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Summary. The ion permeability of rabbit jejunal brush border
membrane vesicles was studied by measuring unidirectional
fluxes with radioactive tracers and bi-ionic diffusion potentials
with the potential-sensitive fluorescent dye, diS-C;-(5). Tracer
measurements provide estimates of the absolute magnitudes of
permeability coefficients, while fluorescence measurements pro-
vide estimates of relative and absolute ion permeabilities. The
magnitudes of the permeability coefficients for Na*, K*, Rb*,
and Br~ were approximately 5 nanoliters/(mg protein x sec) or
1073 cm/sec as determined by radioactive tracer measurements.
The apparent selectivity sequence, relative to Na’, as deter-
mined by bi-ionic potential measurements was: F ~, isethionate,
gluconate, choline (<0.1) < Na™(1.0) < C17(1.5)=NO; (1.5)
<Br (2.3) < K*(24) < Rb*(2.5 < Cs*(2.6) < Li"(3.9)
<NH/ (12) <17 (40). The origin of this selectivity sequence and
its relationship to the ion permeability of the brush border
membrane in the intact epithelium are discussed.
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Introduction

There are two possible pathways for ion movement
across the intestinal epithelium: 1) the paracellular
route, in which the ions cross the tight junctions
and the lateral intercellular spaces without entering
the cells, and 2) the transcellular route, in which
the ions cross in turn, the brush border membrane,
the cytoplasm and the basal-lateral membrane.
Since the paracellular pathway is the major route
for passive ion fluxes across the the intestine (Friz-
zell et al., 1973), it is difficult to measure the ion
permeabilities of the plasma membranes in the in-
tact tissue. One approach to this problem is to
study ion transport in vesicles prepared from brush
border and basal-lateral membranes.

This paper describes experiments designed to
characterize the ion permeability of brush border
membrane vesicles isolated from rabbit jejunum
using radioactive tracer and bi-ionic potential mea-
surements. It has become feasible to measure mem-
brane potentials in small vesicles through the use
of voltage-sensitive optical probes (see Cohen &

Salzberg, 1978, and Waggoner, 1979, for reviews).
A cyanine dye, diS-C,-(5), has already been used
to measure membrane potentials in both renal and
intestinal brush border vesicles (Beck & Sacktor,
1978; Wright etal, 1981; Schell, Stevens &
Wright, 1983). Our results indicate that the brush
border membranes are selective (but not highly se-
lective) for common ions. These results are useful
in designing further transport studies on vesicular
preparations and give an indication of the perme-
ability of brush border membranes in the intact
epithelium. The ability to control and calculate the
membrane potentials in vesicle experiments should
prove valuable in the study of transport systems
in brush border membrane vesicles.

This work was published previously in prelimi-
nary form (Gunther et al., 1982).

Abbreviations

ETH 1097 N,N,N’,N’,-Tetrabenzyl-3,6-diox-

aoctan-diamid

diS-C,-(5)  3,3’-dipropylthiadicarbocyanine io-
dide

HEPES 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid

Tris Tris(thydroxymethyl)aminomethane

Materials and Methods

1SOLATION OF BRUSH BORDER MEMBRANES

Jejunal brush border membrane vesicles (BBMV’s) were pre-
pared by calcium precipitation and differential centrifugation
and stored in liquid N, as described by Stevens et al. (1982).
The specific activity of alkaline phosphatase was typically en-
riched by 20-fold in the brush border fraction as compared
to the initial homogenate. The membranes were suspended, be-
fore freezing, in 300 mM mannitol and 50 mM Tris/HEPES,
pH 7.5, for radioactive tracer measurements or in 100 mm cho-
line gluconate in 10 mm Tris/HEPES, pH 7.5 for fluorescence
measurements.
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Fig. 1. Observed fluorescence of diS-C,-(5) in the presence of
Jjejunal BBMV’s with various transmembrane ion gradients. Ve-
sicles were loaded with 10 mm KGlu, 90 mM CholGlu, 100 mm
D-mannitol and 10 mum Tris/HEPES (pH 7.5). The Figure shows
1:10, 1:1 and 10:1 K* gradients with Glu™ as the anion, and
also a 10:1 (outfin) K™ gradient with 100 mm NOj outside.
Total salt concentration was maintained at 100 mM with
CholGlu. Valinomycin (4 pg/ml) was added at the arrow

RADIOACTIVE TRACER UPTAKE MEASUREMENTS

These methods have been described previously (Gunther &
Wright, 1983). The BBMV’s were thawed in a 39° C water bath
the day before the experiment, then allowed to equilibrate with
a loading solution overnight on ice. The loading solutions are
described in the Figure legends. All radioisotopes were obtained
from commercial sources at the highest specific activity avail-
able. Apparent permeability coefficients (P;) were determined
by measuring ion uptakes (J; pmol mg ™! sec™!) as a function
of ion activity (0 to 150 mM) and graphing the results as a
Woolf-Augustinson-Hofstee plot (; vs.J;/a;, where ;s the jon
activity). Diffusive fluxes appear in this plot as a vertical line
intersecting the abscissa at P’. In the presence of a carrier-
mediated uptake the plot J; vs.J;/a; approaches the vertical dif-
fusive component at high ion activities, i.e. as g;> K, where
K, is the half-saturation constant for the mediated flux (see
Fig. 5). Activities were calculated using activity coefficients
from Robinson and Stokes (1959).

FILUORESCENCE

BBMV’s were thawed in a 39° C water bath the day before
the experiment and allowed to equilibrate with a loading solu-
tion overnight on ice. The loading solutions are described in
the Figure legends. The vesicles were diluted into solutions con-
taining different concentrations of the ions under investigation.
The transmembrane potential differences were measured using
the fluorescent dye diS-C;-(5) as described by Wright et al.
(1981) and Schell et al. (1983). Briefly, 2 ml external solution
was added to a polystyrene cuvette. DiS-C;-(5) was added in
ethanolic solution to 1.5 uM concentration. Loaded BBMV’s
were added to the cuvette to a final concentration of 0.2 to
0.3 mg/ml. The fluorescence change was expressed in arbitrary
fluorescence units (#) where 10 units are equivalent to approxi-
mately 25% change in total fluorescence. 4F was converted
to6 mV using a calibration curve generated with K™ gluconate
gradients in the presence of 2 pM valinomycin. The voltage-
fluorescence relationship was linear from 0 to +60 mV and
from 0 to —60 mV with slopes ranging from 0.3 to 0.5% 4 F/
mV (see Wright et al., 1981, Fig. 1). Similar relations were ob-
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tained with Na gluconate gradients in the presence of the Na-
ionophore ETH 1097 (see below). Relative ion permeabilities
were calculated from the membrane potential data using the
Goldman-Hodgkin-Katz constant field equation (see Results).
Jon concentrations may be used in these calculations instead
of activities since activity coefficients may be factored out of
the activity ratios when ionic strength is equal on both sides
of the membrane.

The pH and osmolarity of all solutions were monitored
using an Orion model 801 pH meter and a Wescor 5100C vapor
pressure osmometer. All experiments were carried out at room
temperature (22 to 23° C).

Both fluorescence and absorbance spectra of diS-C,-(5)
were examined in the presence of all of the ions studied. No
changes in spectra were observed due to any of the ions men-
tioned in the results. Some ions did affect the spectra, however,
(e.g. SCN™, CIO,), and were unsuitable for these types of ex-
periments.

Results

Bi-10NIC POTENTIAL MEASUREMENTS

The electrical potential difference across the mem-
brane of the brush border vesicles (E,)) was moni-
tored using the voltage-dependent fluorescence of
the cyanine dye diS-C,-(5). The experimental pro-
tocol was to: i) calibrate the fluorescence response
with imposed K-valinomycin diffusion potentials,
ie. E,=FE.=581og K,/K,, and ii) generate bi-ionic

- diffusion potentials (e.g. M* X~ vs. N* X ™) across

the membrane in the absence of ionophores, and
to estimate the relative ion permeability coeffi-
cients from the magnitude of the diffusion poten-
tial and the ion gradients using the constant field
equation. Since the fluorescence of the dye is
known to vary with ionic strength and pH all ex-
periments are carried out in well-buffered solutions
at constant ionic strength (100 mM) using choline
and gluconate as impermeant ions. Increasing the
buffer concentration in the solution from 10 to
50 mM Tris/HEPES, pH 7.5, had no significant ef-
fect on the magnitude of the fluorescence signals.
In this series vesicles were preloaded with either
10 mM K gluconate, 10 myM Na gluconate or 10 mm
choline chloride plus 90 mM choline gluconate. Bi-
tonic potentials were usually generated by adding
the vesicles to cuvettes containing 100 mu salts.
The protocol is illustrated by one experiment
shown in Fig. 1. The vesicles, preloaded with
10mm K gluconate+90 mM choline gluconate,
were added to cuvettes containing i) 100 mM K glu-
conate, i1) 10 mm K gluconate + 90 mwm choline glu-
conate, iii) 100 mM KNO;, or iv) 1 mMm K glucon-
ate+99mmMm choline gluconate. The Frecorded in
the absence of ion gradients represents the base-
line, i.e. E,=0mV. Note that upon addition of
valinomycin there is no change in F, i.e. E,=Ex=
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Fig. 2. Observed fluorescence of diS-C;-(5) in the presence of
jejunal BBMV’s with various transmembrane ion gradients. Ve-
sicles were loaded with 10 mm NaGluy, 90 mm CholGlu, 100 mm
p-mannitol and 10 mm Tris/HEPES (pH 7.5). The Figure shows
1:10, 1:1 and 10:1 Na®* gradients with Glu~ as the anion,
and also a 10:1 (out/in) Na* gradient with 100 mm NOjJ out-
side. Total salt concentration was maintained at 100 mM with
CholGlu. ETH 1097 (4 pg/ml) was added at the arrow

0 mV. In the presence of 100 mM K gluconate F in-
creased by 5.4 units before valinomycin and 8 units
after valinomycin. In the presence of valinomycin
E,=E¢=58log 100/10=58 mV (concentrations
rather than activities are used because all solutions
are at constant ionic strength). Thus in the absence
of valinomycin the increase in F (5.4 units) corre-
sponds to a membrane potential of +39 mV. In
six experiments, each in quadruplicate, the mean

potential under these conditions was 49+
1 (SEM) mV.
E,=49mV

¢ [K], + Potue/ Px [Gluc];

K]+ Byao/ Pe[GIC], + Pryegine/ Pr [choline],

(1)

ASSUmil’lg that Pgluc/PK :Pcholine/PK’ or Pcholine >
Py OF Py Popgrines solution of the constant
field equation necessitates that Py,./Py, Pinotine/
Py <0.05.

When vesicles were added to cuvettes contain-
ing 1 mMm K gluconate +99 mm choline gluconate,
the A4F was —7.5 units before valinomycin and
9 units after addition of valinomycin, i.e. in the
absence of ionophore the membrane potential hy-
perpolarized by 48 mV. In four experiments, each
in duplicate, the mean E, under these conditions
was 44+2(sem). Solution of the constant field
equation, as above, necessitates that P .../Px
P/ Px <0.005. The apparent discrepancy be-
tween the P ratios estimated for hyperpolarizing
and depolarizing membrane potentials may be due
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to voltage-dependent changes in K permeation,
but further discussion is beyond the scope of the
present study.

Finally, in this experiment when 100 mM KNO,
was substituted for 100 mm K gluconate, F de-
creased by —3 units, i.e. the membrane hyperpo-
larized by 22 mV. Solving for Py /Py yields a ra-
tio of 2.4. In a total of 28 trials on 7 batches of
vesicles the mean Py, /Py ratio was 0.9 40.2 (SEM).
The subsequent addition of valinomycin in the
presence of 100 mM KNO, returned E, to Eg
(+ 58 mV) owing to the increase in the K conduc-
tance of the membrane. However, unlike the re-
cord in the absence of impermeable anions, E,, de-
cays rapidly towards 0 mV, and this confirms that
Pro, P Pyyconates 1€+ the net influx of Kyo, dissi-
pates the K gradient across the membrane.

An estimate of the absolute permeability coeffi-
cient can be obtained from the initial rate of decay
of Ey in the presence of valinomycin (Fig. 1). This
shows that E, in the presence of NO, approaches
0 with time due to the net influx of KNO; dissipat-
ing the potassium gradient. In the presence of va-
linomycin the rate-limiting factor in determining
the flux is the anion permeability. From the time
course of change of Ey (9 mV/20 sec), the external
[NO,] (100 mm), the membrane potential (£y) and
the unidirectional flux equation:

JNO3 = PNO3 [NO;]
-(zFEg/RT)/1 —exp(zFE/RT) )

we obtain a Py of 1 nanoliter/(mg x sec),
where

Ino, =V (K{—K)/(tx mg protein), NO; =100 mm,
F is the Faraday, V is the intravesicular volume
(2 ul/mg protein), ¢ is the number of seconds be-
tween the addition of valinomycin and the mea-
surement of Ef; z, R and T have their usual mean-
ings, K, the internal K concentration at =0, and
K! the internal K concentration at time ¢ (obtained
from the Nernst equation). The NO, permeability
obtained from these fluorescent measurements is
in the range obtained for Br~ using radioactive
tracers (see Table 4).

Figure 2 shows a similar experiment using Na™
and ETH 1097 to illustrate that Chol* and Glu~
are relatively impermeant and that E,, before the
addition of the ionophore was dependent on the
relative permeabilities of the permeant ions. In the
Na* experiment, a small increase in fluorescence
following addition of the ionophore was observed
in the absence of ion gradients. The cause of this
nonspecific increase is not known. Notice, how-
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Table 1. Permeabilities of anions compared to potassium®
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Fig. 3. Observed fluorescence of diS-C;-(5) in the presence of
jejunal BBMV’s with various transmembrane ion gradients. Ve-
sicles were loaded with 10 mm CholCl, 90 muM CholGlu, 100 mMm
D-mannitol and 10 mMm Tris/HEPES (pH 7.5). The Figure shows
1:10, 1:1 and 10:1 Cl~ gradients with Chol* as the cation,
and also 10:1 (out/in) C1~ gradients with either 100 mm Li*
or 100 mm Na® outside. Total salt concentration was main-
tained at 100 m™ with CholGlu

ever, that the difference between the fluorescence
levels with 10 mm NaGlu outside and either 1 mM
or 100 mM NaGlu outside increases after the addi-
tion of ETH 1097. This increase indicates that the
membrane potential was not at Ey, in the absence
of the ionophore, demonstrating that Na* was not
as overwhelmingly permeable compared to Glu~
and Chol* as K* (see Fig. 1). Asin the K* experi-
ment, replacing 100 mM NaGlu with 100 mm
NaNO; yields a negative intravesicular potential
(=5+4mV in 7 experiments), indicating that
Pyo,> Py,.  Furthermore, after addition of
ETH 1097 E,, approximates Ey, and decayed more
rapidly with NO; than with Glu~, again confirm-
ing that Pyg, > Pg,,. The fact that E, does not
quite reach Ey, on addition of the ETH 1097 may
be due to the low discrimination of this ionophore
between Na™ and NOj (Pye,/Py,=0.21, Eisen-
man, Margalit & Kuo, 1981).

Figure 3 shows a corresponding experiment for
Cl™. The AF was calibrated for the same vesicles
on the day of the experiment using K* and valino-
mycin. The vesicles were then loaded with 10 mM
CholCl. A 10-fold CholCl gradient (10 mM in;
100 mm out) yielded E, of —48+1 mV in 5 experi-
ments. When Na* was substituted for Chol™*,
100 mV NaCl outside yielded E,, of —8+2mV
in 5 experiments. 100 mm LiCl outside yielded E,,
of 2241 mV in 5 experiments. These results indi-
cate that Py ;> P > Py, > Pepor-

The values for E,, determined in quadruplicate
for each ion pair in 5 to 7 experiments was used
to calculate the relative permeabilities of the ions

Ton E, P,/Py n
Ise™ 44+1 <0.041+0.01 5
F- 39+4 0.09+0.04 5
Cc1~ 2+1 08 +0.1 S
NOy 3+4 09 +0.2 7
Br~ - 1+6 11 £04 7
1 —7343 19 +2 S
Glu~ 49+1 <0.05+0.01 6

? Permeabilities of various ions relative to K *. Vesicles were

loaded with 10 mM KGlu. K* salts of the various anions were
present on the outside of the vesicles at 100 mM. Membrane
potentials (E,) were measured with diS-C,-(5). P,/Py’s were
calculated from the E,, by the Goldman-Hodgkin-Katz con-
stant field equation assuming Pg,,. =0 and Py, /P =0.05.
Data are given as mean+SEM of 5 to 7 experiments, and in
each experiment the bi-ionic potentials were the mean of quad-
ruplicate trials. All potentials are given with respect to the extra-
vesicular fluid,

Table 2. Permeabilities of anions compared to sodium?

Ton E, PPy, n
Ise™ 3943 <0.0740.02 5
F- 5748 0.04+0.02 5
NOj —~ 5+4 12 402 7
cl- —13+1 1.5 0.1 5
Br~ 1414 23 407 7
I —9342 40 +3 5
Glu~ 4452 <0.09+0.02 7

? Permeabilities of various anions relative to Na™. Vesicles

were loaded with 10 mM NaGlu. Na* salts of the anions were
present on the outside of the vesicles at 100 mm. Membrane
potentials (E,) were measured with DiS-C;~(5). P,/Py.’s were
calculated from the E, by the Goldman-Hodgkin-Katz con-
stant field equation assuming Py, =0 and P/ Prg=0.09.
Data are given as mean+seM of 5 to 7 experiments, and in
each the bi-ionic potentials were the mean of quadruplicate
trials.

Table 3. Permeabilities of cations relative to chloride?®

Ton E, PP n
NH} 4842 7 +1 5
Li* 2241 2.2 401 5
Cs* 1341 1.5 +01 S
Rb* 1241 14 +04 5
K* 11+1 14 401 5
Na* — 8+2 0.6 401 5
Chol? —48 +1 <0.06+0.01 5

¢ Permeabilities of various cations relative to Cl~. Vesicles

were loaded with 10 mm CholCl. CI™ salts of the cations were
present on the outside of the vesicles at 100 mM. Membrane
potentials were measured with diS-C;-(5). P,/P’s were calcu-
lated from the E,, by the Goldman-Hodgkin-Katz constant field
equation assuming Py, conaie =0, and P /P =0.06. Data are
given as mean+SeEM of 5 experiments, and in each the bi-ionic
potentials were the mean of quadruplicate trials.
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using the Goldman-Hodgkin-Katz constant field
equation. In each experiment increases and de-
creases in F from baseline were calibrated against
100/10 and 1/10 K + valinomycin signals, and all
bi-ionic potentials were generated by adding vesi-
cles to solutions containing 100 mM salts. These
values of E, and P,/P, are presented in Tables 1,
2 and 3.

The results are internally consistent in all three
sets of experiments. The relative permeabilities are
the same regardless of the salts used in an individ-
ual experiment. For example, the ratio Py/Py,
which can be deduced from the C1™ data in Table 3
was 2.3. When the P,/Py, and P,/Py ratios from
Tables 1 and 2 were used to calculate Py/Py,, it
was 1.6 when Br~ was the anion, 1.7 for NOj,
1.8 for CI7, Glu~, and Ise”, and 2.1 for I™. As
a consequence of this agreement, the same anion
permeability sequence was obtained from either
the Na* or the K* experiments. This agreement
demonstrates that the fluorescence intensity is not
specifically dependent upon which ions are present,
but only upon the resulting membrane potential.
The ion permeability sequence of jejunal brush
border membranes as deduced by these experi-
ments (relative to Na*) was: F~, Ise™, Glu™,
Chol*( < 0.1) < Na™(1.0) < C17(1.5) £ NO; (1.5)
< Br7(2.3) < K*(24) < Rb"(2.5) < Cs*(2.6)
<Li*(4)<NH] (12) <17 (40).

RADIOACTIVE TRACER MEASUREMENTS

The uptakes of Br~, Rb™, Na™ and K* were mea-
sured with radioactive tracers on the same batch

of vesicles on which the fluorescence experiments
were performed. Tracer measurements of SO~
uptake were performed on different batches of
membrane vesicles. Figure 4 shows the time
courses of uptake of Rb*. The inset shows the
uptake during the first 30 sec. All ion uptakes were
linear between 2 and 30 sec (r>0.9). Time courses
of uptake of Na® and C1~ have been published
previously (Gunther & Wright, 1983). Linear re-
gressions of all uptakes between 2 and 30 sec were
taken as the initial rates of transmembrane flux
(J;) of the substrates in all experiments. Kinetic
parameters were determined by measuring J at var-
ious ion activities (a;). The data were analyzed with
Hofstee plots (J vs. J/a;) to separate the J due to
saturable mechanisms from simple electrodiffusive
fluxes. Figure 5 shows two examples of Hofstee
plots. Rb* shows a clear case of a saturable mecha-
nism of uptake (K,=3 mm; J,, =75 pmol/(mg
protein x sec)) and a diffusive component (Py,=
7 nl/(mg protein x sec)), while Br~ had a pure dif-
fusional flux (P5,=2.9 nl/(mg protein x sec)).
Once the existence of saturable mechanism(s) for
each ion was determined, experiments were de-
signed to measure P; at concentrations above the
J . Of the saturable mechanisms.

Hofstee plots of three experiments from
Gunther and Wright (1983) yielded Py, of 1.9, 2.2
and 2.5 nl/(mg x sec). The average Py, was 4.8 nl/
(mg x sec) (+0.4 sE) in 8 experiments. P;’s for five
ions measured on a single preparation were all
within a standard deviation of each other with the
exception of Rb*, which was approximately two-
fold higher than the rest. The P;’s were Na™
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Fig. 5. Woolf-Augustinsson-Hofstee plots. BBMV’s were pre-
equilibrated as in Fig. 4. The extravesicular solutions were in
50 mM Tris/HEPES (pH 7.5). Osmolarity was maintained at
350 mOsm/liter with D-mannitol. Flux was determined as the
slope of the linear regression through uptakes between 2 and
30 sec at each concentration. Rb*: 8.5 um — 130 mm RbCI,
data from two experiments. Br™: 10 um — 150 mm KBr, data
from one experiment

Table 4. Radioactive tracer permeability data®

Ton I Ton P,
Na* 48409 (n=7) Br~ 29, 47
K* 46112 (n=4) SO2~ 11, 1.0
Rb* 70+3.6 n=3)

? Jon permeability coefficients determined by radioactive
tracer uptake experiments as described in Fig. 5. P!’s are given
as nl/(mg protein x sec). Errors, where noted, are standard er-
rors of the mean. If less than three measurements were avail-
able, data from individual experiments is given. The counter
ions were: Cl~ for Na*, K* and Rb* experiments, Na* or
K* for Br~ experiments, and Rb* for SO2~ experiments.

(4.7)=Br~ < K*(5.2) < Rb™(11.5) nl/(mg protein
X Sec).

The results obtained with different batches of
BBMV are summarized in Table 4. The P; se-
quence relative to Na®™ was: SOZ27(0.2)<Br~
(0.8)<K*=Na" (1.0)<Rb* (1.5).

Results are presented as apparent permeability
coefficients (P;) because the £, was not controlled
in these experiments. However, there are two rea-
sons to believe that they are close to the absolute
permeability coefficients (P;). The first is that the
membranes exhibit little selectivity between the
ions used in these flux measurements (with the ex-
ception of SO37) so that membrane potentials are
likely to be small. The second is that in a single
experiment in which Py, was measured at activities
from 122 to 568 mm and E,, was minimized by
having 1 M C1™ both inside and outside of the vesi-
cles, the same apparent permeability was obtained,
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4.8+0.9 (n="7) for the open circuit experiment and
47409 (n=1) for the voltage-clamped experi-
ment.

There are saturable mechanisms for Na*t, K*
and Rb™ (Gunther & Wright, 1983), but the K.’
are low enough (~ 5 mM) that the saturable mecha-
nisms contribute very little to the total flux in the
activity range in which the apparent permeability
coefficients were measured.

Discussion

These experiments were designed to determine the
ion permeability characteristics of jejunal brush
border membrane vesicles isolated from rabbit.
Fluorescence measurements of membrane poten-
tial using diS-C;-(5) provide a method for determi-
nation of relative electrodiffusive ion permeabili-
ties. With this technique, small differences in per-
meability between two ions can be assessed and,
at least under certain circumstances, absolute
values of ion permeability can be obtained. P’s
can also be determined with measurements of ra-
dioactive tracer fluxes into membrane vesicles. Ra-
dioactive tracer measurements are not as sensitive
as fluorescence measurements for detecting small
differences in P; between two ions because the vari-
ability in the measurement is too great (the average
standard deviation for a tracer permeability mea-
surement was 23 +9% of the P}) and the diffusive
flux must be separated from the saturable flux.
However, they do provide an estimate of an abso-
lute permeability coefficient, and confirm the fluo-
rescence results that the ion selectivity is low.

Saturable components of ion flux can be de-
tected using radioactive tracer measurements. For
example, jejunal brush borders appear to have a
Na*/H* exchange mechanism (Gunther &
Wright, 1983) and several Na™* cotransport sys-
tems, including Na* /glucose (Kaunitz, Gunther &
Wright, 1982). The absolute magnitudes of perme-
ability coefficients can be obtained from either ra-
dioactive tracer or fluorescence measurements. All
ions tested had permeability coefficients in the
range of 1 to 7 nl/(mg x sec). The sequence of elec-
trodiffusive permeabilities obtained with fluores-
cence measurements of diffusion potentials also in-
dicate that jejunal brush borders do not discrimi-
nate markedly between the common monovalent
ions (e.g. Py/Pq/Pn.=2.4:1.5:1.0). These values
for relative permeability predict that the membrane
potential across the brush border should be
—23 mV (see below). These results are consistent
with data available from experiments on intact tis-
sue.
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TECHNIQUES

DiS-C;-(5) is a membrane-potential-sensitive cyan-
ine dye. In isolated brush border membrane vesicle
suspensions diS-C,-(5) apparently acts as a ““slow
dye” (redistribution or accumulation dye) (Cohen
& Salzberg, 1978). In other words, the fluorescence
changes observed when membrane potential alters
are due to a potential-dependent redistribution of
the positively charged dye between the external me-
dium and the vesicle interior. The dye is accumu-
lated in the vesicles when the interiors become
more negative and released when the interiors be-
come more positive. The emission from the dye
decreases as the dye is accumulated intravesicu-
larly, presumably due to the formation of dye ag-
gregates, which have reduced fluorescence. DiS-
C;-(5) may also act as a “fast dye,” which shows
a change in fluorescence due to potential-depen-
dent changes in dye molecules located on or in
the membrane. However, the signal from the fast
mode of AF is very much smaller than the slow
response, and is unlikely to be observed with the
experimental system described here.

DiS-C;-(5) has recently been used to measure
membrane potentials in renal and intestinal brush
border membrane vesicles (Beck & Saktor, 1978;
Wright et al., 1981; Schell et al., 1983). Both of
these studies used K /valinomycin-induced mem-
brane potentials to calculate the voltage response
of the dye. In our study, the response of the dye
was similar when either K */valinomycin or Na*/
ETH 1097 was used to produce known E,. This
1s taken as evidence that the dye is monitoring
E,, rather than specific interaction of the dye with
the substrates.

The internal consistency of the measurements
of permeability ratios in jejunal vesicles is remark-
able. The fact that the observed P ratios for Na™
and K™ are the same, regardless of the anion they
are individually compared to, suggests that this
method for determining the ratios is valid. As not-
ed in the Results section, Py/Py, varied between
1.6 and 2.3 for all anions they were paired with
(with the exception of F~, whose permeability was
too low compared to either to make the compari-
son meaningful).

A knowledge of the relative permeabilities of
ions in JBBMV makes it possible to design experi-
ments for radioactive tracer measurements of per-
meability where the membrane potential is known.
For example, although the Na™ activities in one
experiment varied from 122 to 568 mM, the calcu-
lated E,, varied only between 1 and 9 mV. This
was accomplished by taking advantage of the high
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permeability of the vesicles to C1™. One molar C1~
inside and out served to shunt any membrane po-
tential induced by Na™ gradients. Under these con-
ditions the contribution of the electrical compo-
nent of the driving force for Na* was less than
16% of the total driving force. A knowledge of
the E, allows an estimation of the error in P;.
In the Na™ experiment mentioned above, the E,,
was positive at all concentrations, resulting in an
underestimate of the actual Py, by <25%.

The validity of the procedure for determination
of initial rates of flux with tracers has been dis-
cussed previously (Gunther & Wright, 1983).
Briefly, a linear regression analysis of time points
between 2 and 30 sec was shown to yield J (the
slope) and an external binding component (the in-
tercept on the ordinate). Maneuvers expected to
change the rate of sodium transport (e.g. inhibition
of transport with amiloride or harmaline or stimu-
lation with glucose, amino acids, or pH gradients)
caused changes in the slope of the regression, but
not in the intercept.

COMPARISON TO LITERATURE VALUES

Sequences

The permeability sequence for JBBMV’s measured
by diffusion potential experiments was (relative
to Na*): F7(0.04)<Na*(1.0)<Cl™ =NO; (1.5)
< Br7(2.3) £ K*(24) £ Rb*(2.5) £ Cs™(2.6)
<Li*(3.9)<NH; (12) <17 (40). Although the mem-
branes are not as selective as had previously been
assumed, an estimate of the relevance of this data
to the in vivo situation can be made by calculation
of the membrane potential expected across the
brush border using these values of relative perme-
ability and estimates of ion concentrations. The
above values yield an intracellular potential of
—23mV at 22° C when the Goldman-Hodgkin-
Katz constant field equation is used and the con-
centrations are assumed to be: [Na]=140 mm,
[K]=4 mmM, and [Cl]=145 mM in the lumen, and
[Na]=15mMm, [K]=140 mMm and [Cl]=55mM in
the cell. This is approximately one-half of the mea-
sured potential in intact tissue at 37° C (—40 to
—60 mV).

Ion permeability sequences for apical mem-
branes of various tissues have been measured by
several investigators. Reuss, Chung and Grady
(1981) have determined that the ratio of cation
permeabilities in Necturus gall bladder apical mem-
branes is pH dependent, but the sequence at all
pH’s studied was K*>Na*>Li". In contrast,
Li* was more permeable than K* or Na* in
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IJBBMYV, as measured by the fluorescence tech-
nique. Baerentsen et al. (1982) determined that in
Necturus gallbladder. apical membranes, the per-
meability ratios were K*/Cl7/Na*, 1.1:0.7:0.1.
This is similar to what is observed in JBBMV with
fluorescence, although the jejunal membranes seem
less selective. Gogelein and van Driessche (1981)
measured the selectivity of a K™ channel in Nectur-
us gallbladder apical membranes using noise analy-
sis and observed the sequence: K™ >Rb* >Cs™.
In JBBMYV there was very little discrimination be-
tween these cations.

Magnitudes of P,

The average ion permeability coefficient of
JBBMV’s measured with radioactive tracer uptake
was approximately 5 nl/(mg protein x sec) or
1073 cm/sec. In order to compare the magnitudes
of the permeability coefficients measured in these
experiments with measurements of uptake across
the brush border in whole tissue preparations, it
is necessary to convert flux per mg brush border
protein to flux per cm? of whole tissue. This can
be done since the enrichment (mg total protein/mg
brush border protein), cell density (cells/cm? of
mucosal area) and mg protein/cell can be esti-
mated. Two different estimates of cell density were
used. The first was from ceil counts of photomicro-
graphs of small intestine. There were approximate-
ly 108 cells/cm? (Harms & Wright, 1980). The sec-
ond method involved measurement of the amount
of mucosal protein scraped off a known serosal
surface area of intestine (6 mg/cm?) and the
amount of protein per cell (74 x10~7 mg/eell;
Harms, personal communication). This method
vielded a value of 1.6 x 107 cells/cm?. The mean
of these two estimates of cell density was used in
the following calculations.

If J/mg brush border protein is measured, di-
viding this by the enrichment gives J/mg mucosal
protein. Multiplying this rate by protein/cell and
cells/cm? gives J/cm? serosal area. The permeabili-
ty of the monovalent ions corresponds to about
1073 cm/sec. This is in the range of values that
can be extracted from studies on intact tissues (e.g.,
Goldner, Schultz & Curran, 1969 ; Bindslev, 1979).

Implications of the Sequences

The selectivity sequence for alkali cations: Li* >
Cs">Rb*>K*>Na" does not correspond ex-
actly to any of the sequences predicted by the mod-
¢l described by Eisenman which was based on a
simple coulombic interaction of the ions with a
selectivity filter and the hydration energies of the
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ions (see Diamond & Wright, 1969). It is similar
to Eisenman’s sequence I, with the exception of
Li*, which is more permeable than expected. Se-
quence [ is obtained with a selectivity filter with
a low field strength (weakly negative) so that the
binding energy between the ions and the filter is
small compared to the energy of hydration of the
cations. There are a number of explanations for
the high Li*™ permeability. For example, there may
be more than one cation permeation pathway, mul-
tiple energy barriers across a single pathway, or
the ions may enter the selectivity filter in different
states of hydration. The data is consistent with
a model involving polarization of the ions as they
contact the selectivity filter. The observed sequence
is one of the ones predicted for an ion polarization
model (sequence Vp; Krasne, 1978), where both
NH; and Li* are highly permeant.

The anion selectivity sequence for the halides
conforms to sequence I as described by Wright and
Diamond (1977): 1" >Br™ >Ci~>F~. It corre-
sponds to a model of a selectivity filter described
by a simple coulombic interaction of the ion with
the filter and the energies of hydration of the ions
where the filter is positively charged with a weak
field strength. From the permeability ratio of 17/
Cl™ it is possible to predict the relative permeabili-
ties of other anions from the selectivity isotherms
produced by Wright and Diamond (1977). The se-
quence of anion permeability predicted by these
isotherms, based on the P,/P of ~25 is (relative
to C17): F7(0.1) <105 (0.5) < CI" (1.0)< HCO; (2)
< BrO;(3) < Br7(5) < NO;(7) = ClO;(7)
<BF;(25) = 17(25) < SCN™(50) < ClO, (100).
At present it is not clear whether there are nonse-
lective anion and cation channels in this mem-
brane, or whether there are multiple highly selec-
tive channels.
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More recent experiments with DiS-C,~(5) have revealed that the ion permeability of rabbit infestinal BBMV’s were not
significantly altered by either increasing the temperature from 22 to 37 °C or by the addition of K-channel blockers such as
tetracthylammonium. However, we (Mandel, K.G., et al., 1984. Influence of calcium on properties of intestinal brush borders.
Fed. Proc. (Abstr.) (In Press) have shown that membranes prepared by Ca-precipitation are more permeable to Cl (relative

to Na, K, Br, choline, and gluconate) than membranes prepared in the absence of divalent cations.



