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INTRODUCTION

There is compelling evidence that the presence of
actively transported sugars or amino acids in the
mucosal solution increases sodium absorption and
the transmural electrical potential difference across a
variety of in vitro and in vivo preparations of small
intestine. The mechanism(s) underlying these effects
is, however, unsettled. One possibility invokes a direct
interaction between sodium and brush border carrier
mechanisms for sugars and amino acids which results in
an increased influx of sodium from the mucosal solution
into the cell, across the mucosal membrane. This is then
followed by active extrusion of sodium from the cell
into the serosal solution or plasma (1). A second pos-
sibility has been suggested by Fordtran, Rector, and
Carter (2) as a result of their studies on sodium ab-
sorption by human jejunum in vivo. These investigators
have proposed that the increase in net sodium absorp-
tion observed in the presence of glucose or galactose may
be the result of solvent drag, perhaps through tight
junctions and the lateral intercellular spaces, secondary
to the sugar-induced increase in water absorption. If
this solvent drag pathway is cation-selective, the in-
crease in transepithelial electrical potential difference
could be attributed to a streaming potential. Needless
to say, these proposed mechanisms are not mutually
exclusive and may coexist; the contribution of one or

both of these mechanisms to the enhancement of so-

dium absorption by glucose would be expected to vary
with species, site of small intestine and whether in vivo
or in vitro preparations are employed.

Recent studies by Frizzell and Schultz (3) have pro-
vided evidence for the presence of an extracellular
transepithelial shunt pathway in rabbit ileum which is
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cation selective and displays high partial ionic conduc-
tances for sodium and potassium. Evidence has been
presented for a variety of low resistance epithelia that
the anatomic counterpart of these extracellular transepi-
thelial shunt pathways correspond to the tight junctions
and the lateral intercellular spaces (4, 5). In addition,
there appears to be widespread agreement that solute-
coupled water flow traverses these lateral intercellular
spaces (6, 7). Further, it seems likely that the "tight"
junctions are permeable to water and water-soluble
molecules that do not traverse cell membranes (e.g.,
sucrose) and that ions traverse this watery environment
in their hydrated forms (3, 4, 8, 9) Thus, it seems likely
that the "standing osmotic gradient" in the lateral in-
terspaces (6) would draw water through the tight
junctions which, in turn, could exert a solvent-drag ef-
fect on ions and other solutes to which the junctions are
permeable. Thus, the extracellular shunt pathway de-
scribed by Frizzell and Schultz could in principle ful-
fill all of the requirements for the model proposed by
Fordtran et al. and it was, therefore, of interest to de-
termine whether the enhanced sodium influx across the
luminal surface of rabbit ileum elicited by actively
transported sugars or amino acids (1) could be at-
tributed to movement through this pathway in response
to solvent-drag. Since the permeability of this shunt
pathway to potassium is greater than that to sodium
(Px/PN. = 1.14) the solvent-drag model would predict
that the presence of sugars or amino acids in the mu-
cosal solution would stimulate the unidirectional influx
of potassium from the mucosal solution into the epi-
thelium as wel as the influx of sodium. In order to test
this notion, simultaneous sodium and potassium influxes
across the brush border of rabbit ileum have been de-
termined in the presence and absence of three actively
transported organic solutes, alanine, glucose, and
galactose.
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METHODS
The techniques for the determination of solute influx across
the luminal surface of rabbit ileum have been described (10).
Briefly, the procedure involves exposure of defined areas of
the mucosal surface of isolated segments of distal ileum
to a mucosal test solution containing ['Na], [UK], and
[8H]inulin for a brief period (45 s). The zero-time rate
of uptake of tracer is calculated from the tracer content of
the tissue after correction for the inulin space. Sodium and
potassium influxes were determined simultaneously by as-
saying the tissue extract after 2 h of extraction and again
after 2 wk when virtually all of the 'K had decayed. Areas
of the mucosal surface were exposed to solutions containing
alanine, glucose, or galactose and adjacent areas were ex-
posed to solutions containing an isosmotic equivalent of
mannitol. Most solutions contained 140 mMNa and 12 mM
K, buffered to pH 7.4 at 370C (3). In experiments where
alanine was present in the test solution, the sodium con-
centration was reduced to 70 mMby replacement of NaCl
with choline chloride; this concentration of sodium elicits
a near maximal stimulation of alanine-dependent sodium
influx while reducing the magnitude of the alanine-inde-
pendent sodium influx so that the "signal-to-noise" ratio is
increased (11).

RESULTSANDDISCUSSION
The effects of alanine (20 mM), glucose (10 mM), and
galactose (20 mM) on simultaneously determined so-
dium and potassium influxes are given in Table I. The
values obtained for sodium and potassium influxes are
in excellent agreement with individually determined
values reported previously (3). Clearly, there is a sig-
nificant stimulation of sodium influx in the presence of
each actively transported solute; the enhanced influxes
are in close agreement with those predicted from previ-
ous studies on the kinetics of coupled sodium-amino
acid (11) and coupled sodium-sugar (12) influxes. In
contrast, potassium influxes were unaffected by the
presence of actively transported sugars or amino acids

TABLE I
Effects of Alanine, Glucose, and Galactose on

Simultaneous Na and K Influxes*

JNa JK

pmol/cm2, h

Control (16) 10.7±0.8 2.46±0.14
+20 mMalanine (16) 13.5 ± 1.0 2.35 40.12

P < 0.05 P > 0.05
Control (8) 19.3±0.8 2.31±0.19

+10 mMglucose (8) 22.440.8 2.07i0.15
P < 0.05 P > 0.05

Control (16) 22.5±0.7 2.41±0.08
+20 mMgalactose (15) 25.1±0.5 2.47±0.08

P <0.01 P >0.05

* See text for details. Number of observations in parentheses;
errors are SEM.

in the mucosal solution; in no instance did influx in the
presence of alanine, glucose, or galactose significantly
differ from that observed in the presence of mannitol.
In view of the differences in the sodium and potassium
concentrations in the mucosal solution, the expected in-
crease in potassium influx predicted by a solvent-drag
model can be calculated from the observed increases
in sodium influx, the ratio between sodium and potas-
sium concentrations, and the ratio of sodium and potas-
sium permeabilities of the shunt pathway. The pre-
dicted increases in potassium influx in the presence of
20 mMalanine, 10 mMglucose, and 20 mMgalactose
are 0.5, 0.3, and 0.3 /Amol/cm2,h, assuming that the
frictional interaction between water flow and sodium
and potassium does not differ markedly. The observed
potassium influxes in the presence of alanine, glucose,
and galactose differ significantly from those predicted
on the basis of these assumptions (P < 0.01).

In summary, the data in Table I indicate that actively
transported sugars or amino acids in the mucosal solu-
tion stimulate sodium influx but have no effect on po-
tassium influx. In view of the fact that the shunt path-
way is more permeable to the latter than to the former,
these observations argue strongly against a mechanism
of solvent drag, as an explanation for these observations
and are consistent with the previous conclusions of Rose
and Schultz (13), based on electrophysiological obser-
vations, that solute-coupled sodium -influx traverses the
mucosal membrane. An alternate explanation for these
findings is that there are two shunt pathways, one that
is permeable to water and sodium but impermeable to
potassium, and another that is permeable to potassium
and impermeable to water. This seems highly unlikely
in view of the fact that the hydrated radius of potassium
is smaller than that of sodium and the above cited evi-
dence that ions traverse the shunt in their hydrated
forms.

It should be stressed that the present observations do
not exclude the possibility that during long-term experi-
ments, either in vivo or in vitro, increased water absorp-
tion may enhance the absorption of ions and small water
soluble molecules, either by means of solvent-drag or
by molecular sieving which would increase local con-
centrations in the unstirred layer adjacent to the mu-
cosal surface (cf. 14). In short, these observations do
not exclude the possibility that increased water flow
contributes to increased sodium absorption; on the
other hand, they provide strong support for the notion
that the increase in sodium influx across the luminal
surface of rabbit ileum in the presence of actively trans-
ported sugars or amino acids cannot be attributed to
solvent-drag through the extracellular shunt pathway
that traverses this tissue.
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