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Many examples of coupling between the
transport of sodium and that of other solutes,
including sugars and amino acids, by mam-
malian small intestine have been reported
(1-3). As yet, however, the nature of the
mechanisms involved in these coupling
phenomena remains largely obscure (3). Re-
cent studies have suggested that the isolated
small intestine of the bullfrog is a particular-
ly useful model system for the in vitro inves-
tigation of coupled transfer processes. Levin
(4) has shown that this preparation main-
tains a remarkably stable transmural poten-
tial difference (pd) for several hours in vitro,
both in chloride and in sulfate media, that
the potentials developed under these condi-
tions are increased by actively transported
sugars and amino acids, and that the effects
of sugars and amino acids on the transmural
pd are additive. These results have been
confirmed and extended (5). In addition, it
was shown that the effects of sugars and
amino acids on transmural pd are paralleled
by equivalent increases in short circuit cur-
rent (i.e., these substances do not cause any
significant change in tissue resistance). In
sulfate media, short circuit current was found
to correspond to net sodium transport (5, 6)

1 Present address: The Lilly Research Laborato-
ries, Indianapolis, Indiana.

so that, under these conditions, measure-
ments of short circuit current can be used to
estimate the net rate of sodium transfer and
the effects on it of added solutes. The present
paper reports the results of a preliminary
survey of the effects of a number of sugars
and amino acids on the short circuit current
across the isolated small intestine of the bull-
frog, under conditions where this current cor-
responds to net sodium movement.

Materials and Methods. Adult bullfrogs
were used in this investigation. The animals
were stunned by a blow on the head, the
abdomen was opened, and a segment of intes-
tine either immediately proximal or distal to
the hepato-pancreatic duct was removed rap-
idly and transferred to oxygenated Ringer’s
solution. The segment was opened lengthwise
and mounted between the two halves of a
conventional Ussing chamber (7) having a
circular aperture with an area of 0.33 cm?
between them. Both sides of the chamber
were filled with equal volumes of identical
Ringer’s solutions. The chamber contents
were maintained at 26 + 0.2° and continu-
ous circulation and oxygenation of the solu-
tions in both halves of the chamber during
the experiment were effected as described by
Ussing and Zerahn (7).

The bathing solutions were phosphate
Ringer’s of the type described by Adrian (8)
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and contained 106 mM Na, 2.5 mM K, 1.8
mM Ca, and 3 mM phosphate. All chloride
ions in these solutions were replaced by sul-
fate jons. The total osmolality was main-
tained at 230 mOsm by the use of mannitol
and the pH was adjusted to 7.2 using small
amounts of Tris [tris(hydroxymethyl)amino
methane] where necessary.

In initial experiments, transmural pd and
short circuit current were measured as de-
scribed by Schultz and Zalusky (9) except
that agar bridges from calomel half cells,
rather than Ag/AgCl electrodes, were used to
lead in external current for short-
circuiting. In later experiments an automatic
voltage clamp device was used (10). This
device allows for compensation of the poten-
tial drop, due to the resistance of the bathing
medium, between the potential sensing elec-
trodes. In each experiment, the system was
checked for leaks and for electrical offset
between the potential sensing electrodes.

The experimental procedure was as fol-
lows: The tissue was allowed to come to
equilibrium between identical Ringer’s solu-
tions without substrate and the steady state
open circuit transmural pd and short circuit
current were recorded. When the short circuit
current had stabilized a small measured ali-
quot of a stock solution containing the sub-
strate under investigation was added to either
or both sides of the chamber and the result-
ing changes in transmural pd and short cir-
cuit current were recorded until a néw steady
state was established. At this time a further
aliquot of stock solution was added and the
process was repeated. This was continued un-
til further addition of substrate resulted in no
measurable increment in transmural pd or
short circuit current. Stock solutions of sub-
strate were prepared in substrate free
Ringer’s solution containing mannitol. Thus,
sequential additions of substrate were made
without changing either the sodium concentra-
tion or the total osmolality of the bathing
medium,

The substrates investigated were p-glucose,
p-galactose, 3-O-methyl glucose, L-alanine,
L-valine, and L-cysteine. Reagent grade chem-
icals and on line distilled water which had

been further purified by passing it through a
mixed bed jon exchanger were used through-
out.

Results. Addition of actively transported
solutes to the solution bathing the serosal
surface of the isolated bullfrog intestine did
not, with one exception, alter the potential
difference or short circuit current across the
tissue. The exception was glucose. Occasion-
ally, addition of glucose to the serosal solu-
tion produced a small increase in short circuit
current. For example, in one experiment ad-
dition of glucose in a final concentration of 4
mM to the mucosal solution alone caused an
increase, over the value observed in substrate
free solution, of 9.1 neq/cm?/min in the
short circuit current?. The same concentra-
tion of glucose, added to the serosal solution
only, caused an increase of 0.6 neq/cm?/min.
These small, probably metabolic, effects of
serosal glucose were not further investigated
and, in most experiments, substrate was
added in equal amounts to both the mucosal
and the serosal bathing solutions.

It became apparent early in the investiga-
tion that as long as the sodium concentration
of the medium was kept constant, the effects
of any sugar or amino acid on transmural pd
and on short circuit current were similar; in
particular, both parameters were saturated at
the same substrate concentration. For this
reason, only the short circuit current data,
which may be taken as representing net sodi-
um transport under the conditions of the
present experiments (5, 6) will be further
considered.

The evaluation of the kinetic parameters
for the effect of added solutes on short circuit
current and, by inference, on net sodium
transport, is illustrated in Fig. 1 and 2. These
figures show the results of a typical experi-
ment with r-alanine. In Fig. 1 the increase in
short circuit current over the base line value
in substrate-free solution (Alg) is plotted

2 Since, as already reported (5), short circuit cur-
rent and net sodium flux are equal in sulfate media,
the former has been converted to an equivalent
mucosal to serosal flow of monovalent -cations
(neq/cm®/min) and is so expressed in the present
paper.
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as a function of alanine concentration. The
saturable nature of the effect observed is
clearly apparent. For this reason, as shown in
Fig. 2, the data were further analyzed in
terms of simple Michaelis-Menten kinetics.

Figure 2 shows an Augustinsson plot (11,
12) of the data from Fig. 1. This plot was
chosen rather than the more usual double
reciprocal plot of Lineweaver and Burk (13)
because it gave a more even distribution of
the experimental points as a function of the
reciprocal of substrate concentration, thus
avoiding the excessive weighting of statistical
analyses of the data by points corresponding
to low substrate concentrations which is a
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frequent consequence of the Lineweaver—
Burk treatment (14, 15). The form of the
Michaelis-Menten equation appropriate to
the plot illustrated in Fig. 2 may be written
Al K,

[S]

Where Al is the increase in short circuit
current, over the baseline value, observed at
a given substrate concentration [S]; (Alg),.,.
is the maximum or saturation value of Al
and K, is the Michaelis constant. It is ap-
parent from Eq. (1) that a plot of Al as a
function of Al,/[S] gives a straight line
with an intercept on the Y-axis equal to
(Alge) .., and a slope equal to —K,,.

Essentially similar results to those shown
in Fig. 1 and 2 were obtained in other experi-
ments with r-alanine and in experiments with .
other transported solutes. The values of K,,
and (Al),, obtained by linear regression
analysis of the data, plotted as illustrated in
Fig. 2, are given in Table I which also in-
cludes the standard errors of the means for
these parameters. The K,, values given in
Table I for p-glucose, p-galactose, and L-alan-
ine are in good agreement with those reported
by Schultz and Zalusky (16, 17) for the
effect of these substances on sodium transport
across the isolated rabbit ileum. '

If a second actively transported sugar was
added to the mucosal bathing solution after
maximal stimulation of the short circuit cur-
rent by another actively transported sugar,
no further effect was observed. However, it
was found that a typical saturable increase in
short circuit current could be obtained by
adding glucose in the presence of a relatively
high concentration of L-valine and vice versa.
The kinetic parameters of the response of
the short circuit current to L-valine did not
appear to be altered significantly by p-glu-
cose. For example, in an experiment in which
serial additions of L-valine were made in
the presence of 11 mm of glucose the K,
was 3.0 mM and the (Aly) was 8.9

neq/cm?/min. In another experiment car-
ried out in the presence of 20 mM glucose,
the values obtained for these parameters were
4.2 mM and 5.3 neq/cm?/min, respectively.

Msc:(Alsc)mn_ (1)
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TABLE I. Kinetic Parameters of Stimulation of Na Transport by Sugars and Amino Acids.

(AI“)mnx
Substrate K,, (mM) (neq/em?/min) No. of expts.
D-Glucose 2.8 +0.7 11.7 + 3.2 6
D-Galactose 163 +1.7 17.7 = 2.7 3
3-0-methyl glucose 6.6 37 1
L-Alanine 53 +=0.3 19.8 + 5.7 3
L-Valine 35 +0.6 6.0 +1.3 4
L-Cysteine 11 15.3 1

On the other hand, valine appeared to have
an effect on the stimulation of the short
circuit current by glucose. In an experiment
in which the mucosal solution contained 27
mM valine throughout, the K,, for glucose
was 0.9 mM and the (Al) was 2.5

neq/cm?/min. In the presence of 46 mM
valine the values obtained were 0.6 mM and
0.9 neq/cm?/min.

Discussion. The results of the present
study demonstrate the direct interaction be-
tween active sugar and amino acid transport
and active sodium transport in isolated bull-
frog intestine. Under the conditions of the
present experiments net sodium flux and
short circuit current are equal and are equal-
ly stimulated by glucose as well as by valine
in the presence of glucose (6). Thus, valine
does not appear to contribute directly to any
significant extent to the total transmural cur-
rent observed under these conditions. This
may also be inferred from the known dissoci-
ation constants for rL-valine (18). From these
it can readily be shown that L-valine is vir-
tually completely in the zwitterion form at
pH 7.2. Similarly, it can be shown that r-a-
lanine and L-cysteine are effectively without
any net charge at this pH. The electrical
response of the bullfrog intestine in sulfate
media to the addition of glucose and valine
occurs solely through changes in transmural
potential with no effect on tissue resistance.
The results presented herein are, therefore,
consistent with a direct interaction between
solute transfer and an electrogenic sodium
pump rather than an indirect coupling
via generalized, solute-induced, permeability
changes. Thus, in the absence of active chlor-
ide transfer, the coupling of sodium fluxes to

the transport of a representative sugar and
amino acid in the bullfrog intestine is direct-
ly comparable to the coupling of these pro-
cesses in the isolated rabbit ileum which does
not possess a net chloride transport capabili-
ty under short circuit conditions. On this
basis the present results serve to confirm and
extend the results of Schultz and Zalusky
(16, 17) on sodium transport in the isolated
rabbit ileum and to indicate the suitability of
the bullfrog preparation, by virtue of its
stability in vitro, for further studies of the
co-transport process.

An interesting aspect of the co-transport of
sugars and amino acids with sodium is the
question of the similarities and differences of
the manner in which the transport of these
two types of solute is linked to that of sodi-
um. Evidence from various sources (19-21)
suggests that significant differences do indeed

-exist. This is supported by the preliminary

indications of the nonreciprocal nature of the
effects of valine and glucose together on
short circuit current reported in the present
paper. The bullfrog intesting in vitro can
maintain a low but finite rate of active sodi-
um transport in the absence of exogenous
substrate (5) and responds similarly to the
mucosal addition of sugars of differing meta-
bolic utility (p-glucose, p-galactose, and 3-O-
methyl glucose) indicating that sugar stimu-
lation of net sodium flux cannot be primarily
the result of metabolic changes. Nevertheless,
it is logical to expect that the metabolic fate
of the actively transported solute will influ-

- ence the ultimate nature of the response.

Consideration of the metabolic state of the
tissue may provide some insight into differ-
ences between sodium-dependent transport of
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sugars and amino acids. Interpretation of
studies on the effect of actively transported
amino acids on intestinal sugar transport (22,
23) and on the effect of transported sugars
on amino acid transport (24-26) have also
required consideration of the metabolic utili-
ty of the transported substrates. However,
the primary purpose of the present study was
to show that the isolated small intestine of
the bullfrog should prove to be a valuable
-model system for future investigations of dy-
namic interactions between transport pro-
cesses in the intestinal epithelium.

Summary. When isolated bullfrog small in-
testine is mounted between identical Ringer
solutions in which chloride is replaced by
sulfate, short circuit current and net mu-
cosal-serosal Nat flux are identical. This
identity is preserved in the presence of ac-
tively transported sugars and amino acids. In
the presence of a constant concentration of
Na+*, both sugars and amino acids increase
the transmural pd and short circuit current
when added to the mucosal bathing fluid.
Addition of these substances to the serosal
medium only has no effect. The increases in
transmural pd and short circuit current show
identical saturation characteristics with re-
spect to the concentration of added solute
and can be described in terms of simple
Michaelis-Menten kinetics. These effects are
not dependent on metabolism of the added
solute. Addition of a second actively trans-
ported sugar to the mucosal solution during
maximal stimulation by another sugar had no
effect on transmural pd or short circuit cur-
rent. Addition of an amino acid under these
conditions caused an additional saturable in-
crease in these parameters. Similarly, addi-
tion of an actively transported sugar during
maximal stimulation by an amino acid caused
a saturable increase in transmural pd and
short circuit current. The kinetics of the re-
sponse of the short circuit current to L-valine
were unaffected by bp-glucose. L-Valine de-
creased both the K,, and the maximal short
circuit current obtained with glucose.
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The placenta is generally considered to be-
have as a lipoid membrane analogous to the
blood—brain barrier in being poorly permeable
to ionized substances (1). However, placen-
tal transfer is not completely passive, since
active transport has been demonstrated for a
number of materials, -amino acids being one
example (2). The possibility that the placen-
ta may actively remove substances from the
fetal circulation has seldom been studied. Of
substances known to be actively transported
by such organs as the liver and kidney, only
BSP has been administered to the fetus (3).
It was demonstrated that BSP was not ac-
tively transported from the fetal compart-
ment. The present study was designed to
determine whether the term sheep placenta
actively removes a typical organic acid or
base from the fetal compartment.

Methods. Mixed breed pregnant ewes,
weighing 48-68 kg, 128-140 days from dated
breeding (normal duration of pregnancy is
approximately 150 days), were fasted for 36
hr, and anesthetized with phencyclidine HCl
(Sernylan), 1 mg/kg, intramuscularly and
chloralose, 50 mg/kg intravenously. Inter-
mittent supplemental chloralose was admin-
istered as needed. Respiration was main-
tained by a Bird respirator (Mark 8). Surgi-
cal preparation included laparotomy and hys-
terotomy with catherization of maternal
(femoral) artery (MA), uterine vein (UV),
fetal (cotyledonary) artery (FA), and umbil-

* Supported by NIH Grant GM 14270.

ical (cotyledonary) vein (FV). Additional
maternal veins and a fetal femoral artery and
vein were cannulated for measurement of
pressures and infusion of drugs. A total of
12 experiments were performed, comprising
4 equal groups. Para-aminohippuric acid
(PAH) was administered via the maternal
circulation in one group and by the fetal
circulation in another group. The remaining
two groups received 1*C tetraethylammonium
bromide (*4C TEA) sp act 2.47 mCi/mmole,
(New England Nuclear Corp.). The labeled
compound was administered via the maternal
circulation in one group and the fetal circu-
lation in the other. In each experiment, infu-
sion into the fetus of antipyrine (A) at a
constant rate was employed to measure effec-
tive maternal and fetal placental flows, ac-
cording to the method developed by Meschia
(4) and validated by Rudolph (5). Transpla-
cental gradients of A were also utilized as
indices of the passive transfer characteristics
of the placenta, providing a basis for evalua-
tion of possible active transfer of PAH or *C
TEA.

The experimental protocols were as fol-
lows: A was infused via a fetal vein at 2 X
maintenance rate for 5 min, and at mainte-
nance rate (see section “Calculations” below)
for.the remainder of the experiment. Twenty
min was allowed to elapse for equilibration
of A concentrations, The PAH or *C TEA
was then administered as a single bolus injec-
tion to either mother or fetus. A maintenance





