identity
of the other compartment: One possibility is the un-
stirred layer adjacent to the ventricular membrane
(Fig. 8), while another is the subcellular organelies
or stromal compartment. It should be noted that up
to 20-50% of the cellular volume is occupied by sub-
cellular organelles such as the nucleus and mitochon-
dria. In other cells there is evidence that the K~
concentration in these organelles is at least as high
as that in cytoplasm (see Moore & Morrill, 1976;
Gupta, Hall & Naftalin, 1978; Rick et al, 19784,
b). The absence of information about the K* content
and permeability of these organelies in the plexus
makes it difficult to draw more definite conclusions
about their role in the K™ compartmentalization.

Chemical analysis also indicates that the intracel-
lular Na™ concentration is 17 mm in the plexus
(Wright, 19785b), but this value must be inaccurate
in view of similar uncertainties about the compart-
mentalization of this ion. Preliminary experiments us-
ing Na™ specific electrodes yield a concentration of
8.5 mm.

Asin single cells and other epithelia the high intra-
cellular K* concentration in the plexus is accounted
for by active transport. First, the potassium electro-
chemical potential difference between the cytoplasm
and the external solutions was —95 mV, whereas the
electrical potential difference was only —47 mV (see
Table 5). Although in general this difference between
EY and E* could be due to an underestimate of the
membrane potential (Zeuthen, 1980), this does not
appear to be true in the present case since E* deter-
mined with the double-barrelled electrodes is no less
than that determined in the same tissues with high
impedance single-barrelled electrodes (p. 114). In addi-
tion, K* is not at equilibrium between the extracellu-
lar and intracellular compartments in the gallbladder
and small intestine (see Zeuthen, 1978). Second, oua-
bain, a potent inhibitor of Na/K pumps, abolished
the K concentration gradients (Figs. 8 and 9; and
Fig. 8, Wright, 197856) and the value for E¥ ap-
proached E* (Fig. 9). Finally, the intracellular accu-
mulation of potassium was abolished by incubation
of the plexus at 0 °C in K-free saline (Wright, 197885,
Fig. 8; Zeuthen & Wright, 1978, Fig. 2).

On the basis of these experiments it is concluded
that K is actively accumulated within the choroidal
epithelium against its electrochemical potential gra-
dient by a ouabain-sensitive pump.

Location of the Pump

Three sets of experiments place the pump in the brush
border membrane. (i) **K uptake: The rate of oua-
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bain-sensitive *?’K uptake into the choroid plexus
across the ventricular surface was 15 times greater
than that across the serosal surface (p. 107). (i) K-
sensitive microelectrodes: Ouabain added abruptly
(within 1-3 sec) to the ventricular solution rapidly
depolarized electrical potential £% (Fig. 8). This was
followed by a decrease in K. Only if the pump was
located at the ventricular membrane is such a fast
effect of ouabain possible. In another type of experi-
ment plexuses were depleted of K* by storage in
cold K™-free solutions (Zeuthen & Wright, 1978,
Fig. 2). The reintroduction of K* to the ventricular
solution within 1-3 sec immediately increased K[,
at a rate comparable to the normal pump rate (about
0.36x 10~ ? mol em ™2 sec™ ). (iii) *H-ouabain bind-
ing: Quinton, Wright and Tormey (1973) showed by
autoradiography that ouabain sites were restricted to
the brush border membrane of the epithelium. The
binding of ouabain to the basolateral membranes of
the epithelium and the supporting connective tissue
was not above background levels.

Mechanism of K Pumping Across
the Brush Border Membrane

Relationship to Na™. There are two arguments to link
active K7 transport across the brush border mem-
brane to active sodium secretion. The first is that
ouabain in the CSF inhibits: (i) active K* accumula-
tion (p. 109); (ii) active sodium secretion (Wright,
1972b); and Na/K-ATPase activity (Vates, Bonting
& Oppelt, 1964; Wright, 19785, Fig. 7). The second
argument is that active K accumulation requires the
presence of Na: (i) K transport is inhibited 70% when
the tissue is preincubated in saline where the sodium
is reduced to 5 mm by replacing NaCl with choline
chloride (Table 2); and (ii) the intracellular Na and
K concentrations depend on the simultaneous pres-
ence of both Na and K (Wright, 19785, Fig. §).

Kinetics of K pumping. K transport is a sigmoid
function of K concentration and the kinetic analysis
suggest the pump has two K binding sites (Fig. 3).
The K,, and V,,, for this two-site model are 0.3 mm
and 8 pmol cm ™2 hr™'. These kinetics are similar
to those observed for K uptake into red blood cells
and nerve and for K effects on the Na/K-ATPase
(see Schwartz et al., 1975).

Ouabain binding. *(H)-ouabain binding to the brush
border membrane of the plexus can be fitted to a
curve witha K,, of 8 x 1077 Mmand a Bua, 0f4.5x 10711
moles per plexus (Fig. 5). This corresponds to 1x
107! mol/mg wet wt, which was comparable to that
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obtained for rabbit renal tubules (Shaver & Stirling,
1978), and to 10 x 10° sites per cell assuming that
folding of the tissue increases the surface area by
a factor of 10 (see below). By way of contrast, there
are only about 250 sites on each human red blood
cell (e.g., Erdmann & Hasse, 1975).

QOuabain inhibition of K transport. Kinetics of ouabain
inhibition of K uptake by the plexus (Wright, 1978 4,
Fig. 11) give a K,, of 8 x 10~ 7 M, and complete inhibi-
tion of K pumping is produced by an ouabain concen-
tration of 7x 107 M.

Turnover of the K pump. Estimates of pump turnover
times can be obtained by comparing the kinetics of
ouabain inhibition of the K pump and the kinetics
of ouabain binding to the plexus. Plotting the inhibi-
tion of K transport against the amount of ouabain
bound gives a slope of 10sec™!, ie., if 1 ouabain
molecule is bound to each pump site each pump turns
over 10 sec™ ! at 22 °C. A comparable turnover time
can be estimated from the V,, for K uptake (1.7 x
107 ° moles cm ™% sec™!) and the B,,, for ouabain
binding (3.5x 1071% mol cm™?), i.e., 5sec”'. These
estimates are similar to those obtained for rabbit va-
gus nerve at 22 °C (22 sec™!) by Landowne and Rit-
chie (1970) and a variety of other cells and tissues
(50-200 sec™ 1) at 37 °C (see Harms & Wright, 1980).
The turnover rates may vary by a factor of four de-
pending on whether 1 or 2 ouabain molecules are
bound per transport site and whether 1 or 2 K ions
are transported per cycle of the pump.

The electrogeneicity of the Na/K-pump. The fact that
ouabain caused an abrupt depolarization of 10.2 mV
strongly suggest that the Na/K-pump is electrogenic.
The depolarization was complete in 5 to 10 sec which
indicates a binding as fast as that observed in axons
(Baker & Manil, 1968; Baker & Willis, 1972). The
magnitude of the depolarization is indicative of a
coupling-ratio r=1.5 between the active Na-efflux
and K *-influx mediated by the pump; it can be shown
(Zeuthen, 1981) that the maximal obtainable depolari-
zation induced by ouabain is equal to RT/F-1nr
which in the case of r=1.5 becomes 10.4 mV. In
agreement with this Fromter and Gessner (1975) ob-
served in the rat kidney tubule cells an abrupt depo-
larization of 10.6 mV +2.0 (n=14) complete in about
5 sec when ouabain was added to the peritubular per-
fusion solution, values surprisingly close to ours.

On the basis of these results and those from the
kinetic of potassium transport (see p. 108), we conclude
that three sodium ions are pumped out of the cell
for every two potassium ions pumped in.
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Permeability of Cell Membranes

Unidirectional fluxes. In the steady-state the unidirec-
tional fluxes across each cell membrane of the choroi-
dal epithelium are related to the unidirectional fluxes
across the following expressions (see Ussing & Zer-
ahn, 1951; Wright, 1974):

Jnet = JUS __ Jsv = Jue _ Jev — Jes_ jsc
and

WJUC X JCS
_qu 4 Jes

vs

and

sv

_JSC X JCU
_va+Jcs

where J™' is the net flux across the epithelium, J*
and J°* the unidirectional fluxes across the epithelium,
J* and J° the unidirectional fluxes across the basolat-
eral membranes. Superscripts v, s, and ¢ refer to the
ventricular serosal and cellular compartments, e.g.,
J¥ is the unidirectional flux from the ventricular to
the cellular compartment.

To obtain a complete description it is necessary
to take into account the magnitude of the unidirec-
tional fluxes through the shunt pathway, ie., the
fluxes that bypass the cells and then cross the epitheli-
um through the tight junctions and the lateral intercel-
lular spaces. As a working hypothesis we assume that
95% of the passive unidirectional fluxes across the
epithelium ie., 0.95x /?=0.95x0.025x 10"° mol
cm”?sec™! =0.021 x 10~ mol cm ™2 sec !, proceeds
via the shunt pathway (for justification see below).

Taking the experimental values obtained for the
potassium fluxes, i.e., J*=0.033, J*=0.025, J* 0.79
and J™®=0.021 nmol cm~? sec™ ! (Wright, 1972,
1978 b; and p. 107), the remaining unidirectional fluxes
are estimated from the above equations to be J°=
0.79, J*=0.01, J=0.002 and J"*'®=0.008 nmol
cm % sec™

A summary of the unidirectional fluxes is given
in Fig. 16 and Table 6. The most interesting conclu-
sion is that most of the K transported into the epithe-
lium by the pump in the brush border membrane
leaks back into the ventricular fluid across the same
membrane. This is consistent with the “*K washout
studies which predicts a value of 0.47 nmol cm ™2
sec ! for this efflux. A clue about the relative perme-
ability of the brush border and basolateral mem-
branes may be obtained from the ratio of the unidirec-
tional fluxes across each face of the epithelium, i.e.,
PYIPE=J,,/J.s=70 (as the driving forces, concentra-
tion gradients, and electrical potentials, are virtually
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identical across each membrane). This leads to the
conclusion that the brush border membrane is much
more permeable to potassium than the basolateral
membrane (see below). The precise ratio of the Pg’s
depends on the actual permeability of the shunt path,
since the calculated unidirectional fluxes across the
serosal membrane are quite sensitive to variations
in the fluxes through the junctions. Nevertheless, the
ratio of permeabilities are compatible with that de-
duced from the electrophysiological studies (see be-
low).

Electrophysiology. The electrophysiological experi-
ments show that the epithelial cell membrane (ventri-
cular plus serosal) has an electrodiffusive permeability
for K* which is much larger than that for other
ions: When the intracellular K *-activity was in-
creased or decreased either by passing a current trans-
epithelial or by changing K,/ (see also Zeuthen, 1981),
the intracellular electrical potential £ hyperpolarized
or depolarized by as many mV as the chemical poten-
tial (£Y) had changed (Figs. 14 and 15). Experiments
with transmural currents (p. 119) and measurements
of the voltage divider ratio o (p. 115) show that
this K *-permeability is situated predominantly at the
ventricular membrane. The conductivity of the ventri-
cular membrane was between 9-6 times more conduc-
tive than the serosal membrane. From the relation
between o, partial conductances, and permeabilities
which can be derived from expressions similar to Eq.
(1) (p. 117), it can be shown that PY must be 15—
21 times P if it is assumed that the electrodiffusive
components of the Na® and Cl~ permeabilities are
situated at the serosal membrane and assumed to
be of the order of 1/10 of the K* permeability. In
the case that they were located at the ventricular mem-
brane, which is unlikely in view of the direction of
the transepithelial NaCl transport, P{ would be only
4-6 times that of PZ

The other types of electrophysiological experiment
are also consistent with the finding of a passive elec-
trodiffusive leak for K* situated at the ventricular
membrane.

a) When K, was increased from 2 to between
5 and 50 mM, E* depolarized abruptly by 0.13 mV
for each mV increase in the chemical potential E¥
(Fig. 12). The nonsteady-state model derived by Lew
etal. (1979) predicts a 0.11 mV depolarization for
each mV increase in the chemical potential but only
under the assumptions (i) that the K permeability of
the cell was located at the ventricular membrane, (ii)
that Py > Py,, P, and (iii) that current flowing across
the serosal membrane returns to the ventricular fluid
via a leaky tight junction (see below).

b) When the rate of increase in K. is plotted wvs.
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the driving force for K* across the ventricular mem-
brane, /& (Fig. 13), a straight line is obtained. This
is what would be expected if P¥> P, and the slope
of the line would then be an estimate of the permeabil-
ity of the ventricular membrane and the intercept
of f¥=0 would indicate the magnitude of the rate
of active K™ transport. If the serosal membrane had
a significant permeability to K" (Pg), the slope of
the Jx vs. f,. plot would have been a line curving
downwards. If, for example, P{f=P{ the slope at
negative values of f would be about four times larger
than at positive values. No significant difference was
found between the slopes for negative and positive
values of f** and this suggests that P{ is insignificant
compared to Py.

¢) No unstirred layer is observed when the elec-
trode is advanced onto the ventricular membrane of
the unpoisoned tissue (Fig. 8). If the K which was
pumped into the cell from the ventricular solution
continued into the serosal compartment, then the K,
adjacent to the membrane should be lower than in
the bulk CSF.

d) From the magnitude of the unstirred layer
(120 pm, Wright, 1974), and the K concentration ob-
served at the ventricular membrane of a tissue po-
isoned with ouabain (see Fig. 8), it can be calculated
from Fick’s law, assuming a flat geometry of the
tissue, that the flux of K* away from the ventricular
unstirred layer into the bulk CSF is of the order
of4x 107° molcm ™~ 2 sec™ !. Thus the rate of decrease
of the intracellular K+ concentration 0.46 x 10~ ° m
sec”! cm ™3 can amply be explained by an efflux of
K * across the ventricular membrane alone. It should
be emphasized, however, that any comparison be-
tween these two estimates of the efflux is complicated
by the fact that the high K™ in the unstirred layer
may come partly from cells at the bottom of folds
and villi (those cells which are exposed to the ouabain
later than those on the rims) as well as cells from
the flat part of the epithelium.

e) The rate at which K* decreased in the ouabain-
poisoned tissue was influenced by the K™ concentra-
tion in the ventricular solution. With K, =10 mMm
we can calculate the expected efflux across the ventri-
cular membrane from the permeability and an intra-
cellular electrical potential. Increasing K from 2 to
10 mMm should decrease dK."/dt from 0.46 x 10~ ° mol
cm Zsec” '100.38% 107 molecm ™ 2 sec™ . However,
we observed a decrease to as low as 0.12 x 10~° mol
cm~ 2 sec™!. Thus not only does the change from
2 to 10 mm K in the ventricular solution account
for the change in the rate of efflux, but it appears
that the potassium permeability of the ventricular
membrane itself decreases by a factor of about 4 (to
0.3% 1077 cm sec 1), when exposed to both ouabain
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and high external potassium. Admittedly there could
be other explanations for this apparent decrease in
permeability, but further experiments are needed on
this point.

All the estimates of Py,
in Table 6.

% and Pg are compared

Model of the Epithelium

Although K™ is transported across the plexus from
CSF to blood, the major function of the epithelium
is to secrete fluid. Na* is actively transported from
blood to CSF at a rate of 0.28 nmol cm™? sec™?,
and this is accompanied by the net movement of Cl17,
HCOj and water into the CSF. These transport pro-
cesses occur in the absence of any significant electrical
potential difference across the plexus (see Wright,
1978a for a review). The absence of a potential is
due to the existence of a high conductance pathway
between the epithelial cells, i.e., the so-called tight
junctions of the choroid plexus are leaky to small
ions.

Evaluation of the paracellular shunts. The transepithe-
lial impedance was estimated to be 26 Q cm? when
current was passed across the tissue. The PD drop
across the epithelium was determined using two mi-
croelectrodes; one was placed in the connective tissue
just behind the epithelium (within 10 pm of the base-
ment membrane), and the other was in the ventricular
solution less than 50 pm in front of the brush border
membrane. The actual current density was obtained
by scanning the electrical field in the ventricular solu-
tion. The difference between this value as the imped-
ance of the epithelium and that reported for the entire
plexus (200 Q cm?), (Wright 1972a; see also p. 115)
is due to folding of the tissue and the resistance of
the connective tissue layer.

The quantitative significance of the shunt to the
low impedance can be assessed as follows:

a) Effect of transmural currents of K. From the rate
of increase of K} during passage of transepithelial
current the K permeability of the ventricular mem-
brane (PY) was determined as 5.5x 107 ° cm sec ™.
This is equivalent to a partial conductances g of
6.7x 107 % Q cm ™2, under the reasonable assumption
(see above) that P¥ > P¢. Making the further reason-
able assumption that Py > Py, P, (see p. 120), it seems
that the current carried across the ventricular mem-
brane is largely carried by K*. As we know this
current is 4% of the total transepithelial current (1a-
ble 5), we can conclude that the transepithelial shunt
carries 96 % of the transepithelial current. This is close
to the value obtained by Fromter (1972) for the gall-
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bladder. The agreement between the two estimates
is surprising in view of the difference in the two meth-
ods and the inaccuracies involved (see Zeuthen, 1976,
for a critical evaluation of cable analyses of epithelia).

b) Variation in membrane potential with changes in
CSF K*. Changes in CSF K * concentration depolar-
ize the membrane potential across the brush border
membrane abruptly by 0.13 mV per mV change in
¥ (see Fig. 12). On the other hand, current-induced
changes in K produce the variations in membrane
voltage expected for a K-selective membrane, i.e.,
dEY]dEY ~1 (Fig. 15). This apparent discrepancy is
accounted for by a nonsteady-state model (Zeuthen,
1981) which predicts that dE*/dEY is 0.11 mV/mV,
which is close to the observed value of 0.13 mV/mV.
Implicit in the model is the presence of a large extra-
cellular shunt to carry current around the cell.

c) Effect of membrane potentials on the passive K
uptake. Radioactive tracer experiments (Fig. 2) show
that the passive uptake of potassium across the ventri-
cular surface of the plexus is largely independent of
the membrane potential across the ventricular mem-
brane, i.e., the passive permeability is independent
of variations in membrane potential of —45 to 0 mV.
The permeability coefficient, Py =3 x 107° cm sec™ !,
is an equivalent to a passive uptake of 0.06 nmol
cm”™? sec”! at a CSF concentration of 2 mm. This
value is twice the passive unidirectional flux of K
across the plexus (0.03 nmol cm ™2 sec™!). The most
reasonable explanation is that a flux across the tight
junctions accounts for a major fraction of the passive
uptake of K across the ventricular surface of the plex-
us. Variations in CSF potassium concentration pro-
duce no change in voltage across the epithelium as
Py/ Py, for the whole epithelium is close to 1 (Wright,
1972 b).

Other circumstantial evidence for ion permeation
across the plexus through the tight junctions includes:
(i) the high tissue conductance and low transmural
electrical potentials; (ii) high unidirectional fluxes rel-
ative to the net fluxes; (iii) morphological studies with
La™"" as a tracer; (iv) low discrimination between
ions; and (v) the kinetics of active anion (iodide)
transport (see Wright, 19784).

Comparison of fluxes measured by tracers and elec-
trodes. All tracer fluxes have been expressed in terms
of the serosal area of the plexus, i.e., per cm? of
the window area of the chamber. All electrode data,
on the other hand, have been expressed per cm? of
epithelial cells, assuming that the area of each cell
is 1x107°cm* To compare the two sets of data
it is necessary to know the factor by which folding
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increases the area of the epithelium over the serosal
area. This can be obtained from the total number
of cells in the plexus. There are two estimates: The
first is based on the wet weight of the tissue in the
chamber and the extracellular space, assuming that
most of the intracellular volume is due to epithelial
cells. The wet weight of the plexus is about 2.2 mg
and the extracellular space is 53% of the total tissue
water (p. 111), i.e., the weight of cells is ~1.2 mg.
Since the weight of one cell is the cell volume (10 pm?)
times the density (~ 1.2 g/ml), there are about 1x
10° cells per plexus; the second estimate is based on
the cell potassium (volume x concentration =
10 um?x 90 mM=9 x 10~ ** mol) and the total potas-
sium content of the plexus. In a chamber the potassi-
um content is approximately half the total for the
plexus (1.3 x 1077 mol). Assuming that 50 to 100%
of the tissue potassium is in the epithelium, there
are 0.7-1.4 x 10° cells per plexus. These two estimates
of the number of cells together with the ventricular
area of each cell (1 x 10~ ¢ cm?) give an epithelial area
of 0.7 to 1.4 cm? per chamber area of 6.2 mm?, and
an amplification factor of x 11 to x22. Preliminary
experiments in which the electrical field in the folds
of the epithelium was scanned by a microelectrode
during passage of transmural current (T. Zeuthen,
unpublished) indicates that the functional amplifica-
tion factor is only threefold. Therefore, the tracer
flux values in Table 6 have to be corrected by a factor
of between 3 and 22. The tracer and electrode data
therefore agree to within an order of magnitude.

Relation to other epithelia. Electrically, the choroidal
epithelium (26 Qcm?) can be classified as a very low
resistance epithelia within the group of cold blooded
animals. It is lower than the gallbladder of frog
(114 Qcm?, Bindslev, Tormey & Wright, 1974) and
Necturus (207 Qem?, Fromter, 1972) and the proximal
tubule of Necturus kidney (43-155 Qcm?, Spring &
Paganelli, 1972). It is only more resistant than the
endothelium of the capillary wall of the frog mesen-
tery 5 Qem? (Crone, 1980). Compared to the epithelia
of the warm-blooded animals it is comparable to the
rabbit gallbladder (28 Qcm?, Wright & Diamond,
1968) and has a larger impedance than the proximal
tubule of the rat (5 Qem?, Hegel, Fromter & Wick,
1967) and dog (6 Qcm?, Boulpaep & Seely, 1971).

Conclusion

A summary of the potassium f{luxes across the epithe-
lium and across each of the plasma membrane is
given in Fig. 16 in conjunction with Table 6.
Atanormal K concentration of 2 mMm in the saline,
potassium is transported into the epithelium by a
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Table 6.
Method Permeability Pumping rate Coupling
(cm sec™ 1) (mol cm™? ratio
sec™ )

Electrophysiology*®

Ouabain Pe=1.04x10"°% pr=041x10"" r=15
Quabain Pr=031%x10"3

+high K
High K ve=21x10"% p¥=055%x10""%
Transmural P¥=55x10""%

current
Voltage W=15-21xp¥

divider ratio
K-depletion ®

(Zeuthen &

Wright, 1978)
Unstirred layer

PE=0.36x107°

pE ~4.0x107°

Tracer study®

42K efflux PY>1.5x107% p¥0.47x107°
“2K influx pE0.79%107°  2Kions
per pump
cycle
Transmural P 2.4%x1073
fluxes and P ~70x P¢
42K influx P 9x107° p¥0.008x10°°
Conductances  P¥ 9x107°
and relative
P’s

a

All electrode expressed per cm? epithelium, which is 3-22 %
serosal area (see text).

® Al tracer expressed per cm? serosal area.

¢ From Zeuthen & Wright (1978).

Na/K exchange pump in the ventricular membrane.
Most of the K that is transported returns to the ventri-
cular fluid by diffusion out across the ventricular
membrane. In the steady state the electrical potential
between the cell and the external solutions is
—45 mV, of which the electrogenic pump contributes
10 mV. The internal potassium is held at 90 mwm,
which is above the equilibrium value. There is a small
leak of potassium out the serosal membrane, and
this accounts for the small net flux of this ion from
the ventricle to the serosa. The net flux is small
— owing to the low permeability of the serosal mem-
brane to K. The high unidirectional fluxes of potassi-
um across the epithelium, i.e., relative to the net flux,
and the absence of a transmural electrical potential
are due to the presence of a high conductance leak
through the paracellular shunt.

Assuming that there is one ouabain molecule
bound to each pump site, there are approximately
10 x 10° transport sites per cell. These sites turn over
about 10 times per second, and two potassium ions
are transported per cycle of the pump. The pump
directly contributes to the membrane potential by
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Fig. 16 and Table 6. A summary of our findings concerning K
movements in the choroidal epithelium between the ventricular
compartment v, the cellular compartment ¢ and the serosal com-
partment s. The numerical values corresponding to Fig. 1 is in
Table 1. Electrical potentials are indicated in mV and apparent
concentrations in mM. K is pumped from v to ¢ at a rate pg,
only to leave the cell mainly across the mucosal membrane which
has a permeability P¥. A minor fraction p§ leaves the cells across
the serosal membrane (permeability P§) and is measured at the
transmural flux. The active influx of K is coupled to an active
efflux of Na at a rate rp¥ where r is 1.5; two K-ions are pumped
for each three Na ions. The tissue is a leaky epithelia; when a
current i is passed from v to s 4% of the current passes through
the cell and 96% paracellulary

10 mV, and our analysis suggests that there are three
sodium ions transported out of the cell for every two
potassium ions transported in across the ventricular
membrane.

We must conclude that, as far as our experiments
go, the epithelium behaves as predicted by the model
of Koefoed-Johnsen and Ussing (1958). In this model
it is envisaged that sodium enters the epithelium
across one face of the epithelium down its electro-
chemical potential gradient, and then it is pumped
out across the other face of the cell by a sodium
potassium exchange pump. It is proposed that this
Na/K pump is similar to that found in single cells,
and it performs the dual function of transepithelial
ion transport and maintaining the intracellular sodi-
um and potassium concentrations. Potassium which
is pumped into the cell across the ventricular mem-
brane leaves predominantly across the same mem-
brane.

This work was supported by grants from U.S. Public Health Service
(N'S09666) and the Medical Research Council (Prof. R.D. Keynes),
England, and P.C. Petersen’s Foundation. We appreciate the
technical help of Pat Iig, U. Brat, and R. Christiansen.



T. Zeuthen and E.M. Wright: Epithelial Potassium Transport

We should like to thank Drs. E. Boulpaep, G. Wittembury,
and V. Lew for helpful suggestions. Electrophysiological ex-
periments were carried out at the Physiological Laboratory,
Cambridge University, England.

References

Baker, P.F., Manil, J. 1968. The rates of action of K* and ouabain
on the sodium pump in squid axons. Biochim. Biophys. Acta
150:328

Baker, P.F., Willis, J.S. 1972. Inhibition of the sodium pump in
squid giant axons by cardiac glycosides: Dependence on extra-
cellular ions and metabolism. J. Physiol. (London) 224:463

Bindslev, N., Tormey, J.McD., Wright, E.M. 1974. The effects
of electrical and osmotic gradients on lateral intercellular spaces
and membrane conductances in a low resistance epithelium.
J. Membrane Biol. 19:357

Boulpaep, E.L., Seely, J.F. 1971. Electrophysiology of proximal
distal tubules in the autoperfused dog kidney. Am. J. Physiol.
221:1084

Crone, C. 1980. Determination of the electrical resistance of a
capillary wall. J. Physiol. (London) (in press)

DiBona, D.R., Mills, J.W. 1979. Distribution of Na*-pump sites
in transporting epithelia. Fed. Proc. 38:134

Erdmann, E., Hasse, W. 1975. Quantitative aspects of ouabain
binding to human erythrocyte and cardiac membranes. J. Physi-
ol. (London) 251:761

Froémter, E. 1972. The route of passive ion movement through
the epithelium of Necturus gallbladder. J. Membrane Biol. 8:259

Fromter, E., Gessner, K. 1975. Effect of inhibitors and diuretics
on electrical potential differences in rat kidney proximal tubule.
Pfluegers Arch. 357:209

Garay, R.P., Garrahan, P.J. 1973. The interaction of sodium and
potassium with the sodium pump in red cells. J. Physiol. (Lon-
don) 231:297

Glynn, .M., Karlish, S.J.D. 1975. The sodium pump. Anmu. Reo.
Physiol. 37:13

Gupta, B.L., Hall, T.A., Naftalin, R.J. 1978. Microprobe measure-
ments of Na, K and Cl concentration profiles in epithelial
cells and intercellular spaces of rabbit ileum. Nature (London)
272:20

Harms, V., Wright, E.M. 1980. Some characteristics of Na/K-
ATPase from rat intestinal basal lateral membranes. J. Mem-
brane Biol. 53:119

Hase, J., Kobashi, K., Kobayashi, R. 1973. Studies on the inhibi-
tors of the sodium-potassium activated adenosine triphospha-
tase. 1. Effect of phlorizin and related natural products. Chem.
Pharm. Bull. (Tokyo) 21:1076

Hegel, V., Fromter, E., Wick, T. 1967. Der elektrische Wandwider-
stand des proximalen Konvolutes der Rattenniere. Pfluegers
Arch. Gesamte Physiol. 294:274

Huxley, A.F. 1960. In: Mineral Metabolism Vol. 1, Part A. C.L.
Comar and F. Bronner, editors. Academic Press, New York

Katz, B. 1966. Nerve, Muscle and Synapse. pp. 193. McGraw-Hill,
New York

Koefoed-Johnsen, V., Ussing, H.H. 1958. The nature of the frog
skin potential. Acta. Physiol. Scand. 42:298

Landowne, D., Richie, .M. 1970. The binding of tritiated ouabain
to mammalian non-myelinated nerve fibers. J. Physiol. (Lon-
don) 297:529

Lew, V.L., Ferreria, H.G., Moura, T. 1979. The behavior of trans-
porting epithelial cells. I. Computer analysis of a basic. Proc.
R. Soc. (London) B 206:53

Miller, S.S.. Steinberg, R.H., Oakely, B.H. 1978. The electrogenic
sodium pump of the frog retinal pigment epithelium. J. Mem-
brane Biol. 44:259

127

Moore, R.D., Morrill, G.A. 1976. A possible mechanism for con-
centrating sodium and potassium in the cell nucleus. Biophys.
J. 16:527

Nellans, H.N., Schultz, S.G. 1976. Relations among transepithelial
sodium transport, potassium exchange, and cell volume in rab-
bit ileum. J. Gen. Physiol. 68:441

Nelson, D.J., Ehrenfeld, J., Lindemann, B. 1979. Volume changes
and potential artifacts of epithelial cells of frog skin following
impalement with 3 M KCL. J. Membrane Biol. Special Tssue:91

Nelson, D.J., Wright, E.M. 1974. The distribution, activity, and
function of the cilia in the frog brain. J. Physiol. (London)
243:63

Quay, W.B. 1966. Regional differences in metabolism and composi-
tion of choroid plexus. Brain Res. 2:378

Quinton, P.M., Wright, E.M., Tormey, J. McD. 1973. Localization
of sodium pumps in the choroid plexus epithelium. J. Cel
Biol. 58:724

Rick, R., Dorge, A., Macknight, A.D.C., Leaf, A., Thurau, K.
1978. Electron microprobe analysis of the different epithelial
cells of toad urinary bladder. Electrolyte concentrations at dif-
ferent functional states of transepithelial sodium transport. J.
Membrane Biol. 39:257

Rick, R., Dorge, A., Arnim, E. von, Thurau, K. 1978. Electron
microprobe analysis of frog skin epithelium: Evidence for a
syncytial sodium transport compartment. J. Membrane Biol.
39:313

Robinson, B.A., Macknight, A.D.C. 1976. Relationships between
serosal medium potassium concentration and sodium transport
in toad urinary bladder: IT1. Exchangeability of epithelial cellu-
lar potassium. J. Membrane Biol. 26:269

Robinson, J.D. 1969. Effects of phlorizin on membrane cation-
dependent adenosine triphosphatase and p-nitrophenyl phos-
phatase activities. Mol. Pharmacol. 5:584

Schwartz, A., Lindenmayer, G.E., Allen, J.C. 1975. The sodium-
potassium adenosine triphosphatase: pharmacological, physio-
logical and biochemical aspects. Pharmacol. Rev. 27:3

Shaver, J.L.F., Stirling, C. 1978. Ouabain binding to renal tubules
of the rabbit. J. Cell Biol. 76:278

Spring, K.R., Paganelli, C.V. 1972. Sodium flux in Necturus proxi-
mal tubule under voltage clamp. J. Gen. Physiol. 60:181

Ussing, H.H., Zerahn, K. 1951. Active transport of sodium as
a source of electric current in the short-circuited isolated frog
skin. Acta Physiol. Scand. 23:110

Vates, T.S., Bonting, S.L., Oppelt, W.W. 1964. Na-K activated
adenosine triphosphatase formation of cerebrospinal fluid in
the cat. Am. J. Physiol. 205:1165

Wilson, W.E., Sivitz, W.I., Hanna, L.T. 1970. Inhibition of calf
brain membranal sodium- and potassium-dependent adenosine
triphosphatase by cardioactive steroid. A binding site model.
Mol. Pharmacol. 6:449

Wright, E.M. 1972a. Accumulation and transport of amino acids
by the frog choroid plexus. Brain Res. 44:207

Wright, E.M. 19725, Mechanisms of ion transport across the cho-
roid plexus. J. Physiol. (London) 226:545

Wright, E.M. 1974. Active transport of iodide and other anions
across the choroid plexus. J. Physiol. (London) 240:535

Wright, E.M. 1977. Effects of bicarbonate and other buffers on
choroid plexus Na/K pump. Biochim. Biophys. Acta 468:486

Wright, E.M. 19784. Transport processes in the formation of cere-
brospinal fluid. Rev. Physiol. Biochem. Exp. Pharmacol. 83:1

Wright, E.M. 19785, Jon transport across the choroid plexus. In:
Membrane Transport in Biology. G. Giebisch, D.C. Tosteson,
and H.H. Ussing, editors. Vol. 3, Chap. 12, pp. 355. Springer-
Verlag, New York

Wright, E.M. 1978¢. Anion transport by choroid plexus epithelium.
In: Membrane Transport Processes. J.F. Hoffman, editor.
Vol. 1, p. 293. Raven Press, New York



128

Wright, E.M., Diamond, J.M. 1968. Effects of pH and polyvalent
cations on the selective permeability of gall-bladder epithelium
to monovalent ions. Biochim. Biophys. Acta 163:57

Zeuthen, T. 1976. The vertebrate gall-bladder. The routes of ion
transport. In: Fluid Transport in Epithelia. B.L. Gupta, R.B.
Moreton, J.L. Oschman, and B.J. Wall, editors. Academic
Press, New York

Zeuthen, T. 1978, Intracellular gradients of ion activities in the
epithelial cells of the Necturus gallbladder recorded with ion-
selective microelectrodes. J. Membrane Biol. 39:185

Zeuthen, T. 1979. Epithelial potassium transport in the choroid
plexus of the bullfrog. J. Physiol. (London) 291:P68.

Zeuthen, T. 1980. How to make and use double-barrelled ion-
selective microelectrodes. In: Current Topics in Membranes

Note Added in Proof

The relation between the depolarization caused by ouabain and
the ratio of coupling of the active fluxes of Na™ and K * is discussed
in a letter to this journal: On the effect of amphotericin B and
ouabain on the electrical potentials of the Necrurus Gallbladder,
by T. Zeuthen (J. Membrane Biol. 60:167).

T. Zeuthen and E.M. Wright: Epithelial Potassium Transport

and Transport. E. Boulpaep, editor. Vol. 13, pp. 31-47. Aca-
demic Press, New York

Zeuthen, T. 1981. Ion transport in leaky epithelia studied with
ion selective microelectrodes. In: Application of Ion-selective
Microelectrodes. T. Zeuthen, editor. North-Holland/Elsevier,
Amsterdam (in press)

Zeuthen, T., Hiam, R.C., Silver, I.A. 1974. Recording of ion activi-
ties in the brain. In: Ion Selective Microelectrodes. H. Berman
and H. Herbert, editors. pp. 145. Plenum Press, London

Zeuthen, T., Wright, E.M. 1978. An electrogenic Na/K pump in
the chorioid plexus. Biochim. Biophys. Acta 511:517

Received 5 May 1980; revised 6 October 1980



